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Abstract

This work investigates the performance of some of the measurement techniques used in vibrations from
blasting monitoring. Two tri-axial geophones with cases of different size, shape and mass were tested in
a shaker table. The geophone cases were mounted in three different ways on a granite slab fixed to the
plate of the shaker: freely placed, sandbagged, and anchored. A known horizontal periodic motion of
constant amplitude and frequency from 16 to 200 Hz was applied to the slab. Two amplitude levels of 5
and 20 mm/s were applied when the sensors were sandbagged or anchored and only 5 mm/s when no
holding force was applied. The transmissibility of vibrations from the rock to the longitudinal geophone
as function of the frequency (i.e. ratio of response of the geophone to the slab motion) has been obtained
for each measuring condition tested. These values are normalized by the transmissibility of the
seismographs for the set-ups used to obtain the coupling transmissibility. Geophone to rock coupling is a
resonant phenomena that may alter the amplitude of the measured waveforms by a factor of 1.2 to less
than 0.6. The most accurate and precise measurements are obtained with anchored geophones to rock.
On the contrary, free placed or sandbagged sensors provide non predictable (poor to fair) planting
conditions that lead to high amplification or damping in most of the frequency band analyzed. It is also
shown that existing acceleration criteria to select coupling methods do not necessary lead to good quality
(accurate and precise) vibration data.

Introduction

Ground vibrations from blasting are often the main source of complaints and litigations to mines and
quarries in populated areas. Measurement of ground motion is necessary to assess compliance with
national standards (Siskind et al., 1980; AENOR, 1993; BSI, 1993; DIN, 1999; Singh & Roy, 2010) and
prevent damage to buildings and structures. The conclusions from vibration control studies depend on
how much the input signal is distorted by the seismograph (Farnfield, 1996) and by geophone ground
coupling (Washburn & Wiley, 1941; Hoover & O’Brien, 1980; Drijkoningen, 2000).

Vibration standards (ISRM, 1992; ISEE, 2009, 2011) provide, among others, the lowest accuracy that
the seismograph should meet, and a list of suggested coupling methods as function of the expected
acceleration and the ground type, rock or soil, at the monitoring point. The transfer or transmission of
the seismic motion from the ground to the geophone has not been investigated, so the absolute
measurement error, for the common conditions in vibration blasting monitoring. There are, however,
works that analyze the dispersion or uncertainty of vibration measurements (Armstrong, 2001; Segarra
et al., 2010, 2012a, 2012b), and the relative errors between methods (Blair, 1995b; Armstrong & Sen,
1999; Williams & Treleaven, 2003; Adhikari et al., 2005; Hutchison et al., 2005; Wheeler, 2004). This
study shows and analyzes the rock-to sensor transmissibility of the horizontal components of vibration
for two seismographs coupled to the rock with three common methods. For this purpose a total of 12
tests were made in a vibration exciter.



Experiments and instrumentation

The experimental work was made with a computer controlled shaker at VIBRAEQUIPO facilities
(Pontevedra, Spain). The shaker was arranged to vibrate horizontally according to the drive signal
characteristics supplied via a power amplifier. The input signal was a sine wave type of constant
maximum amplitude. The frequency of the input signal was shifted with an error less than 0.01 % from
16 to 200 Hz at a rate of 0.02 octave/s. This frequency range is a compromise between the memory
capacity of the recording units on one side, and both the predominant frequencies of vibrations from
blasting (low to mid values), and the frequencies of resonance of the coupling methods on the other (mid
to high frequencies). It should be notice that some of the resonant frequencies of typical urban dwellings
(Siskind et al. 1980) are outside the range considered here.

Table 1 shows the characteristics of the two seismographs used. They are identified as Y and Z to avoid
any manufacturer or commercial reference. These devices are formed by three orthogonally oriented
geophones housed in a metallic case and connected to a recording-sampling unit. They both meet ISEE
seismograph specifications (2011). Seismograph Y allows two measuring ranges, each with a different
resolution. A sampling rate of 2048 Hz was used.

