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Abstract

Autonomous Crack Measurement (ACM) facilitates simultaneous measurement
of crack response to environmental changes and vibrations produced by various
construction activities. Dual-purpose crack displacement sensors measure crack
response, while the vibration environment is defined by standard seismological
transducers and the weather environment is defined as changes in temperature and
humidity.

This investigation involved an ACM study to examine the effects of rock blasting
at the Stiles Road Quarry site in Southbury, Connecticut and vibrations produced by
heavy construction equipment at the West Ann Road site in Las Vegas, Nevada. The
study also allowed for the examination of blast design effects on crack displacement and
a comparison of crack response from typical blasting and construction activities with that
produced by weather changes.

Measurements and analysis show that (i) long-term weather-induced crack
displacement is 30 to 150 times greater than the crack displacement produced by the
largest blasting event (=0.35 ips) at the Connecticut site and the largest construction event
(=0.45 ips) at the Las Vegas site, (ii) ground vibration frequency and stemming length
have the largest effect on crack displacement of the four blast design controls studied,
(iii) appropriate triggering mechanisms and on-site observation greatly facilitate vibration
monitoring, and (iv) rock blasting at distances of approximately 2500 feet produced
homogenous crack response, while localized construction activity in soils at distances

less than 50 feet produced time varying, localized crack response.
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Chapter 1

Introduction

This thesis summarizes micro-inch crack response to blast-induced ground
motions from the Stiles Road Quarry in Southbury, Connecticut, construction equipment-
induced ground motions along West Ann Road in North Las Vegas, Nevada, and
environmental phenomena at both sites. These structures were instrumented, and their
response studied as part of the development of an Autonomous Crack Measurement
(ACM) system sponsored by the Infrastructure Technology Institute at Northwestern
University through a block grant from the United States Department of Transportation.
The objective of the ongoing Autonomous Crack Monitoring study is to record and
compare micro-inch crack displacements produced by long-term temperature and
humidity changes to those produced by short-term blasting or construction vibrations in a
concise and understandable fashion.

Responses of the Connecticut structure were measured with velocity transducers
instrumented in the traditional manner of those in the study sponsored by the United
States Department of the Interior Office of Surface Mining (OSM) (McKenna, 2002).
Ground motions were measured in three orthogonal axes in front of the house. Structural
responses were measured with three upper structure velocity transducers, three lower
structure velocity transducers, two mid-wall velocity transducers, an air pressure
transducer, and for the final month of study, one mid-ceiling velocity transducer. One

wall and two ceiling cosmetic drywall cracks were fit with eddie current "Kaman"



sensors to measure micro-inch displacement response to environmental and blast-induced
ground vibrations produced by the aggregate quarry approximately 2500 feet away.
Ground motions at the Las Vegas structure were measured via an in-ground tri-
axial geophone customary to all ACM structures. Micro-inch displacements were
measured across two interior drywall cracks and two exterior stucco cracks with LVDT
displacement gages. No velocity response was measured in this structure. Construction
adjacent to the house (within 50 feet) involved excavation for the installation of a 10x12
ft. reinforced concrete box culvert by trackhoe, excavation of an 8-inch water service line
trench by a chain trencher, and vibratory compaction of trench backfill and granular sub-

grade for the reconstruction of West Ann Road.

This thesis is divided into six chapters. Chapter 2 presents traditional OSM
velocity and crack instrumentation, and the monitored response in the Connecticut house.
The chapter includes the following:

e Description of the structure and location of instruments

e Summary of measurements recorded for each of 24 blast events occurring
between May 20", 2002 and September 20", 2002.

e Determination of dominant/natural frequency of the structure

e Crack response to long-term and environmental phenomena

e Comparison and correlation of measured crack displacements to traditionally

measured and calculated velocity and displacement parameters

Chapter 3 involves a discussion of the effect of blast design on crack
displacements. Four time history comparisons are chosen to analyze the effects of
differences in:

e Face geometry
e Stemming depth
e Frequency effect

e Total shot time and number of boreholes



Chapter 4 is a discussion of the construction processes and instrumentation for
monitoring of construction vibrations at the Las Vegas, Nevada site. The chapter
presents:

e Layout and structural details of house and proximity to monitored construction
events

e Instruments and locations employed for monitoring purposes

e Soil profile of West Ann Road

e Introduction of construction equipment: trackhoe, trencher, and two vibratory
rollers

e Ground attenuation study of trackhoe, trencher and rollers through cemented

desert colluvium

Chapter 5 contains the measurement and analysis of heavy construction
equipment-induced vibration response at the Las Vegas site. The chapter includes the
following:

= Data acquisition, triggering mechanisms, and the challenges presented by
construction monitoring

e Long-term response to environmental effects in Las Vegas

e Anintroduction to "non-vibratory response” monitoring and the proposed stick-
slip phenomenon

= Event triggering, ground motions and crack displacements resulting from
construction activities of a trackhoe, trencher, and two vibratory rollers

e Determination of dominant/natural frequencies of the Las Vegas structure

« Single degree of freedom response spectra for the trackhoe and vibratory rollers

e Comparison of traditional motion controls to measured crack displacements

Chapter 6 compares blasting response from the Connecticut site to construction
equipment response at the Las Vegas site via the following:
e Comparison of time histories from Connecticut blasting and Las Vegas equipment

and the number of principal pulses involved



Introduction to "Normalization Factor" and the effect of5, 10, 15, and 20 Hz
signals on crack displacement

Effect of construction vibration wavelength on homogenous structural motion
versus individual wall component displacement

Planar wave motion in Connecticut compared to radial wave motion in Las Vegas

Determination of individual crack sensitivities to changes in humidity



Chapter 2

Blasting Vibration Response, Southbury, Connecticut

Introduction

The Connecticut structure, shown in Figure 2.1, is a one-story house with a walk-
out basement and an apartment and garage addition located approximately 2000 to 2500
feet from an aggregate quarry in Southbury, Connecticut. Ground motion and crack data
collected on-site from May 20", 2002 to September 20™, 2002, is summarized in Table
2.1. Table 2.2 summarizes essential descriptors of the ground motion such as number of
significant pulses, total shot time, scaled distance factors, shot geometry specifics, etc.
These blasts produced peak particle velocities between 0.03 and 0.345 inches per second,
peak airblast from less than 100 to 132 db, maximum upper structure responses of 0.030
to 0.480 inches per second, and maximum crack responses between 0 and 90 micro-

inches. Weather conditions varied daily with indoor temperatures ranging between 88.7°

