Florida Department of Transportation

Title

EFFECTS OF VIBRATION AND SOUND DURING THE

INSTALLATION OF DEEP FOUNDATIONS

Part of State Project No. 99700-3361-010, WPI Ne. 0510794

Dr. D. V. Reddy
Principal Investigator
Professor and Director
Center for Marine Structures and Geotechnique
Department of Ocean Engineering
Florida Atlantic University
Boca Raton, FL

Dr. K. Tawfiq
Subcontractor
Associate Professor and Associate Chairman
Department of Civil Engineering
Florida State Unijversity
Tallahassee, FL.

Dr. 8. Putcha
Contractor Monitor
State Geotechnical Construction Engineer
Florida Department of Transportation
Tallahassee, FL

Ansgrpet 3000

{
&



ACKNOWLEDGEMENTS

The Principal Investigator, Dr. D. V. Reddy, and the Subcontractor, Dr. K. S. Tawfiq,
would like to thank the Florida Depaﬁment of Transportation (State Project # 99700-
3361-010, Work Program # 0510794 Contract # BA 510) for its generous financial
support. Gratitude is expressed to the Contract Monitor Dr. S. Putcha, State Construction
Geotechnical Engineer, Construction Division, FDOT, Tallahassee, FL, for his continued
interaction with invaluable input, encouragement, and guidance.

Thanks are due to following agencies/companies for their participation and
support :

Florida Department of Transportation, District Two 1901, South Marion Street,
(Mr. Dan Tumer) Lake City, FL 32025

Law Engineering and Environmental Services, Inc. 3901, Carmichael Ave.
(Mr. K. Mclntosh) & Mr. B. Kinney, Jr) Jacksonville, FL 32207

2104, Corporate Drive,
Boynton Beach, FL 33426

Williams Earth Sciences, Inc. 11329, Distribution
Avenue West
Jacksonville, FL 32356

Technos, Inc. ' 3333, Northwest 21st Street
Miami, FL 33142

Goble Rausche Likins and Associates, Inc. 8008, S.0range Ave.
Orlando, FL. 32809

Coastal Caisson, Inc. 12290, US 19N
Clearwater, FL. 34624

Curry Industries, Inc. 3020, NE 188th Street,
Miami, FL 33180

Environmental Noise Control 4402, Southwest 74%
Avenue,Miami, FL
33155-4408



Appreciation is expressed to Mr. C. S. Gonzalez- Mier, former Graduate Assistant at
FAU, who was the principal cbntributor for the field investigation on drilled shafts with
his M.S. thesis based on the project, and Mr. R. Ruiz, former Research Engineer at FSU,
who helped with the labc;rétory testing . Other graduate students at FAU, who
participated, were Mr. B. Butul, Mr. B. Carratt, Mr. C. Cazagnaire, Ms. K. Surles, Mr. F.
Navarette, and Mr. T. Pierro. Mr. T. Pieno was the principal contributor for the
laboratory and field investigation of pile noise.

The administrative - support of Dr. S.E. Dunn, Professor and Chairman,
Department of Ocean Engineering, and Dr. J. T. Jurewicz, Dean of Engineering, Florida

Atlantic University, is gratefully acknowledged.

iii



EXECUTIVE SUMMARY

This project addresses two frequent construction problems associated with deep
foundation installation: 1) The effect of vibrations induced during the installation of
drilled shafts, on “green concrete”, defined as freshly placed and maturing concrete
within 24 hours after initial placement, and ii) Noise levels during pile driving due to the
low threshold of human perception.

The laboratory investigation addressed the determination of the damage threshold
particle velocity by shake table vibration testing of concrete cylinders at predetermined
time delays (0,1,2,3,4, and 24 hours), ultrasonic testing for compression moduli before
compressive strength testing, and testing of cored cylinders from full scale drilled
shafts. The principal finding from laboratory testing was that construction vibrations that
produce particle velocities less than 8 in./sec would not have any effect on the
compressive strength or compression modulus of the concrete aged between the time of
placement to the first 24 hour.

In the field investigation, the peak particle velocities during drilled shaft were
monitored to determine their effect on “green concrete”. The principal findings from the
field study are as follows: 1) Vibrations, with peak particle velocities of upto 2.5 in./sec
do not cause damage to the ‘‘green concrete™ at a distance of two times the shaft diameter
and beyond. ii) In general, a spacing of three times the shaft diameter would be a safe
specification to ensure no concrete damage due to shaft vibration.

In Part 2, the propagation of noise generated from the driving of concrete piles
was measured and the effect of mitigation though the use of an acoustic curtain
evaluated. This project focused on the use of an acoustic curtain constructed of a
combination of absorptive and reflective matertals to provide a complete enclosure of the
source to mitigate the propagation of the inherent noise. In the field, a full-scale
experiment was conducted by evaluating noise levels generated from the installation of
concrete piles, with and without the aid of the acoustic curtain, a reinforced polyvinyl
chioride outer shell for added mass, w1th a specially developed inner lining of 2in. thick
fiber glass acoustic insulation (1.5 Ib/ft?). The results indicated that noise levels were
reduced by up to 10dB, with the curtain enclosing the diesel hammer. Further research is
recommended.



SUMMARY

This project addresses one of the frequent construction problems associated with
deep foundation installation. The primary concern is the effect of vibrations on “green”
concrete, where, “green” concrete as defined in this paper refers to freshly placed and
maturing concrete within 24 hours after initial placement. And the noise levels during
pile during due to the low threshold of human perception.

The project is divided into two parts. Part 1 addresses the" Effects of Vibrations
Induced During the Installation of Drilled Shafts" and Part 2, the “ Effects of Sound
Induced During the Installation of Piles”. Part 1 c-ompn'ses Field and Laboratory
Investigations. The field work was carried out by Florida Atlantic University, FAU
laboratory at four sites-two preliminary tests at FAU, one in Delray Beach, FL, and the
other in Clearwater, FL. The laboratory investigation was done by Florida State
University, FSU. Part 2, a minor component of the research project, was mainly a field
investigation with a component of laboratory work, all of which was carried out by FAU.

In Part 1, a review of the characteristics of construction vibration is followed by a
laboratory investigation to determine the peak particie velocify by shake table vibration
testing of concrete cylinders at predetermined time delays (0,1,2,3,4, and 24 hours) and
their compressive strength testing at 3, 7, 14, and 28 days. The input signals were based
on field acceieration records transformed from the time domain to the frequency domain
by using the Fast Fourier Transform(FFT). The measurements also included ultrasonic
testing for compression moduli before compressive strength testing. Core samples from
full-scale drilled shafts were also tested in the laboratory. The field investigation

addressed the monitoring of drilled shaft installation-induced vibrations (peak particle



velocities) in the ground and their effect on "green concrete". Sets of two shafts 24”
(unreinforced) and 36” (reinforced) were installed. The purpose of the smaller shaft was
to determine the effect on the integrity and strength of a shaft within a three diameter
distance from the vibrating source. The instrumentation consisted of subsurface triaxial
accelerometers attached to the steel casing, surface accelerometers in the ground, and
geophones at varying depths in a circular array around the vibrating steel casing. Both
control concrete and cored concrete cylinders were tested for compressive strength. The
Pile Integrity Testing (PIT)- a combination of the Pulse Echo Method (PEM) and the
Transtent Response Method (TRM), and Cross-Hole Sonic Logging (CSL) were the
Nondestructive Testing Methods used. Additionally, Geophysical Logging was carried
out with neutron-neutron (porosityj and gamma-gamma (density) measurements.

Vibrations, with peak particle velocities of up to 2.5in./sec did not cause damage
to the “green concrete”. The PIT and CSL tests also indicated no damage, although the
data at the Clearwater site was incomplete for the upper thirds of the shaft poured. The
recommendation is made for using strains, rather than particle velocities, to monitor
damage in "green concrete", as the same velocity would produce different strains
amplitudes in different materials and in different structures. The principal findings are as
follows: 1) a spacing of 3 times the diameter of a shaft, between shafts, seems to be
generally conservative, 2) concrete cured upto 24 hours is not damaged due to vibrations
due to particle velocities upto 2.5 in/sec,

In Part 2, the propagation of noise generated from the driving of concrete piles
was measured and the effect of mitigation though the use of an acoustic curtain

evaluated. This project focused on the use of an acoustic curtain constructed of a



evaluated. This project focused on the use of an acoustic curtain constructed of a
combination of absorptive and reflective materials to provide a complete enclosure of the
source to mitigate the propagation of the inherent noise.

Tests were conducted in a laboratory chamber, with a sample acoustic curtain,
indicated noise level reductions more than 16 dB, identifying the strong need for field
testing. In the field, a full-scale experiment was conducted by evaluating noise levels
generated from the installation of concrete piles, with and without the aid of the acoustic
curtain, a reinforced polyvinyl chloride outer shell for added mass with a specially
developed inner lining of 2in. thick fiber glass acoustical insulation (1.5 1b/ft?). The
resuits indicated that noise levels were reduced by up to 10dB, with the curtain enclosing

the diesel hammer. Further research is recommended.
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PART 1

EFFECTS OF VIBRATION INDUCED
DURING THE INSTALLATION
OF DRILLED SHAFTS



CHAPTERI

INTRODUCTION

1.1 STATEMENT OF THE PROBLEM
Construction of drilled shafts often induces ground vibrations with varying

intensities. The generation of the vibration is usually caused by the process of drivin g the
exterior casings needed to stabilize the boreholes, in addition to the other construction
related vibrations. The casing method of construction is very common in Florida,
especially for deep foundations in waterways. The casing method in drilled shaft
constmction. may be used on a temporary or permanent basis. Specifications of the
Florida Department of Transportation (FDOT) require that all cln'licd shaft casings be
removed except for those intended to be permanently placed in the boreholes (FDOT
Specifications 455-15.4 and 455-15.5). If the permanent casing method is specified for
certain site conditions, then the deeper shafts have to be constructed to compensate for
the less of skin friction due to the presence of the casings. Another situation, where _
casings may become permanent, occurs’ due to the difficulty of withdrawing the casing
from the excavations. Such sifuations should be assessed by the project engineer, and the
contractors are usually compensated for the extra cost. On the other hand, temporary
casings are removed during concrete placement in the shaft, when the concrete cures a
workable condition.

Current specifications provide regulatory procedures for protection of existing
structures from the drilled shaft construction induced vibrations. Under article 455-1.1,
structures within a distance of ten shaft diameters or the estimated shaft depth, whichever

is greater, should be monitored for settlement, andlfor possible development of



structural cracking. Existing foc;tings within a distance of three times the depth of the
excavation, should also be monitored. The vibration monitoring equipment should be
capable of detecting velocities of 2.5 mm/sec (0.1 in./sec) or less. It is mandatory that
the source of vibrations cease immediately when structural settlement reaches 1.5 mm
(0.06 in.}vibration levels reach 13 mm/sec (0.5 in./sec), or damage to existing structures
occurs.

However, the current spécifications do not provide acceptable levels of construction
induced vibrations for drilled shafts with freshly placed concrete. A waiting period of
about 12 to 24 hours may be required before construction proceeds. Although the FDOT
specifications do not necessitate such a time span for CVCI;y project, the delay periods are
usually set by the project engineers at the sites. The rationale behind these restrictions is
to allow additional curing time for the freshly placed concrete to avoid any possibility of
changes in the physical or mechanical properties of the concrete.

Despite the fact that uncontrolled vibrations are usually not allowed during
concrete placement,_ such restrictions have been considered by contractors as subjective

and unsubstantiated.
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1.2 BACKGROUND

In recent years, Florida has undergone a significant growth in its population.
Consequently, the infrastructure of the state's roadways has been expanding to
accommodate the traffic load accompanying the population growth. Continuous efforts
are now underway to increase the vehicular capabilities of the roads. The greatest
challenge posed is in the construction of new bridges or lane widening of existing ones or

OVErpasses.

Some of the Florida DOT construction projects use deep foundations because of the
following advantages:
» Very high load carrying capacities.
¢ Applicability to a wide variety of load conditions.
. Largé resistance to lateral and uplift forces.
* Significant resistance to -scour-
This research project addresses one of the frequent construction problems associated with
deep foundation installation. The primary concern is the effect of vibrations on "green”
concrete, where, "green” concrete as defined in this report refers to freshly placed and
mafuring concrete within 24 hours after initial placement. The investigation addresses the
effect of the stress waves due to the installation process with respect to their frequency

and the peak particle velocity, and on the integrity of adjacent foundations.

