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ABSTRACT

This study was initiated in response to concerns expressed by citizen’s groups, regulatory
authorities and the former Bureau of Mines, that current regulatory guidelines for low frequency
ground vibrations were insufficient to protect homes from cracking and damage. The study was
originally directed to examine the response of structures to low frequency ground vibrations;
defined as frequencies below the structural natural frequency. Early in the investigation, however,
researchers found that the occurrence of low frequency ground vibrations with the potential to
cause cracking in homes was quite rare. The study was subsequently expanded to include a
broader range of frequencies but retained the original focus to measure house response motions
from blast vibrations and inspect for vibrations-related cracking.

Ten different homes at five separate blasting operations were incorporated in the study providing
a variety of structural types and locations. Ground vibration and structure response recordings
were made from over 170 blasts with a range of maximum ground vibration amplitudes from 0.04
to 6.0 in/s. The frequencies associated with maximum horizontal ground vibration velocities
spanned from about 2.5 to 70 Hz, equating to about 'z to 6-times the natural frequencies of the
structures studied. The largest structural response amplifications of 3- to 5-times the ground
motion were produced from ground vibrations with dominant frequencies from about 0.9 to 2-
times the structural natural frequency, in general agreement with other published findings. Lower
maximum response amplifications were generated from ground vibrations with dominant
frequencies outside of this frequency range.

Structural amplifications from low frequency ground vibrations were comparable to or less than
structural amplifications from higher frequencies. This indicates that low frequency ground
vibrations from blasting do not have an increased risk of inducing cosmetic cracking in homes
compared to higher frequency ground vibrations and may even pose less of a threat than the
worse-case condition of ground vibration excitation frequencies at the structural natural
frequency. These results are in agreement with structural dynamics theory.

Pre- and post-blast visual inspections for vibrations-induced cracking using 7-power optical
magnifiers were made at several of the test homes. Over 350 pre- and post-blast inspections were
made in relation to 46 blasts, with 22 blasts having peak ground vibration amplitudes over 1.0
in/s. Only two occurrences of vibrations-related cracking were found. Both of the instances were
classified as cosmetic cracking and were associated with ground vibration amplitudes that
exceeded the Bureau of Mines RI 8507 safe-level recommendations for avoiding superficial or
worse forms of structural cracking in homes. The driving ground vibration is defined as the
portion of the vibration time history that appeared to be causing maximum structure response.



INTRODUCTION

This report summarizes the findings from the three-year investigation by the former U. S. Bureau
of Mines, Twin Cities Research Center, on the effects of blast-induced ground vibrations on low-
rise residential structures. It follows three previous Bureau reports: Crum and Siskind (1993),
Crum and Pierce (1994) and Pierce and Crum (1996), that describe the preliminary and
intermediate findings of the investigation. Earlier Bureau of Mines reports on house response to
blast-induced ground vibrations include RI 8507 (Siskind et al., 1980b) and RI 8896 (Stagg et al.,
1984). RI 8485 (Siskind et al., 1980a) reported on a study of the effects of airblast on structures.

This study was undertaken in response to concerns by citizens’ groups, regulatory authorities and
the Bureau of Mines that the safe-level criteria established in RI 8507 (Siskind et al., 1980b) for
averting vibrations-induced cracking in homes, was not adequate. It was felt that insufficient
information was collected in the RI 8507 study to properly address the effects of “low-frequency”
ground vibrations on homes: low frequency being defined as frequencies below the structural
natural frequency. The range of natural frequencies for typical wood-frame homes is between 4
and 12 Hz (Siskind, 1980b).

The data collected in the RI 8507 study contained structure response information and cracking
inspections from ground vibration with peak amplitudes from about 0.2 in/s to 10.0 in/s and
frequencies from about 6 to 70 Hz. To supplement this data, the authors incorporated
information published by other researchers that were not necessarily associated with mining blasts;
such as structure response from earthquakes for low frequencies and construction blasts in hard
rock for high frequencies. Because of likely measurement and observational inconsistencies
between the various investigations, the Bureau believed it necessary to initiate a study to obtain
new measurements of structure response and vibrations-induced cracking to supplement the RI
8507 findings. Because of the immediate concern over low frequency ground vibrations,
emphasis was placed on studying the effects of these types of vibrations on homes.

Principal Structural Motions

There are two basic forms of motion exhibited by structures in response to ground vibration or
airblast excitation: midwall and corner response. Corner response motions are indicative of
whole-structure shearing, or “racking”. Midwall response is essentially a flexural bending of large
structural surfaces, such as walls, ceilings and floors. This type of motion is perpendicular to the
plane of the surface and can be likened to the motion of a vibrating drum head. Figure 1 depicts
the difference between midwall motions (bending) and shear (racking). Because cracking from
blasts occur where excessive stresses and strains are produced within the planes of walls or
between the walls at the corners, corner response is assumed to be a better indicator of cracking
potential than midwall response (Siskind et al., 1980b, pg. 18).
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Causes and Classification of Structural Cracking

Cracks form in building materials when strains exceed the material’s failure level and are most
often created by non-blasting causes such as settling, wood shrinkage, the influence of daily and
seasonal temperature cycles, interior heating in the winter, and air conditioning in the summer.
Inferior building materials and workmanship can also be responsible for material cracking (refer to
Seaquist, 1980, for a thorough discussion of house structural problems). Although blast
vibrations can cause structural cracking in homes, they are usually not the most likely cause”.

Table 10 in RI 8507 describes a classification for cracking that is also used in this study.
Threshold cracking is the first-formed and most superficial type of cracking. It involves the
loosening of paint, small plaster cracks at joints between construction elements and the
lengthening of old cracks. The term “threshold” pertains to the lower limit of material failure.
These types of cracks are indistinguishable from naturally induced cosmetic cracks in wall
coverings and do not affect structural capacities. Minor cracking is described as the loosing and
falling of plaster and mortar, and cracks that are “hairline” to 3-mm in width (~0 to1/8 in).
Threshold and minor cracking are the most common forms of cracking found in homes and are
often referred to as “cosmetic” because they effect only appearance and not structural integrity.
Major cracking describes material failure that degrades the integrity of one or more structural
components and may create general safety hazards. Examples include cracks in walls and
masonry of several millimeters in width, rupture of building materials, fall of chimneys, structural
weakening and permanent distortion.

Some older Bureau of Mines reports, including RI 8507, regularly use the word “damage” when
referring to all forms of cracking. In the civil engineering literature, “damage” is most often
associated with major cracking that impairs structural integrity and worse forms of structural
failure. Regulatory manuals, however, often site “damage” as any form of cracking that decreases
the value of a home. In this case, cosmetic and minor cracking may also classify as damage. This
report will incorporate the traditional engineering terminology which distinguishes threshold and
minor cosmetic cracking from major cracking, or “damage”, that causes the degradation of
structural integrity.

Differential Displacement and Strain
The basic form of the strain equation for linear deformation (i.e., lengthening or shortening) is:

A 1
8_L ()"

where & is strain and AL is the change in length, or displacement, relative to the original
lengthL.

-

2 A selected bibliography on this topic would include Siskind et al., 1980a, 1980b, 1993; Stagg etal , 1984;
Dowding, 1985, 1996; White et al., 1993; and Crum and Pierce, 1994.



Structural engineers describe two fundamental forms of strain produced by structural motions:
global and local. These can be caused by transient motions from blast vibrations, or quasi-static
motions induced by settling and other longer-term causes. Global strains are produced
throughout the structure by the gross motion of large structural members such as walls, floors and
ceilings. Resulting global strains can be estimated using the equation for shear strain as shown in
figure 2:

1 Ax 1
SIS i = Y (2),
2=y

where

& = axial strain

y = shear strain

Ax = differential displacement
y = direction perpendicular to x

Hence, according to equation (2), strain is proportional to differential displacement.

Local strains arise from global strains and develop in relation to small-scale structural features
such as corners and openings. At openings, local strain magnitudes can be greater than global
strains due to quantifiable geometrically-induced strain concentrations. For instance, 90-degree
square-cornered openings produce high stress concentrations which is why window and door
openings are likely places to find cracks. Structure response to ground vibrations can also cause
adjacent structural members to move differently, or out of phase, which also produces relative
displacement and consequent strain.

The exact relationship between local strain, global strain and differential displacement depends on
complex factors such as the shape of the deformation and the connection strength between
adjacent structural members (Dowding, 1985). Also, cracking is more directly a result of local
rather than global strains, effected by structural features that produce stress concentrations.

It can be said that increasing the differential displacement will increase local strains and thus the
probability of creating cosmetic cracks near a stress concentrator or along and existing crack.
Cracking generation or changes in existing cracks should correlate with the largest differential
displacements (measured or calculated) at these locations.

Measurements of local and global strain, such as performed by Stagg et al. (1984) are a more
direct approach to ascertaining cracking potential. Unfortunately, measuring strains directly
requires expensive monitoring equipment and knowing the location of maximum strains for
correct placement of gauges.



House Response

House response to ground vibration excitation is frequency dependent. This phenomena has been
discussed by Siskind et al. (1980b), Dowding (1985), Crum and Siskind (1993), Crum and Pierce
(1994), Pierce and Crum (1996) and a host of others. The observed frequency dependent
response of structures is often described as the response of a damped single-degree-of-freedom
system (SDF). The Duhamel SDF response model is used to simulate response to transient (fmite
duration) and complex excitation, like that produced by blast-induced ground motion. For this
reason, the Duhamel model is often labeled a finite-duration SDF model (FDSDF). A form of the
Duhamel integral to compute relative displacement from a measured velocity is:

B
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where:

S(t) = relative displacement as a funciton of time.

u(7) = velocity as a funtion of the time shift variable 7.
S = fraction of critical damping (structural damping value).

f, = natural frequency.
pa = 27f,y/1- B, the damped circular natural frequency.

(Note that equation 3 is a convolution integral and solvable by Fourier transform methods.)

The pseudo response-velocity (PRV) time function, 3(t) (see Dowding, 1985), is obtained from
equation (3) using the relation:

8ty = 27 8(t) (4).

Equation (3) will yield the same response for the closed-form SDF solution that assumes an
infinitely long, continuous, sinusoidal, harmonic excitation, or IDSDF (infinite duration SDF), as
described by Harris and Crede (1961). Crum and Siskind (1993) and Crum and Pierce (1995)
incorporated the IDSDF model to describe observed structure response motions. Dowding
(1996), however, argues that IDSDF is an inappropriate model for structure response to transient
ground motion, and recommends the use of FDSDF. (Also see Langan, 1980, for a discussion
on the application of FDSDF systems for modeling structure response.)

According to the general SDF theory, ground vibration at or near the structural natural frequency
produces the largest potential response. Structure response to natural frequency excitation can be



several times greater than the amplitude of excitation. Amplification will decrease as excitation
frequencies either increase or decrease away from the structural natural frequency. Figure 3
illustrates the frequency-dependent SDF response to infinite, continuous, sinusoidal, harmonic
excitation.

Natural Frequency

The natural frequency of a structure is defined as the structure’s lowest characteristic mode of
response and can be measured during free vibration. Free vibration response occurs after all
forcing vibration has ceased and, as depicted in figure 4, consists of simple, decaying, sinusoidal
motion.

The structural natural frequency would ideally be determined from response to an impulse, which
is an instantaneous signal of specified amplitude. In the frequency domain, an impulse function
has uniform amplitude for all frequencies.

From the free vibration response time history, the structural natural frequency can be determined
by the relation:

1
¥ 5),
2 (5)

with T the period or time duration (in seconds) of one complete cycle of free vibration response
and f» is the natural frequency expressed in number of cycles per second, or Hz (hertz). The

natural frequency range for typical one- to three-story wood frame homes is about 4 to 12 Hz
(Siskind et al., 1980b).

Amplification

Amplification factors calculated from measured house-response for several Bureau of Mines
studies including Siskind et al. (1980b), Crum and Siskind (1993) and Crum and Pierce (1995) are
shown in figure 5. Structural amplification is most correctly computed as the maximum or peak
high corner structure response amplitude divided by the amplitude of the driving ground vibration.
The “driving” ground vibration is defined as the portion or the ground vibration that, upon
interpreting the time history, appeared to causing maximum structure response. The relationship
between maximum ground vibration, driving ground vibration and maximum structure response is
illustrated in figure 6. The amplification factors shown in figure 5 were calculated relative to peak
structure response, which usually occurs in the horizontal direction of motion.