Figure 2.1 Single-Story Connecticut House with Apartment Addition



GROUND MOTION AND AIRBLAST

CRACK DISPLACEMENT

Shot shot L itud 1T Vertical SDOF FFT SDOF FFT Crack 1 | Crack 3

Date number orFl)gplvu ' ranpslg/\(jrs el;rpl\c/a Frequency | Frequency | Frequency | Frequency | Airblast] (Vertical | (Long. | Normalized | Normalized
€ (Long.) (Long.) | (Vertical) | (Vertical) Plane) | Plane) CD/PPV CD/PPV

Crack 1/V | Crack 3/L

(infsec) | (in/sec) | (in/sec) (Hz) (Hz) (Hz) (Hz2) (dB) (pin) (4in)

5/20/2002 1 0.18 0.165 0.055 21 21.5 24.0 22.0 106 41 N/A 745.5 N/A
5/22/2002 2 0.03 0.05 0.025 20 23.4 24.0 23.6 110 14 N/A 560.0 N/A
5/22/2002 3 0.065 0.05 0.02 19 18.1 40.0 37.6 100 19 N/A 950.0 N/A
5/23/2002 4 0.105 0.15 0.075 18 18.0 25.0 23.4 106 39 N/A 520.0 N/A
5/23/2002 5 0.125 0.085 0.065 21 21.9 24.0 23.0 122 44 N/A 676.9 N/A
5/23/2002 6 0.1 0.085 0.06 18 17.9 25.0 23.5 123 38 N/A 633.3 N/A
6/3/2002 7 0.08 0.08 0.04 19 22.4 27.0 22.8 106 30 N/A 750.0 N/A
6/10/2002 8 0.08 0.07 0.03 22 22.1 23.0 22.8 132 17 N/A 566.7 N/A
6/17/2002 9 0.145 0.125 0.055 22 18.5 25.0 24.9 110 29 25 527.3 172.4
6/18/2002 10 0.08 0.11 0.03 19 19.1 36.0 22.9 112 26 19 866.7 237.5
6/26/2002 11 0.08 0.065 0.05 24 19.0 25.0 23.3 110 25 15 500.0 187.5
7/9/2002 12 0.125 0.16 0.16 23 22.6 25.0 25.0 110 41 31 256.3 248.0
7/12/2002 13 0.08 0.065 0.045 25 24.5 25.0 25.0 122 20 13 444.4 162.5
7/16/2002 14 0.19 0.18 0.095 19 19.0 25.0 25.1 106 60 59 631.6 310.5
7122/2002 15 0.345 0.255 0.095 23 22.8 25.0 23.6 117 90 50 947 .4 144.9
7/26/2002 16 0.14 0.14 0.07 23 20.1 25.0 25.1 122 50 28 714.3 200.0
7/30/2002 17 0.075 0.055 0.035 25 23.5 25.0 25.9 117 23 12 657.1 160.0
8/2/2002 18 0.195 0.155 0.115 25 25.5 25.0 25.3 126 80 37 695.7 189.7
8/15/2002 19 0.215 0.13 0.085 22 23.0 25.0 25.9 119 38 33 447.1 153.5
8/23/2002 20 0.285 0.14 0.095 26 19.9 26.0 25.6 110 47 38 494.7 133.3
9/3/2002 21 0.28 0.21 0.1 23 21.4 25.0 25.8 110 70 60 700.0 214.3
9/10/2002 22 0.27 0.15 0.135 27 26.1 25.0 25.9 112 60 34 444.4 125.9
9/17/2002 23 0.28 0.175 0.095 21 21.5 25.0 31.0 110 57 48 600.0 171.4
9/20/2002 24 0.155 0.06 0.055 24 21.5 25.0 25.4 116 27 28 490.9 180.6

Table 2.1 Ground motion, frequency, airblast and crack displacement information for all blast events in Connecticut




Charge | Charge Number of | Number of
Shot shot | . Total shot| 1ot [Max-Holes| roo gpor [ Charge 1 weighy | weighy | Scaed [ Scaled 1 gy cinai | principal
Distance . Number| per Delay . Weight per Distance| Distance
Date number Weight of Holes| (w/in 8ms) Time Hole Delay Delay Calc) | (Given) Pulses Pulses
(Calc.) (Given) ’ (Radial) (Vertical)
(ft) (Ib) (ms) (Ib) (Ib) (b) | (ftnb* | ftnb'?
5/20/2002 1 2429 8280 30 2 352 276 552 290 103.4 142.6 N/A 5
5/22/2002 2 2690 4409 16 1 470 276 276 303 162.0 154.5 N/A 5
5/22/2002 3 3625 8463 53 2 314 160 319 590 202.8 149.2 N/A 4
5/23/2002 4 2200 225 1 1 1 225 225 225 146.7 146.7 N/A 1
5/23/2002 5 2695 4719 27 5 59 175 874 885 91.2 90.6 N/A 3
5/23/2002 6 2260 177 1 1 1 177 177 177 169.9 169.9 N/A 1
6/3/2002 7 2510 7091 42 2 625 169 338 600 136.6 1025 N/A 3
6/10/2002 8 2217 3920 48 557 147 358 600 117.2 90.5 N/A 4
6/17/2002 9 2693 10271 37 3 428 278 833 810 93.3 94.6 2 4
6/18/2002 10 2460 13216 40 2 287 330 661 800 95.7 87.0 3 2
6/26/2002 11 2430 7637 49 3 301 156 468 800 112.4 85.9 4 4
7/9/2002 12 2700 12261 46 3 267 800 870 95.5 91.5 5 3
7/12/2002 13 2190 4785 50 4 96 383 450 111.9 103.2 1 1
7/16/2002 14 2430 7957 41 3 310 194 582 400 100.7 1215 5 2
7/22/2002 15 2376 13081 51 3 419 256 769 810 85.7 83.5 7 4
7/26/2002 16 2323 10649 54 N/A 197 N/A 600 94.8 7 5
7/30/2002 17 2240 8965 74 4 441 121 485 800 101.8 79.2 7 6
8/2/2002 18 2441 15345 59 3 436 260 780 660 87.4 95.0 2 5
8/15/2002 19 2490 7495 37 4 215 203 810 840 87.5 85.9 3 3
8/23/2002 20 2420 12804 40 2 320 640 660 95.6 94.2 3 3
9/3/2002 21 2385 12507 38 2 329 658 690 93.0 90.8 1 2
9/10/2002 22 2270 13251 57 3 402 232 697 500 86.0 1015 3 5
9/17/2002 23 2640 10627 36 3 295 886 825 88.7 91.9 2 3
9/20/2002 24 2693 9780 47 3 430 208 624 720 107.8 100.4 3 1

