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ABSTRACT

An approach is presented for performing site-specific assessment of the impact of construction
vibrations on vibration-sengitive facilities. This requires expansion of existing methodologies
such that frequency content isincluded. A case study isincluded.

INTRODUCTION

Many processes involved in advanced technology applications are highly sendtive to
vibrations. Among these processes are precision metrology, high-energy physics, long-beam-
path laser applications, biotechnology research, and the R&D and production of
semiconductors. As areas such as university research campuses, Silicon Valley in the USA,
and the Science Parks in Asia become more heavily developed, construction near existing
vibration-sensitive facilities becomes unavoidable. Thisis particularly true as campus-oriented
organizations need to add facilities to existing campuses.

Construction activities generate ground vibrations. There is a significant body of literature
regarding construction vibrations and their prediction, but virtually none of this lends itself
particularly well to the types of assessment appropriate when vibration-sensitive facilities are
involved.

This study reviews and compares several forms of vibration limits applicable to construction
vibrations, and presents the results of a controlled evauation of construction-related vibrations
a arepresentative site. It includes a methodology for calculating the propagation of spectral
data, and methods for determining the site-specific data required for those calculations. To
facilitate comparisons with traditiona civil engineering methods, it aso includes a brief review
of that body of literature, as well as an introduction to the forms of data representation
prevaent in the analysis of vibration-sengtive facilities.

GROUND VIBRATIONS AND THEIR PROPAGATION
Vibrations propagate from a piece of construction equipment through the ground to a distant

vibration-sensitive receiver predominantly by means of Rayleigh (surface) waves and
secondarily by body (shear and compressional) waves. The amplitude of these waves
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diminishes with distance from the source. This attenuation is due to two factors. expansion of
the wave front (geometrical attenuation) and dissipation of energy within the soil itself
(material damping). The rate of geometrical attenuation depends upon the type of wave and
the shape of the associated wave front. Materid damping is generaly thought to be
attributable to energy loss due to hysteresis, perhaps caused by internal diding of soil particles.
In addition to other factors (see below), the amount of material damping that occurs is a
function of the vibration amplitude; this discussion will be limited to what are generaly
considered low-amplitude cases.

Material damping in soil is a function of many parameters, including soil type, moisture
content and temperature. Clays tend to exhibit higher damping than sandy soils (Wiss, 1967).
Wet sand attenuates less than dry sand because the pore water between sand particles carries a
significant portion of compressional energy and thus does not subject compressional waves to
as much attenuation by friction damping. Propagation of Rayleigh waves is insenstive to the
presence or absence of water (Richart, et al.). Frozen soil attenuates less than thawed soil
(Barkan).

The general equation modeling propagation of ground vibration from point “a’ (a location at
distance r, from the source) to point “b” (a location at distance r, from the source) may be
stated in the form of Equation (1),
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where gis a coefficient dependent upon the type of propagation mechanism and a is a material
damping coefficient. The propagation equation may be applied to either time-domain or
frequency-domain calculations, but care must be exercised that the coefficients are selected

properly.

Theoretical radiation models based upon half-space formulation have been used to determine g
corresponding to various propagation models in idealized cases. This form of attenuation can
also be expressed in terms of decibels per doubling of distance. Several commonly accepted
values of gare shown in Table 1 for a number of types of sources and waves.

Table1l. Summary of theoretical geometric attenuation coefficients, based on wave type.

Source Wave Type Measurement Point g
Point on Surface Rayleigh Surface 05
Point on Surface Body Surface 2
Point at Depth Body Surface 1
Point at Depth Body Depth 1

Mogt construction settings involve surface (or near-surface) sources and receivers, and
Rayleigh wave propagation is the most common. Even when the actual vibration source is
below the surface—as with pile driving—Rayleigh waves are formed within a few meters of
the point on the surface directly above the source, and the propagation can be modeled in terms
of Rayleigh waves (Dowding).
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There are two principa forms in which investigators have fit Equation (1) to observed data.
One approach is to neglect damping attenuation and fit geometric attenuation curves to field
data. The other approach assumes Rayleigh wave propagation and fits material damping
curves to measured data

In the first approach, one sets a = 0 and assumes that attenuation follows a straight line on a
log-log plot of velocity amplitude as a function of distance. In this case, gis the dope of that
line. Investigators have found values of g between 0.8 and 1.7. Table 2 summarizes some of
the published values of g Using the other approach, one sets g = 0.5 and selects a value of a
based upon soil type. Table 3 summarizes some of the published values of a, which range
from 0.039 to 0.44 m™. Using this approach in the traditional manner involves an assumption
that the rate of attenuation with distance is independent of frequency.