Homes can exhibit a high corner response amplitude as high as 2- to 5-times the amplitude of the
driving ground vibration excitation. High corner amplification is usually dominant in the
horizontal directions of motion. Although the highest amplifications are found within the natural
frequency range for homes of 4 to 12 Hz, the extent of amplification values for any particular
frequency varies significantly.



According to Dowding (1996, personal communication), higher structural amplification increases
the amount of differential motion, and thus strain, as described in equation (2). Therefore, house
response to ground vibration frequencies at or near the structural natural frequency, where the
highest structural amplification is expected, is more likely to produce greater strain in structures
compared to higher or lower ground vibration frequencies with similar amplitudes.

Damping

According to SDF theory, the maximum amount of potential structural amplification is dependent
on vibration-damping characteristics of the structure. For a given excitation amplitude with a
frequency equal to the structural natural frequency, a structure with lower damping will have a
greater maximum potential amplification compared to a structure with higher damping.

Structural amplification decreases as excitation frequencies either increase or decrease away from
the natural frequency. Based on SDF theory, structural amplification will tend to unity as
excitation frequencies decrease below the structural natural frequency and towards zero as
excitation frequencies increase above natural frequency, becoming equivalent at either end of the
spectrum regardless of damping characteristics (see Crum and Pierce, 1995).

Damping can be calculated from the structure’s free vibration response. The equation for
computing damping given by Dowding (1985) is:

1 :l"-l]
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where £ is the damping expressed as a percent of critical, and u» and u»+1 are the crest (or
trough) amplitudes of successive cycles of free vibration response (see figure 4).

Typical damping values measured for homes range from about 1 to 10 pct of critical (see RI 8507,
figure 32). Dowding (1985) lists an average damping value of 5 pct for residential structures.
Because of differences in damping, taller buildings generally have lower damping characteristics
than shorter structures and will generally produce higher amplifications. Similarly, structure
response amplitude will ordinarily increase with increasing height above the ground.

Quasi-Free Vibration

Although structural natural frequency and damping are ideally calculated from free vibration
response, houses rarely exhibit true free vibration. Careful examination of ground vibration and
corresponding structure response recordings show that almost all structural motion is associated
with at least some ground vibration excitation. Therefore, in relation to house response, quasi-
free vibration would more accurately describe what has in the past been termed “free” vibration.



Analysis used in this report found that consistent measurements of natural frequencies could be
made from quasi-free vibration response. However, free response equations for damping, such as
equation (6), may not be practical for computing the damping of homes. Any latent excitation
would influence computed damping values. Dowding (1985) recognizes this problem and
suggests the use of transfer function methods, which were not evaluated in this investigation.

GROUND VIBRATION AND STRUCTURE RESPONSE MEASUREMENTS

To find suitable monitoring sites for this study, Bureau of Mines researchers contacted 21
different surface blasting operations in 10 states. Some of these sites included recommendations
from citizens, regulators and mining personnel, and involved 20 coal mines and one land
development project. The initial criteria for final site selection included: 1) One or more homes
in structurally sound condition that were available for monitoring; 2) ground vibrations at the
home(s) with dominant frequencies below the structural natural frequency and amplitudes greater
than 0.5 in /s (the minimum amplitude threshold for cracking established by RI 8507 for ground
vibration frequencies above 4 Hz); 3) necessary access to the home(s) for monitoring and 4)
cooperation of the mining company to coordinate logistics for monitoring.

After initial telephone interviews with mine officials, researchers made follow-up visits to the most
promising sites for inspection and preliminary monitoring. In all, only three of the initial 21 sites
had houses, either occupied or abandoned, that were being impacted by low frequency ground
vibrations and peak® ground vibration velocities above 0.5 in/s. Hence the site selection process
led to an early conclusion that the occurrence of low frequency ground vibrations with the
potential to cause cracking or worse forms of damage in homes is not common and could even be
considered rare.

Because of the difficulty in locating appropriate monitoring sites, criteria 2 was expanded to
include dominant ground vibration frequencies that were equal to, or above the structural natural
frequency. By modifying the selection criteria, it was hoped that enough relevant information
could be obtained on structure response and vibrations-induced cracking to enhance the current
level of understanding of blast-induced ground vibrations and their effects on structures.

Test Homes

In all, ten homes were studied over the course of the investigation. Table 1 describes the test
homes and their locations. Photographs of some of the test homes are included as figures 7
through 13. Of the nine wood frame homes studied, seven were located near three different
Indiana surface coal mines and two were adjacent to a surface coal mine Pennsylvania. The other
home was located at a Florida land-development site, the Arvida “Plan B” house (not shown),

? Peak ground vibration velocity, often referred to as “peak particle velocity”, is the highest absolute-value
measured ground vibration velocity for an individual event, relative to all three components of motion. Maximum
ground vibration velocity, a term also used in this report, refers to the highest ground vibration velocity for a single
component of motion. e.g., there is only one peak ground vibration velocity per event but three maximum
velocities.



which was built according to hurricane resistant standards with cement-block walls and poured
concrete caps. The Arvida house was included in the study because it represented a different type
of construction respective to the more common wood-frame homes that have been examined by
the Bureau of Mines in the past.

All of the homes except the McConnell home were, at some point in the study, monitored for
ground vibrations and structure response. Table 2 lists the names of the monitored homes and
relevant information such as the number of blasts monitored, information on crack inspection
procedures and a summary of indexed blast vibration levels.

Monitoring

The majority of ground vibrations and structural response recordings were made using Mini-Seis*
blasting seismographs, shown in figure 14. The sensor package, or “geophone”, contained the
three orthogonal-aligned accelerometers. For ground vibrations monitoring, the geophone was
installed by shallow burial method, as illustrated in figure 15. Motion is measured initially as
acceleration and converted to velocity by an analog circuit before digital recording by the
seismograph. According to the manufacturer’s specifications, this system enabled the recording
of vibrations from 2 to 200 Hz within +3 dB. Because the geophones contained accelerometer
transducers, they could be installed in any orientation. This was convenient for structural
monitoring because the geophones could be vertically attached to a wall without the need for
angle-brackets.

For structure response monitoring, the geophones were attached to walls or joists using 3-in x 3-
in aluminum plates that had a bolt head fixed at the center (shown in figure 16). The plate was
securely screwed into the corner wall stud in a vertical position with four 2-1/2-inch long masonry
screws. The bottom of the transducer contained a recessed opening with a side set-screw to
secure the transducer to the plate. Because the entire geophone package weighed only about one
pound, it did not add appreciable mass to the structure and therefore did not affect the response.
Figure 17 shows a Mini-Seis transducer set-up for high corner response monitoring inside the
Shack.

Recording of time-synchronized ground vibration and structure response was accomplished using
the standard “daisy-chain” feature of the seismograph. This allowed a selected master unit
(usually the one installed to detect ground motion) to simultaneous trigger several other “slave™
units chained together in series. The manufacturer’s estimate of the time delay in triggering a
slave unit from the master is 1 millisecond (1/1000 of a second).

Seven of the test homes were instrumented to record ground vibrations and structure response
using the Mini-Seis seismographs: these houses were the Shack, Manor, Hole, Smith,
Lhemkuhler, Pritcher, and Arvida. Monitoring at the Hoover and Jordan homes (described in
Crum and Siskind, 1993, and Crum and Pierce, 1994, respectively) was undertaken before Bureau

4 The Mini-Seis seismographs were manufactured by Larcor (Quinlan, Texas) and distributed by White Seismology
(Joplin, Missouri). The Mini-Seis seismographs used in this study were obtained from Vibronics of Evansville,
Indiana.



acquisition of the Mini-Seis units, and utilized an accelerometer-based FM tape-recording system
that also provided time-synchronized ground vibration and structure response recordings. Only
ground vibrations were recorded at the McConnell house, but pre- and post-blast crack
inspections were regularly performed during the course of study at this home (see Crum and
Pierce, 1994).

Figure 18 contains histograms of maximum ground vibration amplitudes measured at the Shack.
The Shack was the principal low frequency site because of the high amplitude, low frequency
ground vibrations monitored there. However, as indicated in figure 18, the occurrence of both
high amplitude and low frequency ground vibrations from the same blast was not common (for
the Shack, low frequency would be below the natural frequency of about 5.5 Hz).

Observations Based on Full-Waveform Recordings

Representative ground vibration and structure response recordings were selected to further
illustrate the principle of frequency-dependent structural response. Figures 19 and 20 show
complete sets of ground vibration and structure response recordings obtained at the Jordan house
for two different blasts. Corresponding structure response at three different locations in the house
are shown along with the ground vibrations. Both sets of records indicate low frequency ground
vibration at about 2.5 Hz, below the calculated structural natural frequency of 6 Hz. The ground
vibration in figure 20 shows very dominant 2.5 Hz horizontal motion at relative maximum
amplitudes. Ground vibration and structure response recordings from these events will be
discussed in more detail later on.

Response to Excitation at the Structural Natural Frequency

Figure 21 shows the ground vibration and structure response measured at the Shack. The
corresponding Fourier frequency spectra, obtained using a Fast Fourier Transform (FFT)
algorithm’, is also shown. This example is typical of several monitored events at the site.

The ground vibration is predominantly 6 Hz which is almost identical to the structural natural
frequency - a classic example of response to excitation at the structural natural frequency. Note
the similarity between the ground vibration and structure response frequency spectra, including
the 6 Hz peak on both.

The maximum structure response of about 3 in/s, occurring at 1.6 seconds, originates from one or
two continuous cycles of approximately 1 in/s ground vibration excitation near the structural
natural frequency. The resulting structural amplification factor is about 3-times, similar to
amplification expected from excitation at the structural natural frequency as discussed above.

5 A fast Fourier transform (FFT) algorithm was used to compute the all the frequency spectra analysis discussed in
this report.



Response to High Frequency Excitation

More complex ground vibration and structure response are show in figure 22 - measurements
made at the Jordan house. Figure 22a corresponds to the N-S component of the ground and high-
corner response shown in figure 19. Figure 22b similarly corresponds to the N-S component in
figure 20. The inset in figures 22a and 22b shows the early portion of the ground vibration and
structure response time history at an expanded scale. This can be considered the high frequency
portion of the ground vibration, most directly influenced by the explosive detonation and the
individual delay sequencing used in the blast. Predominant ground vibration frequencies within
this portion are near 30 Hz, which is about 5-times greater than the 6 Hz natural frequency of the
structure. There is a very small amount of relative structure response to this high frequency
excitation. Most of the structure response in this part of the time history is associated with the
lower frequency component coupled to the higher frequency excitation. At a time of about 1.5
seconds in figure 22a, the frequency of the ground vibration approaches that of the structural
natural frequency, creating the type of natural frequency response that was also seen in figure 21.
The change in ground vibration frequency from higher to lower frequencies is largely due the
effects of the ground on vibration energy. High frequency ground vibration is also observed in the
early part of figure 22b (corresponding to figure 18) with correspondingly similar structural
response as the high frequency portion in figure 22a.

Response to Low Frequency Excitation

The low frequency portion of the ground vibration In figure 22b becomes dominant at about 0.75
seconds. The predominant frequency is about 2.5 Hz, approximately half the structural natural
frequency. Except for some structural amplification at the peaks and troughs, house response
closely resembles the ground vibration. This type of response is consistent with discussions in all
elementary structural dynamics texts (Dowding, 1996, personal communication) and illustrates an
example of field observation conforming to theory. Maximum structure response in figure 22b
occurs at about 0.9 s with an amplification factor of approximately 2-times. An amplification of
about 1-times is theoretically expected from excitation frequencies at ' the structural natural
frequency. The difference between measured and theoretical structural amplification from low
frequency excitation gives an example of how real-world response measurements may differ from
theoretical expectations. However, the 2-times amplification is similar to, or less than values
expected for structure response from natural frequency excitation.