Table 1. Characteristics of vibration monitoring devices (in brackets values in imperial units)

Characteristics Y Z
Mount
Density, kg/m® (Ib/ft’) 2130 (133.0) 2690 (167.9)
Mass, kg (1b) 0.905 (1.99) 0.508 (1.12)
Shape Cylindrical Prism
Size-radius’/height, mm/mm (in/in) ~ 50/50 (1.97/1.97) 37/44 (1.46/1.73)
Anchor hole-radius, mm (in) 4.75 (0.19) 3(0.12)
Recording-sampling unit
Analog to digital converter (bits) 12 16
Range/Resolution, mm/s (in/s) +254/0.127  (10/0.005) +200/0.006 (7.87/0.0002)

+31.7/0.0159 (1.25/0.0006)
* Equivalent radius of a circle with the same area than the contact surface.

The calibration procedure normally used in the laboratory was applied to get the transmissibility curve
of the seismographs (tests identified as C). This consists of anchoring the sensors directly to the plate of
the shaker, aligning the longitudinal sensor with the direction of the movement of the shaker and
inducing a vibration motion, v¢, of 10 mm/s (0.39 in/s). A torque of 4 N-m was supplied to 8 and 6 mm
diameter bolts for seismographs Y and Z, respectively. Such procedure guarantees a negligible
contribution of the measuring conditions to the recorded waveform.

Table 2 shows the main characteristics of the other tests chronologically sorted. For each test type,
seismograph Y was analyzed first and Z next. They aim to analyze the performance of common sensor
coupling methods to rock. For this purpose, a grey granite slab of size 24.5 x 30 x 8 cm (9.65 x 11.81 x
3.15 in) was fixed to the plate with four hex lag bolts (8 mm or 0.3 in diameter) that were tightened to a
torque of 4 N-m. The granite had a density of 2650 kg/m’ (165.4 Ib/ft’) and an estimated p-wave
velocity of 4425 m/s (14518 ft/s, Vazquez et al., 2010). In such conditions, the acoustic impedances of



the sensor case and the ground are similar. The mounting techniques implemented on granite were: free
placed, sandbagged and anchored. They all were tested at Smm/s (0.2 in/s), and at 20 mm/s (0.79 in/s)
when a holding force is applied; notice that these values are half and twice the velocity used in C,
respectively. Higher input velocities cannot be used as they produce spurious amplitudes of around four
times the input velocity that mask the result of the test; Faber & Maxwell (1997) explain this phenomena
that does not take place when the sensors are subjected to non-periodic motion as occurs in blasting. The
resolution of seismograph Y was fixed at 0.127 mm/s (0.005 in/s) for inputs amplitudes of 20 mm/s
(0.79 in/s), and at 0.0159 mm/s (0.0006 in/s) for the others.

Table 2. Summary of the tests (in brackets values in imperial units)

Test acronym  Coupling conditions Input amplitude ,
mm/s (in/s)

FL No holding force (free) 5 (0.20)

SL Sandbag 5 (0.20)

SH Sandbag (deteriorated) 20 (0.79)

AL Anchor, rod, washers & nut 5 (0.20)

AH Anchor, rod, washers & nut 20 (0.79)

Figure 1 shows the layout for sensor cases held with a bag. Initially the bag had 5 kg of cat sand and a
size of 23 x 32 x11 cm (9.06 x 12.6 x 4.33 in). Though larger bags are used in the field, these tests are
useful to understand the effect of the sandbag in the transmissibility of vibrations. After testing both
sensors with the sandbag at low velocities (SL tests), the bag was deteriorated. This leads to a different
bag profile and a greater contact between bag and the rock surfacein tests at high velocity (SH), compare
photographs (a-b) in Figure 1 with photographs (c-d). Sensor anchoring was made by a plastic anchor (8
mm or 0.31 in diameter and 40 mm or 1.57 in long), a threaded rod (6 mm or 0.24 in diameter), two
washers and a nut. There was a tolerance between the case hole of geophone Y and the setting rod (see
the anchor hole radius in Table 1); torque could not be controlled in this case.

