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ABSTRACT

The distortion of ground vibration measurements by different methods for
mounting transducers in the ground is investigated experimentally. The
following mountings are considered: (i) Tapered stake having cruciform cross-
section; (ii) Wood plate attached to the ground with threaded thin rods; and (iii)
Embedded aluminum box of density equivalent to that of soil. The frequency
range over which acceptable measurements of ground vibrations can be made is
determined for each of these mountings using frequency response tests. These
tests are performed by lightly impacting the mounting with a small instrumented
hammer. The impact force and the response of the mounting were recorded and
analyzed on a two-channel frequency analyzer. Tests were performed at two
sites: stiff clay and fine loose sand. Results show that the frequency limit for
acceptable accuracy was about 200 Hz for the plate and stake mountings,
whereas that for the embedded box mounting was about 120 Hz. The plate and
stake mountings were found more convenient to use than the embedded box
mounting.

RESUME

Les auteurs étudient expérimentalement la distorsion des mesures de vibrations
du sol effectuées a l'aide de différentes méthodes de montage de transducteurs
dans le sol. lls examinent les dispositifs de montage suivants : (i) un piquet de
section cruciforme; (ii) une plaque de bois fixée au sol au moyen de minces tiges
filetées; (iii) un coffret d'aluminium enterré et ayant une densité équivalente a
celle du sol. Pour chacun de ces montages, on détermine, au moyen d'essais de
réponse de fréquence, la bande de fréquences dans laquelle des mesures
acceptables des vibrations du sol peuvent étre effectuées. Ces essais consistent a
frapper Iégérement le montage avec un petit marteau doté d'un dispositif de
mesure. La force d'impact et la réponse du montage ont été enregistrées et
analysées a I'aide d'un analyseur de fréquences a deux canaux. Les essais ont été
réalisés sur un terrain d'argile dense et sur un terrain de sable fin meuble. Les
résultats montrent que pour obtenir une précision acceptable la limite de
fréquence doit étre d'environ 200 Hz dans le cas des montages avec plaque et
piquet, et d'environ 120 Hz dans le montage a coffret enterré. Les deux premiers
types de montages se sont révélés plus faciles d'emploi que le troisieme.
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1 INTRODUCTION

The measurement of ground-borne vibrations from sources such as railway and
highway traffic, mining, tunnelling and blasting is important for investigating the
effects of these vibrations on nearby buildings and their contents. It is necessary to
ensure that these measurements be undistorted and accurate. In this respect, the
complexity and difficulty of proper transducer attachment to the ground is a major
obstacle. Measurement transducers, which are generally very small in size, are
mounted on larger objects, e.g. a stake or a plate, to provide sufficient coupling to the
ground. Contrary to expectations, however, proper coupling to the ground may not
always be achieved; kinematic and inertial effects also occur due to the geometry and
mass of the mounting device, respectively. Consequently the measurement system
supported by the ground will form a resonant system that may be incapable of
faithfully transmitting the free field motion.

At present, no standard methods for mounting transducers on the ground are
known to the authors. In fact, a variety of methods exist. These methods are generally
designed to minimize measurement errors within a frequency range of interest.
However, due to the wide variety of soil types and the different characteristics of the
mounting system in varying vibration modes, it is difficult to advocate a particular
mounting design that would be applicable under all conditions. In addition, the lack of
documented experimental evidence makes it impossible to evaluate available mounting
designs and to clearly establish the superiority of any particular type.

The objective of this paper is to present a comparative assessment of the
performance of different methods of mounting transducers in the ground and to
determine the frequency range over which accurate measurement of the ground motion
can be expected. Some of the transducer mounting methods reviewed below are
believed to be appropriate for a wide range of conditions. Hence they are selected for
further investigation and testing according to unified procedures. The following
mounting methods were investigated:

— aluminum stake with a cruciform section [1]

- wooden plate attached to the ground with thin threaded rods [2]
aluminum box, of effective density equivalent to that of soil, embedded in
the ground [3]

2 REVIEW OF TRANSDUCER MOUNTING METHODS

Mounting methods can be in general classified into the following categories: (i) Surface
plate mountings, (ii) Stake mountings, (iii) Embedded box mountings, and (iv)
compensations methods.
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Surface plate mountings
The surface plate mountings may be coupled to the ground by any of the
following ways:

Simply resting on the ground surface, slightly pushed into the ground, or
set in the ground such that its top is flush with ground surface [4].
Attaching the plate to the soil in an embedment of plaster of Paris [5].
Attaching the plate to the soil by driving thin rods through the comers of
the plate [2].