Table2. Summary of published geometric attenuation coefficients, g.

Investigator Soil Type Geometric Attenuation, g

Wiss (1967) Sands 1.0

Clays 15

Brenner & Chittikuladilok Surface sands 15

Sand fill over soft clays 0.8-10

Attewell & Farmer Various soils, generally firm 1.0

Nicholls, Johnson & Duvall Firm soils and rock 14-17

Martin Clay 1.4

Silt 0.8

Amick & Ungar Clay 15

Table3. Summary of published material attenuation coefficients, a.

Investigator Soil Type a, m’
Forssblad Silty gravelly sand 0.13
Richart 4-6 in concrete slab over compact granular fill 0.02
Woods Silty fine sand 0.26
Barkan Saturated fine grain sand 0.10

Saturated fine grain sand in frozen state 0.06
Saturated sand with laminae of peat and organic silt 0.04
Clayey sand, clay with some sand, and silt above water level 0.04
Marly chalk 0.1
Loess and loessial soil 0.1
Saturated clay with sand and silt 0.0-0.12
Damatov, et al. Sand and silts 0.026-0.36
Clough and Chameau | Sand fill over Bay Mud 0.05-0.2
Dune sand 0.026-0.065
Peng Soft Bangkok clay 0.026-0.44

The most common generic model of construction vibrations as a function of distance was
developed by Wiss (1981), as shown in Figure 1.
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Figure 1. Construction vibrationsasa function of distance, after Wiss (1981)

The family of curves presented by Wiss—and other similar constructs based upon the metric
of peak particle velocity'—provide a convenient means of assessing vibration impact on
structures and people, but does not have enough detail to be particularly useful for impact
assessment for vibration-sengtive facilities. There is a significant body of knowledge which
relates human response and building damage to the peak velocity amplitude measured in the
time domain. However, most assessment of the impact of vibrations on advanced-technology
facilities is based upon measurement and analysis in the frequency domain, using spectra, as
discussed in the following section.

VIBRATION CRITERIA FOR CONVENTIONAL BUILDINGS

Commonly used criteria for vibration-induced building damage are summarized in Table 4.
They are generally assumed to be in terms of peak particle velocity. The DIN 4150 criteria are
quite conservative compared to those from other sources with respect to buildings in good
condition, but are often cited with respect to ancient and historic structures.

! Peak particle velocity is the maximum O-peak amplitude in the time domain. Generally, but not
always, this refers to the vector sum of the three directional components.
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Table4. Typical vibration criteria addressing building damage.

Category Source Particle Velocity
mm/s (in/s)
Industrial Buildings Wiss (1981) 100 (4)
Buildings of Substantial Construction Chae 100 (4)
Residentia Nichals, et al., Wiss (1981) 50 (2)
Residental, New construction Chae 50 (2)
Residential, Poor Condition Chae 25(1)
Residential, Very Poor Condition Chae 12.5(0.5)
Buildings Visibly Damaged DIN 4150 4 (0.16)
Historic Buildings Swiss Standard 3(0.12)
Historic and Ancient Buildings DIN 4150 2 (0.08)