Figure 1. Layout of geophones held with sandbags at low-SL (a-b) and high velocities-SH (c-d)

A laser Doppler Vibrometer (LDV) with a resolution less than 0.003 mm/s at 200 Hz was pointed
towards the element immediately beneath the sensors, i.e. metallic plate in tests C and rock in the others,
to control its velocity and correct the drive signal in time. The aim is to get an error of the motion of the
element in question up to 1 % in amplitude and less than 0.01 % in frequency.



Results

The experiments are analyzed from the output of the longitudinal geophones. It is assumed that similar
results will be obtained in other directions of the horizontal plane, such as the transversal, according to
Segarra et al. (2012a) that could not observe statistical differences in the experimental error or
uncertainties in the longitudinal and transversal components.

Geophone ground coupling is first explored from the square root of the spectrograms. They are obtained
by dividing the signals into segments and computing the short-time Fourier transform of each segment.
The results are shown in the form of contours of the spectral amplitude as function of time and
frequency. Figure 2 shows them for tests in which seismograph Z was freely placed at low velocities
(FL), sandbagged at low and high velocities (SL and SH, respectively) and anchored at high velocities
(AH); light contours correspond to high spectral densities, and dark to low values. The fundamental and
other harmonics are marked as F and H, respectively. Similar results have been obtained from tests with
sensor Y. In all the signals, the main energy trace corresponds to the power-law function of frequency
versus time, from 16 to 200 Hz in about 182 s, of the input signal. For methods other than anchoring, the
energy pattern is distorted and the sensor vibrates at other (higher) frequency modes; see the harmonics
when the bag it is used, graphs (b) and mainly (c), which are likely produced by the sand vibration or by
bag movement before reaching its steady state. Besides, there are monochromatic vibration modes
independent of the excitation clearly apparent with free sensors; see the horizontal contours marked as
M in graph (a).

Transmissibility of vibrations from the rock to the geophone, 7, is defined as the ratio of the geophone
response to the motion of the ground in the absence of the geophone, expressed as function of the
frequency (Washburn & Wiley, 1941; Drijkoningen et al. 2006). These terms are calculated here from
the spectral amplitudes obtained through fast Fourier transform analysis of the recorded waveform and
the swept-frequency-sine (input) signal, respectively. The large variance present in the resulting
transmissibility is smoothed applying a robust locally weighted linear regression using linear
polynomials and a span of 8 % of the signal length (Cleveland, 1979). Transmissibility can be also
understood as a quantitative statement of the error committed in the tests, and is also given as a gain
G=20-log(7).

Figure 3 shows the transmissibility of the seismographs (or error of measuring devices) together with
ISEE (2011) tolerance bounds. Setting a different resolution for seismograph Y, involves processing the
incoming signal from the geophone with a different amplifier. This implies, as Figure 3 shows, a
different transmissibility curve (the shape is constant, but not the amplitude of the vibrations
transmitted) at low and high resolutions (see Table 1). The seismographs and working conditions lead to
transmissibility values within ISEE bounds and around 0.96 and 1.04 (-0.35 to 0.34 dB).

To obtain the transmissibility of the coupling conditions implemented (or measurement errors), the
transmissibility for each test is normalized by the corresponding seismograph transmissibility. The
resulting transmissibility curves from anchored geophones are plotted in Figure 4 and from free and
sandbagged sensors in Figure 5. Coupling transmissibility resembles, in general, to the transfer function
of a damped oscillatory oscillation. In fact the geophone coupling can be described as resonant
phenomena characterized by a resonant frequency and a damping factor (Washburn & Wiley, 1941;
Hoover & O’Brien, 1980; Khron, 1984). The transmissibility of each coupling techniques is analyzed
next.
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Figure 2. Modified spectrograms for seismograph Z: freely placed at low velocities, FL (a),
sandbagged at low velocities, SL (b) and high velocities, SH (c), and anchored at high velocities,
AH (d); F is the fundamental sweep, H are other harmonics, and M are monochromatic vibration
modes.

Anchored sensors
If the sensors are anchored, the slab motion is amplified only up to 1.01 (0.09 dB) in the common
frequency range for blasting (frequencies below 100 Hz); the coupling resonance is above 200 Hz. The

dispersion is low; the difference between the four tests made with anchored sensors is up to 0.02 (around
+0.17dB).