The vibration characteristics of a plate resting on the ground can be determined
analytically employing a mass-dashpot-spring analog to model the mount (e.g. see
[6,7,8]). Results should be treated with caution especially when the analytical
assumptions are not well founded, e.g. poor coupling. Analytical results, however,
can serve as guidelines for proper mounting design. As an example of poor agreement
between analytical and experimental results, Gutowski et al. [4] reported a vertical
resonance frequency of 90 Hz in the field for an aluminum disk, 15.25 cm in diameter
and 2.5 cm in height, which was set 1.25 cm into soil. Analytical solutions indicate
much higher resonance frequency (well above 200 Hz). The low value obtained in the
field is probably due to poor coupling between the plate and the supporting soil.

Verhas [5] reported a resonance frequency of 468 Hz for an aluminum plate,
205x205x10 mnP, in an embedment of plaster of Paris. Obviously, the embedment
ensured intimate coupling with soil. The resonance frequency of this system is well
above the frequency range of interest of ground vibrations. Attaching the plate to soil
by driving thin rods through its corners seems to provide good coupling. For a 90 x 90
x 12.5 mm plywood plate and 75 mm and 50 mm long spiral nails as rods through the
corners and in the interior, respectively, Barman and Coulter [2] report a vertical
resonance frequency of 600 Hz for soft soils and much higher values for stiff soils.

Stake Mountings
In this method, the transducer is attached to one end of a steel or aluminum

stake that is simply driven into the ground. The stake is usually 150 to 200 mm long. A
small plate may be welded to the top end of the stake to which the transducer is
attached.

Field tests performed with this mounting method indicate satisfactory
performance for measurements of vibrations in the vertical direction but poor
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performance with horizontal vibrations [1] [3]. Nolle [1] tested several cross-sectional
designs.

Johnson [3] tested the performance of stakes driven horizontally into the sides of
a hole in order to measure the motion in the horizontal plane. No evidence of
resonance was found in the measured vibrations generated by a hammer impact on the
ground surface. However, it is pointed out that this method is useful only in cohesive
soils in which the sides of the hole are firm enough for driving a stake into them.

Embedded Box Mountings

In order to eliminate the inertial interaction between the transducer mounting
and the supporting soil, the concept of attaching the transducers inside a box and then
burying it in the ground seems a reasonable approach. The dimensions of the box are
selected such that the average density of the box, including the transducers, matches
the density of the soil. The box is placed in a shallow hole in the ground and then
backfilled with soil. The soil around the box is tamped to ensure good coupling. The
size of the box is kept small in comparison with the shortest wavelength of interest in
ground vibrations in order to minimize kinematic interaction effects.

Johnson [3] reported satisfactory performance of this mounting device. The box
used was 160 x 160 x 12.5 mm made of 125 mm thick aluminum and buried in a 230
mm deep hole. No resonance was observed due to an excitation generated by a
hammer impact on the ground surface. The disadvantage of this mounting method is
the amount of soil disturbance caused by the installation of the box [2] [9]. In addition,
if the backfill must be watered to achieve good compaction, the moisture may interfere
with the transducer cabling especially if piezoelectric accelerometers are used [9].

Compensation Methods

An alternative to optimum transducer mounting design is to physically
compensate for errors caused by the dynamic interaction between the mount and the
supporting soil. Prange [10] presents a mechanism to compensate for the inertia effects
of surface mountings in the vertical direction. The principle of the proposed
mechanism is to satisfy the condition of zero dynamic contact pressure between the
measurement system and the ground, i.e. preserve the free field condition. The
proposed system consists of two parts held together by springs. An auxiliary vibrator
(an electrodynamic system) is attached to the moving part of the assembly. The
vibrator generates an internal force in such a manner that the condition of stationary
center of gravity of the complete assembly is achieved, implying a condition of zero
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contact pressure. A special electronic circuit is designed to control the power supply to
the auxiliary vibrator. Obviously this is a complicated system and the extension of the
compensation mechanism to other modes of vibrations seems to be a formidable task.

3 TESTING METHOD
In order to assess the performance of a mounting system, a frequency response test is
performed. The mounting system is excited by either of the following two methods:

» applying an impact to the mounting separately in the horizontal and vertical
directions with a small instrumented hammer (e.g. PCB model 086A03) as
shown in Figure 1, [5];

®coupling an electrodynamic shaker (e.g. model No. 89940 by Goodman
Vibrators Ltd.) to the mounting as shown in Figure 2, [1,2].

The applied force and the acceleration response of the system are recorded on a
two channel frequency analyzer. Fourier transforms of the force and acceleration are
then computed and the results displayed in one of two forms: acceleration divided by
force (i.e. acceleration frequency response); or, after double integration, displacement
divided by force (i.e. displacement frequency response).