Note that the significant amount 6 Hz response in the structure response Fourier spectra of figure
22b, even though there is almost no 6 Hz energy in the ground vibration. This serves to illustrate
the efficiency at which structures respond to excitation energy at the structural natural frequency.
However, because of the overwhelming amount of low frequency energy, the amount of 6 Hz
response is significantly less than that pertaining to the 3 Hz, low frequency excitation.

Effects of Ground Vibration Duration on Structure Response

According to SDF theory, structural amplification from excitation at the structural natural
frequency is expected to increase with the number of continuous, harmonic, sinusoidal excitation

11



pulses up to the maximum potential value which is dependent on structural damping. A structure
with a higher damping will require fewer continuous, harmonic, sinusoidal excitation pulses at the
natural frequency in order to achieve maximum response. This effect is illustrated in figure 23
showing results obtained using equations (3) and (4) and a varying number of continuous,
harmonic, sinusoidal excitation pulses at the system natural frequency.

The actual influence of ground vibration duration on maximum structure response cannot be
quantified by measurements or observations made in this study nor any other investigation that the
author is aware of. Blast-induced ground vibration does not ordinarily exhibit continuous,
harmonic, sinusoidal motion. At best, no more than two or three cycles of ground vibration are
found that even resemble continuous, harmonic, sinusoidal motion, as shown previously in figure
21, the ground vibration and structure response recordings at the Shack. Therefore it is often
argued that the potential exists for structural amplification higher than the worse-case 3- to 5-
times typically found for homes, if an anomalous, long duration, harmonic, sinusoidal ground
vibration were produced with a dominant frequency that matched structural natural frequency.
This, it could be debated, would produce extreme structural amplification and induce cracking
even if excitation amplitudes are below expected safe-levels. Low amplitude portions of the
ground vibration that occur late in the time history at distances greater than two or three miles
sometimes produce amplifications of 5- to 10-times relative to that portion of the vibration (e.g.,
not relative to the maximum structure response). The actual response amplitude from this low
amplitude excitation is, however, much less than the measured maximum response amplitude.

Natural Frequencies of the Test Homes

Structural natural frequencies were determined for nine of the ten homes studied during the
overall investigation and are listed in table 1 (the McConnell home was not instrumented for
structure response and therefore the natural frequency could not be determined).

Natural frequencies determined from the structure response time histories used the period
inversion approach exemplified by equation (5). The period of the natural frequency was
measured from the quasi-free response portion of the structure response time history. Structural
natural frequencies calculated from period inversion were compared to those obtained from the
Fourier frequency spectra computed for the response time histories recorded by the seismographs.
The Fourier frequency spectra usually contained a single dominant frequency or narrow range of
dominant frequencies that matched the natural frequencies obtained from the quasi-free response
portion of the response time history. Ultimately, Fourier analysis was preferred for determining
natural frequency as opposed to period inversion because the Fourier approach was accurate, less
ambiguous and allowed for faster analysis.

High-corner horizontal structure response motions were usually dominated by a narrow range of
“characteristic” frequencies that deviated by only about one or two Hz from a mean value. The
range of these characteristic frequencies remained consistent for a specific home even though
ground vibration frequencies were more variable and spanned a much broader range. This
consistency demonstrated that the dominant response frequencies were reflecting the natural



frequency characteristics of the house. The average of the home’s characteristic frequency range
was interpreted as the natural frequency.

Care was taken not to misinterpret response from low frequency excitation, as exhibited in figure
22b, as a characteristic or natural frequency response. This was done by cross-checking
frequencies calculated from the high corner response time histories with the corresponding
Fourier frequency spectra.

High corner vertical-component structure response frequencies were usually similar to the
corresponding ground vibration frequencies in the vertical direction and not considered
representative of any distinct global structural response property. Therefore, only the horizontal
high corner structure response was employed to determine natural frequency.

Although house types varied considerably, the eight wood-frame homes had remarkably similar
natural frequencies between about 5 and 7 Hz. For example, the two most different house types -
the Shack, a small, single-story bungalow with wood siding and the Jordan house, a large, three
story farmhouse with brick siding and a slate roof - possessed similar natural frequencies of about
5 to 6 Hz.

Based on the common assumption that house response is similar to that of a single degree of
freedom system, the structural natural frequency is related to the structural properties by:

O, = y— (6)

where

@n = circular natural frequency = 27«
k = stiffness
m = mass

The larger farmhouse would be expected to have a distinctly lower natural frequency than the
smaller bungalow because of their apparent differences in size and construction materials.
However, observations made in this study generally indicate that structurally-sound wood-frame
homes should behave similarly when excited by blast-induced ground vibrations. It is possible,
though, that the brick exterior of the Jordan house increased the structural stiffness, compensating
for its larger size.

The block and concrete home at the Florida land-development site was more highly damped and
much stiffer than the other wood-frame homes. Only at the high corner of the tall, 11-foot high
wall of the “great room” could natural frequency-type response motions be measured. (The
ceiling of the “great room” was higher than any other room in the house and also much higher
than any of the ceilings in the wood-frame test homes, all of which were normally between 7 and



8 feet tall.) The natural frequency measured at the Florida home was found to be 11 Hz,
significantly higher than the wood-frame houses.

Structural Amplification of Ground Vibration

Amplification factors were computed for five of the test homes: Shack, Smith, Lhemkuhler,
Jordan and Arvida. (Preliminary results from the Shack, Smith, Lhemkuhler and Jordan houses
were presented in Crum and Pierce, 1995). These homes were chosen because of their
association with different blasting operations and are considered representative of a wide variety
of house types. The frequency of the maximum ground vibration was computed from the
reciprocal of the period, P, of the portion of the ground vibration containing the highest absolute-
value velocity:

= % (X

with /* being the frequency in Hz or cycles per second and P is the period (in seconds) for one

complete vibration cycle. The relation is similar to equation (5) except that P in not necessarily a
period of free vibration. Using equation (7) an absolute amplitude can be assigned to the
frequency whereas the Fourier frequency spectra produces only relative amplitudes for the
individual frequency components.

The houses at the Amax Minnehaha site; Shack, Manor, and Pritcher, exhibited similar types of
structure response. The Shack was chosen to represent the Minnehaha site because it was the
closest structure to the blasting that was in acceptable condition. The Hole was actually closer to
the blasting than the Shack, but the Hole was in extremely poor repair and severely damaged from
non blasting causes, such as looting and close approaches by heavy equipment. Although some
studies may be interested in the response of such disheveled structures, the purpose of this
investigation was to characterize more typical types of homes and thus the Hole was dropped
from the study after a few measurements were made.

Ground vibration and structure response measurements at the Hoover house were presented in
Crum and Siskind (1993). The Hoover house was the first home monitored for the low frequency
study as part of a preliminary investigation prior to the larger endeavor. The ground vibration and
structure response amplitudes at the Hoover house were much lower than for the other sites
(below 0.05 in/s) and the quality of the data was poor compared to those obtained in subsequent
monitoring. The measurements made at the Hoover home are therefore not included in this
report.

Preliminary monitoring at the Shack, Lhemkuhler, Jordan and Arvida houses involved measuring
structural response at several different high and low corners at each structure. Analysis indicated
that the largest structural amplification of ground vibration excitation occurred at the “leading
edge” of the structure, or the side of the house situated closest to the blast. Amplification at other
corners from the same vibration did not exceed that found at the leading edge, being either equal
to or less than leading edge amplification. The Arvida house was an exception because the only
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distinct structurally-induced responses came from the high comer of the great room which was
not always closest to the blast.

A few midwall response measurements were also made in conjunction with the corner monitoring.
Midwall dimensions were generally smaller than ceiling heights and usually contained windows or
doorways. This created relatively stiff midwalls, and resulted in maximum midwall response
amplitudes that were similar to or less than the corresponding high corner response.

Three of the test homes - Shack, Lhemkuhler and Smith, all located near different surface coal
mines in Indiana - were subjected to relatively high amplitude ground vibrations from over 0.5 in/s
(to 6.0 in/s at the Shack) with a broad range of dominant frequencies below, at, and above the
structural natural frequency. The Jordan home and the Arvida Plan B house experienced blast
vibration frequencies at about % the structural natural frequency. These were the lowest
frequency ratios found at any of the five test homes. Peak ground vibration amplitudes at these
houses were below 0.5 in/s. At the Jordan house, peak ground vibration amplitudes averaged
0.18 in/s with 0.27 in/s being the highest. Peak ground vibration amplitudes measured at the
Arvida home averaged 0.21 in/s with 0.44 in/s being the highest.

Data Reduction

The structure response data was systematically reduced in number to simplify analysis and
decrease the amount of redundant information that would be displayed in the graphs. Upon
careful examination of all the ground vibration and structure response information, the recordings
from 10 blasts at the three wood-frame homes and five blasts at the Florida home were selected as
representative examples. Ground vibration and structure response from two of the four blasts
monitored at the Jordan house were also used. Of the other two blasts at this site, one was not
recorded due to operator error and instrumentation problems precluded the analysis of the other
event.

The set of 37 selected events constitutes a representative range of amplitudes and frequencies for
both ground vibration and structure response that were encountered during the study. Driving
ground vibration amplitudes and frequencies for the 37 representative events are shown in figure
24 and are listed in Appendix A along with values from structure response measurements. Again,
the driving ground vibration is the portion of the vibration time history that appeared to produce
maximum structure response (refer to figure 6). This type of analysis is consistent with that used
by Bureau of Mines researchers in developing the safe-level recommendations published in RI
8507. The representative data span a frequency range of about 2.5 to 80 Hz with an amplitudes
between 0.04 to 6.0 in/s. Excitation frequencies for ground vibrations exceeding 0.5 in/s fall
between 5 and 30 Hz.

The directions of motion identified in the figures 24 and 25 (following) and Appendix A are a
convention used throughout this report that relate the components of recorded motion to the
configuration of the structure rather than to the orientation of the blast. The radial direction is
defined as being parallel to the major (longest) roof line (or perpendicular to the alignment of the
roof trusses), the transverse direction is perpendicular to the major roof line (or parallel to the
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alignment of the roof trusses), and the vertical direction is normal (perpendicular) to the floors
and ceilings.

Results

Figure 25 is a plot of amplification factor versus frequency ratio for the five test homes.
Amplification factor was computed as maximum structure response velocity divided by the
velocity of the driving ground vibration, calculations that are again consistent with those used for
the RI 8507 study. The frequency ratio is the frequency of the driving ground vibration divided
by the structural natural frequency determined from horizontal component motion (see table 1).
Note the similarity between the amplification-frequency relationship for the four test homes
shown in figure 25 (horizontal direction) with that displayed in figure 5 (for figure 5, assume a
structural natural frequency range of 4 to 12 Hz). Although there is considerable scatter in the
data, there is a definite observable trend towards higher horizontal-component amplification from
ground vibration frequencies corresponding to the structural natural frequency.

The information presented in figure 25 addresses the concern expressed earlier about the effects
of low frequency ground vibrations. Measured low frequency ground vibrations below 0.9-times
the structural natural frequency produced similar or lower amplification compared to higher
frequency ground vibrations. In addition, maximum amplification from low frequency ground
vibrations were less than worse-case of 3- to 5-times amplification associated with ground
vibration frequencies at or near the structural natural frequency. Following the assumption that
higher amplification creates higher strain and cracking probability, then low frequency ground
vibrations should not warrant special concern for induced structural cracking compared to higher
frequency ground vibrations - a conclusion expressed previously by Crum and Pierce (1994).

The vertical-component data in Figure 25 indicates that significant amplification can also occur in
the vertical direction, with magnitudes comparable to the largest horizontal amplifications.
Vertical component structural motions have not typically been identified with generating 2- to 4-
times amplification, as is seen from the data. Vertical driving ground vibration amplitudes, plotted
in figure 24, are almost all above 0.1 in/s and therefore the higher vertical amplifications are not
likely the result of a very small ground vibration amplitude being divided into the structure
response amplitude.

Vertical component amplifications in figure 25 are shown as a function of vertical driving ground
vibration frequency divided by the structural natural frequency that was determined from
horizontal response motions. (Recall that vertical component response frequencies are similar to
ground vibration frequencies and do not exhibit distinct motion characteristics of the structure
such as natural frequency.) This was done so that the frequency axis for the horizontal and
vertical component data in figure 25 would be similar: For example, at a particular structure, the
horizontal component driving ground vibration frequency at 2-times the natural structural
frequency would be the same as the vertical component driving ground vibration frequency at 2-
times the natural frequency.