VIBRATION CRITERIA FOR VIBRATION-SENSITIVE FACILITIES

Discussion of vibrations can be addressed in three parts: (1) the analytical domain to be used
for data representation (time domain vs. frequency domain); (2) the metric to be used
(displacement vs. velocity vs. acceleration); and (3) the statistical form, generally a choice
between instantaneous amplitude or some sort of averaged amplitude. Construction-related
vibrations are amost always discussed in terms of velocity amplitude, as are vibrations being
assessed for most vibration-sensitive facilities. However, it is here that the convenient

smilarities end.
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Figure2. Timehistory of vertical vibrations from pile driving (bottom) and

corresponding velocity spectrum (top)
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Time-domain data represent vibrations using a "time history,” in which the instantaneous
amplitude varies with time. Frequency-domain representation makes use of "spectra’ to show
the frequency content of a sampled portion of the vibration signal; instantaneous amplitude has
no meaning. Figure 2 shows atime history plot and the corresponding spectrum, for vibrations
due to pile driving. On a velocity time history plot the instantaneous maximum can be defined
over the sample period. On a frequency spectrum, the maximum amplitude can be defined
over the frequency range being sampled. In a sense, an amplitude in a spectrum corresponds to
the average energy contained in a sinusoid of the given frequency and sample duration. In
addition, spectra have associated with them some form of bandwidth, or range of frequencies
associated with a point on a spectrum.

It is common practice to characterize vibration-sengtive facilities in terms of generic vibration
criteria, developed by Ungar and Gordon (1985) and used extensively. The bandwidth
associated with these criteria is the one-third octave band, for which the bandwidth is 23
percent of the center frequency of each band. The one-third-octave band rms velocity criteria
are defined in Table 5, after a publication of the Institute of Environmental Sciences and a
paper by Gordon.

Table5. Genericvibration criteriafor vibration-sensitive facilities.

Criterion Curve | rms Velocity® mm/s (pin/s) Vibration Sensitivity
VC-A 50 (2000) General Laboratory Sensitivity
VC-B 25 (1000) %
VC-C 12.5 (500) %
VC-D 6 (250) The Most Sensitive
VC-E 3(125) Semiconductor & Research Facilities

The frequency content—or spectrum shape—of construction vibrations varies from one type of
equipment to another and from one site to another. Construction equipment generates severa
different categories of vibration waveforms, to which sites may respond in ways determined by
the local soil properties. The categories of vibration include:

Continuous random vibration: Vibrations may cover awide frequency range. Most
excavation and static compaction equipment fallsinto this category. Tracked vehicles are
predominantly of this type, but may also exhibit characteristics of high-rate repeated
impact due to the tracks hitting the ground.

Random vibration due to single impact or low-rate repeated impact: Thistype of
vibration results from the soil "ringing" due to sudden dynamic loading. It may include
pile driving, blasting, the use of adrop ball, and a "pogo-stick” type of compactor.

High-rate repeated impact: Thisistypified by the jackhammer, which generates
vibrations at the frequency of impact (such as 19 Hz) and integer multiples of that rate
(such as 38 Hz, 57 Hz, etc.)

2 As measured in one-third octave bands of frequency over the range 1 to 100 Hz. Thecriteriaare
sometimes relaxed at frequencies below 8 Hz.
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Sngle-frequency continuous vibration: The predominant sources of this type of vibration
are vibratory pile driving, pile extraction, and vibratory compaction. They are similar to
sinusoidal vibration.
Barkan and Dowding observe that a soil’s material damping provides a specific amount of
attenuation per wavelength. This is consistent with observations for many propagation media,
but it is not consistent with the use of the coefficient a. Amick has proposed a frequency-
dependent soil propagation model—and corresponding field measurement procedures—based
upon Equation (1).

Using Amick's approach, the material attenuation factor a can be defined as a function of
frequency in terms of the damping loss factor h, as in Equation (2), where c is the soil wave
velocity.

a=—_— 2

For a particular soil deposit, both h and ¢ can generally be assumed to represent constant soil
properties. Therefore a quantity made up of the ratio of the two, r =h /c, can dso be
considered a constant property of that soil. It can be measured without aso having to
determine h and c. Thus, a new relationship can be used to define a using Equation (3).

a =rpf ©)

Equation (1) can be re-written in the new form of Equation (4).
Vb = Va _a+ er pf (ra' rb) (4)

This is consistent with the approach suggested by Woods and Jedele—who propose a
classification of earth materials by attenuation coefficient. Dowding summarizes this in terms
of ranges of a at 5 Hz and 50 Hz.