1-3 SCOPE OF THE WORK

| Several concerns have often been raised by engineers and practitioners regarding
the effect of construction induced vibration during drilled shaft installation. These
concerns can be listed as follows:

1 What is the magnitude of construction vibration that can be generated without



affecting the properties of a freshly poured shafts?

2 What is the minimum allowable distance between the shafts that construction
induced vibration would not adversely impact the concrete properties?

3  What is the minimum allowable distance between the shafts that construction
induced vibration would not adversely impact the general performance of the
shafts?

4  If there is any effect of the construction vibration at one site, is it possible that
changing the site conditions may negate or augment these effects?

The extent of these questions has necessitated the current investigation. The effect
of construction -induced vibrations on the overall performance of drilled shafts involves
full scale load testing and settlement monitoring setups.

To investigate the effect of the induced vibration on drilled shafts with the freshly
placed concrete, it was decided that the work be divided into three parts. These parts are
comprised of the following:

Laboratory study of the effect of vibration on the compressive strength and the
compression modulus of a fresh concrete. This task was needed to predetermine the
thresholds of the velocity amplitudes and to assess the time delay required to avoid
any changes in the properties of the concrete.

Full scale field testing to determine the nature of the vibrations generated by a
driven steel casing and to record the patterns of the propagated waves as the casing
penetrates the ground.

Field investigation of a typical simulated construction procedure of full scale drilled
shafts subjected to construction vibrations with different time delays.

Although the source of the vibration in drilled shaft installation is limited to certain
waveforms, attempts have been made in this study to collect time-history records directly
from a full scale casing driven in the ground and to correlate the generated waves to those

propagated in the vicinity of the shafts. Since a search of the literature has not revealed

any prior work related to the vibration of drilled shaft casing, it was decided in this study



to attach a special type of shock accelerometer to a steel casing to record the generated
signals in the longitudinal direction along the shaft length. The accelerometer was
positioned at predetermined locations along the casing and records were collected at
various depths.

The above stated tasks were distributed between the two the principal investigators,
Florida Atlantic University and Florida State University. The laboratory testing was
conducted at the Civil Engineering Department at F'loﬁda'State University, and the full
scale field tests were performed by Florida Atlantic University at sites located at the
Boca Raton campus, Delray, Miami, and Clearwater. Florida State University
participated in all the field testing ‘activities and carried out all the laboratory and field
analysis of results. Figure 1.1 presents a detailed schematic of the scope of work and all
the efforts devoted to accoi'nplish this study.

1-4 REPORT ORGANIZATION

The following chapters present in detail all the tasks involved in this study preceded
by a thorough literature review describing relevant subject matters such as: (1) general
characteristics of construction vibrations, (2) response of cohesionless soil to
constmcgion vibrations, and (3) responses of concrete to vibrations. Findings and
conclusions of the study are presented in a separate chapter. Recommendations needed
for the Florida Department of Transportation's construction vibration specifications are
listed at the end of this report.

1.5 OBJECTIVES AND APPROACH

The objectives of the study were the following:



i To monitor the vibration levels during the installation of drilled shafts.

i1.  To monitor the settlement of adjacent structures due to installation.

iii. To evaluate the effect of vibrations on the cracking associated with the setting
of concrete.

iv. To determine the distance and time at which vibratory effects become
insignificant.

v.  To perform maturity testing of the concrete.

vi. To carry out non-destructive testing, pile integrity testing (PIT), and cross-hole

sonic logging (CSL) of the drilled shaft concrete.

Ten drilled shafts were designed and constructed according to the Florida
Department of Transportation (FDOT) Specifications 455. The selection of the
monitoring equipment and instrumentation was chosen primarily as a function of the
portability and the robustness.

The scope of the investigation is presented in a flow chart, Fig. 1.1
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CHAPTER 11

BACKGROUND

2-1 CHARACTERISTICS OF CONSTRUCTION VIBRATIONS

Vibration from drilled shaft construction will generally be temporary, but the disturbance it
could cause may result in permanent damage to the surrounding shafts and specifically to the
freshly poured ones. This unpredictable damage may lead to restraints on the working method
that result in additional costs or even curtailment of activities.

Vibration-induced damage thresholds are nsually expressed in terms of peak particle
displacement, velocity or acceleration, and sometimes include a frequency-dependent factor. If
construction vibrations comprise of harmonic waves, the characteristics of these waves can be
described by any two of the following parameters: frequency, peak perticle displacement, peak
particle velocity, or peak particie acceleration. The peak particle characteristic indicates that it is
the maximum value associated with the motion of a particle at a point in the ground (or on
structure) that is being considered. Usually the peak particle velocity (PPV) is used, because it
has been found to be the best correlated with case history data of damage occurrence and because
it has a theoretical underpinning in as much as the strain induced in the ground is proportional to
the particle velocity. Although PPV is widely used to quantify the damaging potential of a
vibration, it must be recognized that velocity of itself, cannot induce damaging forces. Such
forces are generated in structures by both:

1. Differential displacements, which give rise to distortion as the structures follows
movement of the ground upon which it is found, and

2. Change in the ground particle velocity vector (magnitude or direction), which produce
internal forces upon the structure.



In the case of transient vibrations, the peak particle velocity or acceleration would be of a
short duration depending on the loading function. Unless the peak value is detected, the
prediction of the maximum peaks in random vibrations require statistical analysis which involve
the application of the theory éf “extrema”. For drilled shaft construction, the generated
vibrations are more deterministic harmonic signals than random. Thus, converting motions from
acceleration to velocity or displacement can be accomplished through direct integration of the
functions. In some cases, however, the generated vibrations do not possess the harmonic
waveforms. Such vibrations were recorded in this study and were dealt with based on the
assumption of a narrow band stationary Gaussian process. Additional cases were encountered in
this study where the maximum values of particle velocities were recorded. Considering such
values in deciding about the severance of the vibrations may be questionable because of the short
duration of peaks. Guidelines for selecting the maximum particle velocities in such cases do not
exist. The common practice is to still consider these peak values.

In practice, any structural element will be subjected to both distortion and internal
mechanisms at the same time, and these will be superimposed upon pre-existing stresses and
strains from other causes. Damage may occur when the combined effects exceed the tolerance of
the structure. In th'e case of freshly placed concrete in a drilled shaft, construction vibrations
may directly or indirectly alter the specified concrete properties. Such changes may occur n the
strength of the stiffness properties. Other changes may influence the density or the porosity of
the matrix which in turn may change the permeability characteristics and hence the concrete
durability.

Construction induced vibrations can be divided into three main types: compressive, P,

distorsional (shear), S, and surface, R (Figures 2.1 to 2.3 ). To describe the vibration response,
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three perpendicular components of motions must be measured. The longitudinal component, L 1s
usually oriented along a horizontal radius of the vibration source. It follows, then, that the two
perpendicular components will be vertical, V, and transverse, T, to the radial direction (Figure
2.4).

The three main wave types can be encompassed in two different wave categories: body
waves which iﬁclude compressive and shear waves and propagate in the soil, and surface waves,
which are transmitted along a surface (usually, the upper ground surface). The surface waves are
often described by Rayleigh waves (the most complicated) which preduce motions both in the
vertical direction and parallel to the direction of propagation. The shear waves in tumn are
divided into horizontal shear waves, Sy, and vertical shear wave, Sy. The dominance of any
rﬁode of vibration, whether it is P, Sy, or Sy, depends on the polarization of the waves and on
the source of the vibration.

Transient impact loads below the ground surface produce predominately body waves at
small distances. These body waves propagate outward in a spherical manner until they intersect
" at 2 boundary such as another layer (rock or soil) or the ground surface. At this intersection,
shear and surface waves are produced, and the reflected surface (Rayleigh) waves become
important at larger transmission distances. At small distances, all three wave types will arrive
together and greatly complicate wave identification, whereas at large distances, the more slowly
moving shear and surface waves begin to separate from the compressive wave and allow
identification. Most construction impacts produce a single dominant pulse with trailing
subsidiary reflections. Drilled shaft construction produces more deterministic harmonic than
random vibrations. The vibratory devices that are used to drive the steel casings are operated

by hydraulic motors, which means that they have the potential to operate at a wide range of
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frequencies. As for driven pile, when a steel casing or 2 pile is driven by a steady-state vibrator,
the energy per cycle.of vibration may be much less than the energy per blow from an impact load
situation. However, it has been observed in practice that the ease or difficulty of vibratory casing
driving depends on the characteristics of the soil as well as the characteristics of the casing and
the vibratory driver. and is true because two of the three potential resonances that occur during
vibratory driving involve soil properties and layer thicknesses. For optimum efficiency, the
casing and the soil should not be vibrating "in phase,” that is, the casing and the driver must not
move together with the surrounding soil, or no penetration occurs.
The following are the three distinct frequencies that affect vibratory casing driving:

1. Driver-casing resonant frequency, which results in maximum particle velocity at the
casing top; ' ’

2. Soil-casing-driver system resonant frequency, which results in maximum displacement of
the soil surrounding the casing: and

3. Soil stratum resonant frequency, which is a function of stratum thickness and properties.

The first is the optimum frequency for driving because the relative motion between the soil
and the casing is maximum. The integration of this relative motion gives the casing penetration.
The casing is most efficiently driven by vibrations when the combination of mass of driver and
casing and the frequency of vibration cc;mbine to produce a driver-casing resonance. As long as
the frequency of this resonance does not coincide with a resonant frequency of any nearby target
or the stratum frequency of the site, large ground vibrations do not occur and damage is unlikely
to happen.

Maximum ground vibration amplitude adjacent to the casing during vibratory driving will
be encountered when the vibratory casing driver is operating at the resonant frequency of the

soil-casing-driver system; this frequency is dependent on properties of the soil stratum that the
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casing is penetrating. The amplitude of motion under these conditions will also depend on the
force generated by the vibratory driver. the mass of the systern, and the stiffness of the soil.
However, at this frequency the casing and soil are "in phase or are moving together” and all
penetration stops. Also, the groﬁnd motion is maximum, exacerbaling transmission of vibrations
to the neighborhood.

The third resonance involves the soil stratum that the casing is currently penetrating and
may change throughout the driving process. At this resonant frequency, the stratum resonates
generating large ground motion that very efficiently transmits vibrations throughout the
neighborhood. Soil layers or strata will selectively transmit and amplify specific frequencies
depending on V,, Vs, and strata thicknesses H. The resonant frequency of a soil layer can be
estimated from Richart et al. (1970) as follows:

f=V/aH | - (1)
where f = frequency; V = seismic velocity of layer, P-wave. or S-wave depending on motion
observed; and H = layer thickness.

A potential hazard with vibratory drivers exists in the form of matching the frequency of a
soil layer. Vibrators often operate in the range of 20 to 30 Hz. For soils with shear wave
velocities of 120 to 600 m/sec, this frequency range may spell a hazard for layers between about
| and 5 m thick, not uncommon in nature. This phenomenon points out the advantage of
providing a vibratory hammer with completely variable frequency, and hammers like this are
available. Not only can one optimize the driving by adjusting the frequency, but also minimize
damage due to accidental resonance of the ground itself. A similar situation may arise for

impact-driven casings, but the opportunity for resonance is much less because the impact 1s not
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associated with only a single frequency; and only a few cycles of any given frequency occur so
resonance does not develop.

Ideally, it is possible to compute all resonant frequencies, but for real field conditionﬁ. it 18
not realistic to do so. if one were to use a completely frequency-variable vibrator, all frequencies
could be determined in situ by starting the vibrator at zero frequency and increasing freqpency
until all resonances have been identified by observing the amplitude of casing motion and ground
motion near (within 1 m) the casing. Usually the stratum frequency will be lower than the
system frequency, which is lower than the driver-casing frequency. The stratum frequency would
be encountered first in the run-up of frequency from zero, and, if the force amplitude associated
with the vibrator is great, large ground motion may be generated and transmitted away from the
casing. The effect is similar for the pile-driver system frequency. It would be better if the force
amplitude of the vibrator could be varied so that stratum and soil-casing-driver resonances could
be approached and passed with low power or force. Then, when the casing-driver system
frequency is found, the force level could be increased to optimize driving. This kind of vibrator
now exists.

Not only can the state-of-the-art vibrators vary the frequency of operation, but they can
vary the force amplitude by changing the static moment. A vibratory driver, that can do this. s
shown schematically in Figure 2.5 (Massarsch and Westerberg, 1995). The two sets of
eccentric masses are arranged in two rows. By changing the orientation of the eccentric masses
of one row, compared to the other row, the static moment can be changed, thereby changing the
force at all frequencies. With this type of vibrator, the first two resonances associated with
vibratory driving can be passed through with low static moment and then, when casing-driver

resonance is reached, the static moment can be increased, therefore, increasing the force level to
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drive the casing efficiently. For some hammers, the optimum static moment can be monitored
and adjusted on the basis of the amperage consumed by the electric motors driving the hydraulic

pumps.