Table 2.2 Shot timing, scaled distances, explosive characteristics, and other pertinent logistical information for all blast events in Connecticut




Structural Description
Plan and elevation views of the Connecticut structure are shown in Figures 2.2

and 2.3. An apartment addition was constructed over the masonry block garage left of
the main portion of the structure labeled “original structure” in Figure 2.2. The wood
frame exterior is surfaced with wood shingle clapboard and on the interior with drywall.
Photographs of the rear of the house in Figure 2.4 show its position on a hillside exposing

the basement.
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Figure 2.2 Plan View of Connecticut House with Crack and Sensor Locations
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Figure 2.3 Elevation View of Connecticut House with Crack and Sensor Locations
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Figure 2.4 Photos of Connecticut house (a) from the rear of the structure, and (b) outside the
apartment/garage addition

Figure 2.5 presents photographs of the garage ceiling under the addition, as well
as the apartment roof/truss system. The unique feature of the addition is that the floor
joists and ceiling joists run perpendicular to each other. Typically floor and ceiling joists
are both oriented in the transverse direction of the house, which involves the shortest
span. As shown in Figures 2.5 and 2.6, the floor joists between the garage and apartment
run parallel to the longitudinal direction supported by a main steel beam in the transverse
direction, while the ceiling joists run in the traditional transverse direction and are
supported by interior walls. Thus there are several joists in the hallway that span the
entire 24’ width of the structure, otherwise all joist spans are on the order of twelve feet.
This support configuration may have a significant effect on the vertical support of the
apartment containing Crack 1.
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Figure 2.5 Photos of ceiling joist systems (a) garage ceiling/apartment floor system, (b) apartment
addition ceiling truss system
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Figure 2.6 Schematic of apartment/garage addition joist systems

GARAGE CEILING SUPPORT SYSTEM

Instrumentation

All instrument locations are shown on Figures 2.2 and 2.3. Eight structural
velocity transducers were mounted on the southern and western walls of the apartment
addition, and an additional transducer was added to the mid-ceiling on August 9", 2002.
A tri-axial seismograph and an airblast transducer were installed outside of the southwest
corner of the apartment addition.

Three cracks were instrumented with eddy current “Kaman” micrometer

displacement sensors for this case study. Crack #1 was in the apartment ceiling,
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identified as Sensor 1 and is shown on the ceiling and in detail in Figure 2.7(a). Two
other cracks on a wall and ceiling, were in the main portion of the structure and are
identified as sensors 2 and 3, sensor 3 is shown in Figure 2.7(b). Crack 1 runs east-west
at the mid-span of the unsupported joists at the beginning of a hallway leading between
rooms in the addition. Crack 2 lies in the center of the living room ceiling, and Crack 3
runs vertically up an interior wall in the bedroom of the main portion of the structure.

For each blast, seismograph (ground), and velocity transducer data were collected
for eight seconds. Any channel could trigger the entire system. Time correlated time
histories of dynamic, blast induced crack displacements were measured by the Kaman
sensors for 5 seconds. Temperature and humidity were recorded in each room containing
a crack every 10 minutes by independent Supco weather loggers.

One of the challenges involved in this case study is the correlation of the
responses. Typically, structure response is measured at the top (S;) and bottom (S;) of
single-stories or structures with uniform framing and materials. In this case, however, S;
response is measured near the base of the concrete masonry unit garage wall, while S,
response is measured near the ceiling at the southwest corner of the wood frame and
drywall apartment addition. There was no response data recorded at the junction of these
two different wall types. Consequently, the gross wall, in-plane shear distribution cannot
be assumed because the distribution of motion will differ due to radically different wall
types. This challenge emphasizes the necessity for three sensor locations for two-story
structures to ensure that the proper response mode shape is chosen for each story.

Furthermore, structural response was measured only in the southwest corner of
the apartment addition. Crack 1 lies within this portion, supported by the garage
underneath. Cracks 2 and 3, however, are located some distance away, within the main,
un-instrumented portion of the house that includes no underlying basement. Therefore,
the structural responses measured at this site are most applicable for the addition and
response of Crack 1. Both of these challenges will be explored further when correlations

of crack displacements and structural motions are investigated.
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Figure 2.7 Wall view and detail photographs of Cracks 1 (top) and 3 (bottom) with sensors
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Blast Response

Figure 2.8 shows longitudinal, transverse and vertical time histories of excitation
ground velocities, structural response velocities, and the corresponding apartment and
bedroom wall crack response for blast 15 with a peak particle velocity of 0.345 ips (8.8
mm/sec), measured in the longitudinal direction. Each waveform includes maximum
measured values in parenthesis. These responses are parallel to the plane of the wall
containing Crack 3, and therefore are employed to calculate gross wall displacements to
compare with directly measured crack displacements. The top two graphs show
measured apartment addition Crack 1 displacement and bedroom wall Crack 3
displacement, followed by longitudinal, transverse and vertical particle velocity, upper
corner (Sy) longitudinal, transverse, and vertical velocity response, lower corner (S;)
longitudinal, transverse and vertical velocity response, and airblast. This event produced
a peak Crack 1 displacement of 90pin (2.29 um), and peak Crack 3 displacement of
50pin (1.25um).

Figure 2.9 shows the same Crack 1 and Crack 3 displacements with longitudinal,
transverse, and vertical ground, S; and S; displacements, as well as calculated
longitudinal, transverse, and vertical relative (S,-S;) displacement time histories, and
airblast.

This event produced the largest overall ground motion and largest apartment
Crack 1 displacement, but did not produce the largest Crack 3 displacement. Chapter 3
discusses the intricacies of blasting design, and goes further into detail on why certain
shot geometries and timing produces relatively larger or smaller crack displacements.

Natural frequency and damping of the structure are important for calculating
single degree of freedom response spectra. Thus, the dominant frequency of the structure
must be estimated. Dominant frequencies of structure response (natural frequency) are
estimated employing either the Fourier Frequency analysis or the zero-point-crossing
method during free response (Dowding 1996). The natural frequency of the Connecticut

structure was determined via both methods.