It may be inappropriate, therefore, to analyze the vertical component amplification data in terms
of a SDF system as was done with the horizontal component data. Regardless, there is a
noticeable relationship between higher vertical amplification and higher vertical ground vibration
frequencies at most of the test homes. The Jordan house experienced only consistently high
vertical driving ground vibration frequencies.

The significant vertical amplification from high frequency excitation may be reason for concern
regarding structural cracking because of the possibility of inducing vertical tensional strains or a
decoupling of the superstructure from the foundation. High amplitude, high frequency ground
vibrations are more commonly produced from construction blasting than from mining or quarrying
(see Siskind et al., 1980b).

Response Velocity vs. Ground Vibration Velocity

A strong statistical association was identified between maximum ground vibration velocity and
high corner structure response velocity, as shown in figure 26. The regression line shown in the
figure has the form:

Log(y) =m- Log(x) +b 9

where y is the vertical axis, x is the horizontal axis, m is the slope of the regression line, and b =
log(y) at log(x) = 1. The regression line represents the statistical mean of the data.

The regression line in the figure 26 is plotted as
y=x"-10° (10),
achieved by raising both sides of equation (9) to the power of 10.

The standard deviation, &, was also determined from the log-transformed x and y values and is a
measure of the variability of the y-variable with respect to the x-variable (the standard deviation is
defined as the square of the variance). Although not shown in the figure, the plus-minus standard
deviation envelope can be obtained by:

ye=x"- 1009 =y . 10*° (11).

The r* coefficient shown in figure 26 is the correlation coefficient squared, thought to be a better
measure of x-y interdependence than simple correlation. The correlation coefficient has a range
of values between -1 and +1, and therefore the 1* term has a range of values between 0 and +1.
Although better used as a relative indicator of statistical significance, an r*of 50 pet or higher
(i.e., I* > 0.5) usually indicates significant dependence between the x and y variables; the higher
the r* value the higher the significance. A smaller value of r* for similar data sets will correspond
to a higher amount of standard deviation.



In figure 26, the r* value of about 61 pct for the horizontal direction indicates a good statistical
association between high corner and maximum ground vibration velocities. The r* of 93 pct
found for the vertical direction shows a stronger statistical association with a slope near unity (on
a log-log scale).

Figure 27 shows the relationship between driving ground vibration and maximum ground
vibration. The statistics used coincide with those used for the previous figure 26. While not
necessarily the same as the ground vibration phase, the amplitudes of the driving ground
vibrations are on average very similar to maximum ground vibration amplitudes.

OBSERVATIONS OF BLAST-INDUCED CRACKING

Four of the test homes - the Jordan and McConnell houses in Pennsylvania, and the Shack and
Lhemkuhler house in Indiana - were studied to ascertain if blast vibration-related cracking was
produced. The Florida home was new and no interior or structural cracks could be found other
than very minute cracks assumed to be associated with paint and plaster drying, nor were any
cracks observed to have occurred during monitoring at the structure. The other homes were
unsuitable for crack inspections because of inaccessibility or that the walls were covered from
view with wall paper or paneling that could not be adequately removed (this was the general
situation at the Manor, Hole and Smith).

The Hoover home was about 5 miles from the blasting and received ground vibration amplitudes
less than 0.05 in/s. Because of the extremely low amplitudes, blast vibrations-induced cracking
was extremely unlikely and a cracking study at this home was not undertaken. (A previous
Bureau of Mines blast vibrations study in the vicinity of the Hoover house, Siskind et al., 1993,
found no blast-vibration related cracking from similar amplitude ground vibrations.)

Procedure

The visual crack investigation undertaken in this study was very similar to those used in previous
studies described by Siskind et al. (1980b; 1993). Observations for interior cracking were made
to identify the lowest ground vibration levels necessary to cause cracking or crack changes.
Interior finishing materials, such as wallboard and plaster, have a much lower resistance to
vibrations-induced cracking than concrete or masonry typically used for foundation construction
and exterior finishing.

The test homes were initially inspected to identify locations inside the home that contained cracks.
Strain concentrating areas were examined and consisted of inside corners including doorways,
window openings, inside walls and ceilings. Masonry joints are also susceptible to cracking, but
were not studied because of the higher levels of motion necessary to cause cracking and because
of the difficulty to identify cosmetic cracking in mortar or at the brick-mortar interface.

Crack growth - extensions in crack length - are usual forms of vibration-related cracking. To
study crack growth, cracks with a definite end need to be identified. These cracks were always



threshold-type and were usually less than a few tenths of a millimeter wide. Preexisting crack
ends were marked and examined for change. Larger cracks, about one to three millimeters wide.
would usually span from corner to corner without an observable mid-span terminus. These types
of cracks were used to study crack-width changes at a fixed location on the existing crack.
Corner areas without observable cracks were also examined for the formation of new cracks.

Several locations inside each of the homes were used to monitor crack change (see table 2).
Inspections for vibration-induced cracking were made by careful visual pre- and post-blast
observations performed within about five minutes before and after each blast, respectively.
Inspections were made with 7-power optical magnifiers with 0.1 mm optical scales. Inspection
areas were illuminated with flashlights or, more ideally, with automotive trouble lights with 100
watt bulbs. Figures 28 and 29 depict a researcher performing crack inspections with the 7-power
optical magnifier.

Results of the Crack Investigation

A total of over 350 individual pre- and post-blast inspections for interior cracking were made at
the four homes from 46 monitored blasts. About 70 pct of the these blasts (all in Indiana)
produced peak ground vibration velocities of 0.5 in/s or greater with the highest peak ground
vibration amplitude recorded at 6.0 in/s. However, only two occurrences of blast vibrations-
related cracking were observed: one each at the Lhemkuhler house and the Shack. Both of these
instances of cracking can be classified as cosmetic, and would be very difficult to detect without
the rigorous inspection techniques that were applied.

The peak ground vibration amplitudes and frequencies of the crack-causing and non-crack-
causing events for the 46 monitored blasts are shown in figure 30. Driving ground vibration
amplitudes and related frequencies corresponding to the two observations of cracking plotted in
figure 31 along with the cracking observations and safe-level criteria recommendations published
in RI 8507. (The use of driving ground vibration values, rather than peak values, is consistent
with the analysis methods incorporated in the RI 8507 study.)

The instance of observed blast-induced cracking at the Lhemkuhler house involved the generation
of'a new hairline crack in plaster that was less than 0.05 millimeter wide. The driving ground
vibration corresponding to peak structure response had an amplitude of 0.53 in/s at 6.4 Hz. Peak
structure response was 1.26 in/s (also at 6.4 Hz) resulting in an amplification factor of 2.4-times.
The peak ground vibration recorded for this blast monitored the Lhemkuhler house was 1.44 in/s
with a frequency of 39.3 Hz’. The other occurrence blast vibrations-induced cracking was noted
at the Shack, observed as a crack width change of a about 0.05 millimeter. The driving ground

® Peak ground vibration and structure response amplitudes and frequencies for this event at the Lhemkuhler house
were taken from the readings automatically calculated by the seismograph in order to be consistent with the time
histories presented in Appendix B. The values differ slightly than those reported by Crum and Pierce (1995) which
used alternative manual measurements of ground vibration and structure response amplitudes obtained with the aid
of analysis software. The digital ground vibration recording of the crack- producing event at the Lhemkuhler
house was inadvertently destroyed and Crum and Pierce (1995) used a digitized copy of the paper record which
may have altered the amplitude and frequency characteristics compared to the original seismograph recording.
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vibration amplitude was 1.28 in/s at 5.6 Hz and the corresponding peak structure response was
measured at 2.24 in/s (at 5 Hz), giving an amplification of 1.75-times. The driving ground
vibration in this case was also the peak. As shown in figure 31, the ground vibration levels from
both of these events exceeded the RI 8507 recommendations, sustaining the validity of the
criteria. No other crack changes were observed at the homes from these blasts. The peak and
driving ground vibration amplitudes of with these events were exceeded at the structures without
an additional observed occurrence of cracking.

Appendix B contains the ground vibration and structure response recordings for the events
recorded at the Shack and Lhemkuhler house identified with vibrations-induced cracking
(Lhemkubhler 4/11/94 @1555 and Shack 10/12/93 @ 1236, respectively) along with other selected
ground vibration and structure response recordings made during the study.

Airblast

Airblast was also monitored at the test homes along with ground vibrations and structure
response. The larger airblast amplitudes were obtained at the Shack, Lhemkuhler and Smith
houses with peak levels primarily between 115 and 125 dB, although there were several events at
about 135 dB (a difference of 20 dB is equivalent to a an order-of-magnitude change). The
airblast amplitudes were recorded on a 2 Hz high-pass system. Siskind et al. (1980a)
recommends 133 dB for 2 Hz high-pass monitoring systems as a maximum safe airblast level
(equivalent to 134 dB on a 0.1 Hz high-pass system). This guideline is aimed at preventing
window pane breakage, and threshold-level plaster cracking is not likely to occur until higher
peak amplitudes are achieved. In general, airblast from surface mine blasting is not likely to cause
cracking of plaster, drywall or masonry.

No window pane breakage was observed during the study and no evidence of airblast-related
cracking was found. For the two observed occurrences of blast-related cracking at the Shack and
Lhemkuhler house discussed in the previous section, the peak airblast levels were 114 dB and 127
dB (2 Hz system), and did not exceed the 133 dB threshold.
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CONCLUSIONS

1) The occurrence of low frequency (i.e., below the structural natural frequency) blast-induced
ground vibrations with the potential to cause cracking in homes is rare and not likely to be found
in association with surface coal mining.

2) SDF theory indicates that structural amplifications could be produced that are much higher
than the maximum 2- to 5-times amplification ordinarily found if ground vibrations contained
many continuous cycles of harmonic, sinusoidal motion with a frequency that matches the
structure’s natural frequency. However, blasting does not produce this type of ideal ground
motion at amplitudes that would cause reason for concern. Therefore, it is unlikely that ground
vibrations from blasting will illicit the maximum structural responses predicted by SDF theory at
levels that could cause structural cracking or damage.

3) Structural natural frequencies were determined from ground vibration-induced structure
response using Fourier frequency spectra. (Time-domain period inversion methods were used to
establish the accuracy of the Fourier approach.) Despite the sampling of a wide variety of house
types, measured structural natural frequencies for wood-frame houses were surprisingly consistent
and ranged between 5 and 7 Hz. A newer concrete block house had a calculated natural
frequency of 11 Hz.

4) Worse-case structural amplifications of 3- to 5-times resulted from ground vibration
frequencies between 0.9- and 2-times the structural natural frequency, in agreement with
previous reports. Calculations of structural amplification indicate that low frequencies do not
pose any particular or unusual threat of cracking to houses. Structural dynamics theory indicates
that larger structural amplification corresponds to an increased potential for cracking. Structural
amplifications from low frequency ground vibrations were similar to or lower than amplifications
produced from higher frequency ground vibrations. Worse-case amplifications were associated
with ground vibration frequencies near the structural natural frequency and therefore correspond
to the highest theoretical potential for cracking. '

5) A detailed study of pre- and post-blast crack observations found that the occurrence of even
threshold and minor cosmetic cracking in homes from blast vibrations is extremely rare.
Inspections for interior cosmetic cracking were made in relation to blasts that produced maximum
ground vibration amplitudes from less than 0.5 in/s to 6.0 in/s. Of the two incidences of cosmetic
cracking that were found, ground vibrations from one blast caused a small change in an existing
minor cosmetic crack and another event created a new threshold-level cosmetic crack. For both
of these events, the driving ground vibration amplitude associated with peak structure response
exceeded the Bureau of Mines RI 8507 safe-level recommendations for avoiding structural
cracking in homes.