2-1-1 Peak Component and True Vector Sum
Passage of construction vibrations forces the ground particles to move in an elliptical
manner in three dimensions. A two-dimensional representation of displacements produced by
pile driving is shown in Figtre 2.6. While the retrograde motion is symptomatic of a surface
wave, the radial motion dominates and gives way to vertical (compression) dominance at a
greater distance. To define this motion, three mutnally perpendicular components are measured
[transverse, longitudinal (radial), and vertical]. Comparison of a typical three-component time
history from a transient impagct vibration (Figure 2.4) shows that:
1. Many peaks are present in all cases.
2. The peak component varies (i.e.. it is radial for one case and transverse for another).
3. The peak amplitude in the longitudinal direction, ®, does not occur at the same time as
in the transverse direction, Q.
4. Shear and compression waves may not be distinguishable from the three components.
The difference between the three components results from the presence of the various wave
types in the vibration wave trains. Variation of motion with each component has led to cliffiu;lty
in determining which component is more critical. Peak motions should always be reported as
either the peak component or the peak true vector sum. Another measure, the maximum vector
sum, is frequently reported but is conservative and not directly related to a maximum velocity at
a particular time. In general, the maximum of each component is used regardless of the time

when it occurs. Also, the maximum particle velocities are utilized in the field assessments

without considering the mode of vibration.
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This type of assessment is insufficient to analyze the consequences of the effect of
construction vibration. In other words, underground structures are more vulnerable to
compressive waves than above ground structures which are susceptible to distorsional waves.
Therefore, it is necessary in some applications to distinguish between the modes and the

components of the construction vibration.

2-1-2 Propagation Velocity
Propagation velocity is an important factor because it is an indirect measure of soil
properties that affect decay of peak particle velocities as well as wavelength. It is important to
keep in mind the distinction between the particle and the wave velocities when dealing with
seismic wave propagation. The speed of transporting the input energy from point to point in a
solid medium is calied the wave velocity and it remains the same for the same material. The
speed at which a solid particle is being displaced or disturbed at a point is called the particle
velocity. Wave velocities are expressed in thousands of meters per second, while particle
velocities are expressed in millionths of a meter per second. Particle velocity may be equal 1o
the seismic wave velocity only at a very close distance from the source of the energy.
Geophones on a ground surface record the particle velocities at pertaining points. Knowing
the distance between two geophones and the time taken by a seismic wave to travel between the
geophones, the wave velocity of the surface layer can be determined. For a decayed vibration in
a homogenous elastic solid medium, the velocity of the seismic wave remains unchanged and
this corresponds to the stiffness of the material, while particle velocities decrease along the wave

propagation path (Figure 2.2).
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As discussed earlier, the propagation velocities of compressive, shear, and Rayleigh waves
vary. Propagation through rock and soil provides a greater wave velocity contrast, as shown by
the comparison in Table 2.1. The range of velocities for a particular soil type, such as sand. is
greater than for rock because of the great vanation in stiffness caused by density and
overconsolidation ratio for sand and clay, respectively.

Table 2.1 Estimated Propagation Velocities

Wave Velocity (m/s)

Material Compression Shear
Limestone 2000 - 5900 1000 -3100
Metamorphic rocks 2100 - 3500 1000 -1700
Basalt 23000 - 4500 1100 - 2200
Granite 2400 - 5000 1200 - 2500
Sand 500 - 2000 250 - 850
Clay 400-1700 200-500

" . As shown in Table 2.1, the compressive (first arrival) propagation velocity varies greatly
for one material type because of differences in densities. In soils the proper propagation
velocities should be matched with the appropriate wave type (e.g., compressive with
compressive, shear with shear, etc.) to compute frequency and strain. This correlation is

important since the shear wave is much more sensitive to changes in soil properties for
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propagation below the water table. This sensitivity is a result of the inability of the shear wave
to propagate through water. Thus it propagates predominately through the soil matrix.

Below the water table, the corﬁpréslsive wave is much less influenced by the soil density
or modulus. because it can propagate through the water itself. The compression moduius values
are in turn affected by the p-_resence of the water table and the rate of loading. Higher rates of

loading may result in higher moduli values.

2-1-3 Strains From Particle Velocities
Ground strain, possibly one of the most important parameter in construction vibration.. It

can be calculated directly from the mathematical description of the displaccmeni, u, caused i:y a
plane-wave traveling in positive direction, and from the particle velocity, # which is expressed

a = _cU cos(x-cf) (2.2)

In engineering terms, strain is usually defined as the change in length, A/, divided by
the original length /, or AJZ. This ratio is the same as the change in displacement per unit
distance. Therefore, in a manner similar to the particle velocity derivation, the first derivative of

the displacement, u, with respect to position x yields the strain
du
g =— =Ucos(x—ct) (2.3)
dx

The strain can be defined in terms of the particle velocity, %, and propagation velocity, c,

by substituting Equation 3 into the Equation 2.
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u=-ccos(x—ct)=—ccand £ = 2 (2.4)
-c

Positive particle velocities toward the right then produce negative strains. Therefore, neg-
ative strains are compressive. Thus for plane waves, ground strains can be calculated directly
from the particle velocities if the compressive-wave propagation velocity is known or can be
estimated.

2-2 RESPONSE OF COHESIONLESS SOIL DEPOSITS UNDER CONSTRUCTION
VIBRATIONS

For ground response involving no residual soil displacements, the response is determined
mainly by the moduli values and damping characteristics.. In such cases, analyses are often
made using the equivalent linear analysis method in which the moduli and damping factors used
in the analysis are compatible with the strains devéloped in the soil deposit or earth structure.
Values of soil moduli can be determined using laboratory or field testing techniques.
Advantages and disadvantages of these techniques have been reported in the literature (Marshall,
1981; Tawfig, 1987,). Several useful empirical relationships were suggested to obtain shear and
compression modulus from physical soil properties of cohesiconless soils.

A comprehensive survey of the factors affecting the shear moduli and damping factors of
soils and expressions for determining these properties have been presented by Hardin and
Drmnevich (1970). In these studies it was suggested that the primary factors affecting moduli and
damping factors are: strain amplitude, v, effective mean principal stress, 6’m , void ratio, e,
number of cycles of loading, N. Factors with minor influence include: Octahedral shear stress,

Goq, Overconsolidation ratio, OCR, effective stress strength parameters, ¢' and ¢'.
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Relationships developed by Hardin and Dmevich (1970) showed clearly that modulus
values for sands are strongly influenced by the confining pressures, the strain amplitude, and the
void ratio (or relative density) , but not sighiﬁcantly by variations in grain size characteristics or

other factors. The expression suggested for maximum shear modulus was as follows:

G, = 14760 E-9° (OCR)* (o )2 (2.5)

I+e

where G maximum shear modulus, in psf,

il

e void ratio

OCR = overconsolidation ratio

a = a parameter that depends on the plasticity index of the soil
0’m = mean principal effective stress in psf.

The value of 'a’ can be obtained from the following table:

P1 a

¢ 0
20 0.18
40 : 0.30
60 041
80 0.48
=100 0.50

For practical purposes, a convenient relationship between the shear modulus and the

confining pressure was provided by the simplified equation (Seed and Idriss, 1970):;

G= 1000K; (c,,)"? in (Qb/ft) (2.6)
where On’ = mean principal effective stress in psf.
K> = soil modulus coefficient

The effect of the void ratio and the strain amplitude can be expressed by their influence on

the soil modulus coefficient, K3. For any sand, this coefficient has a maximum value (K;)max

at very low strains of the order of 10™ percent. The influence of other factors such as angle of
y p g
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friction, ¢, effective vertical stress, o', coefficient of lateral stress at rest, K, and void ratio, e,

on the computed relationships between Kp and strain amplitude, 7 can be summarized as

follows:

(a) At very low strains (y< 107 percent) , K; depends only on the void ratio, e.

(b) At intermediate strains (10'3 <y< Ir ! percent), the variation of K; with strain is only
slightly influenced by the vertical stress and very slightly by variations in ¢' and K,. The
values of K; are still influenced strongly by the void ratio however.

(c) At very high strains (y > 10" percent) , the values of K; are slightly influenced by the
vertical stress but they are essentially independent of K,, ¢’ and e.

Thus for practical purposes, values of K; may be considered to be determined mainly by the
void ratio, e, or relative density, Dy, and the strain amplitude, ¥. This conclusion has also been
shown in studies by Kuribayashi et al. (1974) and Krizek et al. (1974).

Yoshimi et al. (1977) suggested that Equation (5) is more applicable for sands with angular

grains and proposed the following equation for sands with rounded grains :

Gy = 200" (5 W2 paT [ (2.7)

max l+e

The Yoshimi et al. -equation represents the upper bound limit of similar relationships
suggested by Hardin and Black (1968). According Hardin and Black, the maximum shear

modulus at low amplitudes (y < 1x10™) can be determined from:

G . = -@SL?E—'“—)ZO‘J”Z kKN /m* (round - grained) (2.8)
and

G _—.%fj‘”io-:”z kN im® (angular - grained) (2.9)
where
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propagation methods in the field, and then reducing this value for other strain levels in
accordance with the results indicated by the average (dashed) line in Figure 2.8.

The studies by Prakash and Puri, 1981, using in-situ tests, indicate that for silty sands the
modulus attenuation curve may be slightly flatter than that shown in Figure 2.8, but the
difference is relatively small. It should also be noted that the Hardin-Drnevich equations and the
experimental results of Shibata and Soelarno (1975) and Iwasaki et al.(1976) show that the
modulus attenuation curve for sands is influenced slightly by the confining pressure. The
experimental results of Iwasaki et al. are presented in Figure 2.9. Thus, where more refined
analyses are required, it may be more appropriate to use a family of curves similar to those

shown in Figure 2.9 to evaluate the response of sand deposits.

2-2-1 Comparison of Valués of (K2)max for Sands Determined by Laboratory and Field
Tests

The values of K, shown in Figure 2. are based on laboratory tests on sands. It may be seen
that for relatively dense samples, the values of (Ki)max determined at very low strains for
laboratory test specimens are typically in the range of 50 to 75. The results of a number of
determinations of shear moduli for sands at very low strain levels by means of in-situ shear wave

velocity measurements are summarized in Table 2.2:
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Table 2.2 Shear modulus of sand based on field shear wave velocity measurements

(Seed et al., 1984).

Soil Location Depth (ft) k
Loose moist sand Minnesota 10 34
Dense dry sand Washington 10 44
Dense saturated sand South California 50 58
Dense saturated sand Georgia 200 60
Dense saturated silty sand Georgia 60 65
Dense saturated sand South California 300 72
Extremely dense silty sand South California 125 86
Dense dry sand (slightly cemented) Washington 65 166
Moist clayey sand Georgia 30 119

The six investigations for dense to extremely dense sands (excluding clayey and partly

cemented sands) give values for (Ks)max ranging from 44 to 86. Thus there appears to be good

general agreement between the results of laboratory and in-situ investigations.

Further evidence of this result is provided by studies by Ohta and Goto (1976). On the basis -

of numerous shear wave velocities measured in the field, these investigators presented the

following equation:

vs (m/s) = 69N D" (m) . F, . F,

where:

N; =SPT N-value as measured in Japanese practice
D = depth of soil below ground surface
F; = afactor, depending on the nature of the soil, having a value of 1 for alluvial deposits

and 1.3 for diluvial deposits

F» =afactor, depending on the nature of the soil as follows:

Soil Type
Clay

Fine sand
Medium sand
Coarse sand
Sandy gravel

Factor F,
1.0

1.09
1.07
1.14
1.15
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Gravel 1.45

Thus for sands and sandy gravel deposits, the average value of F; is about 1.15 and the
average value of F; is close to 1.1 so that the product of F(F; is typically very close to 1.25.