The criterion used to evaluate the frequency range over which the mounting
provides satisfactory transmission of ground vibrations can be based on the frequency
response characteristics of the mounting in terms of displacement or acceleration.
Considering the displacement response curve, the accurate frequency range would be
that over which the displacement response is nearly constant (or flat), as illustrated in
Figure 3a. A constant displacement frequency response implies negligible inertial
effects of the mounting. The part of the displacement response curve which is constant
corresponds to a part of the acceleration response curve which is parabolic (Figure 3b).
Expressing the acceleration amplitude in decibels (dB), the acceleration response
function is then equal to

A(co) = 101og(Doe2)2 = 4010g(co) + 201og(Do)

where DQis the constant displacement amplitude, and wis the frequency. Hence, by
examining the acceleration response curve of the system, the frequency range over
which accurate measurements can be expected is that over which the response curve is
sloping at 40 dB/decade, as shown in Figure 3c. The frequency at which the frequency
response curve deviates by +3 dB from the 40 dB/decade slope is taken as the limit of
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Figure 1 Instrumented small hammer

Figure 2 Electrodynamic shaker
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acceptable measurements. This criterion is
the same as that used in reference [1].
Alternatively, the corresponding frequency
limit using the linear displacement curve
(Figure 3a) is that at which the frequency
response curve deviates from the constant
displacement part by +41% or -29%.

Tests carried out in a laboratory soil
box and in the field indicate that virtually
the same frequency response of the
mounting system can be obtained by
exciting the system with either of the two
methods: a light tap applied with a small
hammer instrumented with a force
transducer; or an electrodynamic shaker
coupled to the mounting via a force
transducer. This is illustrated in Figure 4,
which shows the acceleration frequency
response of the embedded box mounting
obtained by the two different excitation _ .

Figure 3 Typical frequency response
methods. It can be seen that the two function of a mounting
response curves are in good agreement. The
hammer was subsequently used in all tests reported in this paper since it was found
more convenient to use in a field environment than the electrodynamic exciter.

Initially, laboratory tests were performed to determine the frequency response of
the mountings for different soil types under controlled laboratory conditions. For this
purpose a 65x82x50 cm (deep) box filled with soil was used. A few tests were
performed with loose sand and with a mixture of clay and sand. Soon it was found,
however, that the frequency response functions from these tests have several resonance
frequencies. These resonance frequencies are believed to be caused by the limited size
of the soil box rather than the mounting/soil system. In order to eliminate the box
effect, a larger box would be needed to allow wave energy radiating away from the
mounting long enough time to dissipate before it arrives at the boundaries of the box.
The effort involved in preparing a larger box was considered unwarranted, and
therefore laboratory tests were abandoned in favour of tests carried out at two outdoor
sites. The soil type at the first site was stiff clay and at the second site fine loose sand.
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Figure 4 Comparison between response functions using different excitation methods

Employing the frequency response function of a mounting device is sufficient for
establishing an acceptable measurement range. ldeally however, employing the so
called transmissibility function is more appropriate since it is a direct indication of
distortions caused by the mounting system. The transmissibility function of a
mounting system is the ratio of the motion recorded using the mounting system to the
free field motion. The transmissibility function defined as such is probably impossible
to determine experimentally. Alternatively, it can be defined as the ratio of the force
transmitted by the mounting system to the ground (reaction force) to the force applied
with the impact hammer to the mounting. The the reaction force can be calculated
analytically by employing the equilibrium equation of the mounting system.
Obviously, this requires further data manipulation and calculations which might render
the process impractical for field application. Work in this area is currently under
progress.

4 DESIGN AND INSTALLATION OF MOUNTINGS
Frequency response tests using a light hammer impact were performed in the field for
the following three types of transducer mountings (shown in Figure 5):

(@ A stake made of a 10 mm (thickness) x 50 mm (diameter) top plate and
tapered 4 mm thick plates welded to form a cruciform section. Two
different lengths were tested: 150 mm and 300 mm long, both made of
aluminum, with tapering ratios of 10:1 and 20:1, and weights 175 g and
300 g, respectively. This design of the stake has a high surface area to
mass ratio and hence is believed to provide good coupling with the soil
and minimal inertia effects.

(b) A plate made of 19 mm thick plywood. It is attached to the ground with
four 5 mm diameter 150 mm long threaded thin rods driven into soil
through holes in the corners of the plate. Proper coupling to the ground is
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ensured by hand-tightening nuts attached to the top end of the rods. Two
plate sizes were tested: 175 mm x 175 mm and 90 mm x 90 mm. The
weights of the large and small plates (including the rods) are 440 g and
210 g, respectively.

() A box type mounting constructed of 125 mm thick aluminum and with
dimensions 165 mm x 165 mm x 70 mm high and weighing 2880 g. The
effective density of the box is equal to 1.6 t/m” (approximately equivalent
to that of soil). The box is embedded in the soil, flush with the ground
surface. The soil around the sides of the box is tamped down firmly to
ensure proper coupling.