13



Crack 1 Displacement (90uin), Shot 15

Crack 3 Displacement (50uin), Shot 15

TN e e

G (L) (0.345 ips), Shot 15

G (T) (0.255 ips), Shot 15

G (V) (0.095 ips), Shot 15

————— WA AR~

S2 (L) (0.165 ips), Shot 15

st

S1 (L) (0.09 ips), Shot 15
——— WA

S2 (T) (0.225 ips), Shot 15

S1 (T) (0.09 ips), Shot 15
————— M~

W° P S

S1 (V) (0.05 ips), Shot 15

————— AN WA AN AN AR AA A
Airblast (117 dB), Shot 15
uI'I 1 HII uI'I uIIuI'I 1
I ' I ' I ' I ' I
0 1 2 3 4

Time (seconds)

Figure 2.8 Time histories of Crack 1 and 3 displacements from blast event 15 on July 22nd, 2002
at 11:49 AM compared to longitudinal, transverse, and vertical velocity ground excitation, S,
response velocity, S; response velocity, and air blast.
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Figure 2.9 Time histories of Crack 1 and 3 displacements from blast event 15 on July 22nd, 2002
at 11:49 AM compared to longitudinal, transverse, and vertical ground displacements, S,
displacement response, S; displacement response, (S,-S;) relative displacement, and air blast.



“Free response” is defined as structural response continuing after the cessation of
ground motion. Where free response occurs, as shown in Figure 2.10, the zero-point-
crossing method may be employed. Free response is necessary for the development of
this method because the natural frequency of a structure is most easily identified when it
is no longer excited by ground motion. The inverse of twice the time between successive
zero-crossings, or the period, results in an estimated dominant/natural frequency of the
structure. Natural frequencies estimated from S, horizontal, radial time histories, during

free response averaged 11-12 Hz.
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Figure 2.10 Free response of an S, velocity time history in the Connecticut house

The Fourier Frequency Spectra approach must be employed when little or no free
response is detected in a S, time history. For the purposes of this case study, Fourier
Frequency Transforms (FFT) are calculated with the dedicated software White
Seismograph Data Analysis (White Industrial Seismology 1998), and Northwestern
University Vibration Analysis, or NUVIB (Huang 1994). White Seismograph Data
analysis only accepts data files secured from White seismographs. Therefore, NUVIB
must be employed to transform crack displacement time histories. The ratio of structural
response and ground motion FFT amplitudes of the same component provides the means
to determine the dominant frequency of the structure, and is shown in Figure 2.11 (a) for
blast event 15 on July 22" in the longitudinal direction, and Figure 2.11 (b) for event 8
on June 10" in the vertical direction. In this figure, the longitudinal S; velocity spectra
(middle), is divided by the longitudinal ground motion spectra (bottom) to obtain the
dominant frequency spectra ratio (top). False peaks may develop when small structural
amplitudes are divided by much smaller ground motion amplitudes. To prevent these

large ratios of insignificant response and excitation, broad-frequency band, low amplitude
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noise should be added to both the structural and ground motion amplitudes (Dowding

1996). Alternately, these false peaks can be filtered out by replacing spectra amplitudes

less than ten percent of the peak amplitude with a value of exactly ten percent of the

peak. This latter approach was followed in this case.
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Figure 2.11 Spectra of S, velocity frequency fourier transform with ground velocity frequency
fourier transform ratio (top), S, velocity frequency fourier transform (middle) and ground velocity
frequency fourier transform (bottom) (a) for longitudinal response, Blast 15 and (b) for transverse

response, Blast 8
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Single degree of freedom (SDOF) responses were calculated for all longitudinal
and vertical ground motions produced by the blast events to estimate relative
displacements of the structure. A pseudo velocity response spectrum curve is generated
from SDOF analyses that represent the response of structures, of varying natural
frequencies, to the same ground motion (Dowding 1996).

The SDOF response spectrum for the longitudinal ground motion produced by
blast event 15 is shown in Figure 2.12. A damping coefficient of 5% was assumed in
determining the response spectra for all of the ground motions analyzed, based on
average values from previous studies (Dowding, 1996). The estimated natural frequency
of the superstructure is 10 to 12 Hz, while the estimated natural frequency of the wall is
17 to 18 Hz. Therefore the calculated displacement of the structure relative to the ground
at 11 Hz is 7000 pin (178 um), while the average displacement between 10 and 18 Hz. is
13620 pin (346 pm) via the SDOF spectrum in Figure 2.12.
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0.10

Relative Displacement
of an 11 Hz Structure

%

0.01 T T T T T T

0.1 1.0 10.0 100.0
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Figure 2.12 Single degree of freedom response spectrum of longitudinal ground motion

produced by Blast 15 on July 22", 2002 at 11:49 AM, showing the estimated relative
displacement of an 11 Hz structure



Figure 2.13 shows longitudinal, transverse, and vertical time histories of
excitation ground motion, S, structural response, airblast, and the corresponding addition
ceiling Crack 1 response associated with blast 8 (June 10", 2002). One of the inherent
challenges in Connecticut was establishing correlation criteria for Crack 1, which lies in
the ceiling of the apartment. The same analysis employed for the longitudinal responses
and correlated to the bedroom wall Crack 3 in the longitudinal plane, was performed for
all three axes of excitation and response, and correlated with Crack 1 response. Figure
2.11 (b) above shows the transverse FFT spectra for blast 8 and Figure 2.14 shows the
longitudinal, transverse and vertical single degree of freedom response spectrum.

The response of Crack 1 illustrates the importance of airblast control. For many
of the shots involved in this study there are two separate Crack 1 responses, one resulting
from the relatively low amplitude vertical ground motions (compared to the longitudinal
motions), and another resulting from the trailing airblast. Blasting at the quarry was
roughly 2500 feet from the house, therefore the airblast arrives roughly 1.8 to 1.9 seconds
after the ground motion, causing a completely independent displacement in Crack 1.
Crack 3 did not respond with nearly the same vigor to airblast events as Crack 1. The
quarry is situated such that the trailing air pressure impacts the long face of the structure,
causing a significant transverse response. Figure 2.13 clearly shows the effect of this
transverse motion on Crack 1.

The time history in Figure 2.13 shows the effect of a 132 dB airblast pressure
intersecting the structure. The corresponding 90 pin peak-to-peak Crack 1 displacement
is the largest recorded single crack displacement for this project. Of the 24 blast events
recorded, 11 of them produced airblast events over 115 dB, and 7 of them over 120 dB.
Crack 1 was far more sensitive to these airblast events than Crack 3, and was typically
more sensitive to them than the ground motion. The existence of large airblast over-
pressures is often a significant concern in mining and quarry operations.

Midway through the course of the project, it became apparent, however, that the
methods of measuring structural displacement, S, and S; due to ground motions, do not
accurately represent the true relative displacement of the ceiling, or of Crack 1 under
these conditions. For the final six events, a transducer was placed next to Crack 1, in the

center of the ceiling, to measure vertical mid-ceiling response, and obtain an out-of-plane
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ceiling response. The correlation of displacements calculated from motions at this ceiling
velocity transducer to Crack 1 displacement will be presented and evaluated later in the

chapter.