6) Although peak airblast levels measured at some of the test homes were as high as 135 dB (2-
Hz high-pass), there were no indications that any airblast caused cosmetic interior cracking or
window breakage.
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Table 1. House Descriptions

Approx. .
Niek General Location General 1st Floor Natural Comments Other
(Closest Mine) Construction Square Frequency? o Reference
Footage
4 & Older 1- Oak frame, wood exterior, high pitched Crum and
Lhemkuhler %u&“ﬁx IN T stosy wood 1800 7Hz roof, full basement, good condition, Picrce
frame. occasionally occupied. (1995)
Crum and
. Pierce
Older 1- Wood exterior, no basement, closest
Shack Westemtral, IN | oy wood 750 5.5 Hz home to blasting, poor condition, {1995,
{Amax) Pierce and
frame. abandoned.
Crum
(1996)
Westcentral, IN | Older 1- : Wood exterior, 1o basement, firir Mang prloy
Smith 2 story wood 1400 6 Hz Tl ; to this
(Amax) f condition, occupied.
Tame. report
11 Hz Vertical reinft poured
. New 1-story . iq foundation slab, no b 21
Arvida Suullma{ns‘l;:m, FL cement 2500 hlgh{o?ll ?l(l,m complicated floor plan with many fis{klx;‘lgﬁc:
bleck. ilings) comers and angles and different ceiling
West-central. PA Older 3- Remodeled older farmhouse, brick Crum and
Jordan (C&K) = story wood 950 ~6 Hz exterior and slate roof, good condition, Pierce,
frame. secupied. (1995)
i Newer home located near Jordan house
MecComnell West-central, PA ;1 wm?;c‘l 2000 Not inspected for blast-related cracking but C;ﬁwmd
g (C&K) Y W Delermined was not instrumented for response, (199%)
fame. od. 5
Older 2- Remodeled farmhouse with newer Crum and
Hoover S"““(’"’““}“ N 1 gtory wood 2000 ~56Hz | additions, high pitched slate roof, wood |  Siskind,
frame. siding. good condition, occupied. (1993)
Abandoned home in very poor condition T 2
C - . N
Hole West-central, IN m:rl:‘:\:ud 1000 5z located close to blating arca, appears to (ﬁcﬂf::w
( Amax) = have been damaged by heavy
frame. Teport
) equipment during removal of top soil.
Older 1- Similar construction and response None prior
Manor w““‘}*""“,“‘f‘ N1 oy wood 1200 5.6 Hz characteristics to the Shack described to this
frame. above, abandoned. report.
Older 1- Similar construction and response None prior
Pritcher w‘”‘('“"“‘]* IN 1 story wood 2000 5Hz characteristics as the Smith house o this
) frame. described above, occupied. report

* All the homes were being subjected to blast vibrations from surface coal-mine overburden blasting, except for the Arvida house

which was near smaller-diameter quarry-type blasting at a high water table site.

§ The natural frequency was determined as the average of several natural frequency values found from high comer structure
response recordings. Natural frequencies were determined from the peak amplitude frequecy component of the Fourier frequency
spectra except for the Jordan and Hoover homes where time-history period inversion methods were used.

+ The Arvida house was located in a land development site. Blasting for excavation and fill was being subcontracted on site.
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Table 2. Blast, Ground Vibration and Crack-Inspection Information

Number of Blasts Numiber of Blasls Within Range of Peik
Number of e ey I(nNa“:.Efn:,{ Blasts with
= oy (Number of -

Inspection Sites in <0.5 0.5-0.99 1.0-4.99 =5.0

Home) in's in's in's in's

Ihemkuhler 106 7(10) 33 3644 3643y 140}

Shack 35 35(T) 8(8) 8(8) 15(15) | 4@
et 20 0 8 10 2 0
Arvida 11 0 11 0 0 0
Jordan 4 4(4) 4(4) 0 0 0
— 4 46 a@ | o 0 0
Hoover 5 0 5 0 o 0
Manor 5 0 3 2 0 0
Hole 9 o . ‘ 3 >
Pritcher 2 0 1 1 0 @

?}'3 same events were monitored at the McConnell and Jordan homes which were about the same distance from

the blasting. The McConnell house was not i ted for
inspections were made.

T but pre- and post-blast crack
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Figure 1. Measurement of superstructure and wall response: (a) motions; (b) transducer
placement (i and ii) and direction sensitivity; (c) diagrams of response motions (after Dowding,
1985).
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Figure 2. Diagram of global angular distortion of a planar body. Parameters are identified in the
text.
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frequency and C: excitation frequency at 2-times the natural frequency.
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Figure 4. Example structure response recording showing period of assumed free-vibration
response (T), and calculation of damping and (after Dowding, 1985).
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Figure 6. Example ground vibration and low and high corner structure response measurements at
the Shack. Temporal relationships are indicated between maximum ground vibration velocity,
driving ground vibration velocity and maximum high corner response velocity.
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Figure 18. Histogram of frequencies associated with maximum ground vibration monitored at the Shack.

Particle velocity (PV) amplitudes are indicated in 1 in/s intervals.
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Figure 19. Ground vibrations, airblast and structure response measured at the Jordan house on

6/10/93.
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Figure 20. Ground vibration, airblast and structure response measured at the Jordan house on
6/11/93.
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Figure 21. Ground vibration and structure response recorded at the Shack. The corresponding Fourier frequency spectra is shown to

the right of the time histories.

frequency: note the sintilarity in the frequency spectra between the ground vibration and structure response.

The record is an excellent example of structure response to ground vibration at the structural natural
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Figure 23. Amplification versus number of continuous excitation cycles at the structural natural
frequency using the finite-duration Duhamel-pseudovelocity model (equations 3 and 4).
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Figure 24. Driving ground vibration velocity versus frequency for the representative data set
described in the text plotted with the RI 8507 Appendix B blast level chart. Radial and transverse
measurements are denoted by open and closed house symbols, respectively. Vertical component
measurements correspond to all homes.
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determination of natural frequency is discussed in the text and the velues for the individual homes

are listed in table 1.
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Figure 26. Maximum high corner structure response velocity versus maximum ground vibration
velocity. All statistics were performed on log-transformed data.
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Figure 27. Driving ground vibration velocity versus maximum ground vibration velocity. All
statistics were performed on log-transformed data.
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Figure 30. Cracking and non-cracking observations at the test houses plotted as a function of
peak ground vibration amplitude versus frequency.
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Figure 31. Observations of cracking reported in this study (indicated with an “x”) plotted as a
function of driving ground vibration velocity versus frequency, along with cracking observations
and safe-level recommendations from RI 8507. Driving ground vibration is used here (as opposed
to peak amplitudes in figure 30) to be consistent with the analysis methods incorporated in the RI
8507 study.
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APPENDIX A: DATA TABLES



Table A-1: Lhemkuhler House

Radial Direction
(Parallel to Major Roof Ling)
‘Maximum Driving Maximum Corresponding Maximum
Shot Time Ground Frequency, Ground | Frequency, | High Comer | Frequency, Low Comer Frequency, High-Low
Date Vibration, Hz Vibration, Hz Stmcture Hz 1 Stmoctore Hz ifferemtial
Volti) Viltz) Response, Response, Displacement,
in/s in's Visg(ls) in's Viewlls) in's in
5-18-94 1320 (.56 7.1 -0.56 7.1 .60 6.2 -1.36 6.4 0.004
5-26-94 1558 -1.02 243 -0.40 20.5 0.34 16.0 -0.06 42.7 0.004
5-27-94 1531 =4.96 213 -2.96 16.5 -0.98 12.4 0.26 16.0 -0.015
3-31-64 1416 .74 19.6 0.66 16.5 0.34 12.1 -0.06 13.1 0.005
6-3-94 1551 -1.76 19.6 1.44 15.1 0.92 102 g 018 4 142 0.012
6-8-94 1550 -1.16 17.6 1.00 11.9 0.58 11.1 0.28 11.1 0.004
6-9-94 1535 2.80 18.2 -2.32 11.1 -1.46 5.6 -0.08 4.4 -0.013
7-13-94 1029 -0.90 21.3 0.28 5.1 (.66 7.1 .34 6.2 01.006
7-18-94 1555 2.12 17.0 -1.22 24.9 -1.08 16.5 -0.26 21.3 -(L.009
7-19-94 1200 .62 15.5 0.44 16.0 -0.52 10.2 -0.02 10.0 -0.005
Vertical Direction
Maximum Driving Maximum Corresponding Maximum
Shot Time | Oround | Frequency, | Ground | Frequency, | HighComer | Froquency, | Low Comer Frequency, High-Low
Date Vibration, Hz Vibration, Hz Structure Hz Structure Hz Differential
Valti) Valtz) Response, Response, Displacement,
m's in's “g ts) in's Viawlls) in's int
5-18-94 1320 0.26 34.1 0.24 8.8 0.24 12.8 - 024 12.1 1 Jow
5-26-94 1558 0.60 42.6 .42 36.5 -0.46 30.1 .44 30.1 Tow
5-27-94 1531 2.64 232 2.64 23.2 2.40 23.2 232 23.2 0.001
5-31-64 1416 0.56 15.0 -0.40 13.8 -0.50 13.1 -0.48 13.1 low
6-3-94 1551 0.62 213 0.22 34.1 0.52 25.6 0.52 25.6 low
6-8-94 1550 0.60 19.6 0.60 19.6 0.64 16.5 .64 16.5 low
6-9-94 1535 1.48 16.0 1.48 16.0 1.24 23.2 1.24 22.2 0w
7-13-94 1029 0.48 36.5 -0.38 17.7 0.38 28.4 -0.38 26.9 low
7-18-94 1555 1.84 28.4 -0.46 18.3 1.42 23.2 -1.4 24.2 -(.,001
7-19-94 1200 0.42 32.0 -0.34 27.0 -0.36 21.3 .38 12.4 0.002
Transverse Direction
( ndicular to Major Roof Ling)
Maximum Driving Maximum Corresponding Maximum
Shot Time Ground Frequency, Ground Frequency, § High Comer | Frequency. Low Comer Frequency, High-Low
Date Vibration, Hz Vibration Hz Structure Hz Structure Hz Differential
Valti) Viitz) Response, Response, Displacement,
n's in's Vingils) in/s V, owlls) n's n
5-18-94 1320 0.34 11.1 0.22 7.7 0.56 7.1 0.22 7.2 0.007
5-26-94 1558 0.48 20.4 .48 20.4 0.40 9.6 (.06 8.7 0.006
5-27-94 1531 2.96 16.0 1.48 20.5 -1.10 58 -0.14 8.7 -0.028
5-31-64 1416 .40 16 -0.40 16.0 0.52 10.0 0.52 10 0.004
6-3-94 1551 0.82 8.5 0.66 8.4 1.12 7.5 0.52 7.1 0.012
6-8-94 1550 0.76 12.1 -0.42 20.5 0.48 8.0 0.14 8.0 0.007
6-9-94 1535 -1.64 16.0 1.32 24.4 1.12 9.4 0.50 8.1 0,009
7-13-94 1029 0.68 7.7 .68 7.7 1.30 6.9 (.78 6.7 0.011
7-18-94 1555 -1.26 12.4 0.18 10.7 0.68 8.5 0.28 7.3 0.007
7-19-94 1200 0.54 89 0.22 9.5 0.90 74 0.40 6.4 0.009

" Times are approximate.
T “low” indicates that the absolute value is less than 0,001 in.
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Table A-2: The Shack