A 38x38x38 mm solid aluminum block (150 g) was attached to the wood plates
and to the top end of the stake mountings. Accelerometers were then attached to this
block by two-sided tape. Only one accelerometer was attached during a test, either in
the vertical or in the horizontal directions.  For the embedded box, transducers were
directly attached to the inside walls of the box by two-sided tape.

To install the mountings, grass roots and top soil were carefully excavated to a
depth of 150 mm. The bottom of the excavation was kept flat and undisturbed.

Figure 5 Transducer mountings

5 INSTRUMENTATION

Measurements were made using piezoelectric accelerometers (PCB model 308B10) with
a sensitivity of 0.1 V/g (volts/acceleration due to gravity). The weight of the
accelerometer is 78 g. The impact was applied with a small hammer (PCB model
086A03) of mass 135 g, fitted with a plastic tip. The hammer is instrumented with a
force transducer (PCB model 208A03) having a sensitivity of 10 mV/Ibf (milli volts /
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pound-force). The signals were recorded and analyzed on a two channel narrow-band
frequency analyzer (Hewlett-Packard model HP5423A).

6 EXPERIMENTAL RESULTS OF FREQUENCY RESPONSE TESTS

The frequency range over which reliable measurements can be expected is determined
by inspecting the logarithmic acceleration frequency response of the mounting system.
Typical acceleration frequency response curves for the vertical and horizontal directions
for the various mountings are shown in Figure 6. In these figures it can be observed
that the frequency response curves deviate substantially from the ideal 40 dB/decade
line at low frequencies. This deviation can be attributed either to background noise or
to noise in the instrumentation system. This noise becomes significant since the
acceleration levels of the true signal in the low frequency range are very small. The
peak which appears at 60 Hz in the response of the embedded box is apparently due to
an electrical interference. The upper frequency limits for the +3 dB acceptable
measurement range are summarized in Table 1. From the results presented in this
table, the following observations can be made:

- The maximum frequency for acceptable measurements for the horizontal
direction of motion is lower than that for the vertical direction for all types
of mountings except for the embedded box.

- As expected, the maximum frequencies for acceptable measurements for
site 2 are lower than those of site 1 since the soil of site 2 has a lower
modulus of rigidity than that of site 1. However, in the case of the short
stake, the difference in maximum acceptable frequencies between sites 1
and 2 is not very significant. This could be an indication that the tapered
cruciform design of the stake that has a high surface area to mass ratio
provides good coupling with the soil, regardless of its type, and minimal
inertia effects.

- The embedded box has the lowest limit for acceptable measurements (122
Hz). This, however, may still be considered sufficient for some
applications such as road and railway traffic-induced ground vibrations.

It should be noted that the results in Table 1 are applicable for sites with soil
properties similar to those of sites 1 and 2. Sites with lower modulus of rigidity should
be expected to have lower limits for acceptable measurements. The acceptable
frequency range would also decrease as the mass of the mounting and its elements
increases. When doubt arises as to the reliability of a mounting system for a specific
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Frequency response functions of mountings
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site, a frequency response test should be performed at the site in order to establish the
frequency limit for acceptable measurements. This test, when performed with the
hammer impact method, is quick and simple to carry out in the field.

Table 1 Upper frequency limits (Hz) of the acceptable
measurement range (+ 3 dB tolerance)

Soil Type Direction 175x 175 mm 90 Xx 90 mm 300 mm 150 mm Embedded
Wood Plate Wood Plate long long Box
With Rods With Rods Stake Stake
Stiffclay Vertical 350 720 - 482 322
Horizontal 278 415 - 322 401
Loose sand Vertical 255 330 759 442 122
Horizontal 235 209 443 311 208

7 CONCLUSIONS
The frequency response characteristics of the tested mounting designs show that
adequate accuracy of ground vibration measurements can be achieved for the soils of
sites 1 and 2, stiff clay and fine loose sand, respectively. However, when these
mountings are attached to weaker soils, it should be expected that the frequency limit
of acceptable measurements will be lower than that of the test sites in this study. If the
reliability of a mounting system for a specific soil is suspect, a frequency response lest
should be performed at the site in question to verify the acceptable measurement range.

Tests performed in this study indicate that lightly impacting the transducer
mounting with a small hammer provides a reliable, quick, and simple method for
obtaining the frequency response characteristics of a mounting design. Present
capabilities of field instrumentation and analysis including implementation of FFT
functions in portable equipment provide the opportunity to easily perform and analyse
frequency response tests in the field.

Both the plate attached to soil with threaded rods and the aluminum stakes with
a cruciform cross-section have acceptable measurement for frequencies up to about 120
Hz, and were found simple and convenient to use. The box type mounting, however,
was not found convenient due to difficulties during its installation, e.g. improper
leveling and inadequate compacting. In addition it has a smaller frequency limit for
acceptable measurements (about 120 Hz) than the plates and aluminum stakes.
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