Crack 1 Displacement, Shot 8
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Figure 2.13 Time history of Crack 1 displacement from Blast event 8 on June 10", 2002 at 11:49 AM

compared to longitudinal, transverse, and vertical ground excitation, longitudinal, transverse, and
vertical S, response, and air blast.

20



Pseudo Velocity, in/s

10.00

——— Longitudinal SDOF, Blast 8

- e» «» «» = Transverse SDOF, Blast 8
= = = = \/ertical SDOF, Blast 8

0.1

. P
T T

1.0 10.0
Frequency, Hz

Figure 2.14 Single degree of freedom response spectrum of longitudinal, transverse,
and vertical ground motion produced by Blast 8 on June 10", 2002 at 11:49 AM
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Crack Response to Environmental Effects

Figure 2.15 compares the long-term response of the bedroom wall crack to the
long-term fluctuation of temperature and humidity. Long-term crack displacement was
measured hourly for the duration of the monitoring period, while temperature and
humidity were measured every ten minutes and averaged to obtain one sample per hour.
Some sharp changes are observed in the temperature, humidity and crack displacement
during the monitoring period. Large, simultaneous changes in temperature and humidity,
such as those on July 5™, July 12", and July 24™, produce the largest changes in crack
displacement.

A 24-hour rolling average of temperature, humidity and crack displacement were
systematically calculated at each hourly measurement by averaging the data 12 hours
before and 12 hours after (24 hours in total) each individual sample. See McKenna
(2002) for details. Overall averages of crack displacement, temperature and humidity for
the duration of the monitoring period are presented as horizontal solid lines in Figure
2.15.

Field measurements, 24-hour and overall averages are employed collectively to
quantify micro-inch crack response to weather effects. Weather effects are analyzed for
three different effects; frontal movements that change overall temperature and humidity
for periods of several days to weeks, daily response to changes in average temperature
and solar radiation, and extremes of unusual weather or other environmental effects
(McKenna 2002). Table 2.3 lists average and maximum values for the frontal, daily, and
total weather effects alongside values of crack response to maximum ground motions
associated with quarry blasting to compare the difference in magnitude of
environmentally induced and blasting induced crack response.

The frontal effect is defined as the deviation of a peak 24-hour average value from
the overall average. In other words, between instances of a 24-hour average curve and
overall average curve crossing, the frontal effect is measured as the peak, absolute
deviation of the 24-hour average from the overall average. The daily effect is defined as
the deviation of a peak field measurement from the corresponding 24-hour average.
Between each crossing of the field measurement curve and the 24-hour average, the daily
effect is measured as the peak, absolute deviation of the field curve from the 24-hour
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Figure 2.15 Long-term Crack 1, Crack 3, and null gage displacement, temperature, and humidity versus time
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average. The final descriptor, the total weather effect, is defined as the difference in the

peak field measurement from the overall computed average. Between each crossing of

the field measurement curve and the overall average the weather effect is computed as the

peak, absolute value of the field measurement minus the overall average. The average

and maximum values of these three effects on crack displacement, temperature and

humidity are presented in Table 2.3.

Temperature CracK Crack
Change Humidity Displacement | Displacment
Crack Sensor 1- Apartment Ceiling (DegF) Change (uin) (um)
Frontal Effect
Average deviation of 24-hour average from overall average 5 4 3346 85
Maximum deviation of 24-hour average from overall average 12 14 7283 185
Daily effect
Average deviation of field measurement from 24-hour average 15 15 669 17
Maximum deviation of field measurement from 24-hour average 5 11 5748 146
Weather Effect
Average deviation of field measurement from overall average 5 4 3543 90
Maximum deviation of field measurement from overall average 15 15 8307 211
Blsting Effect
Typical vertical ground motion (PPV=0.10 ips) - 35 0.89
Maximum ground motion (PPV= 0.345 ips) - 90 2.89
Temperature Crack Crack
Change Humidity Displacement | Displacment
Crack Sensor 3- Bedroom Wall (DegF) Change (pin) (um)
Frontal Effect
Average deviation of 24-hour average from overall average 4 6 669 17
Maximum deviation of 24-hour average from overall average 13 23 1693 43
Daily effect
Average deviation of field measurement from 24-hour average 2 2 217 5.5
Maximum deviation of field measurement from 24-hour average 6.5 15 1142 29
Weather Effect
Average deviation of field measurement from overall average 4 6 748 19
Maximum deviation of field measurement from overall average 14 26 2165 55
Blsting Effect
Typical Radial ground motion (PPV=0.10 ips) - 30 0.74
Maximum ground motion (PPV= 0.345 ips) - 72 1.82

Table 2.3 Computed crack displacements due to long-term weather phenomena,
typical ground motion and maximum ground motion in Connecticut
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Figure 2.16 displays in detail the relatively dominant effect of weather
phenomena on crack displacement versus that of blast-induced ground excitation. This
Figure shows the response of Crack 1 in the apartment over two full days, June 10" and
11" 2002, during which significant blast event #8, time histories of which are shown in
Figure 2.17, occurred with a peak particle velocity of 0.08 ips and airblast of 132 dB.
This daily response is compared with the response during the entire period of
observation. The blast effect on Crack 1 is circled and labeled on Figure 2.16.

Blast event 8 and its resultant displacement time history for Crack 1 are unique to
those previously analyzed for two reasons. First, the 132 dB airblast that occurs
approximately 2 %2 seconds into the monitoring period produces a peak crack
displacement of 180 micro-inches, far exceeding the 35 micro-inch displacement induced
by the ground motion. Second, this airblast also produces what appears to be a 90 micro-
inch offset during the 8-second record. However, the magnified hourly crack response in
Figure 2.16 shows that the daily weather phenomena on June 10™ produced a maximum
crack displacement in the apartment ceiling of 1500 micro-inches, which is an order of
magnitude greater than that produced by the event. This crack, even if it were offset by
90 micro-inches, was returned to its pre-blast displacement less than four hours later as a
result of the temperature and humidity change.
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Figure 2.16 Long-term Crack 1 displacement magnified to show 48-hours of response data surrounding blast event 8 on June 10", 2002
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Comparison of Computed and Measured Crack Displacements