A semiconductor manufacturer planned construction of a new production facility as an
expansion of an existing facility, and for production reasons wanted the new facility as close as
practica to the existing one. The existing facility was one of its most critical and was in 24-hr
production. Construction could not be scheduled around production breaks, but construction
activities could not be alowed to degrade quality of the product. A one-day experiment was
carried out in which examples of construction equipment being considered for the project were
operated on the far side of the parcel of land, with enough buffer to avoid disruption of
production. Source spectra and propagation properties unique to this particular site were
obtained and used to calculate required setback distances for each piece of construction
equipment.

Figure 3 shows values of a that were measured at that site at discrete frequencies between 4

and 40 Hz. The solid line represents the fit of Equation (3) to the data, for which r is 0.007
(m-sec)™.
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Figure 3. Measured values and best-fit curve of a asa function of frequency.

As discussed earlier, the spectrum shape and predominant frequency can vary significantly
from one type of equipment to another. Thus, if attenuation with distance is frequency-
dependent, then not al equipment will produce vibrations that attenuate in the same manner.
When a study of this sort is carried out, one must evaluate a variety of the equipment that
might be used. Some of the equipment examined in this study includes:
- Light excavation equipment

Heavy excavation equipment, such as scrapers, graders and soil grinders

Hauling equipment, such as track loaders and dump trucks

Compacting equipment, including sheepsfoot compactors as well as static and vibratory

smooth-drum rollers
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Figure 4. Attenuation characteristicsfor several items of equipment at a Silicon Valley site: (a) 12.5
Hz compactor; (b) 25 Hz compactor; (c) 40 Hz compactor; (d) sheepsfoot compactor; (€) general
excavation equipment, static compaction equipment.
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Vibrations were measured at a distance of 15 m (50 ft). Equation (4) and the best-fit
relationship for a (shown in Figure 3) were used to predict the vibrations at representative
distances from the equipment. Figure 4 shows the manner in which the maximum spectral
amplitude decreases with distance for some of the equipment studied. In the case of single-
frequency sources (the vibratory compactors) the curve represents the decay with distance of
the component at that frequency. In the case of random vibrations such as excavation
equipment (which appear as a broad "hump" on the spectrum) the curve represents the
maximum spectral amplitude, which tends to shift to progressively lower frequencies as the
higher frequencies are attenuated. Table 6 summarizes the setback distances required for the
vibrations to be less than VC-A and VC-D.

Table 6. Calculated setback distancesfor example site.

Setback Distance, m, for
Equipment VC-A VC-D
12.5 Hz Compactor 105 165
25 Hz Compactor 55 85
40 Hz Compactor 45 65
Sheepsfoot Compactor 70 145
General Excavation 20 80

The three vibratory compactors produced nearly the same vibration amplitudes at 15 m.
However, the attenuation with distance was dramatically different because of the frequency-
dependence of the soil's damping. The minimum buffer distance for the 12.5 Hz compactor
was 2.5 times that for the 40 Hz compactor.

CONCLUSIONS

Many processes involved in advanced technology applications are highly senstive to
vibrations, and thus are subject to impact from nearby construction. As areas such as Silicon
Valley become more heavily developed, construction near existing vibration-sensitive facilities
becomes unavoidable. Thisis particularly true as campus-oriented organizations need to add
facilities to existing campuses. The existing body of literature regarding construction
vibrations and their prediction does not lend itself particularly well to the types of assessment
appropriate when vibration-sensgitive facilities are involved.

Severa forms of vibration limits applicable to construction vibrations have been presented,
together with the results of a controlled evaluation of construction-related vibrations at a
representative site. A methodology was given for calculating the site-specific propagation of
spectral data.

The reader is cautioned that the measurement results presented herein are applicable only to the
site at which those measurements were made. The methodologies can be used at any site, but
the propagation characteristics and vibration performance of specific equipment should be
evaluated on a site-by-site basis.
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