Converting the results to fps units, Equation (8) reduces to

=220 Ng>'" D% (ft/sec) (2.11)
where:
Neo = N-value measured in SPT test delivering 55% of the theoretical free-fall energy to the
drill rods and

D = depth of soil in feet.
Actually, due to the small power of N; in the original equation, the difference in SPT N-values
can be neglected for all practical purposes.
Since  Giax = ¥/8 (Vo) | | (2.12)
Equation (11) provides a correlation between Gpa, and SPT  N-value, based on field test data as
follows. Assuming y = 120 psf, substitution of Equation (11) in Equation (12) leads to:

max = 180 . 10° . (Ngp)™**. D% (2.13)

If the water table is at a relatively shallow depth below the ground surface, the effective

stress at depths below 10 feet may be expressed approximately by:

gy

I

62.5D (2.14)

Thus D

I

0, /62.5 (2.15)
Substituting Equation ( 15) into Equation (13) leads to

Gmax = 35. 1000 Ngo™** (6,)% (2.16)
Noting that N = N, /Cy leads to

Grax ~ 35 . 1000 (N g _L%’) (2.17)
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It can readily be shown that with a high degree of accuracy for effective stresses up to 6000 psf:

(6.)* ~ 047 (65)” (2.18)

~0.34
2

Thus, Equation (17) may be rewritten as:
G ~ 16.5 . 1000 (N> (06"’ (2.19)

~ 0.65 o, therefore

For normally consolidated deposits, o
Gax = 1000 . 20 (N1go" ™ (0")™ (2.20)

It may be noted that this equation has the same form as Equation (6), provided:

(K2)max = 20 [(N1)g0]"” (2.21)

Values of (K)max determined from Equation (21) for Ny values ranging from N; = 5 (loose

sands) to N = 44 (very dense sands) are as follows:

(N 1)60 (KZ) max

5 . 34
8 40
10 43
18 52
28 61
44 71

These values for (Ka)max are in the same range as those shown in Figure 2.7 providing
further confirmation of the similarity in values of (K;)max for laboratory and field

determinations.

2-3 CONCRETE VIBRATION

Importance of vibration of the consolidation of fresh concrete has been covered in many
studies since the development of the vibratory machines in 1930's. In 1936, an ACI Committee

609 reported the benefits of vibrators but failed to explain the effect of vibrations on a fresh
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concrete. The frequencies of the early vibrators were limited to 3000 - 5000 cycles per min (50~
80 Hz). In 1948, L'Hermite and Toumon reported their fundamental research into the
mechanism of consolidation. They found that friction between aggregates is the most important
factor preventing consolidation (densification) of fresh concrete, but that this friction 1s
practically eliminated when concrete is in a state of vibration. Meissner (1953) summarized
previous research studies and reviewed the state of the art on available equipment and its
characteristics. The 1960 ACI Committee 609 gave specific recommendations for vibrator
characteristics applicable to different types of construction and field practices. Walz (1960)
described the various types of vibrators: internal, surface form, and table and their applications.
He also showed that the reduction in internal friction is primarily the result of acceleration
produced during vibration. Olsen (1987) used accelerometers to measure the rate of movement
of fresh concrete and was able to establish the minimurn energy level required to achieve a
degree of consolidation of 97 percent or more.

In drilled shaft construction, freshly placed concrete can be subjected to either overvibration
or revibration. The difference between the two occurrences is the time delay involved in
vibrating the concrete. Overvibration of concrete results from subjecting the concrete mix 10 a
long duration of vibration, or due to the use of grossly oversized equipment and vibration the
concrete many times over the recommended amount. Revibration occurs by subjecting the
concrete to additional vibration cycles at successive time delays.

Accordingly, fresh placed concrete during drilled shaft construction may be subjected to
overvibration, if the surrounding vibrations due to comstruction activities continue to be
generated for a long period during concrete placement, or the fresh concrete is exposed to

additional cycles of construction vibrations at different time levels.
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Overvibration may result in segregation, or sand streaks. In the same shaft, concrete
segregation, can produce different densities with the depth. This variation in the densities may
adversely affect the design capacity of ‘the drilled shaft and the durability performance of the
concrete. Keeping in mind that the unfavorable subsurface conditions in Florida, durability
represents one of the major parameters in designing any underground concrete structures. The
problem of concrete overvibration has been discussed by Forssblad and Salistrom (1995), Alemo
and Grandas (1993) and Stark (1986). Forssblad and Sallstrom (1995) suggested that the
duration vibration in concrete to amount 60 to 70 percent of the total casting time or the

vibration effort can be obtained as follows:
V. = 1800/C (2.22)

where Ve = vibration effort s/m’
C = casting capacity m*/hr

They also found that the optimum vibration effort ranged between 200 s/m’ to 325 s/m’.
Using this relationship, a drilled shaft with 4 ft diameter an 20 ft depth can sustain 50 min of
continuous vibration, without inducing any changes in the concrete density or compressive
strength.

On the effect of revibration of frésh concrete, literature did not present any conclusive
evidence that CDﬂSt‘.l'llCtiOI'l—il"ldllCCd vibration would significantly affect concrete properties.
However, Tuthill (1977) reported that revibration may produce benefits, particularly for the
wetter mixtures, in eliminating water gain under reinforcing bars, reducing bugholes, especially
in the upper portion of deep lifts, all of which increase the strength of the concrete. Simulating a
field blast condition, Esteves (1978) conducted laboratory testing in concrete prisms subjected to
transient impact loading. At different intervals of curing time, he observed the development of

microcracks versus the amplitude of the particle velocities (Figure 2.10). Surface cracks were
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noticed on concrete prisms subjected to impact compression waves at 10 hr of curing time. The
particle velocities that produced these cracks reached a level of 9.8 in/sec (250 mm/sec).

If the longitudinal-wave propagation velocity of fully cured concrete is assumed to be 3,000
m/s (10,000 ft/sec), the plane-ivave strain associated with the minimum velocity for cracking

will be

- v_ 150mm / sec - 50 (2.23)
¢ 3000m/sec

Other studies have shown that during curing, the modulus, and, therfore, the compressive-
wave velocity, are much lower than the final value. Thus, the strain calculated with this larger
propagation velocity is a lower bound.

Esteves (1978) results indicted that there is a period of grcatér susceptibility to vibration
cracking (between 10 and 20 hours); however, the high threshold during this period (150
mmy/s) explains why other studies have also shown that there is no loss of final strength from
transient vibration (Howes, 1979; Oriard and Coulson. 1980). Hulshizer (1996), suggested some
vibration acceptance levels for freshly placed and maturing concrete. In general, Hulshizer
found that a value of 5.0 in/sec would represent an average value for an acceptable particle
velocity during field construction. This limit may increase or decrease depending on the typw of
vibration (Impact or harmonic) and on the duration of the vibration (short period or continuous).

Two of the pile vibration tests conducted by the Michigan and California Highway
Departments on in-situ curing of concrete are of special interest. The first involved driving
through sand within 0.75 m (30 in.) of 5 m (15 ft)-long-cast-in-place piles some 5 to 6 hours after

pouring. After 46 days, these piles were extracted and cored to determine the strengths. The
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ground motions produced by pile driving show that the vibration levels at these piles may have
been as high as 100 mm/s. Also, piles subjected to vibration were statistically stronger than the
nonvibrated comparison pile. The second case involved vibrating in-place cylinders by d.riving
two 11 meter Raymond step taper piles over a curing time span similar to that reported by
Esteves (1978). Particle velocities at distances of 2.5, 5, 10, 20, and 40 ft from the vibrating
piles recorded amplitudes of 3.9, 1.97, 0.5, 0.3, and 0.12 in/s, respectively. Once again, these
California results showed that vibratory excitation by adjacent piling, even during the critical 12
to14 hour period, did not reduce the strength of cast-in-place concrete piles.

It is apparent that enough has been learned about concrete vibration during the past 50 years
to insure that low slump concrete can be placed successfully. However, a better understanding
of the interaction of vibration and fresh concrete is still desirable. Knowledge gained from past
experiences on this subject will be utilized in the current study to investigate the extent of the
effect of construction vibration on the concrete performance. The investigation will also address
the determination of the minimum distance where vibration in the vicinity of a freshly poured

dnlled shaft should not be allowed.
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CHAPTER III

LABORATORY TESTING

3-1 INTRODUCTION

The test program involved in this study was divided into three phases. These phases were set
so that certain parameters such as vibration amplitude and curing time for concrete were first
investigated under controlled laboratory conditions. Then results from the first phase were
utilized to set up the second and the third phases. Before commencement of the full scale drilled
shaft construction and testing, which constituted the third p;hase, a decision was made to monitor
and record simulated construction vibrations produced by a full scale driven casing of 3 foot
diameter by 40 foot height. This intermediate stage was considered as the second phase of the
test program and was given particular attention, since results from this phase would determine
the pattern of instrumentation, and the type of measurements needed for the full scale in-situ
testing. This was done because of the lack of any standard testing procedure to conduct such a
field test. Most of the published studies on construction vibration were limited to the effect of
pile driving, sheet pile construction, and other blast vibrations on adjacent structures or ground
settlement. The in-situ test p;ocedure and the instrumentation setup to evaluate the effect of
construction vibration on freshly placed concrete have not been covered in the literature. The -
maximum particle velocities from the second phase were used to arrange the ground and
embedded geophones for the full scale drilled shafts. Additional information was gathered from
the field testing in the second stage to specify certain driven depths by the steel casing and the

time intervals needed to record the sensor outputs.
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Various destructive and nondestructive testing methods were used in the test program to
obtain strength, stiffness, density, and porosity measurements as related to induced construction
vibrations. Laboratory results were used to establish guidelines for the thresholds of vibration
amplitudes and permissible curing time spans. In-situ field testing addressed the effect of the
severance of construction vibration on the density and porosity of the installed shafts. Additional
sets of compression tests were performed on core samples obtained from the full-scale drilled
shafts.

Since soil properties were among the parameters considered in this study, the decision was
made to limit the investigation to sandy soil layers only. The reason for this selection was: (1) the
casing method in drilled shaft construction is typically followed in caving soils, and (2) Soil
configurations in Florida are predominantly sandy soils. Also, the presence of shallow ground
water tables at the selected testing site provided further information about the effect of effective
octahedral stresses (G, )} on-the shear wave velocities (v;) and on the damping characteristics
(D%) of the soil layers. About 60 soil samples were obtained from the Florida Atlantic
University (FAU) site were classified and tested for water content, unit weight, and void ratio.
Grain size distribution analyses were performed on representative samples obtained from the
site.

The following sections describe in detail the steps carried out in the testing program to meet
the objectives of this study. Since the laboratory and the full scale field testing were conducted at
three different stages, concrete samples obtained for each stage were prepared using the same
proportions of materials in each case. Requirements given in Sections 346 and 455 of the FDOT

-Standard Specifications for drilled shaft concrete were followed in the testing program.
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3-2 TEST METHODOLOGY

A large number of concrete samples were prepared to investigate the effect of vibration
amplitudes on the strength and stiffness properties of concrete. Taking into account the
reproducibility of the compression test results and the different time delay for vibrating the
concrete samples, a test was conducted on a total of 216 concrete cylinders (6 in. x 12in.). The
mixing and curing time was scheduled in a way so that the sequence of vibration testing was
started for some sets immediately after pouring the cylinders (t = 0).

Three levels of vibration amplitudes were selected for this segment of the testing program.
The vibration amplitudes were designated low, medium, and high. Although there were no
guidelines for this designation, the amplitudes were found to increase as the frequencies in the
readout box increased.

A FMC Syntron (Model 04A) vibration table was used in this study. This model] has a
variable frequency counter (Figure 3.1). However, this shaking table, as in any other
muitipurpose commercial tables, did not have control over the vibration frequency and amplitude
at the same time. It was noticed that as the reading on the frequency counter increased, the
amplitudes of the vibrations increased, accordingly. Therefore, before the vibration of concrete
samples began, the decision was made to identify the signals generated by the shaking table,
including waveforms, frequenéies and amplitudes. Also, since the electric vibrating motor was
mounted at the center of the table, the vibration identification could be conducted at two different
locations,-thc center, and at the edge of the table.

After recording the generated waves using two accelerometers (PCB, Model 353-B04)

connected to a two channel oscilloscope, the vibration amplitudes increased with the frequency.
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The frequency increment, however, did not exceed 300 Hz after attaining an acceleration of
about 15g.

Using the generated sinusoidal wave forms, the velocity amplitudes selected for this study
were 0.128 in./sec, 2.58 in./secllzmd 8.3 in./sec; these were used for all the tested samples. The
concrete samples were subjected to vibration at predetermined time delays. The time delay
intervals were O hour, 1 hour, 2 hour, 3 hour, 4 hour, and 24 hour. A set of three samples was
tested at the same time to obtain the average measurements. Measurements of the compressive
strength, °c, for the concrete samples were taken at 3 days, 7 days, 14, days, and 28 days.