Free sensors

Sensors freely placed on the rock follow acceptably well the slab motion (i.e. transmissibility from 0.98
to 1.02) in a narrow range of frequencies: 16-28 Hz for Y and 1640 Hz for Z. The amplitude of the
resonance peak is around 1.12 (0.98 dB) and occurs at around 52 Hz for sensor Y, and 71 Hz for Z.
Above the resonance frequency, rock motion is strongly damped in the sensor. This is the worst



scenario, when compliance is assessed. Interestingly vertical velocity increases more than one order of
magnitude for frequencies higher than the resonant. Published works (Hoover & O’brien, 1980; Blair,
1995a) show that differences in the amplitude response can be explained using the planting factor P that
it is defined here as the ratio between the mass of the geophone and the product of the rock density to the
geophone case volume. These works show that as the planting factor increases, the resonance shifts to
lower frequencies and the peak is sharper. The result shown in Figure 5 contradict this rule (planting
factors are 0.9 for Y and 1.1 for Z). Wave transmission is hindered by a poor contact of the sensor and
the ground, i.e. only a fraction of the base area is in contact with the slab. In such conditions the
transmissibility is governed by the motion of the mass of the sensor case (Drijkoningen, 2000), and
according to Washburn &Wiley (1941), the peak shifts to higher frequencies when the sensor weight

decreases (as occurs with sensor Z).
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Figure 4. Coupling transmissibility with anchored sensors (the seismograph code is given before
the test acronym that it is shown in Table 2))
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Figure 5. Coupling transmissibility vibrations with free and sandbagged sensors (the seismograph
code is given before the test acronym that it is shown in Table 2)

Sandbagged sensors

The use of sandbags encompasses a more complex transmission of vibrations as was commented
previously. In general, low and mid frequencies are damped and high frequencies amplified depending
on the velocity level. For low velocities (SL tests), the amplitude is damped from 16 to around 50 Hz up
to 0.78 (-2.16 dB). Resonance occurs around 76 Hz for Y and 87 Hz for Z with transmissibility between
1.07 and 1.2 (0.59 and 1.58 dB), respectively. In high velocity (SH) tests, vibration damping occurs with
less intensity and in a narrow frequency range. The resonance is shifted to roughly 155 Hz with a
maximum transmissibility near the lower range of those from SL, and the sensors follow the slab motion
between 30 to 80 Hz. These results may be borne in variations in the bag positioning shown in Figure 1,
rather than in the different vibration velocities of the slab. Other studies (Blair, 1987; Krohn, 1984) show
that an increase of ground motion affects in an opposite way to the resonant frequency than that
observed here. Assuming that in SL tests the contact was about 40 % of the bag surface and that in SH, it
was around 80 %, the planting factors were 0.66 and 0.33, which explain differences in the
transmissibility curves from low and high velocity tests.

Effect of acceleration on coupling transmissibility

In order to assess the measuring errors as function of the expected acceleration levels, the absolute value
of the gain due to coupling, |G| is considered. As no differences in the sensor mass or size are taken
into account in the field, data from both seismographs are considered together for each coupling method.
Accelerations are calculated for each measurement point from the peak velocity and the frequency, and



associated with the local gain at that point. These data are classified according to ISRM (1992) and ISEE
(2009) criteria into low (a< 0.2g), medium (0.2g<a<lg), and high (a>1g) acceleration. The distributions
of |G| values are plotted in Figure 6 for the three acceleration levels considered. They are displayed in
the form of box plot for the mounting methods under evaluation: free, sandbagged, and anchored. An
asterisk is written next to the coupling method to show that such technique is valid at those
accelerations. Box plots display for each group of data: the first and third quartiles (upper and lower
limits of the boxes); the median (central line); the lowest and highest values within 1.5 times the
interquartile range (whiskers outside the box); and outliers (dots that are displaced along the abscissa to
avoid overlap between points). The 95 % percentile of the absolute value of the gains is plotted as a
solid circle.
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Figure 6. Distributions of the absolute value of the gain due to coupling at different acceleration

levels (solid circles are the 95th percentiles; horizontal lines show a transmissibility of 1.01, 1.05,

1.1, 1.2 and 1.3; the asterisks next to the coupling method indicate the suitability of such method
according to field guidelines)