The maximum measured crack displacement produced by each shot is compared
in the longitudinal and vertical directions in Table 2.4 (a) and (b) to various computed
wall displacements based on structure response and peak ground motions. Structure/wall
displacements were computed using a number of methods such as the integration of
velocity time histories and the single degree of freedom response spectrum method.
Response of bedroom wall Crack 3 correlated best with ground motions and
displacements in the longitudinal direction, and displaced with zero correlation to
airblast. Crack 3 is on an interior wall, so this poor correlation is expected. Apartment
ceiling Crack 1, however, responded better to certain ground motion and structural
displacements in various axial directions. Correlations of Crack 3 responses are
presented in Figure 2.17. Correlations of Crack 1 displacement in the longitudinal
direction are presented in Figure 2.18, transverse in 2.19, and vertical in 2.20. In
addition, Figure 2.20 presents the correlation between Crack 1 displacement and
measured airblast. Details pertaining to the aforementioned methods in the computation

of structural displacement are presented below.
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Relative Displacement of Structure, 8, by Method (pin) Velocities (in/sec) Crack Displacements
Integration of Velocities SDOF Method
Vertical Vertical Vertical |Transverse|Transverse| Longitud. | Longitud. Vertical Transverse | Longitudinal
(S2)max (G)max (S2)max (G)max (S2)max (G)max fa=12Hz fo=12Hz fa=12Hz Peak Upper Vertical
Date| (Smidceiling) Particle Structure | Midceiling] Crack 1 Crack 3
Shot # (S2-St)max | (S2-G)max | (S2-St)max | (S2-G)max | (S2-S1)max | (S2-G)max | fa = 10-20Hz | fn = 10-20Hz| fo = 10-20Hz]  Velocity (S2)max (Smid)max (uin) (uin)
1000 460 2600 1690 1600 1460 3243 8816 6529 0.180 (L) 0.160 (L)
5/20/2002 N/A 0.165 (T) 0.240 (T) N/A 41 N/A
1 1100 900 1300 1700 1600 2200 2726 10678 10600 0.055 (V) 0.115 (V)
300 210 1200 410 400 260 1422 2430 1221 0.030 0.035
5/22/2002 N/A 0.050 0.090 N/A 14 N/A
2 800 1000 1200 1300 400 500 931 2426 2055 0.025 0.040
600 80 700 400 300 500 300 1600 2097 0.065 0.035
5/22/2002 N/A 0.050 0.065 N/A 19 N/A
3 800 800 800 500 290 600 389 2638 3352 0.020 0.030
1300 600 2300 1100 600 800 1800 4500 3571 0.105 0.070
5/23/2002 N/A 0.150 0.160 N/A 39 N/A
4 N/A 1300 N/A 2110 N/A 1100 2100 7117 5268 0.075 0.180
900 700 2000 900 900 1400 2000 3000 3200 0.125 0.060
5/23/2002 N/A 0.085 0.140 N/A 44 N/A
5 N/A 950 N/A 2050 N/A 1270 1962 4000 4242 0.065 0.070
700 560 2000 780 900 780 2000 3990 4400 0.100 0.080
5/23/2002 N/A 0.085 0.135 N/A 38 N/A
6 1000 1000 2000 2000 1000 1200 2300 6000 6553 0.055 0.060
1150 300 1100 660 500 640 1300 3561 2000 0.080 0.045
6/3/2002 N/A 0.080 0.110 N/A 30 N/A
7 1700 1900 1300 1100 500 800 1345 4754 3768 0.040 0.070
600 300 4700 720 1000 520 1154 3132 1827 0.080 0.030
6/10/2002 N/A 0.070 0.035 N/A 17 N/A
8 700 600 4500 4700 1000 1000 1400 4300 3059 0.030 0.030
660 380 2520 1000 620 1000 2300 4852 3553 0.145 0.070
6/17/2002 N/A 0.125 0.195 N/A 29 25
9 580 740 3000 1640 730 1130 1700 7175 5647 0.055 0.080
830 310 1270 900 400 600 544 3300 2014 0.080 0.040
6/18/2002 N/A 0.110 0.125 N/A 35 19
10 770 970 1510 1020 430 800 698 6140 3605 0.030 0.060
510 410 790 500 360 600 1737 2578 1800 0.080 0.035
6/26/2002 N/A 0.065 0.080 N/A 25 15
11 580 560 910 750 340 670 1619 2918 2905 0.050 0.050
1390 910 1910 120 1170 1000 2600 3421 3185 0.125 0.135
7/9/2002 N/A 0.160 0.185 N/A 41 31
12 1060 1380 2280 1640 1120 1350 3331 6984 5103 0.160 0.190

Table 2.4 (a) Traditional structure response and ground motion controls with Crack 1 and 3 displacements for blast events 1 through 12 in Connecticut
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Relative Displacement of Structure, 3, by Method (pin) Velocities (in/sec) Crack Displacements
Integration of Velocities SDOF Method
Vertical Vertical JTransverse|Transverse] Longitud. | Longitud. Vertical Transverse | Longitudinal
(Sz)max (G)max (Sz)max (G)max (Sz)max (G)max fn=12Hz fn=12Hz fan=12Hz Peak Upper Vertical
Date Particle Structure | Midceiling] Crack 1 | Crack 3
Shot # (SZ-Sl)max (SZ-G)max (SZ-Sl)max (SZ-G)max (SZ-Sl)max (SZ-G)max fn = 10-20Hz | fn = 10-20Hz] f» = 10-20Hz Velocity (Sz)max (Smld)max (Hln) (Hln)
750 460 1480 700 570 700 976 1734 2236 0.080 (L) 0.050 (L)
7/12/2002 N/A 0.065 (T) 0.085 (T) N/A 20 13
13 460 850 1470 1500 580 700 1066 2700 2421 0.045 (V) 0.060 (V)

1810 640 2280 1600 1290 1500 2614 6839 5365 0.190 0.145

7/16/2002 N/A 0.180 0.230 N/A 60 59
14 1690 1700 2810 2580 1000 1730 3000 11053 9647 0.095 0.230
1670 660 2290 1970 1130 2540 1965 6709 7494 0.345 0.165

7/22/2002 N/A 0.255 0.220 N/A 90 50
15 1440 1710 2400 2720 1480 3150 2244 11907 13620 0.095 0.230
980 670 1540 1180 1100 910 1411 4441 3170 0.140 0.145

7/26/2002 N/A 0.140 0.180 N/A 50 28
16 910 1270 1640 1770 1040 1290 1843 6719 4524 0.070 0.130
290 370 730 510 510 650 1078 1632 1447 0.075 0.050