Radial Direction
(Parallel to Major Roof Linc)
Maximum Driving Maximum Corresponding Maximum
Shot Date | pye® | Ground Frequency, Ground Frequency, | High Comer | Frequency, Low Comer Frequency, High-Low
Vibration, Hz Vibration, Hz Structure Hz Structore Hz Differential
Valti)| Valtz) Response, Response, Displacement.
in/'s i_:;fs Viigh(ta) in/s View(ls) in's u=1
10-12-93 1236 (L65 6.6 0.55 8.5 2.08 5.3 0.71 6.2 0.044
10-12-93 1412 0.07 13.8 0.04 9.8 -0.21 7.1 -0.07 6.3 -0.003
10-13-93 1415 0.67 5.3 -0.53 5.1 -1.92 4.9 (.34 4.2 -0.013
10-14-93 1422 0.96 59 0.69 5.9 2.76 3.3 (.63 5.1 0.020
10-14-93 1438 0.83 6.0 0.56 5.6 1BE 5.3 4 (.53 5.8 0.042
6-1-94 1722 2.60 9.3 -2.24 8.5 -2.1 5.0 -1.26 7.5 -0.040
6-1-94 1731 2.36 9.4 2.36 9.4 1.74 4.8 (.82 10.6 0.045
7-27-94 1651 1.03 8.9 -1.03 8.9 -1.96 5.5 -0.23 8.8 -0.053
8-23-94 1749 6.00 13.8 -6.00 13.8 -4.08 4.5 -1.28 13.9 -0.130
8-23-94 1812 392 16.0 39z 16.0 2.80 6.5 0.94 10.0 0.054
Vertical Direction
Maximum Driving, Maximum Corresponding, Maximum
Shot Date Tinu:. Ground Frequency, Ground Frequency, | High Comer | Frequency. Low Comer Frequency, High-Low
Vibration, Hz Vibration, Hz Structure Hz Structure Hz Differential
Valu)| Valt2) Response, Response, Displacement,
in's in's Visg(1s) in's Viewlls) in/s int
10-12-93 1236 0.36 74 (.36 74 0.06 7.1 (3.55 4.7 fow
10-12-93 1412 0.06 24.3 -0.06 24.3 -0.07 22.2 -0.07 22.2 low
10-13-93 1415 0.28 6.1 -0.19 8.5 0.44 0.4 7.5 7.5 0.001
10-14-93 1422 0.33 12.8 -0.33 12.8 0.48 10.8 0.48 6.6 -0.005
10-14-93 1438 0.51 3.1 -0.51 5.1 -0.54 7.6 (.58 7.4 0.001
6-1-94 1722 1.64 30.1 -056 25.6 2.00 11.9 2.02 12.8 0.002
6-1-94 1731 2.08 3z.0 1.44 34.2 1.84 30.1 1.90 30.1 low
7-27-94 1651 0.52 10.6 0.13 14.6 .56 9.3 0.4 11.9 0.004
§-23-94 1749 4.16 24.3 -4.16 24.3 344 15.1 2.96 15 0.005
8-23-94 1812 4.40 30.1 2.96 15.0 -5.12 204 -5.20 20.4 low
Transverse Direction
(Perpendicular to Major Roof Line)
Maximum Driving Maximum Corresponding Maximum
Shot Date 'I'imu. Ground | Frequency, Ground Frequency, | High Comer | Frequency, Low Comer Frequency, High-Low
Vibration, He Vibration Hz Structure Hz Structure Hz Differential
Valt)| Valtz) Response, Response, Displacement.
in/s i1=1-‘s Viglls) in's Viewlls) in's in
10-12-93 | 1236 1.28 5.6 1.28 56 2.24 5 040 8.0 ~0.008
10-12-93 1412 0.12 11.3 0.06 10.5 0.32 6.3 0.10 5.6 0.005
10-13-93 1415 0.77 72 0.61 5.8 1.8 53 -0.20 10.0 0.057
10-14-93 1422 1.04 2.0 .86 6.9 1.84 52 0.11 17.7 0.055
10-14-93 1438 0.84 7.0 .62 5.8 1.44 5.4 0.02 13.5 0.042
6-1-94 1722 2.36 20.4 -2.36 20.4 1.62 4.9 .88 22.3 0.006
6-1-94 1731 2.96 11.9 2.96 11.9 -1.20 6.7 1.22 11.9 -0.045
7-27-94 1651 1.28 5.4 -1.2 5.6 -3.40 4.6 -0.70 4.6 -0094
8-23-94 1749 392 11.1 -3.9 11.1 -2.20 4.4 -0.10 8.5 ~(.080
8-23-94 1812 4.64 13.8 -2.5 10.7 3.28 5.7 -0.80 14.2 0.101

¥ Times are approximale.

+ “low” indicates that the absolute value is less than 0.001 in.
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Table A-3: Smith House

Radial Direction
(Parallel to Major Roof Line)
Maximum Driving Maximum Corresponding Maximum
Shot Thne‘ Ground Frequency, Ground Frequency, | High Comer | Frequency, Low Comer Frequency, High-Low
Date Vibration, Hz Vibration, Hz Structure Hz Structure Hz Differential
Va(t)| Valtz) Response, Response, Displacement,
ins in/s Vingnlts) in/s Viewlls) in/s in
5-4-94 1249 0.32 10.2 -0.32 10.2 -0.52 8.9 0.00 10.2 -0.009
5-5-94 1247 0.27 13.4 -0.22 7.9 -0.34 9.6 -0.15 79 -0.003
5-5-94 1431 0.70 25.6 0.32 34.2 0.74 28.4 -0.57 25.5 0.008
5-9-94 1436 0.58 222 0.25 10.0 0.68 18.9 -0.18 10.0 0.009
3-10-94 1040 0.63 15.5 0.63 15.5 0.92 6.8 0.02 15.5 0.021
5-11-94 1001 0.72 222 -0.35 7.3 -0.94 7.4 -0.22 73 -0.015
5-12-94 0939 0.47 15.5 0.31 8.4 0.78 7.5 0.28 8.4 0.011
5-13-96 1316 0.42 8.1 -0.34 6.3 -0.74 6.7 -0.33 6.3 -0.009
5-13-94 1323 0.47 11.9 0.32 4.6 0.78 5.9 0.12 4.6 0.017
5-17-94 1327 0.41 8.9 -0.35 6 -0.72 6.5 -0.34 6.0 -0.009
Vertical Direction
Maximum Driving Maximum Corresponding Maximum
Shot Time | Ground Frequency, | Ground | Frequency, | High Comer | Frequemcy, | Low Comer Frequency, High-Low
Date Vibration, Hz Vibration, Hz Structure Hz Structure Hz Differential
Val(t)l Valtz) Response, Response, Displacement,
in's in/s Visgnlts) in's Vielts) in/s int
5-4-94 1249 0.56 32.0 -0.37 32.0 (.56 32.0 .02 32 -0.003
5-5-94 1247 0.21 243 0.16 19.7 0.28 24.4 0.10 19.7 0.001
5-5-94 1431 1.44 34.1 1.44 34.1 1.66 30.1 .55 36.8 0.011
5-9-94 1436 1.04 36.5 0.70 34.0 0.96 30.1 -0.10 34 0.005
5-10-94 1040 0.65 30.1 0.61 32.1 1.12 30.1 -0.01 32.1 0.006
5-11-94 1001 0.62 30.1 -0.62 30.1 1.04 213 0.03 30.1 0.008
5-12-94 0939 0.68 13.2 -0.50 19.7 0.82 22.2 -0.11 19.7 0.007
5-13-96 1316 0.40 32 -0.40 32.0 0.54 21.3 -0.01 32.0 0.004
5-13-94 1323 0.41 11.9 -0.41 26.9 -0.64 18.2 -0.10 26.9 -0.005
3-17-94 1327 0.48 28.4 -0.44 12.8 -0.56 18.9 .15 12.8 -0.003
Transverse Direction
(Perpendicular to Major Roof Line)
Maximum Driving Maximum Corresponding, Maximum
Shot Time | Ground Frequency, Ground Frequency, | High Comer | Frequency, Low Comer Frequency, High-Low
Date Vibration, Hz Vibration Hz Structure Hz Structure Hz Differential
Va(ty)| Valtz) Response, Response, Displacement,
in/s in's Vignlts) in's Viwlls) in's in
5-4-94 1249 0.32 7.6 0.32 7.6 0.18 6.3 0.30 7.6 -0.002
5-5-94 1247 0.30 8.9 0.13 6.7 -0.26 4.1 0.22 8.9 -0.014
5-5-94 1431 0.69 5.0 0.69 5.0 -0.64 4.9 0.25 3.0 -0.029
5-9-94 1436 0.53 10.8 -0.51 14.2 0.51 7.0 0.01 14.2 0.011
5-10-94 1040 0.42 11.3 -0.42 11.3 0.42 3 -0.08 11.3 0.009
5-11-94 1001 0.51 11.1 -0.45 10.5 0.56 6.0 -0.07 10.5 0.016
5-12-94 0939 0.58 11.1 0.43 3.3 0.58 5.1 0.25 5.3 0.011
5-13-96 1316 0.42 9 -0.42 8.9 0.52 5.7 -0.07 8.9 0.019
3-13-94 1323 0.61 6.1 .56 4.7 (.80 4.7 -0.37 4.7 0.040
5-17-94 1327 0.48 8.1 0.34 7.2 -0.60 6.0 0.11 7.2 -0.018

* Times are approximate.
+ “low” indicates that the absolute value is less than 0.001 in.
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Table A-4: The Arvida House

Radial Direction
(Parallel to Major Roof Line)
Maximum Driving Maximum Corresponding, Maximum
Shot | pime | Ground Frequency, | Ground | Frequency, | HighComer | Frequency, | Low Comer Frequency, High-Low
Date Vibration, Hz Vibration, Hz Structure Hz Structore Hz Bifferemtiai
Volti) Valta) 3 Response, Displacement,
i:_1.l’s in's Visg(ls) in's View(ts) in's in
4-6-95 1111 0.44 20.4 0.21 25.6 0.28 11.3 0.19 25.6 0.003
4-6-95 1126 0.10 64.0 0.07 53 0.12 9.6 0.07 5.3 fow
4-6-95% 1126 0.07 9.4 0.05 8.8 -0.04 9.5 -0.01 9.0 -0.001
4-6-95 1159 -0.16 393 0.13 78 0.19 7.3 0.13 7.8 0.001
4-6-953 1159 0.14 5.7 0.13 7.8 0.19 73 0.13 7.8 0.001
Vertical Direction
Maximum Driving, Maximum Corresponding Maximum
Shot T'nne‘ Ground Frequency, Ground | Frequency, | High Comer | Frequency, Low Comer Frequency, High-Low
Date Vibration, Hz Vibration, Hz Structure Hz Structure Hz Differential
Valti) Va(tz) Response, Response, Displacement,
in/s in/s Viiglls) in's Vieu(ts) ins int
4-6-95 1111 0.33 64.0 0.22 46.3 027 232 022 463 0001
4-6-95 1126 -0.12 64.0 .15 7.1 0.15 7.5 0.14 7.1 low (0.000)
4-6-95% 1126 0.15 7.0 0.15 7.1 0.15 7.2 0.15 6.3 0.004
4-6-95 1159 0.21 56.8 0.17 8.0 -0.17 8.4 -0.17 8.0 low
4-6-95% 1159 -0.19 79 -0.17 8.0 0.17 8.4 -0.17 8.0 low
Transverse Direction
(Perpendicular to Major Roof Line)
Maximum Driving, Maximum Corresponding Maximum
Shot Time | Ground Frequency, Ground | Frequency, | High Comer | Frequency, Low Comer Frequency, High-Low
Date Vibration, Hz Vibration Hz Structure Hz Structure Hz Differential
Valti) Valtz) Response, Response, Displacement,
in/s in/s Visglls) in/s Viewlls) in's in
4-6-95# 1111 -0.26 42.6 0.15 88 0.69 10.2 0.10 33 0.009

* Times are approximate.
+ “low” indicates that the absolute value is less than 0.001 in.
1 Measurements from the low frequency portion of the same event listed on the line above.
¢ Only this event produced high enough amplitude transverse component for a reliable differential displacement measurement to be

made.
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Table A-5: The Jordan House

Radial Direction
(Parallel to Major Roof Line)
Maximum Driving, Maximum
Shot Time Ground Frequency, Ground Frequency, | High Comer Frequency,
Date Vibration, Hz Vibration, Hz Stroctore Hz
Volts)| [Valtz)| Response,
n's in's |Viign(ls)] m/s
6-10-93 1537 0.18 32.0 0.12 5.7 0.24 9.8
6-11-93 1601 0.23 30.0 0.20 6.0 0.31 6.0
Vertical Direction
Maximum Driving, Maximum
Shot | pype’ | Ground | Frequency, | Ground | Frequency, | HighComer | Frequency,
Date Vibration, Hz - Vibration. Hz Structure Hz
Valt)| [Valtz)| Response,
in's m/'s [Visghlts)] in's
6-10-93 1537 0.35 75 0.35 75 0..21 50
6-11-93 1601 0.38 59 0.38 59 027 59
Transverse Direction
(Perpendicular to Major Roof Linc)
Maximum Driving Maximum
Shot Timc‘ Ground Frequency, Ground Frequency, | HighCTomer | Frequency,
Date Vibration, Hz Vibration Hz Structure Hz
Va(t)] [Va(tz)] Response,
in/s in/s [Visg(ts) in's
6-10-93 1537 0.17 19 0.08 2.6 0.03 49
6-11-93 1601 0.32 2.5 0.32 2.5 0.05 34

* " .
Times are approximate.