Before the compression testing, each sample was tested using the ultrasonic testing method
(ASTM C-597) to determine the compression modulus of the material (Figure 3.2). An
ultrasonic concrete tester Model PUNDIT CT-330 was used for the testing. As for the
compression test, the ultrasound testing method, necessitates full contact between the exciter
and the concrete surface. This contact was achieved by using high vacuum grease to ensure the
transfer of the high frequency pulses (54 kHz) through the concrete sample. Any variations in
the amrival time of the high frequency signals can drastically affect the determination of the wave
velocities and, hence, the compression modulus values.

Of particular cémcern is that measuring compression modulus using the ultrasound testing
method may result in stiffness values that are higher than those obtained from the standard
method for determining the static modulus of elasticity (ASTM C469). The main reason for this
increase in the stiffness values is the very small strain levels produced by the ultrasound pulses.
Despite the difference in the compression modulus values, the consistency in the ultrasound

testing procedure provided comparable variations in the stiffness values of the concrete samples.
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Therefore, the effect of parameters, such as vibration amplitude and time delay from revibration,
could be studied from ultrasound testing.

After concluding the stiffness measurements, concrete samples were prepared for the
compression testing according to the ASTM C-39 specifications. All the samples were carefully
monitored during load applications for any unusual behavibr that the samples could exhibit. The
compressive strength tests did not reveal any uncommon patterns of failure associated with
vibrations. However, some cor;crete cylinders exhibited increased surface voids when they were
visually examined (Figure 3.3). These cylinders were obtained from sets subjected to high
vibration amplitudes (8.3 in/sec) after three hours from concrete placement. It was difficult to
establish the increased void content at the cut surfaces of the laboratory samples and cores from
the field, as compared to those subjected to lower vibration amplitudes. Similar observations
were recorded for core samples obtained from the full scale drilled shafts at the Delray Beach
and Clearwater sites. These cores were obtained fron-1 shafts subjected to vibrations after two to

four hours from placement.
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sit;s. In each boring, a slurry mix was used to prevent caving in the bored hole. The soil
samples obtained with the split-spoon methods at FAU were analyzed for their properties at
FAMU/ESU, the details of which are covered later in the chapter on laboratory testing. On-site
visual inspection of the soil samples showed some very thin layers of crushed shells; however,
these layers of shell were far and in between, and went unnoticed in the SPT blow count records.
Soil samples were not taken at the other two sites, rather their existing records were analyzed and
compared with the samples taken at the FAU North Campus Site; their similarity did not dictate

any further testing.

4.2 FIELD VIBRATION TESTING

4.2.1 FIELD TEST NO. 1 (FAU, BOCA RATON, FL)

In view of the cost of installing deep foundations, it was necessary to conduct a
preliminary installation of a steel casing during which the vibration levels in the subsurface
would be observed and analyzed. The purpose was to gain an understanding of the dynamic
properties of the subsurface and the amplitude of the generating source of vibration that would
be used during installation of the drilled shafts.

To gather the data needed to generate a profile of the vibration travel in a 3-D
environment, two tests were undertaken at the North Campus of FAU. On December 3, 1997 the
profile of the range of displacements at the surface and subsurface was determined in the
laboratory to predict the effect of these vibrations on the integrity and strength of the field shafts.

Before starting the field testing, representative soil samples were obtained on August 27,
1997, from two soil borings drilled to about 41 feet. The two boring logs showed that the soil
layers at the site were predominantly light tan to dark sandy soil. The obtained samples were

then transferred to the FAMU-FSU College of Engineering in Tallahassee for further testing.
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During the preliminary investigation, the driving subcontractor vibrated the 36-in.
steel casing into the subsurface. The installation was achieved using an MKT vibratory
hammer. The steel casing was vibrated using the maximum frequency of the hammer’s
output. These frequencies ranged between 1800-2000 rpm. The steel casing was
introduced into the ground at a steady rate in increments of five feet. This increment was
decided based on the need to remount the accelerometer attached to the stee] casing,
which measured the actual displacement of the casing from a distance of five feet above
gfound level, until it reached the surface of the soil. In addition to the monitoring of the
displacement, surface vibrations were successfully tecorded and the nature of these will
be discussed later.
4.2.1.1 SITE PREPARATION

The ground water table at the site was dt about 6.5 feet from the surface. This
shallow water table caused some difficulties in installing the triaxial geophones needed 1o
monitor the propagation of the vibrations. The triaxial geophones (MARK, Model
A020793) inserted in the designated boreholes were buried in the ground once the casing
started to vibrate. Recovering the sensors from the ground resulted in a significant time

delay which necessitated the postponement of this segment of testing.

4.2.1.2 INSTRUMENTATION AND VIBRATORY EXCITATION

Only casing and surface vibrations could be monitored and recorded from this trial.
The sensor attached to the steel casing was of a special type of shock accelerometers
(PCB Model 370A02) and was placed at a five foot depth from the ground surface. After

driving the 36 inch diameter casing into the ground, the accelerometer was relocated at
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the same depth from the surface (Figure 4.1a) . To provide a proper coupling, the
surface accelerometer (PCB Model 353 B04) was attached on a steel rod which was
inserted in the ground (Figure 4.ib). Vibration measurements were taken at distances of
five, ten and ten foot consecutively from the vibrating casing (Figure 4.1c). Signals from
the accelerometers were captured by a two channel FFT analyzer. Figures 4.1d and 4.1c,
Measurements were then stored on a floppy disk for further analysis.

Dimensions of the steel casing used during this investigation:

Thickness = 0.5in.
Length = 40.0 ft.
Diameter = 36.01n.

4.2.1.3 MONITORING OF VIBRATIONS

During the installation of the steel casing, vibration levels were monitor¢d at three
different locations, which are discussed below:
Steel Casing

The steel casing is the medium through which the vibrations are translated into
the subsurface. Thus attaching a PCB accelerometer to the casing generated a history of
the displacernent of the casing through its penetration into the ground. The accelerometer
was placed five feet above ground on the steel casing. Once the accelerometer reached
ground level the vibration was stopped and the accelerometer relocated to five feet above
the ground. The amplitude obtained during the oscillation of the steel casing were used
to determine the attenuation of the subsurface material and these records are compared

with the laboratory results in Chapter V.
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Surface

Motion at ground level has the potential to produce the largest displacements.
The surface is a ‘free-end’, thus its range of motion is not confined as deepening layers.
Using a Wilcox Research accelerometer on the surface at varying distances during the
installation of the steel casing, the vibration levels in the surface layer were monitored
and recorded. In similar fashion, these records were used to determine the attenuation
factors in the working soil.
Subsurface

The recordings were limited and for all practical purposes not useful to
interpretation. Therefore, the need for a more comprehensive investigation into the
subsurface was identified and is addressed in the next section. The limitations imposed

were due to an interface problem with the triaxial accelerometer.

4.2.2 FIELD TEST NO. 2 (FAU, BOCA RATON, FL)

In actual field conditions, the generation of vibration during the installation of the
steel casing would be significantly similar to a seismic condition generated by blasting or
a natural geological event. Seismic methods involve the measurements of the travel-time
of seismic waves from the surface, or generating source, to interface geophones. The
travel-time would be controlled by the soil conditions, as the seismic velocity in the soil
is a function of its elastic constant and density. However, the soil conditions in this
investigation were site-specific, and no extensive processing of this data was done
beyond what was needed to meet the objectives of the project. When evaluating the
concrete strengths, these recordings enabled the correlation of possible damage with the

ensuing peak particle velocities. These vibrations are those experienced by a freshly
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poured concrete drilled shaft from the vibration due to the installation of a neighboring

drilled shaft.

4.2.2.1 SITE PREPARATION, PROCEDURES, AND MONITORING OF

GROUND VIBRATION

To reproduce a complete picture of the vibration levels, that would be
experienced by a nearby freshly poured shaft during the installation of a neighboring
shaft, a ‘virtual shaft’ was constructed in the field. The 'virtual shaft’ enabled the
placement of eight geophones at varying depths. The depth of the geophones vaned in
five feet increments from 0-40 feet in a circular array around the vibrating steel casing at
nine feet of 3D, where D is the diameter of the vibrating steel casing, Figure 4.2, The
bored holes were cased with PVC pipes to withstand caving of the surrounding soil mass.
The geophones were lowered onto their intended depths and restrained, ensuring proper
contact with the surroundin g soil.

The same steel casing and vibrating hammer, as used in Field Test No. 1, were
utilized in this test, on January 9, 98. The actual location of some of the field geophones
did not meet the intended depths due to backwash (approximately five feet) in the PVC
pipes at depths greater than 10 feet; however, the variation in location was not believed to
“'be a detriment. The measurement points in the 'virtual shaft’ were sufficient to provide an
accurate account of the vibrations experienced at the recording depths during the
installation of the steel casing. The depth locations, 5 and 40 feet, were measured twice:
these two points indicated the upper and lower limits of the location of the geophones.

During the installation, the remaining geophones in the circular array provided
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intermediate data between the upper and lower limit points. However, the geophones.
92 to 97 were at distances greater than 3D for the second drilled shaf(vibrating casing).

The sampling rate was 200 samples per second using the data acquisition system.
The recordings were conducted in series, one geophone at a time in one-second intervals.
The steel casing was centrally located in the center of a nine feet diameter circle bounded
by the eight boring holes. Vibration of the steel casing was increased from 2000rpm at
20 feet to 3000rpm up to a depth of 40 feet. This procedure was repeated twice to
validate the data.

Vibrations were recorded on a multichannel seismograph at a rate of sampling equal
to 300 sample/seconds. Although it was not particularly high, the rate of sampling and
the sequence of signal recording would correspond with the nature of the induced
vibrations. The generated waveforms were supposed to be sinusoidal with frequencies
ranged from 20 to 40 Hz. The data acquisition system collected a time-history record of
one second length for each channel. The recording process was in a sequential order,
which means the second time history record for the same channel would be coliected
after eight seconds. For three consecutive time-history records from each channel, the

vibration had to last for about 24 seconds.

4222 DRILLED SHAFT CONFIGURATION AND INSTALLATION
PROCEDURES
The configurations of the shafts installed are shown in Figure 4.3. Two different
diameter shafts were used, i.e. 24” and 36”. The instrumentation of the shaft would

provide a record of the levels of vibrations that the freshly poured drilled shafts
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experience. The layout of a single shaft set up is shown in Figure 4.4. A set comprised
two shafts, one of $24” and the other of $36”. The larger diameter shaft $36" was
reinforced, and designed to duplicate actual construction conditions. The purpose of the
smaller shaft was to detemﬁﬁe the vibrations and their possible effect on the integrity and
strength of a shaft installed within a 3D distance from the vibrating source, where D 1s

the diameter of the vibrating source, in this case the steel casing.

Installation Procedure in the Field:

1. Set up of equipment and instrumentation.
a. Geophones.
b. Temperature SEnsor.
c. PVC tubes. |
d. Vinyl ties.
e. Protecting Foam.
f. #9 Re-bars.
g. #3 Ties.
2. Construct steel cages.

3. Install instrumentation as specified by design and manufacturer recommendations.

Field Installation of the Steel Casings.

'1. Obtain digging permit for the site.
2. Clear surface debrs.
3. Record dimensions of the steel casing.

4. Drive steel casings to desired depth.
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5. Check levels of the casing.
6. Auger soil from the shafts.
7. Record soil material.
8. Check depth of drilling.
9. Continue to check the shaft for desired length.
10. Remove any foreign material introduced into the shaft.
The steel casing was then extracted from the ground using the same vibration technique.
Time-history records were gathered during withdrawal in the same manner as for the
driving stage. The extraction process was accomplished by connecting one side of the
casing to the vibrator using a steel cable (Figure 4.4). Although this method is a
common practice when extracting the steel casings, vibrations generated from this
operation may not necessarily be similar to those obtained during the driving process.
The main reason for this descrepancy is the method by which the casing was driven and
extracted. As can be seen from Figure 4.4, the casing was pulled out in an asymmetrical
manner. This mode of vibration application resulted in generating vibration components
that were different from those produced during driving.
4.2.3 FIELD TEST NO. 3 (DELRAY, FL))

A total of eight drilled shafts were installed at the site allocated by FDOT on the
" right of way of the off-ramp from 1-95 onto Linton Blvd heading west. A layout of the
shafts is shown in Figure 4.4. Installation and instrumentation of the drilled shafts 1s

shown pictorially in Figures 4.4 to 4.17.
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4.2.4 FIELD TEST NO. 4 (CLEARWATER, FLORIDA)

The 2-hr test data was not monitored at the Delray Site due to-equipment
problems. Therefore, the testing was done for a single shaft set at the Clearwater site, to
save costs, the installation procedures were similar to those carried out in Field Test No.
2 with the use of a single drilled shaft set. The pictorial presentation is in Figures 4.12 10
4.20. This site differed somewhat in terms of geology as demonstrated from the SPT
blow counts, however, the difference was minimal and for practical purposes the
comparison between vibration levels can be considered reasonable.