7/30/2002 N/A 0.055 0.080 N/A 23 12
17 250 200 810 830 360 570 1223 2600 2460 0.035 0.040
1390 840 3000 1430 1010 1510 2338 6481 4682 0.195 0.130

8/2/2002 N/A 0.155 0.225 N/A 80 37
18 1060 1690 3090 3030 980 1500 3529 9649 6670 0.115 0.180
3080 660 1880 880 1230 1500 2051 3859 3671 0.215 0.155

8/15/2002| 3490 0.130 0.170 0.460 38 33
19 1600 3700 1950 2300 1260 1640 1987 4200 4712 0.085 0.180
2920 870 1640 1130 1180 1950 2125 4000 6433 0.285 0.115

8/23/2002| 4420 0.140 0.175 0.590 47 38
20 2180 2940 1680 2340 110 2160 2484 5100 10316 0.095 0.320
5080 730 2220 1620 920 2220 4334 9721 7020 0.280 0.100

9/3/2002] 2000 0.210 0.195 0.250 70 60
21 3050 4990 3050 1890 1060 2290 3679 12111 9627 0.100 0.480
2440 940 1360 930 810 1880 3290 5017 6230 0.270 0.105

9/10/2002| 3290 0.150 0.155 0.445 60 34
22 1650 2490 1610 1900 870 2160 3364 5300 8795 0.135 0.320
3170 720 2980 1190 1560 1830 4253 5000 5366 0.280 0.185

9/17/2002| 2820 0.175 0.235 0.385 57 48
23 1910 3260 2990 2730 1680 2050 3189 7254 8468 0.095 0.330
2240 360 1190 470 720 920 1328 1885 2400 0.155 0.090

9/20/2002| 1470 0.060 0.105 0.220 27 28
24 1430 2240 1200 1010 670 1100 1238 3235 4334 0.055 0.210

Table 2.4 (b) Traditional structure response and ground motion controls with Crack 1 and 3 displacements for blast events 13 through 24 in Connecticut
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Velocity Time History Integration

Displacement time histories are calculated by integrating velocity time histories.
By subtracting time correlated (+0.001 sec) pairs of integrated time histories, a relative
displacement time history is produced. This difference was calculated for two pairs of
displacement time histories: 1) upper corner response, S, minus lower corner response,
S1, and 2) S; minus ground motion, G. Comparisons between measured crack
displacements and the peak values of these resulting displacement time histories, (S,-
S1)max and (Sz- G)max, are presented graphically in Figures 2.17 through 2.20.

Displacements were also estimated from the integrated ground velocity time
histories exclusively. The comparison between measured crack displacement and the
peak of these displacement time histories, Somax and Gmax, are presented in Figures 2.17
through 2.20.

Single Degree of Freedom Response Spectrum Method

As described earlier in the chapter, by analyzing SDOF response spectra of blast-
induced ground motions, relative displacements can be estimated for structures of
different dominant frequencies. Two approaches were employed in estimating relative
displacements via this method. The first was to run an SDOF at 11 Hz to calculate the
relative displacement associated with the estimated natural frequency of the structure.
These computed relative displacements are then compared with measured crack
displacements and shown in Figures 2.17 through 2.20.

The second approach in estimating relative displacements based on the SDOF
method was to average the relative displacements of structures with natural frequencies
of 10-15 HZ found most likely from previous studies. Comparisons between the
measured crack displacements and these average relative displacements are also
presented in Figures 2.17 through 2.20.

Correlations to Ground and Structural Motions

The square of the correlation coefficient, R, is employed to describe correlations.
Microsoft Excel defines R? as the square of the Pearson product moment correlation
coefficient, which is the proportion of the variance in the value of measured crack

response, depending on the variance in the estimator.
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In previous case studies (McKenna, 2002), the best correlations with measured
crack displacement were those produced by structural motion, S, and S,-S; for single-
story structures. These measured responses correlate the best because they give the most
accurate representation of in-plane wall strains and relative wall displacements. S,-G is
less accurate than Sy-S; as there is some transfer of energy between the ground and the
house.

S,-S; relative displacement calculations in this case, however, are less applicable
because of the large construction and material differences between the lower concrete
masonry unit garage walls and the upper wood frame apartment walls. Thus, values
calculated for S,-S; response in the Connecticut house represent relative displacements of
wall components of two different construction techniques and the mode shapes and
response cannot be properly estimated without a transducer, S; 5, at the interface between
the upper and lower stories. In addition, structural response data were recorded only in
the apartment/garage addition and Crack 3 is located on an interior wall in the bedroom at
the east, opposite end of the main unit of the house. This portion of the house is founded
differently. Therefore it will experience an S, response different than that measured
above the garage. Were these situations to be corrected (S; recorded at the base of the
apartment wall and structural response recorded in the bedroom of the main unit), these
correlations would be expected to improve significantly.

Crack 3 displacement responds best to ground and structural motions in the
longitudinal direction, and does not correlate at all to airblasts, as shown in Figure 2.17.
This result is expected, as Crack 3 lies in the longitudinal plane and sits on an interior
wall, thus negating the relative effect of airblasts. The highest correlations are those that
involve peak particle velocity and integrated ground velocity. The best structural
correlations are the single degree of freedom response spectra relative displacement
calculations.

Crack 1 displacement correlates with both longitudinal and transverse motions
almost equally; being highly responsive, it is most likely to give the appearance of
responding to axial motions that produce significantly greater particle velocities. Crack 1
displacements are also divided into two separate categories; those resulting from ground
motion, and those resulting from airblasts. The correlation between airblast-induced
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Crack 1 displacement and airblast-induced transverse S, response (also divided into two
categories), is very good, R?=0.94. The correlation between airblast-induced Crack 1
displacement and airblast decibel level is also quite good, R?=0.82.