APPENDIX B: SELECTED GROUND VIBRATION AND STRUCTURE RESPONSE
RECORDINGS

The following ground vibration and structure response recordings are matched according to
location and date and are time synchronized.

Important: Because of the recording setup used, the individual components of motion for ground
vibration and structure response may not be the same for a particular event. For example, the
transverse direction on the ground vibration for an event may correspond to the vertical direction
on the structure response record. Refer to the directional key in the header of each vibration
record for proper orientation between individual ground vibration and structure response
components of motion. Also note that in comparing ground vibration and structure response
recordings, east velocity amplitude = minus west velocity amplitude and north velocity amplitude
= minus south amplitude (i.e., north velocity amplitude = -1 x south velocity amplitude).



The Shack, Amax Minnehaha Mine ]
Ground Vibration, NE corner
R = east, V = up, T = south
Event: 002 Date: 10/12/93 Time: 12:36
Air Trigger: 142 dB Seis Trigger: 0.05 in/s S/N: 85
Amplitudes and Frequencies Graph Information
Acoustic: 114 dB 1.8 Hz. Duration: 0.000 sec To: 6.500 sec
Radial: 0.65 in/s 6.6 Hz. Acoustic: 0.20 Mb (0.05 Mb/div)
Vertical: 0.36 in/s 7.4 Hz. Seis: 1.28 in/s (0.32 in/s/div)
Transverse: 1.28 in/s 5.6 Hz. Time Lines at: 1.00 sec intervals
- Cal 1.02
E Cal 0.51
- Cal 0.53
f Cal 0.52
- I | L ! I L
Os ls 2s 3s 4s 5s 6s
Fourier Analysis (Rmplitude Spectrum)
Acoustic Radial Vertical Transverse
Peak = 0.88 Hz Peak = 6.75 Hz Peak = 6.63 Hz Peak = 6.00 Hz
1 1— 11— 11—
0 1 ﬂ#&g -
0 13 25 38 50 00 13 25 38 50 00 13 25 38 50 00 13 25 38 50
Frequency (Hz) Frequency (Hz) Frequency (Hz) Frequency (Hz)
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The Shack, Amax Minnehaha Mine
Structure Response, NE corner (low)
R = east, V = south, T = down

Event: 002 Date: 10/12/93 Time: 12:34
Air Trigger: 142 dB  Seis Trigger: 0.05 in/s S/N: 87

Amplitudes and Frequencies Graph Information
Acoustic: 0 dB 0.0 Hz. Duration: 0.000 sec To: 6.500 sec
Radial: 0.93 in/s 6.4 Hz. Acoustic: 0.20 Mb (0.05 Mb/div)
Vertical: 0.91 in/s 7.4 Hz. Seis: 0.93 in/s (0.2325 in/s/div)
Transverse: 0.55 in/s 6.7 Hz. Time Lines at: 1.00 sec intervals

Cal 0.02

Illllll:pill

TrTIrirta

E Cal 0.20
i___ﬁﬂwﬁwkﬁf\PbAdkﬂv\ﬁww—vwﬁvwﬂfwﬂf» AR
u | | L 1 ! L
Os 1s 2s 3s 4s Ss 65
Fourier Analysis (Rmplitude Spectrum)
Acoustic Radial Vertical Transverse
Peak = 0.00 Hz Peak = 5.75 Hz Peak = 6.00 Hz Peak = 5.88 Hz
1~ 11— 1— 1
0 ] I 1 I 0 0 | J 0 |
0O 13 25 38 50 0 13 25 38 50 0 13 25 38 50 0 13 25 38 50
Frequency (Hz) Frequency (Hz) Frequency (Hz) Frequency (Hz)
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The Shack, Amax Minnehaha Mine
Structure Response, NE corner (high)
R = east, V = south, T = down

Event: 002 Date: 10/12/93 Time: 12:34
Air Trigger: 142 dB Seis Trigger: 0.05 in/s S/N: 86

Amplitudes and Frequencies Graph Information
Acoustic: 0 dB 0.0 Hz. Duration: 0.000 sec To: 6.500 sec
Radial: 2.08 in/s 5.3 Hz. Acoustic: 0.20 Mb (0.05 Mb/div)
Vertical: 2.24 in/s 5.0 Hz. Seis: 2.24 in/s (0.56 in/s/div)
Transverse: 0.60 in/s 7.1 Hz. Time Lines at: 1.00 sec intervals

Cal 0.02

Cal 0.53

LN =1

<

Cal 0.54

TrTi 1Tl

<

Cal 0.54

%

1 1 1

3s s 55 65

(]
w0
=
w
W
w0

Fourier Analysis (Amplitude Spectrum)

Acoustic Radial Vertical Transverse
Peak = 0.00 Hz Peak = 5.38 Hz Peak = 5.00 Hz Peak = 5.75 Hz

1— 1— 1 1—

0 0 0

| 1 1 J ol | ]
0 13 25 38 50 0 13 25 38 50 0 13 25 38 50 00 13 25 38 50
Frequency (Hz) Frequency (Hz) Frequency (Hz) Frequency (Hz)
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The Shack, Minnehaha Mine
Ground vibration, NE corner
R=east, V=up, T=south

Event: 007 Date: 8/23/94 Time: 17:49
Air Trigger: 148 dB Seis Trigger: 0.26 in/s S/N: 85

Amplitudes and Frequencies Graph Information
Acoustic: 134 dB 20.4 Hz. Duration: 0.000 sec To: 4.500 sec
Radial: 6.00 in/s 13.8 Hz. Acoustic: 1.04 Mb (0.26 Mb/div)
Vertical: 4.16 in/s 24.3 Hz. Seis: 6.00 in/s (1.50 in/s/div)
Transverse: 3.92 in/s 11.1 Hz. Time Lines at: 0.50 sec intervals

Cal 1.00

g

Cal 0.46

¢

Cal 0.50

<

Cal 0.52

1

0.00s 0.50s 1.00s 1.50s 2.00s 2.50s 3.00s 3.50s 4.00s 4.50s

Fourier Analysis (Amplitude Spectrum)

Acoustic Radial Vertical Transverse '
Peak = 0.88 Hz Peak = 5.13 Hz Peak = 16.88 Hz Peak = 5.13 Hz

1 - 1 1— 1—

0 | | oﬁ | 0 | | | J 0M |
0 13 25 38 50 0 13 25 38 50 © 13 25 38 50 O 13 25 38 50
Frequency (Hz) Frequency (Hz) Frequency (Hz) Frequency (Hz)
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The Shack, Minnehaha Mine B
Structure response, NE corner (low)
R=east, V=south, T=down

Event: 007 Date: 8/23/94 Time: 17:48
Air Trigger: 142 dB Seis Trigger: 2.28 in/s S/N: 87

Amplitudes and Fregquencies

Acoustic: 135 dB 10.2 Hz. Duration: 0.000 sec To: 4.500 sec
Radial: 4.24 in/s 13.1 Hz. Acoustic: 1.10 Mb (0.28B Mb/div)
Vertical: 2.72 in/s 9.8 Hz. Seis: 4.24 in/s (1.06 in/s/div)
Transverse: 3.52 in/s 11.3 Hz. Time Lines at: 0.50 sec intervals

Cal 0.98

Graph Information

$

Cal 0.4s

¢

Cal 0.52

¢

Cal 0.50

4

L 1 1 1 1 J
0.00s 0.50s 1.00s 1.50s 2.005 2.50s 3.005 3.505 4.005 4.50s

Fourier Analysis (Amplitude Spectrum)

Acoustic Radial Vertical Transverse
Peak = 0.88 Hz Peak = 4.75 Hz Peak = 5.13 Hz Peak = 5.00 Hz

1 1 1 1

0

1 | 1 J 1 1 |
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The Shack, Minnehaha Mine
Structure response, NE corner (high)
R=east, V=south, T=down

Event: 007 Date: 8/23/94 Time: 17:48
Air Trigger: 142 dB Seis Trigger: 2.28 in/s S/N: 86

Amplitudes and Frequencies Graph Information
Acoustic: 137 dB 2.3 Hz. Duration: 0.000 sec To: 4.500 sec
Radial: 4.08 in/s 4.5 Hz. Acoustic: 1.42 Mb (0.35 Mb/div)
Vertical: 2.24 in/s 4.4 Hz. Seis: 4.08 in/s (1.02 in/s/div)
Transverse: 3.44 in/s 15.0 Hz. Time Lines at: 0.50 sec intervals

Cal 1.22
Cal 0.48
- Cal 0.52
- Cal 0.48

N\

s 1 1 1 J
0.00s 0.50s 1.00s 1.50s 2.00s 2.50s 3.00s 3.50s 4.00s 4.50s

Fourier Analysis (Amplitude Spectrum)

Acoustic Radial Vertical Transverse
Peak = 1.38 Hz Peak = 4.88 Hz Peak = 4.88 Hz Peak = 5.00 Hz

1 1 1 1~

My oot ]

J | |
0 13 25 38 50 00 13 25 38 50 0 13 25 38 50 0 13 25 38 50
| Frequency (Hz) Frequency (Hz) Frequency (Hz) Frequency (Hz)

0
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Lehmkuhler House, Pheonix Upper Ell Mine .
Ground Vibration, SE corner Egnt No: 003
R=east, V=up, T=south(towards mine)
Date; 4/11/94  Time: 15:55 Triggers: 142 dB .25 In/Sec  Serial No: 89

Analysis Results

Channel: | Acoustic Radial Vertical  Transverse ~ Vector Sum

Peak Amplitude: 0.46 Mb 127 dB 1.320 In/Sec 1.440 In/Sec 0.880 In/Sec 1.560 In/Sec

Frequency: 36.5 Hz 11.3 Hz 393 Hz 9.8 Hz N/A
Seismogram

Data Scale:  Acoustic = 0.10 Mb/Div Seismic =0.400 IPS/Div  Time Scale = 0.50 Sec/Div

= 1.02 Mb
Acoustic l? \/\

= 0.56 IPS
Radial Wl%ié%% \/\

= 0.52 IPS
Vertical L% N

= 053 PS
Transverse  =——diupliir

I Cal
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Lehmkuhler House, Pheonix Upper Ell Mine Event No: 002
Structure Response, SE corner .
R=east, V=north(away from mine), T=down
Date: 4/11/94 -~ Time: 15:56 Triggers: 142 dB 1.14 In/Sec  Serial No: 90

Analysis Results

Channel: Acoustic - Radial Vertical ~ Transverse  Vector Sum
Peak Amplitude: 0.18 Mb 119.dB 1.260 In/Sec 0.920 In/Sec 1.100 In/Sec 1.360 In/Sec
Frequency: 222 Hz 6.4 Hz 8.3 Hz 32.0 Hz N/A
Seismogram
Data Scale:  Acoustic = 0.10 Mb/Div Seismic =0.4001PS/Div  Time Scale = 0.50 Sec/Div
= 1.04 Mb
Acoustic T MHANARAA A
= 0.26 IPS
Radial .IJ%R\? N
= 0.27 IPS
Vertical M\ WA “ N
= 0.28 IPS
Transverse mli.é%%? N

Cal
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Lehmkuhler House, Pheonix Upper Ell Mine

Lehmkuhler House, Pheonix Upper Ell Mine
Ground Vibration, SE corner
R=east, V=up, T=south (towards mine)

Event: 034 Date: 6/ 9/94 Time: 10:29
Air Trigger: 142 dB Seis Trigger: 0.25 in/s S/N: 89

Amplitudes and Frequencies Graph Information
Acoustic: 127 dB 16.0 Hz. Duration: 0.000 sec To: 6.500 sec
Radial: 1.64 in/s 16.0 Hz. Acoustic: 0.44 Mb (0.11 Mb/div)
Vertical: 1.48 in/s 16.0 Hz. Seis: 2.80 in/s (0.70 in/s/diwv)
Transverse: 2.80 in/s 18.2 Hz. Time Lines at: 1.00 sec intervals