4.2.5 VIBRATION DATA
The peak particle velocity(PPV) vs time records were obtained for the Field Tests

No.3 and No.4 at Delray Beach and Clearwater, respectively. See Appendix B.

4.3 TESTING OF CONTROL CONCRETE CYLINDERS

To evaluate the effect that vibrations had on the freshly poured concrete, samples
were taken from the concrete poured in the field. The cylinders were cured and tested at
fourteen and twenty-eight days. The compressive strength results are shown in

Appendix C.
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4.4 NON - DESTRUCTIVE TESTING
441 PILE INTEGRITY TESTING (PIT)

The PIT method uses the compressive wave Stress signal generated by a hand held
hammer striking the top of the drilled shaft to determine the integrity of the shaft. Non-
uniformity in the foundation or the shaft toe will reflect the stress wave; this reflection
can be observed at the top by using a combination of the Pulse Echo Method (PEM) and
Transient Response Method (TRM). For further details on the PIT method of NDT see

Appendix D.

The PIT results served to verify the actual concreted depth of the shafts. Although,
no cracks or major defects are identified with the PIT, the limitation of the theory does

not make this conclusive.
4.4.2 CROSS-HOLE SONIC LOGGING (CSL)

Sonic logging is used to detect defects in concrete structures. Some of the
anomalies that can be detected in a structure and crucial in this study are the segregation
of concrete, cracks due to shrinkage, and non-uniformity of shaft due to collapsing of the
wall after withdrawing of a temporary casing. Pulses generated by the ultrasonic pulse
generator are converted into ultrasonic waves by the transmitter probe and received by
the receiver probe. After conditioning, signals are digitized and stored. Additional details
of the operation and procedures are shown in Appendix E.

4.5 CONCRETE CORING OF THE DRILLED SHAFTS AND

COMPRESSION TESTING
One of the additional tests used to determine the integrity of the drilled shafts,
was the compression testing of cored concrete samples. The field shafts were cored to

obtain samples at various depths by Law Engineering, Miami Lakes, for the Delray Site,
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Figure 4.1¢ Accelerometer Layout
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Figure 4.7. Placing of steel reinforcement with instrumentation

Set no.4 (Delray Beach, FL)
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Figure 4.8. Dropping the tremmie in the hole, Set no. 4
(Delray Beach, FL).
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Figure 4.9. Pulling of steel casing after pouring of the concrete,
.Set no. 4 ( Delray Beach, FL.)
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Figure 4.10. CSL tubes and settlement plate, $36” drilled shaft,
Set No. 1 (Delray Beach, FL).
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Figure 4.11. Geophone data acquisition system
(Delray Beach, FL)
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Figure 4.13. Installation of the 24- inch diameter steel casing
( Clearwater, FL)
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tion of the 36-inch diameter steel casing

Installa

14.

Figure 4

( Clearwater, FL)
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Figure 4.15. Steel cage with geophone and cross-hole sonic logging

instrumentation (Clearwater, FL).
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Figure 4.16. Placing the steel cage in the drilled shaft ( Clearwater, FL).
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Figure 4.17. Vibration of casing adjacent to freshly poured shafts
(Clearwater, FL).
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Figure 4.18. Surface placement of cylinders exposed to 2-hr vibration-
(Clearwater,FL)
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Figure 4.19 PIT on shaft ( Clearwater, FL)
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Figure 4.20. CSL tubes and geophones in place on the steel reinforcing cage.
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Figure 4.21. CSL recording equipment (Delray Beach, FL).
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Figure 4.22. Cored drilled shaft (Delray Beach, FL).
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CHAPTER V

ANALYSIS OF RESULTS AND DISCUSSION

5-1 Laboratory Test Results

Results from compressive strength tests showed considerable variations (Figures 5.1 to
5.10 ). These variations may not be significant if the results from one set are compared with
those obtained from other sets for the same vibration amplitudes. Concrete samples subjected to
vibration amplitudes of 0.5 in./sec did not show any trend when the samples were vibrated, at
different time delay levels. As the amplitude exceeded 2.5 in./sec, a slight reduction was noticed
in both the compression modulus and the compressive strength (Figures 5.11 to 5.13). The
largest reductions in the stiffness and strength values were of concrete samples subjected to
velocity amplitudes of about 7 in./sec. Data tables showing all the laboratory measurements of
this segment are presented in Appendix A.

On a log-log scale, if tangents of the obtained function are extended, the intersection woﬁld
produce a threshold velocity at which a noticeable change could be detected in the strength as
well as the s;iffness values. The threshold for the compressive strength was 6 in./sec and about
the same value foe the compression modulus. Accordingly, variations of the compressive
strength with the velocity amplitude can be estimated using the following relationship:

fcia= (fc). e (5.1)
where ... = compressive strength at any velocity amplitude (psi)

f’c = compressive strength at 28 days (psi)
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v = velocity amplitude (in./sec)

The following relationship represents a reasonable estimate for the variation in the
compression modulus with velocity amplitude:
(5.2

0.02v

Ecia = (Ec). &

where  Ecve = cOmpression modulus at any velocity amplitude (ps1)

Ec = compressive strength at 28 days (psi)

v = velocity amplitude (in./sec)

However, it must be noted that the wave forms used in this phase of the testing program

were compression waves. Thus, the velocity amplitudes in Equations 5.1 and 5.2 represent the

compression wave. In a real field situation, the modes of vibrations generated from a typical

drilled shaft construction are predominantly shear waves (Figure 5.14).  Therefore, the

threshold velocities suggested in this study may not be attainable in the field since the generated

shear waves are transferred to the adjacent freshly poured concrete through the shear friction

displacement of the casing relative to the soil. Even if full contact was assumed between the

soil and the adjacent casings, the amplitudes of the shear waves would have damped based on the

material and geometrical damping of the soil surrounding the casings. This hypothesis was

proved true during field tésting on full scale drilled shafts.

5.2 Analysis of Field Results

5-2-1 FAU Field Test # 1

The first field testing at Florida Atiantic University took place on December 3,1997. The

objective for this segment of field testing was to drive a 36" diameter with 40 foot length steel

casing into sandy soil layers in order to monitor the ground response. A total of seven holes
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were drilled in the ground to monitor the generated vibrations. Two type of sensors were used in
this phase. The first set of sensors consisted of two accelerometers. The first accelerometer was
a triaxial one mounted on the steel 'casin.g directly using a metal stud to affix it firmly to the
surface. The other two sensors were placed on 12 inch long steel rods driven into the ground. A
wax adhesive was used to affix the accelerometers to the steel rods. Since the FFT analyzer used
in the testing was capable of controlling two channels at the same time, the first channel was for
the input vibration induced by the steel casing and the second channel for the ground
accelerometer. The second accelerometer was located on the ground surface at three different
distances from the casing, i.e. 5, 10, and 15 feet respectively. The triaxial accelerometer was
first placed at 5 ft above the ground surface. While the casing was penetrating the soil, the
accelerometer became closer to the ground. At that time the triaxial accelerometer was removed
and placed again at a location of 5 feet above the é;round. Thus, the second location was at 10
feet and third one at 15 feet from the tip of the casing (Table 5.1).

Results from this segment of testing indicated that velocity amplitudes generated from the
driven steel casing were between 2 to 15 in./sec (Figures 5.15 to 5.22). The lower bound was
for vibratory oscillation of 21Hz (1250 rpm). The upper bound was for 46 Hz (2750 rpm)
oscillation. Unexpectedly, the wavefon';ls recorded from the triaxial accelerometer showed that
the signals were more random narrow band vibrations than harmonic sinusoidal ones. The
reason was not precisely known for not getting typical sinusoidal waveforms despite the fact
that the rotated ‘masses inside the vibrator were moving systematically. However, one
interpretation for such behavior by the steel casing might be related to the manner in which the
vibrator was gripping the steel casing. The vibrator was gripping the casing only at one point
causing what might be an uneccentric dynamic loading. This interpretation was confirmed from
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Table 5.2 Time and Frequency Domain Analysis of Particle velocity

Record Type

RMS of the Velocity vs.
Record 4 Time RMS from SDF
Trace 1 1.169 1.07
Trace 5 1.270 1.182
Trace 7 1.758 1.664
Trace 11 3.820 3.556

SDF=Spectral Density Function
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Table 5.3 Scil Properties of Samples Obtained From the FAU Site on 7/3
Tested by: Dr. Kamal Tawfig

Sample { Depth Ywet Yary wC Void Ratio
No. (ft) (gmicm’} | (gmiem®) (%) e
1 1.5 1.25 1.25 0 0.289
2 3 1.385 1.388 0.48 0.332
3 45 1.29 1.247 3.45 0.298
4 [ 1.51 1.319 14.48 0.407
5 8 1.7 1.437 18.27 0.41
8 9 1.6 1.417 12.81 0.364
7 10.5 1.686 1.437 17.3 0.378
8 12 1.694 1.487 13.94 0.352
g 13 1.819 1.493 21.77 0.415
10 15 1.578 1.371 1513 0.327
11 16.5 1.578 1.289 22.3 0.336
12 19 1.577 1.281 23.06 0.327
13 215 1.547 1.271 21.75 0.325
14 24 1.526 1.241 23 0.323
15 26.5 1.491 1.215 22.71 0.324
186 28 1.681 1.366 23.07 0.3867
17 315 1615 1.289 25.32 0.3%6

Soil is mestly loose fine light tan sand to dark tan fine sand

Water Table 2t 6.7 ft
Boring Termination = 41 ft
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the records in the ground geophones at the second FAU field test site. These records showed
vibration components that are larger than the vertical ones, although the intended motion was in
the vertical direction.

The time-history records from the accelerometers were converted to velocity by using the
direct integration method. If the vibrations are considered as narrow band responses, then the
direct method will be inapplicable. In this case another method for determining the RMS velocity
should be used. In this study it was decided to implement this techrique and the casing vibrations
were examined using the frequency response analysis. This analysis could be accomplished by
integrating the spectral density function for the acceleration requiring the transformation of the
time-history records from the time domain to the frequency domain (Figures 5.23 to 5.26). This
transformation could be accomplished using the Fast Fourier Transform (FFT) algorithm.

For that purpose, an add-in program called FFTTOOLS was used along with a spreadsheet
(Excel 4.0) that contained the acceleration records. Before converting the ASCII files collected
during the field testing to acceleration records, it was necessary to establish a macro on the
spreadsheet program to amange the ASCII files and set the tables in a format that the
FFTTOOLS could accept. Setting the required parameters for the FFT analysis, it was possible
to obtain the frequency response functic;n (FRF) and the spectral density function (SDF). The
SDF was used to determine the RMS value of the acceleration and then integrated to obtain the
SDF of the velocity. Accordingly, the RMS velocity could be obtained and compared with the
RMS values from-the direct integration of the time-history records. The RMS values from both
methods are presented in Table 5.2.

As can be seen from Table 5.2 the variation between the RMS values of the records using
the two methods was expected. However, the small variations were an indication that using the
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dir;ct integration method was an acceptable practice as determining the peak particle velocity
from randormn vibration analysis is a laborious process that may deem the procedure impractical.
On the other hand, with the advancements in hardware and software technologies make it easier
to use the frequency domain analysis. The system parameters of the construction vibrations
were deterrnined by real time domain and frequency domain analysis in the present study. This
approach, as compared with only frequency domain analysis, may provide field engineers with
a broader knowledge of modal testing and analysis.

The frequency content of the casing vibration from the FRF was determined to be about
1500 Hz. When the RPM on the hydraulic pump was increased the frequency content reached
2000 Hz., the dominant frequency ranged between 16 Hz to 75 Hz (Figures 5.27 to 5.30). These
values corresponded to the increase in the angular velocity of the mass rotation in the vibrator.

The surface accelerometer recorded particle accelerations that ranged from 0.5 in/sec’ to
0.03 in/sec” for distances of 5 and 15 feet, respectively. The peak particle velocities of the
ground response obtained-by the direct integration method, ranged from 0.3 in/sec to 1 infsec. It
was noticed, that the surface response to the steel casing vibration exhibited higher velocities as
the casing penetrated deeper in the ground. This observation was confirmed when the second
field test at FAU was conducted with geophones inserted in the ground at certain depths. In
general, the frequency content of the ground surface was about 300 Hz with the dominant

frequency of about 32 Hz (Figures 5.31 to 5.35).