Sensor anchoring has the highest accuracy and reproducibility. Errors are in general within the accuracy
admitted for blasting seismographs (ISEE 2011), and they increase with the acceleration; the 95% |G| is
0.58 dB (7=1.07) at high accelerations. If the other methods are used at the suitable acceleration range,
the median of the absolute value of the gains are higher but still acceptable, up to 0.46 dB (7=1.05). The
gains can be, however, much greater and the 95% percentiles of the absolute gains are 0.89 dB for free
sensors (7=1.11), and 1.96 dB (7=1.25) for sandbagged sensors at low accelerations, and 1.14 dB
(T=1.14) for sandbagged sensors at high acceleration levels. Sandbagging provides the highest
dispersion. If a method is applied outside the suggested range of accelerations, which in practice may
occur as it is difficult to known a priori the acceleration levels at a monitoring point, the errors are out of
control for free sensors and vary greatly when they are sandbagged; the 95 % percentiles are 12.6 and
2.1 dB (T around 4.3 and 1.27) for free and sandbagged sensors, respectively. Errors shown in this work
are in line with the uncertainties from quarry measurements with anchored (0.5 to 6.4 %) and
sandbagged sensors (0.5-13.4 %) correctly oriented towards the blast (Segarra et al., 2012a).



CONCLUSIONS

Two blasting seismographs of different size, shape and mass were tested in a shaker table. A known
horizontal periodic motion of constant amplitude and frequency from 16 to 200 Hz with a variation rate
0f 0.02 octaves /s was applied. The transmissibility of vibration is expressed as function of the frequency
and calculated for the longitudinal geophone that was aligned with the shaker axis. Transmissibility is
computed from the spectral amplitudes as the ratio of the longitudinal geophone output to the motion of
the material in contact with the sensor (table or rock). It gives a quantitative statement of the total errors
committed for the horizontal components (either longitudinal or transversal). Smoothing techniques
have been applied to filter noise and retain the trend of data. The transmissibility of the sensors or
baseline error is obtained from one test at 10 mm/s with the sensor anchored to the table (in which it is
assumed that the coupling is perfect). It varies between 0.96 and 1.04 of the plate velocity (-0.35 to 0.34
dB). In 10 tests the sensors were laid over a grey granite slab attached to the table and coupled without a
holding force, sandbagged or anchored. The input velocities of the slab were 5 mm/s for all coupling
methods and 20 mm/s for sandbagged and anchored sensors. The total transmissibility is divided by the
seismograph transmissibility in order to obtain the measurement error or transmissibility due to the
coupling conditions. Though the transmissibility is site dependant, and it was obtained here under
certain assumptions that are not found in practice, the results here give an insight to the performance of
coupling methods commonly used to monitor vibrations on rock and have the following practical
implication:

- Geophone to ground coupling is a resonant phenomena (with at least one resonance peak) that
may alter the amplitude of recorded vibrations by a factor of 1.2 to less than 0.6.

- Anchored geophones measure accurately ground motion for the two sensors tested. This coupling
technique provides errors below the accuracy of the seismographs and the smaller dispersion
(0.02 or £0.17 dB) for the common frequency range for blasting (frequencies below 100 Hz) and
the range of velocities analyzed.

- Free and sandbagged sensors provide non predictable planting conditions that can be ranked
from poor to fair. For poor conditions, transmissibility is governed by the weight of the sensor
and as the weight increases resonance shifts to lower frequency and provides a narrower
frequency band in which the sensor follows accurately ground motion. Fair conditions are
achieved if the weight increase is compensated by a large contact surface.

- The use of sandbags make the problem worst; vibration of the sand in the bag or the movement
of the bag until it reaches its steady state overlaps to the incoming seismic field in the first stages
and damps the amplitude of vibrations. Additionally if the sensor is in not good contact with
rock, the increase of the weight over the sensor leads to higher amplifications..

- The use of common field guidelines does not lead to accurate and precise measurements. It was
shown that errors (absolute value of the gain) can be up to 1.96 dB for sandbagged sensors and
0.89 dB for free sensors at low acceleration levels (<0.2g), in which these two methods are
advisable.
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