Cal 0.98

$

Cal 0.54

<

Cal 0.50

Cal 0.52

T%
k3

¢

1
Os 1s 2s 3s 4s 5s 6s

Fourier Analysis (Bmplitude Spectrum)

Acoustic Radial Vertical Transverse
Peak = 1.75 Hz Peak = 17.25 Hz Peak = 28.38 Hz Peak = 16.00 Hz

1 1— _ 1— 1
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! I ] | | | | | | 1
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Lehmkuhler House, Peonix UpperEll Mine
Structure Response, SE corner (low)

R=east, V=north(away from mine), T=up
Event: 034 Date: 6/ 9/94 Time: 10:29
Air Trigger: 142 dB Seis Trigger: 1.14 in/s S/N: 88

Amplitudes and Frequencies

Graph Information

Radial: 0.62 in/s 23.2 Hz. Duration: 0.000 sec To: 6.500 sec

Vertical: 1.18 in/s 9.1 Hz. Seis: 1.24 in/s (0.31 in/s/div)

Transverse: 1.24 in/s 22.2 Hz. Time Lines at: 1.00 sec intervals
Cal 0.52
Cal 0.52

2

Cal 0.52
1 1 1 1 | 1
Os 1s 2s 3s 4s S5s 6s
Fourier Analysis (Amplitude Spectrum)
Radial Vertical Transverse
Peak = 8.88 Hz Peak = 28.38 Hz Peak = 13.13 Hz
1 1— 1—
0 | 0 | | 0 | | J
0 13 25 38 50 0 13 25 38 50 0 13 25 38 50
Frequency (Hz) Frequency (Hz) Frequency ‘(Hz)
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Lehmkuhler House, Pheonix Upper Ell Mine

Lehmkuhler House, Pheonix Upper Ell Mine
Structure Response, SE corner (high)
R=east, V=north(away from mine), T=up

Event: 034 Date: 6/ 9/94 Time: 10:29
Air Trigger: 142 dB Seis Trigger: 1.14 in/s S/N: 90

Amplitudes and Frequencies Graph Information
Radial: 1.12 in/s 9.4 Hz. Duration: 0.000 sec To: 6.500 sec
Vertical: 1.46 in/s 5.6 Hz. - Seis: 1.46 in/s (0.365 in/s/div)
Transverse: 1.24 in/s 23.2 Hz. Time Lines at: 1.00 sec intervals
Cal 0.52
Cal 0.52

C

Cal 0.54
1 1 1 1
3s 4s 5s 6s
Fourier Analysis (Amplitude Spectrum)
Radial Vertical Transverse
Peak = 9.00 Hz Peak = 4.75 Hz Peak = 13.13 Hz
1— 11—
- 0 | 0 | 0 | 1 J
0 13 25 38 50 0 13 25 38 50 0 13 25 38 50
Frequency (Hz) Frequency (Hz) Frequency (Hz)
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Lehmkuhler House, Pheonix Upper Ell Mine

Lhemkuhler House, Upper Ell Mine
Ground Vibration, SE corner
R=east, V=up, T=south (towards mine)

Event: 013 Date: 5/27/94 Time: 15:31
Air Trigger: 142 dB Seis Trigger: 0.25 in/s S/N: 89

Amplitudes and Frequencies Graph Information
Acoustic: 135 dB 9.8 Hz. Duration: 0.000 sec To: 6.500 sec
Radial: 2.96 in/s 16.0 Hz. Acoustic: 1.10 Mb (0.28 Mb/div)
Vertical: 2.64 in/s 23.2 Hz. Seis: 4.96 in/s (1.24 in/s/div)
Transverse: 4.96 in/s 21.3 Hz. Time Lines at: 1.00 sec intervals
- Cal 0.98

$

Cal 0.54

é
<

cal 0.50

Cal 0.52

%
¢

<

1 1 1 1 1

0s Ts s 35 Is 5s 65

Fourier Analysis (Rmplitude Spectrﬁm)

Acoustic Radial Vertical Transverse
Peak = 1.25 Hz Peak = 20.00 Hz Peak = 21.88 Hz Peak = 19.88 Hz
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Lhemkuhler House, Upper Ell Mine
Structure Response, SE corner&o@
R=east, V=north(away from mine), T=up

Event: 013 Date: 5/27/94 Time: 15:31
Air Trigger: 142 dB Seis Trigger: 1.14 in/s S/N: 88

Amplitudes and Frequencies Graph Information
Radial: 1.14 in/s 26.9 Hz. Duration: 0.000 sec To: 6.500 sec
Vertical: 1.42 in/s 16.0 Hz. Seis: 2.32 in/s (0.58 in/s/diwv)
Transverse: 2.32 in/s 24.3 Hz. Time Lines at: 1.00 sec intervals
_ J"Cak 0.52
B Cal 0.52
Cal 0.52
| | 1 | ) 1
2s 3s 4s 5s 6s
Fourier Analysis (Amplitude Spectrum)
Radial Vertical Transverse
Peak = 6.50 Hz Peak = 6.63 Hz Peak = 19.63 Hz
1~ 1 1~
0 L | 0 | 0 ] | ] J
0 13 25 38 50 0 13 25 38 50 0 13. 25 38 50
Frequency (Hz) Frequency (Hz) Frequency (Hz)

B-13




Lehmkuhler House, Pheonix Upper Ell Mine
Lhemkuhler House, Upper Ell Mine
Structure Response, SE corner(LﬁaL)
R=east, V=north(away from mine), T=up

Event: 013
Air Trigger: 142 dB

Date:
Seis Trigger:

5/27/94 Time: 15:31

1.14 in/s S/N: 90

Amplitudes and Frequencies
Radial:

Graph Information

1.10 in/s 5.8 Hz. Duration: 0.000 sec To: 6.500 sec
Vertical: 0.98 in/s 12.4 Hz. Seis: 2.40 in/s (0.60 in/s/diwv)
Transverse: 2.40 in/s 23.2 Hz. Time Lines at: 1.00 sec intervals

Cal 0.52

Ay

Cal 0.52

%

<l

Cal 0.54
| | | | 1 1
Os 1s 2s 3s 4s 5s 6s
Fourier Analysis (Amplitude Spectrum)
Radial Vertical Transverse
Peak = 6.50 Hz Peak = 5.13 Hz Peak = 19.63 Hz
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Smith House, AMAX Chinook Mine
Ground Vibration/Low Corner, NW corner
R=west, V=north, T=down

Event: 018 Date: 5/12/94 Time: 9:39

Air Trigger: 142 dB Seis Trigger: 0.25 in/s S/N: 91

|

TTTrrnrnria

Amplitudes and Frequencies Graph Information
Acoustic: 114 dB 18.2 Hz. Duration: 0.000 sec To: 6.500 sec
Radial: 0.51 in/s 11.1 Hz. Acoustic: 0.20 Mb (0.05 Mb/div)
Vertical: 0.72 in/s 22.2 Hz. Seis: 0.72 in/s (0.18 in/s/div)
Transverse: 0.62 in/s 30.1 Hz. Time Lines at: 1.00 sec intervals

Cal 1.02

$

Cal 0.54

Cal 0.56
u cal 0.54
Os 1s bs Bs hs bs 6s
Fourier Analysis (Amplitude Spectrum)
Acoustic Radial Vertical Transverse
Peak = 8.13 Hz Peak = 4.75 Hz Peak = 5.13 Hz Peak = 10.00 Hz
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Smith House, AMAX Chinook Mine
Structure response, NW corner{iﬁjkj
R=west, V=south, T=up

Event: 019 Date: 5/12/94 Time: 9:44
Air Trigger: 142 dB Seis Trigger: 1.00 in/s S/N: 92

Amplitudes and Frequencies ' Graph Information
Radial: 0.56 in/s 6.0 Hz. Duration: 0.000 sec To: 6.500 sec
Vertical: 0.94 in/s 7.4 Hz. Seis: 1.04 in/s (0.26 in/s/div)
Transverse: 1.04 in/s 21.3 Hz. Time Lines at: 1.00 sec interwvals
_ Cal 0.54

Cal 0.50
Cal 0.54
¥ 1 1 1 1 i !
Os 1s 2s 3s 4s 5s 6s
Fourier Analysis (Amplitude Spectrum)
Radial ' Vertical Transverse
Peak = 4.75 Hz Peak = 7.13 Hz Peak = 10.13 Hz
1— 1—
0 0

1 | ] |
0 13 25 38 50 13 25 38 50 13 25 38 50
Frequency (Hz) Frequency (Hz) Frequency (Hz)

B-16



Smith House, AMAX Chinook Mine
Ground Vibration/Low Corner, NE Corner
=north, V=east(towards mine), T=down

Event: 026 Date: 5/13/94 Time: 13:23
Air Trigger: 142 dB Seis Trigger: 0.25 in/s S/N: 91

Amplitudes and Frequencies Graph Information
Acoustic: 110 dB 0.0 Hz. Duration: 0.000 sec To: 6.500 sec
Radial: 0.42 in/s 8.9 Hz. Acoustic: 0.20 Mb {D.05 Mb/div)
Vertical: 0.42 in/s 8.1 Hz. Seis: 0.42 in/s (0.105 in/s/div)
Transverse: 0.40 in/s 32.0 Hz. Time Lines at: 1.00 sec intervals
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Smith House, AMAX Chinoock Mine
Structure Response, NE corner high

R=north, V=west(away from mine), T=up
Event: 026 Date: 5/13/94 Time: 13:22
Air Trigger: 142 dB Seis Trigger: 1.14 in/s S/N: 92
Anmplitudes and Frequencies ' Graph Information
Radial: 0.52 in/s 5.7 Hz. Duration: 0.000 sec To: 6.500 sec
Vertical: 0.74 in/s 6.7 Hz. Seis: 0.74 in/s (0.185 in/s/div)
Transverse: 0.54 in/s 21.3 Hz. Time Lines at: 1.00 sec intervals
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Arvida, Model Home
Ground Vibration/Low Corner, NE Corner
R = east, V = south, T = down

Event: 008 Date: 4/ &/95 Time: 11:11
Air Trigger: 142 dB Seis Trigger: 1.14 in/s S/N: 88

Amplitudes and Frequencies Graph Information
Radial: 0.21 in/s 11.6 Hz. Duration: 0.000 sec To: 4.500 sec
Vertical: 0.15 in/s 11.9 Hz. Seis: 0.23 in/s (0.0575 in/s/div)
Transverse: 0.23 in/s 23.2 Hz. Time Lines at: 0.50 sec intervals
Cal 0.50
Cal 0.51

<

Cal 0.51

0.00s 0.50s 1.00s 1.50s 2.00s 2.50s 3.00s 3.50s 4.00s 4.50s

Fourier Analysis (Amplitude Spectrum)

Radial Vertical Transverse
Peak = 2.13 Hz Peak = 9.38 Hz Peak = 1.75 Hz

[ e T

] | | | 1
0 13 25 38 50 00 13 25 38 50 00 13 25 38 50

Frequency (Hz) Frequency (Hz) - Frequency (Hz)

B-19




Arvida, Model Home .
Structure Response, NE corner (high)
R = east, V = south, T = down

Event: 008 Date: 4/ 6/95 Time: 11:11
Air Trigger: 148 dB Seis Trigger: 1.14 in/s S/N: 85

Amplitudes and Frequencies Graph Information
Radial: 0.28 in/s 11.3 Hz. Duration: 0.000 sec To: 4.500 sec
Vertical: 0.69 in/s 10.2 Hz. Seis: 0.69 in/s (0.1725 in/s/diwv)
Transverse: 0.27 in/s 23.2 Hz. Time Lines at: 0.50 sec intervals
Cal 0.51
Cal 0.52

<

Cal 0.51

0.00s 0.50s 1.00s 1.50s 2.00s 2.50s 3.00s 3.50s 4.00s 4.50s

Fourier Analysis (Amplitude Spectrum)

. Radial Vertical Transverse
Peak = 10.13 Hz Peak = 10.38 Hz Peak = 1.75 Hz

1-— 1— 1

1 1 | |
0 13 25 38 50 00 13 25 38 50 OD 13 25 3B 50

Frequency (Hz) Frequency (Hz) Frequency (Hz)

B-20