5-2-2 FAU Field Test#2
The second test at Boca Raton was on January 9, 1998 . The objectives were similar to the
first field test, with the exception of that geophones were embedded in the ground and were used
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to determine the peak particle velocities at different depths. Six of the eight geophones gave
reasonable vibration measurements. The other two, embedded at 30 feet and 35 feet,
malfunctioned. The geophones were placed in a circular pattern with the driven casing in the
center and at a 9 feet radius. The needed measurements were collected by Law Engineering and
the analysis was perfomcd at Florida State University.

Peak particle velocities obtained from this field test indicated that some vibration
components might dominate the maximum values. These components were in the longitudinal
and the transverse directioris. Most of the measurements, however, indicated that the vertical
component prevailed. The reason for the escalation of the longitudinal and the transverse
components could be due to the eccentric vibration that was applied on the steel casing by the
vibrator. As it was explained in a previous section, the gripping of the steel casing was on one
side only. The same was done when the casing was extracted. This eccentricity may have caused
side vibrations in the casing which were manifested in large velocities in the L and T directions.

Selecting the vertical component (shear mode) of the peak particle velocity necessitated the
re-examination of all the time-history records collected in the field. Such an examination was
time consuming and can not be used for regular practice. It is customary to record, as a final
result, the peak particle velocity from any of the three orthoéonal directions. Any velocity that
gives the maximum value is usually reported. Evaluation of the PPV values that are reported
during construction vibration monitoring, may not indicate the mode of vibration that dominated
the response.

In this study it was important to distinguish between these modes in order to assess the type
of vibrations propagated through the system. For example, if the PPV was for the vertical mode
then the conclusion is that the type of vibration would mostly be of a shear type. This is only true
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for the driven steel casing. The reason is that the generated vibrations in the ground would
predominantly be due to the friction between the casing surface and the surrounding soil.
However, some kind of soil displacement may occur. This lateral displacement couid give rise to
the development of longitudfnal vibration or compression vibrations. Since the lateral
displacement in this case is very low, as compared to the large displacement caused by pile
driving, the longitudinal and the transverse modes should be low accordingly.

Additional indication of the effect of vertical vibration on the surrounding soil was noticed
in the first and the second field tests. After driving the full length of the casing, it was found that
the ground level inside the casing was much lower than the c;ne outside the casing (Figure 5.36).
The drop between the two levels was about 3.5 feet.

| The use of the PPV without khowing the mode of vibration would defeat the purpose of
using the concept itself. Oné of the main objectives of specifying the particle velocities in
monitoring construction vibration is to be able to relate to the strain levels that the vibrations
induce in the system.. Equation 2.4 in Chapter 2 showed that the strain amplitude can be
determined from the particle velocity and the wave velocity through the system. If the
compressive strain is of interest in monitoring the construction vibration, then the compression
wave velocity has to be dctenﬁined; accordingly the compression (V, L, or T) mode of the
vibration should be used. If the shear strain is the critical response, then, all the shear
components should be determined.

In this regard, soil samples obtained from the boring logs were analyzed to determine the
shear wave velocities of the various layers at the site. Water contents, void ratios, and unit
weight of about 52 samples were determined in the laboratory. Soil property measurements are
presented in Table 5.3. Based on the obtained soil properties, the shear wave velocity at each
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level was determined using the Hardin and Richart (1963) equations. According to Hardin and
Richart, the shear wave velocity, v, can be determined as:

ve = (170-782¢e) 5,  For o, > 2000 psf (5.3)

v, = (119 -56 €} ,"° For o, <2000 psf (5.4)
where o, = octahedral effective stress

Values of the shear wave velocities are presented in Table 5.4 and Figure 5.38. As can be
seen from Figure 5.38, the effect of the ground water table was noticeable at a depth of 6.7 ft.
Shear wave velocities dropped by 13 percent for the soil layer below the water table. At a depth
of 12 ft, the shear wave velocity started to exceed the values at 6.7 ft.

Using the SPT results obtained from the two boring logs (Figures 5.39 to 5.42), one can
notice the similarity in the variations of the wave velocities and the blow counts with depth. This
similarity led 1o the use of Equation 2.11 in Chapter 2 to determine the shear wave velocity
from the SPT blow counts. Shear wave velocities of the two boring logs at Delray site are also
presented in Figures 5.43 and 5.44. Resulis from similar field studies are shown in Figures

5.45 to 547.

The peak particle velocities recorded by the geophones have shown that as the casing is
driven deeply into the ground, the PPV values increased at all depths. For 5 ft casing penetration,
the corresponding geophone at the same level (G1 see Figure 4.2) recorded PPV of about 0.18
in/sec. When the penetration depth of the casing reached 40 ft, readings from that geophone (G1)
showed 2.0 in/sec. Also, at that penetration depth for the steel casing, the sixth geophone (G6) at
40 ft depth indicated a PPV values approximately equal to the values at the geophones above

(Figure 5.41). Table 5.5 presents all the measurements obtained from the FAU field test. These
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measurements include PPVs during both driving and extracting the shaft casing. Additional
readings are presented for G1 and G6 due the vibration of the second casing (Figure 3.6).

From the obtained soil properties, the vertical effective stresses at various depths were
calculated. These stresses were plotted against the PPV recorded from all the geophones. It

should be mentioned here that the values of PPV were obtained manually, Figures 5.50 to 5.52.

v=g e’ (5.5
where v = peak particle velocity (in/sec)

o and (= penetration depth factors
6, = Effective vertical stress
a=-0.115Ln(D) + 0.7
B =0.57¢0105D

in which D = penetration depth (ft)

5.3  FIELD MONITORING OF INDUCED GROUND MOTION

The field work included monitoring of installation induced vibrations in the ground for
sites 1 and 2. Assessment of vibration disturbances provides an insight into the source
mechanism and the eventual dissipation of the energy transmitted to the subsurface during the
installation of a steel casing. The data collected is presented to evidence the events monitored
during this attempt to characterize the peak particle velocities of particles in the ground.
However, the conditions are specific to this test and no attempt was made to relate the motions
evajuated here with other soil types. This test was the first of its kind, and all the work in the
tasks at FAU is considered exploratory.

The monitoring of induced vibrations during Field Tests Nos. I and 2 provided an insight
into the actual inner working of the strata and the source mechanism. The data obtained was

stored and analyzed on an HP Fast Fourier Transform Analyzer by LAW Engineering
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(Jacksonville, FL).The results of which show a frequency content for the driven casing in the
range of 2 - 2.2 kHz. Figure 5.53 shows typical accelerations of the vibrating casing, with the
attached accelerome.ter place five feet above the ground.

As expected, given the sandy conditions of the site, the energy dissipation from the
driving of the casing signiﬁcantiy diminishes with increasing distance from the vibrating source.
To show this energy dissipation, Figure 5.54 is presented. The absolute values of the
acceleration at 15 feet away from the source are significantly greater in magnitude than the
values recorded at 10 feet.

More interesting data from this preliminary investigation is operated with the monitoring
of vibrations in the subsurface. The virtual shaft discussed in Chapter IV shows what typical
vibrations could be expected at varying locations at depth within the shaft. These vibrations are
in fact those that can cause detrimental effects on the curing of the concrete in the shaft. With
the geophones implanted, the vibrations generated during the installation procedurc were
recorded. A large volume of data was acquired during this exploratory phase. 'I‘he samplmg rate
was 200 samples per second using the data acquisition system. The recordmgs were conducted in

series, one geophone at a time in one-second interval.

As already indicated, a summary of the velocities observed during the installation has
been presented in Table 5.5. The table shows the geophone numbers, their locations at depths
and the average velocities of their recordings at varying driving ranges of the steel casing. The
data is interpreted in Figures 5.53 and 5.54. The vibration levels at individual geophones
during driving ranges is presented in Figlu*e 5.53, in which a trend for each individual geophone
is plotted. From the graph of the velocities at the location of each geophone during the stages of
driving, it can be observed that the velocities increase as the tip of the steel casing penetrates to
greater depth. Another presentation of the data is the recording of vibration levels during the
installation as a function of the driving and the levels recorded by the geophones. Figure 5.54
shows the results of the average recorded vibrations for the different stages of driving. These
stages are representative of the tip elevation of the steel casing as it penetrated into the
subsurface. From the graph it can be shown that for all but the last driving stage (30-40 feet), the

vibration of the free end of the subsurface experiences the highest levels of vibrations. In other
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Figure 5.38. Shear wave velocity vs. depth at FAU Site
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Figure 5.39: Standard Penetration Test results of boring # 1 at FAU site.
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Figure 5.40: Standard Penetration Test results of boring # 2 at FAU site.
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Figure 5.41: Shear wave velocity vs. depth using laboratory test results

and SPT blow count values.
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Figure 5.42: Shear wave velocity vs. depth using laboratory test results

and SPT blow count values for the second boring log.
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Figure 5.43: Shear wave velocity vs. depth using laboratory test results
and SPT blow count values for the Delray Site.
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Fig 5.53. Vibration levels at individual geophones during driving ranges
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Fig 5.54. Average recorded vibration for different depths of driving
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Figure 5.55. Compressive strength of control samples.
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Figure 5.56. Compression strength of cored samples.
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words, the total amount of vibration exposure is greatest at ground elevation, with the exception
of the final driving stage, where the trend indicates that the particles velocities at a point near the
final destination of th.e driven casing is greatest. One more observation that can be made from
Figure 5.54 is that as the steel casing penetrates to greater depth, the percent difference of the
readings between the geophones decreases. Notably, the loose sandy soils in which this test was
conducted adversely affect the transmission of vibrations.

The peak particle velocities (PPV) recorded are within the ranges expected based upon
review of similar data from other projects. However, the maximum PPV values are rather small,
due to the nature of the soil. Therefore, it would be reasonable to suggest that the effects of these

vibrations would not pose any damage to existing structures.
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Laboratory tests on representative concrete samples were performed under controlled
environmental and boundary conditions. Samples were prepared from the same mix design, and
subjected to predetermined vibration amplitudes at certain frequency contents. The delay time of
induced vibration were equal for all the sets. The main advantage of testing concrete samples
under such controlled conditions was the reproducibility of the test procedure for a large number
of samples. Although some researchers do not consider it as a weakness, the lack of reproducing
the actual waveforms produced in the field restricts the material behavior obtained from
laboratory testing as a function 6f the controlled loading conditions. It should be noted herein
that the mode of dynamic loading in the laboratory was predominantly compression, while the
actual waves propagated in the ground during drilled shaft construction were mainly shear
waves. The effect of the mode of vibration was not one of the parameters that were covered in
this study. The reason was the difficulty to separate tﬁe modes of vibrations in the field. The use
of the tnaxial geophones indicated that vibrations in the vertical, longitudinal, and transverse
directions were recorded at different locations in the ground and in the freshly placed concrete.
However, the vertical (shear) mode was, for most of the measurements, higher than the other two
modes. At some locations when the steel casing was not fully penetrating the ground, the
longitudinal.and the transverse modes exhibited larger particle velocities than the vertical mode.
An explanation for such behavior was that the interaction between the vibrator and the casing
was not perfectly eccentric. Any small eccentricity at the grip between the vibrator and the
casing can amplify the transverse or the longitudinal modes causing increased particle motions in
these directions. Although too small, soil displacement during casing penetration would produce
compression mode of loading in the longitudinal and the transverse directions. To control the

predominancy of the vertical vibrations (shear) during casing vibration and at any
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penetration'depth is unrealistic. Therefore, one should expect that during casing higher particle

velocities are recorded in directions other than the vertical direction.
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CONCLUSIONS

Laboratory Test Results :

Construction vibrations that produce particle velocities less than 8 in./sec would not have
any effect on the compressive strength or compression modulus of the concrete aged
between the time of .placement to the first 24 hours.

All concrete samples, subjected to vibration amplitudes of 8in./sec, after three to four hours

from placement, showed noticeable surface voids on the concrete surface. Traces of

microcracks were also noticed on some samples, subjected to large vibration amplitudes,

i.e. 8.3 in./sec. after three to four hours from placcrﬁent. The presence of the microcracks

was not as common as the surface voids in samples of this category. Therefore, a final

conclusion on the development of microcracking at this age of concrete is not definitive.

Further investigations, using a Scanning Electron Microscope(SEM), may be needed to

clarify such occurrences. No voids were induced inside the samples.

