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16, Abstacts Special experimental field testing and analytical studies were undertaken
at Fort Lawton in Seattle, vashington, to study "Close-in® wave propagation and
evaluate data interpretation procedures for a new in situ lspulse test. This test

was develcped to determire tue shear wave velocity and dyaamic modulus of soils
underlying potential nuclear power plunt sites.. The test is different from conven-
tiona' geophysical testing in that the velocigx varntgqn with strain is determined
for each test. In general, strains between 10 = and 10 “percent are achieved.

The experimental fleld work contisted of performing special tests in a large test
sand f£ill to obtain detailed “"close-in" data. Six recording transducers were placed
at various points on the energy source, while approximately 37 different transducers
were installed within the soil fill, ail within 7 feet of the energy source. Velocity
zeagurements were then taken simultaneously under controlled test conditions to study
shear wave propagation phenomenology and help evaluate data incerpretation proceduvies.
17. Key Fords and Document Asaiysis. 1Je. Descriptors

iypical test data are presented along with detailed descriptions of the results.
These data show that bot® Compression and shear waves separate into two discinct
repeatable waves at a distance of about 1.8 feet from the energy source. Beyond this
point, wave characteristiatics such as amplitude, frequency, and arrival times of both
P and S waves can be studied as the wave travels ocutward into the surrounding soil mas

The aralytical work supported the field experimentation with calculations to simulate
the same "Close-in® conditions and results of the experimental program. Both linear
elastic and non-linear finite element calculations were carried out under this program

in which different interpretation procedures were applied to the results, in order to

establish the most suitable procedure.
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Additional tests were also performed to study repeatadility, effects of symmetry and

“shadow®™, prior load history, variations in hammer weight and drop height, jacking
pressure, casing, P-wave, and anchor coupling.
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ABSTRACT

Sﬁecial experimental field testing and analytical studies
were undertaken at Fort Lawton in Seattle, Wasinjton, to study
"close-in" wave propagation and evaluate data interpretation
procedures for a new in situ impuise test. This test was de-
veloped to cdeteirmine the shear wave velocity and dynamic modulus
cf soils unaerlying potential nuclear power plant sites. The
test is different from conventional geophysical testing in that
the velocity variatior with strain is determined for each test.
In general, strains between 10"l and 1()-3 percent are achieved.

The experimental field work consisted of performing special
tests in a large test sand fill to obtain detailed "close-in"
data. Six recording transducers were placed at various points
on the energy source, while approximately 37 different transducers
were installed within the soil fill, all within 7 feet of the energy

€ource. Velocity measuremeiits were then taken simultaneously under
controlled test conditions to study shear wave propagation
phenomenology and help evaluate deta interpretation procedures.
Typical test data are presented along with detailed descriptions

of the results. These data show that both compression and shear
waves separate into two distinct repeatable waves at a distance of
about 1.8 feet from the encrgy scurce. Beyond this point, wave
characterististics such as amplitude, frequency, and arrival times
of both P .nd S waves can be studied as the wave travels outward
into the surrounding soi1l mass.

e I . VR T Ly ORI s i i i A Sl

The analytical work supported the field experimentation with
calculations to simuvlate the same "rlose-in" conditions and resu
of the experirental program. Both linear elastic and non-linea.
finite element calculations were carried out under this program, 1
in which different interpretation procedures were applied to the .
results, in order to estahlish the most suitable procedure.

Additional tests were also perfourmed to study repeatability,
effects of symmetry and "shadow®™, prior load history, variations
in hammer weight and d~2p height, jacking pressure, casing,

bl s

P-wave, and anchor coupling.
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FOREWORD

This report presents the results of combined experimental
and analytical studies undertaken %Zo continue development of
an in situ inpulse test for the deternination of the scil shear
modulus. Enphasis of the field werk was directed towarc making
simultancous "close-in" field measurcments at various foints in
the soil surrounding the test's encrgy input source. From these
data, test characteristics, general soil behavior, and the wave
propagation phenomenon could be studied under ideal test con-
ditions and at shear strains in the strong motion earthgquake
range. The analytical work was oriented toward supporting the
field effort through evaluation of the experimental results
combined with additional calculations to study the same close=-in
behavior as the experimental test program. Both sets of results
covld then be compared and together provide insight into data
interpretation procedures for this test. This work represents a
part of continuing studies to evaluate in situ soil behavior
under earthquake loading conditions. This and the other relatod
studies each provide important steps in the overall project for

determination of the best methods of evaluation and prediction of

s0oil behavior of potential nuclear power plant sites under
seismic loading conditions.

This is che fifth report prepared by the joint venture of
Shannon & Wwileza, Inc., (SW), and Agbabian Associates, (AA), on
the in situ test development project. The current work was
conducted under Contract No. AT(04-3)-954 between the joint
venture (SW-AA) and the Nuclear Regulatory Commission.

A number of cont’ibutions by both members of the joint
venture assisted in conducting these rescarch studies and in
the preparation of this report. For Shannon & Wilson, Inc. the
prinary contributors were Mr. S. D. Wilson, Mr. F. R. Brown and
Mr. J. H. Troncoso. Dr. R. P. Miller was the Project Engineer
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for Shannon & Wilson and is also the Project Manager for the
joint venture. For Agbabian Associates, Mr. S. D. Werner was
the Project Engineer, assisted by Mr. D. van Dillen and

Mr. K. Boisen. Dr. Lydik S. Jacobsen, special consultant to

the joint vent.-e, also provided valuable guidance in these
studies.
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IN SITU IMPULSE TEST
AN EXPERIMENTAL AND ANALYTICAL
EVALUATION 2F
DATA INTERPRETATION PROCEDURES

CHAPTER 1
INTRODUCTION

1.1 STATEMENT OF PROBLEM

As more sophisticated analytical techniques are developed
to predict soil behavior under seisric loading conditions, more
accurate input parameters must likewise be provided. One of
the more important of these properties is the dynamic shear
modulus. This is determined either in the laboratory or in situ,
and its numerical value varies not only with the scil type and
its physical characteristics but also with the magnitude nf the
imposed vibratory forces. The procedures for these exi.tirg
tests together with the limitations of each test are uescribed i
a previous report (SW-AJA, 1972).

