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EXECUTIVE SUMMARY

This project addresses two frequent construction problems associated with deep
foundation installation: i) 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 materials 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
chloride outer shell for added mass, with 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 witﬁin 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 éomprise‘s 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 particle velociiy 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 acceleration 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 césing. Both
control concrete and cored concrete cylinders were tested for compressive strength. The
Pile Integrity Testing (PIT)- a combination of the Plilse‘Echo Method (PEM) and the
Transient Response Method (TRM), and Cross-Hole Sonic Logging (CSL) were the
Nondestructive Testing Methods used. Additionally, Geophysical Logging was carried
out with neutron-neutron (pqrosityj 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
results 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




CHAPTER1

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 driving 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
construction‘ may be used on a temporary or permanent basis. Specifications of the
Florida Department of Transportation (FDOT) require that all drilied 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 sit‘uations 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, and for possible development of



structural cracking. Existing foétings 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 specifications 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 p;oceeds. Although the FDOT
specifications do not necessitate such a time span for evel;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 placementi such restrictions have been considered by contractors as subjective

and unsubstantiated.

~



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:
e Very high load carrying capacities.
e Applicability to a wide variety of load conditions.
. Largé resistance to lateral and uplift forces.
e Significant resistance to .scour.
This research project addresses one of the frequent construction problems associated with
deep foundation installation. The primary concem 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 engineeré 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 Florida‘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 scopé of work and all
the efforts devoted to accoinplish 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.

1. 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 usually 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 theée waves ca'n be
described by any two of the following parameters: frequency, peak perticle displacement, peak
particle velocity, or peak particle 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. Althougil 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 6f “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 t};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 in 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,



Wave Front

Impact
Load

Particle
Displacement

Particle
Compression

_/\

Figure 2.1: Construction vibration generating compression waves.
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three perpendicular components of motions must be measured. The longitudinal component-, Lis
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
24).

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 produce motions both in the
vertical direction and parallel to the direction of propagation. The shear waves in turn are
divided into horizontal shear waves, Sy, and vertical shear wave, Sy. The dominance of any
rhode 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 a 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 a 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 loaci
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 shoﬁld 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 vibratoryv'driver, the mass of the system, 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, exacerbating 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/4H | . o M
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
1 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 is 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 condition;, it is
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, is
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-l-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 Figure 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 mutually perpendicular components are measured
[transverse, lopgitudinal (radial), and vertical]. Comparison of a typical three-component time
history from a transient impact 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 difficxilty
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 called the Wé\{e 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 to
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 variation in stiffness caused by density and
overconsolidation ratio for sand and clay, respectively.

Table 2.1 Estimated Propagation Velocities

Wave Velocity (rm/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 predoxﬁinately through the soil matrix.

Below the water table, the corhprégsive wave is much less influenced by the soil density
or modulus. because it can propagate through the water itself. The compression modulus values
are in turn affected by the b: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 displacemeni, u, caused 'by a

plane-wave traveling in positive direction, and from the particle velocity, #, which is expressed

as

1 — = —cU cos(x—ct 2.2
u = s(x —ct) (2.2)

In engineering terms, strain is usually defined as the change in length, A/, divided by
the original length /, or A/I. 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 '
= — = os(x—ct 2.3
& U cos(x—ct) (2.3)

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)=—-ceand € = 2 2.4)

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, analyseé are often
made uéing 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; Tawfiqg, 1987,). Several useful empirical relationships were suggested to obtain shear and
compression modulus from physical soil properties of cohesionless 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
Dmevich (1970). In these studies it was suggested that the primary factors affecting moduli and
damping factors are: strain amplitude, y, effective mean principal stress, ¢’m , void ratio, e,
number of cycles of loading, N. Factors with minor influence include: Octahedral shear stress,

Gou, OVerconsolidation ratio, OCR, effective stress strength parameters, ¢' and ¢'.
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Relationships developed by Hardin and Drnevich (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 &2 (OCR)* (o )"’ (2.5)

m

where  Gpmax maximum shear modulus, in psf,

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:

PI a

0 0
20 0.18
40 : 0.30
60 0.41
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; (o) in (b/ft?) (2.6)
where Oy’ = 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, K. For any sand, this coefficient has a maximum value (K3)max

at very low strains of the order of 10 percent. The influence of other factors such as angle of
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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 K, and strain amplitude, y can be summarized as

fqllows:

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

(b) At intermediate strains (10° < 7 < 10" 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, D,, and the strain amplitude, y . 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 :

G — 8400(2.17-¢)? (¢m )1/2 kN/m2 (2.7)

max 1+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, = 9_9_03;_(_?;13;,2)20_:1/2 kN /m* (round — grained) (2.8)
and

G =ﬁ%le)—zo-:"2 kN /m*  (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-Dmevich 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 (K2)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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