Field Test Results:

1. The testing conducted to establish the integrity of the shafts included Pile Integrity
Testing (PIT), Crosshole Sonic Logging (CSL),Gamma-Gamma, Neutron-Neutron, an;i
coring to obtain an actual indication of the compressive strength. The geophysical
methods used, when combined, provided a subsurface profile of the shaft.

2. Crosshole Sonic Logging (CSL) tests showed continuity across the cross-sectional areas
of the shafts with the exception of the 2-hour, 36-inch shaft. However, the PVC access
tubes were stressed during the passing of a hurricane, which was the most likely

reason for the deviation from the other shafts.
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Pile Integrity Testing (PIT) showed a déﬁnite reflection of the transmitted wave from
the shaft tip, indicating no structural damage in the shaft length.

Gamma-Gamma logging of the drilled shafts showed lower density profiles for the
upper parts relative to the bottom ones.

Neutron-Neutron logging showed that the porosity within the shafts is relatively
unchanged by the vibration.

The geophysical data obtained can be compared in relative terms to conclude the
following: the upper 1/3 or 5 feet of the shafts showed some relatively reduced concrete
properties. The relative weakness of the upper shaft sections was further evidenced by
the compressive strengths of the cored concrete samples, Fig 5.56. This can be
attributed only to the segregation of the aggregate during vertical pouring of concrete,
since the field velocitics of 2.5 in./sec are much below the threshold value of 8.3 in./sec
that can affect the strength.

The geophysical data only served to show relative performance within each individual
shaft, and no comparisons were established with the other shafts, as no trend could be
established in the correlation of the values between the compressive strength and the
geophysical data. Nevertheless, the data shows that shaft integrity was not adversely
affected, and though within each shaft relative weakness existed in the upper sections, it
was not an indication of poor concrete.

These findings however have limitations. Primarily, the data is true only for the
subsurface conditions tested, i.e. loose soils. The loose soil condition aided to a great
extent in the attenuation of the vibrations induced, and consequently diminished the

transfer of the higher peak velocity across the interface between the stratum and shaft.
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9 Peak particle velocities activated during travel of the stress waves, (i.e. 2.5 in./sec) were
well below the threshold values of 8in./sec known to cause damage in concrete
structures.

Il) Comprehensive Evaluation:

| The concept of particle velocity is used to control construction vibrations for almost all
types of projects in civil engineering. Although the concept is helpful as a quality control factor
during comstruction, particle velocities should not be used alone to assess the impact of the
construction vibration on the surrounding structures. For a meaningful assessment, particle
velocities should be translated into strain amplitudes. A value of 8 in/sec particle velocity would
produce different strain amplitudes in different materials and in different structures. Even for the
same construction material, but with different moduli values, the same particle velocity would
result in different strain amplitudes and hence different effects. For example, “green concrete”
would have lower compression and shear moduli as compared to aged concrete. Therefore, the
effect of PPV on the same ﬁlatcrial at different time levels may vary since the induced strain
amplitudes are different.

It 1s important to conduct a preliminary assessment of the effect of vibration before

construction of deep foundations. Such an assessment requires the following:

a) Determining the physical and mechanical properties of the in-situ soil layers

b) Predicting generated waveforms |

¢} Assessing the PPV based on the generated waveforms

d) Determining the shear or compression wave velocity of the in-situ layers.

e) Field testing for Part (c ).

f) Determining the damping ratios of the soil layers

g) Determining the strain amplitudes at critical locations.
| 162



h) Predicting the damage due to the obtained strain amplitudes.

The concept of the PPV is very helpful to estimate the impact of construction vibration.
However, the PPV concept is a transposition from mining engineering, where the applications
are limnited to certain practices. In Civil Engineering applications, the sources of vibrations are
numerous. The types of vibrations range from natural to man-made vibrations. Also. the

waveforms range from deterministic to non-deterministic.
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PART 11

EFFECTS OF SOUND INDUCED
DURING THE INSTALLATION OF PILES



PILE DRIVING NOISE MITIGATION THROUGH
USE OF AN ACOUSTIC CURTAIN

1.1 Background

During the installation of driven piles, the noise level becomes a critical
parameter due to the low threshold of human perception. In particular, construction
noises from this type of foundation installation becomes a concern when the site is near
office buildings or residential areas. Common pile hammers often exceed the noise limits
set by state transportation projects, thus requiring an alternate method of installation to be
sought. This project focused on the use of an acoustic curtain constructed of 2
combination of absorptive and reflective materials to provide a compiete enclosure of the
source to mitigate the propagation of the inherent noise.

1.2 Laboratory Testing

1.2.1 Test Setup

A reduced scale experiment was conducted to determine the Sound Pressure
Level (SPL) reduction through the use of an acoustic curtain in a laboratory chamber,
which represented open field conditions with no reverberation. An omni-directional
noise to represent the hammering of a shaft was provided by dropping a hammer onto a
steel tube of rectangular cross-section, which [S)rovided a sharp single point source. The
noise was measured as a SPL in dB (ref. 2x10° N/m?) and was taken as an average of 20
hammer blows. The test setup is shown below and the results indicate a SPL reduction of
about 16.5 dB.

SPL Meter

4_ 1 meter . h

Microphone Acoustic Single Point
Curtain Noise Source

Figure 1. Enclosed chamber with no reverberation
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1.2.2 Test Results

» Without curtain - Average SPL = 118.1 dB

» With curtain - Average SPL = 101.6 dB

1l

» Noise reduction obtained with curtain 16.5 dB

These results indicate that the acoustic curtain provides significant reduction in
sound pressure levels when placed around a single-point, Omni-directional noise source.
In a practical sense, a 16.5 dB reduction is aimost equivalent to heavy construction noises
being reduced down to the sound of average street traffic (a 20 dB reduction).

1.3 Field Testing

A full-scale field-test was conducted to determine the actual sound pressure level
(SPL) reduction through the use of an acoustic curtain in a true on-site application. An
- industrial diese]l hammer was used to drive 12 inch square concrete piles 20 ft in length to
accurately replicate true construction field practice. The noise was measured as a sound
pressure level at various heights and distances from the source and an octave band
analysis was performed at a specified location to identify the pertinent frequencies.
When compared to the lab results, higher SPL reductions (up to 20 dB) were achieved in
the field. A detailed description of the companies involved and the experimental test
setup is included on the following pages.

1.3.1 Field Test Setup

Commencement of the field test took place on the north of the FAU Boca Raton
campus in the field just east of Parking Lot #5 (see Figure 2). The site was chosen to be
the same as for the first phase of the project (drilled shafts) because the required permits
were still valid through FAU Facilities Planning and the soil type was already known.
Standard Penetration Tests (SPT) performed prior to the drilled shaft phase indicated
sandy soil conditions down to depths greater than would be reached by the 20° pile.
Locally known as “‘sugar sand,” the soil provided ideal pile driving conditions and easy
pile extraction. It was also noted that the water table was no more than 5° below the
surface and no bedrock or any other underground obstruction was encountered.
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Figure 2. Site selection

The noise measurements were taken at seven distinct recording stations as shown
in Figure 3. Three stations provided sound pressure levels at 10’ above the ground for
radial distances of 50, 100, and 300 ft. Three separate stations were also setup to take
measurements at the same radial distances, but only 5° off the ground. As per the
recommendation of Dr. Kenneth Campbell, FDOT Noise Specialist, the 5’ and 10°
measurement poles were set in different radial directions 45° apart to ensure that the
meters would measure the true spread of the noise. The seventh station was located at a
radial distance of 100 ft and provided a real-time octave band analysis to determine all
the inherent sound frequencies at 5’ above grade.
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In total, four piles were driven and extracted, and noise levels were measured for
two piles driven in the standard manner, and for two driven with the acoustic curtain in
place. Figure 3 shows a plan view of the field test setup depicting the location of the
noise source, the acoustic curtain, and the seven measuring stations.

NOISE SOURCE m— ACOUSTIC CURTAIN

{pile hammer) (when in place}

[ 4SD 1
QUEST 2900 SL Meter ‘:' ‘\\ QUEST 2900 SL Meter
10" above grade . 5" above grade
50" from source \ 50" from source

4 L]
QUEST 2900 SL Meter/ \ QUEST 2900 SL Meter

10" above grade . 5" above grade

100" from source ; . 4 100" from source

/ CEL 593 Type Il Y
/ Real Time Octave ‘\\
/ Band Analyzer %
! 5" above grade \
’:’ 100" from source %
l'; \‘\
QUEST 2900 SL Meter // \, QUEST 2900 SL Meter
10’ above grade . 5" above grade

300’ from source 300" from source

Figure 3. Field test setup

1.3.2 Pile Driving

Curry Industries, a specialist in pile driving and precast concrete, provided all
material, labor and equipment necessary to instail and extract the concrete piles used in
the full-scale field-test. The piles were 127x12"x20" commercial grade prestressed
concrete with a S000 psi 28-day strength, and were driven with a standard Delmag D-12
diesel pile hammer. In total, the piles were driven and extracted four times, twice In the
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standard manner and twice with the acoustic curtain enclosing the hammer. Upon
completion of the project, Curry Industries extracted the piles and removed all the
equipment, leaving the site in the natural state it was prior to commencement. Figure 4
shows the piles, installation, and extraction.

(b)

Figure 4. (a) Pile driving, (b) 20 ft concrete piles, and (c) pile extraction

1.3.3 Noise Measuremenfs

A pile driver noise impact and insertion loss analysis was conducted by LAW
Engineering & Environmental Services to determine the dB reduction achieved through
the use of an acoustic curtain. Six Quest 2900 Type II Sound Level Meters were used to
measure the sound pressure levels (in decibels) in conjunction with a CEL 393 Type II
Real Time Octave Band Analyzer to identify the frequency ranges omitted by the source
and mitigated by the curtain. In total, noise measurements were taken at 7 stations: 3 at
10 ft above the ground for radial distances of 50 ft, 100 ft, and 300 ft from the source, 3
at 5 ft above the ground for the same radial distances, and the last (octave band analysis)
at 5 ft above ground 100 ft from the source. Pictures of the sound pressure level
measuring devices and setup are shown below in Figure 5. ( The Details of report is
presented in Appendix-1).
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(a)

Figure 5. (a) Setting up for noise measureménts at 50 ft, (b) Quest 2900 SL meters,
(¢) 10 ft measurement pole with meter

1.3.4_Acoustic Curtain

The acoustic curtain used in this study was provided by Environmental Noise
Control, a Division of Dynamic Services, Inc. and was made of 400 square feet of
Acoustical STC-18 High NRC Blanket, which is a combination of absorptive and
reflective materials designed for industrial applications. It is made from a (400 ft2, 1
Ib/ft?) . Reinforced poly-vinyl chloride outs shell for added mass with a specially
developed inner lining of 2 in. thick fiber glass acoustical insulation(1.5 Ib/ft?). A clear
vinyl strip was included as a window for the hammer operator to view the pile’s progress.
* The blanket was connected to the specially designed frame shown in Figure 6, which was
then attached to the crane with steel leads and slowly erected into place.
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The curtain was allowed to swing open one side so that new piles could be easily
slipped in under the pile hammer, and the curtain was pulled closed when the pile was in
place to ensure total closure and maximum noise absorption. Figure 7 shows a picture
sequence outlining the procedure followed to secure the curtain around the pile driving

apparatus.

£ . Tl

Figure 7(b). Attaching the completed curtain to the crane
with steel leads to the frame
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Figure 7(c). Erecting the pile-driving
frame with the curtain attached

Figure 7(d). Adjusting the

frame to ensure the pile

will be driven vertically
and at the proper location
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Figure 7(e). Curtain
swung open for pile
installation and setup



Figure 7(f). Attaching the skirt to the
bottom of the curtain to minimize sound
propagation along the ground

Figure 7(g). Final field-test setup showing noise measurement poles and the
acoustic curtain completely enclosing the pile driving apparatus
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1.3.5 Discussion and Conclusions

Based on a very limited study, it appears that the acoustic curtain provides
approximately a 20 decibel reduction when total enclosure is achieved. This project has
opened the doors to new area of research in the field of construction noise reduction.
Through the use of practically designed curtains, FDOT can achieve a greater volume of
work without adding to noise pollution, which becomes bothersome to local residents as a
result of traditional construction practices. Further research should include: driving in
varied soil conditions, testing different curtain materials and designs, testing with larger
pile hammers and Iouder noise sources such as steel piles, and providing 2 practical
method of attaching the curtain to the crane, with a design that allows for rapid
installment of new piles so that the job schedule is not siowed down.
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