The highest correlation (0.96) for Crack 1 response occurs with the summation of
integrated velocities, So+Smidceiling Shown in Figure 2.21 in the vertical direction. Figure
2.22 shows time histories of Crack 1 displacement, Crack 3 displacement, longitudinal,
transverse, and vertical particle velocity, vertical ground displacement, vertical S,
velocity and displacement, Smidceiling Velocity and displacement, vertical So+ Smidceiling
relative displacement and airblast for Shot 20. The midceiling responses were obtained
only for the final six shots. Figure 2.22 shows time histories for blast event 20, and
includes ground velocities in all three directions, ground displacements in the long and
vertical directions, upper corner structure (S,) velocity and displacement in the long and
vertical directions, and vertical midceiling (Smigceiling) Velocity and displacement. The
midceiling response during this event is greater than that at the corner (S;), and it can be
seen that Crack 1 displaces more in tandem with the Sy+Smidceiling response than to any
other time history. Thus, a continuing displacement at approximately the 1-second mark

is seen for both the measured crack displacement and that calculated as Sy+Smigceiling-
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Figure 2.17 Correlations between measured Crack 3 displacement and longitudinal ground motions, relative structural displacements, and airblast
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Figure 2.18 Correlations between measured Crack 1 displacement and longitudinal ground motions and relative structural displacements
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Figure 2.19 Correlations between measured Crack 1 displacement and transverse ground motions, relative structural displacements, and Crack 1
airblast response versus airblast induced upper structure response
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Figure 2.20 Correlations between measured Crack 1 displacement and vertical ground motions, relative structural displacements, and airblast
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Figure 2.21 Correlations between measured Crack 1 displacement and vertical structural and midceiling velocity and displacements
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Figure 2.22 Time histories of Crack 1 and 3 displacements from blast event 20 on August
23" 2002 at 11:49 AM compared to longitudinal, transverse, and vertical ground velocity,
vertical ground displacement, S, response velocity and displacement response, Smidceeling
velocity and displacement response, (S;+Smigceiling) Felative displacement, and air blast.






Shot 1 (Narrow V, single face) vs. Shot 9 (Wide V, double face )
Shot 1 involved a maximum charge weight of 550 Ib/delay at a distance of 2429

feet from the house, for a scaled distance factor of 104 ft/Ib"2. It produced a peak particle
velocity of 0.18 ips (longitudinal) and a Crack 1 displacement of 41pin. Shot 9 involved
a charge weight of 833 Ib/delay at a distance of 2693 ft for a scaled distance of 94 ft/Ib'?,
a peak particle velocity of 0.145 ips (longitudinal) and a Crack 1 displacement of 29pin.
Both of these were standard production shots, and occurred at the same time of day.

The borehole layouts and timing patterns for these two shots are shown in Figure
3.4. Shot 1 is a narrow V pattern on a single face and maximum shot delay of 352ms
(plus 500ms in hole). Accounting for the 8ms timing error discussed previously, there
were a maximum of 2 holes per delay throughout the duration of the shot. With a total
shot weight of 8280 Ibs of explosive and 30 total holes, there are 276 Ibs of explosive per
hole. Shot 9 is a row-by-row or wide V pattern with two free faces and a maximum shot
delay of 428ms (with 500ms in hole). There are a maximum of 3 holes per 8 ms delay,
total shot weight of 10,271 Ibs, 37 total holes and 278 Ibs of explosive per hole.

Figure 3.5 shows longitudinal and vertical time histories corresponding to shots 1
and 9, the top six show responses to Shot 1. Time histories are shown for Crack 1
response, longitudinal and vertical ground motion, longitudinal and vertical S; structural
response and decibel level airblast for shot 1, while those for Shot 9 are one the bottom.
The peak longitudinal particle velocities for both these events are shown with shot 1
having a slightly higher value of 0.18 ips than 0.145 ips for shot 9. Both of these shots
have identical peak particle velocities in the vertical direction of 0.55 ips. Despite these
measurements, shot 1 produced a vertical structural response 44% higher (0.115 ips vs.
0.08 ips) and Crack 1 displacement 25% greater (41pin vs. 29uin) than Shot 9.

The significant structural and crack response differences in this comparison shows
the effect of borehole layout, shot progression, free face employment and general shot
design criteria. Under standard blast design criteria, the lower scaled distance factor for
shot 9 should produce larger ground motions and more significant structural and crack
response. However, the row-by-row geometry, shot progression and the existence of a
curved/multi-face for shot 9 may have provided more relief. The timing progression in
Figure 3.4 for Shot 9 shows five total rows, wherein each row contains only one
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overlapping delay (within 8ms). Even though there are a maximum of three holes per
delay, the holes are spread out and progress in opposite directions. Shot 1 is a narrower

“V” pattern, which is also traditionally employed to distribute explosive energy in

multiple directions, but there is only one free face for relief.

FACE
92 67/ 42 0 25 75 100

176 151 126 84 109 134 159

260 235 210 168 193 218
344 319 294 262 277 302 327 352
[ 277 10’

SHOT 1 4" DIA. 55" DEEP 552 |BS/DELAY

FACE
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192 167 142 117 126 168 193 218
act . . . . . . . .
310 285 260 235 210 252 277 302
419 394 369 344 31 361

el ]

SHOT 9 4" DIA. 36" TO 45" DEEP 835 LBS/DELAY

Figure 3.4 Borehole geometry and delay timing patterns for blast events 1 and 9
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Figure 3.5 Crack 1 displacement time histories for blast events 1 and 17 compared to

longitudinal ground motion, longitudinal S, structural response, vertical ground motion,

vertical S, structural response, and airblast
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Shot 8 (Shallow stemming) vs. Shot 15 (Normal stemming)

Shot 8 involved a charge per delay of 600 Ibs, at a distance of 2217 feet, with a
scaled distance factor of 91 ft/Ib"2. It produced a peak particle velocity of 0.08 ips. Shot
15 with a charge per delay of 810 Ibs, at a distance of 2376 feet, has a scaled distance
factor of 84 ft/Ib' and the largest monitored peak particle velocity of 0.345 ips.

The borehole layouts and timing patterns for these two shots are included as
Figure 3.6, and their respective time histories are presented as Figure 3.7 in the same
format as Figure 3.5. Shot 8 produced a rare, maximum 132 dB airblast that caused a
great deal of response in Crack 1. The reasons for this air pressure are unknown, but is
most likely the result of a combination of blasting a knoll on the north end of the quarry
whose free-face was at an elevation well above the structure and stemming too short to
effectively contain the explosive gases. The blasting log for this event shows a grouping
of 16, 3.5” holes drilled to an eight-foot depth with five feet of stemming. Conventional
blasting design calls for stemming of approximately 30 times the diameter of the hole, or
7 to 8 feet for 3.5” holes.

In contrast to Shot 8, Shot 15, elicited the maximum peak particle velocity of any
recorded event, 20% higher than the next highest PPV, but did not have the smallest
scaled distance factor. This shot was designed with 4” holes drilled to 36 to 45 feet with
12 feet of stemming in a “V” pattern. Although this shot progressed to the north in the
general direction of the structure and provided what appears to be an ideal circumstance
for high-energy transfer. Typically the “V” pattern employed in this situation with a
standard 25 ms delay and 10 foot burden usually directs the seismic energy in two

directions, and consequently keeps vibrations to a minimum.
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