In situ measurements presently are made at strains smaller
than those produced by <arthquakes, while conventional laboratory
tests are performed at strains either higher or lower thain those
produced by most ecarthquakes. However, laboratory results may
be complicated by sample Jdisturbance, imperfect duplication of in
situ stress conditions, and effects of siress history, structure
and cementation. In either case, extrapolation of the measured
data is required to adiust the modulus to the strains of intercst.
To assure that laboratory values of meduli are consistent with
field values durino large earthquakes and that extrapolation of
test data 1s cerrectly done, there existed a need to dzovelop
an in situ test procedure to obtain meduli data at frequent depth
intervals and -t strains in the strong moticn earcthquake range.
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To address this problem, & new in situ impulse test procedure
has been developed (SW-AA, 1974). This test employs a cruss-hole
wave propagation procedure with velocity sensors located in

closely spaced adjacent lorings. A schematic drawing of the
basic system is shown in Fig. l=1. The signal generating systen
consists of an in-hole anchor and hammer essembly which imparts
an impulsive shearing load to the soil. The shape of the
generated pulse is controlled by a spring located between the
anchor system and the hammer, and the magnitude by the mass of
the hammer and the height of drop.

With this new procedure, consistent repeatable test data at
the strains of interest were obtained oa a production basis from
velocity transducers positioned on the anchor and in the free
field soil in adjacent borings. Studies of this data provided
reasonably rational procedures for interpreting the results even
though all aspects of the test were not clear. However, further
attempts to understand 1) the wave propagation phencm2non between
the enerqgy source and the free field sensors, 2) the motions of
the anchor, and 3) the cause of miror distortions in the recorded
velocity signatures revealed the "real”™ complexities in this
seemingly simple test procedure. Therefore to provide the best
and most rational interpretation of future test results, further
research to develop a better understanding of the test and the
data obtained was considered necessary.

1.2 APPROACH TO THE PROBLEM

To further evaluate the details of the test procedure, a
research program was first developed. This program approached
the problem both theoretically and experimentally. From avail-
able literature, closed form solutions of idealized cases of the
test setup were reviewed primarily to establish likely attenuation
rates in the near vicinity of the anchor. This was then followed
by two numerical computations of the “"close-in" test setup using
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finite element procedures. The ficst calculation was performed
using linear elastic soil properti>s. This work was tnen followed
by one using non-linear properties. The primary purpose of

these calculations was to evaluate procedures for obtaining in
situ soil properties from the test data. While these calcu-
lations canrot duplicate field test conditions exactly, they
neverthe! provide important information which is used to

assist in understanding the entire problem. The primary advantage
of such calculations is that the input material properties pro-
vided a consistent basis for evaluating those properties obtained

by applying various data processing techniques to the node point
velocity histories.

A second phase of this progran consisted of the measurement
of detailed test data from additional tests conducted under
controlled conditions in an artificial fill, constructed and
instrumented for this work.  This silty sand fill was placed in a
10-foot deep by 30-foot diameter Pit, and manually ¢ mpacted
around the wave-generating station (anchor and hammer assembly)
ard 32 receiving stations. These stations, consisting of verti-
cally and hciizontally-oriented velocity transducers and accelero-
meters, were laid out in select configurations at different
elevations all within seven feet from the energy source. Simul-
taneous tests consisting of four “seasurements at a time were
accomplished under constant test ~onditions such that the pro-
Pagating pulse could be studied as it travels from the source
through the free-field soil. Of particular concern was the
appropriate treatment of the velocity record obtained from the
transducer mounted on the anchor. This record is unlike the free
field sensor records in that it represents the motion of the
anchor or a part of it and not nece.sarily the motion of the
surrounding soil. Also this record is affected by 1) a stress
relief due to a larger hole size, 2) slip at the anchor soil
interface during the impact, and 3) the radial jacking stress
exerted by the anchor against th> soil wall. These resulis
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together with the analvtical calculations provide the necessary
base for an appropriate interpretation to be made and used at
production test sites.

The positioning of each of the sensors was selected such
that a number of other test parameters could be evaluated.
These include:

1) Casing effects

2) Jacking pressure effects

3) Assymmetry ecffects

4) P-wave effects and characteristics
5) Repeata " 'ity

6) Prior load history

Motion and force characteristics of the anchor system
were also investigated with velocity transducers, accelerometers
and a load cell. The velocity transdncers and accelerometers ;
were ins’alled at several different points on the anchor while
the load cell monitored the force applied by the hammer to the
top of the anchor.

The combined results of this research effort together with
a recommended simplified procedure for data interpretation,
based on these results, are presented in the chapters that follow.

1.3 scope

The report is organized into six chaptery with appendices.
Fol'owing this introductory section describing the extent of the
work accomplished is Chapter 2 discussing the basic test equip-
ment and procedures for obtaining and reducing production in situ
test data. Emphasis is placed on describing the test and
procedures, such that anyone interested in performing this test
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would know exactly how it i3 done.

An analytical description of the in situ impulse test is
presented in Chapter 3. This chapter attempts to identify
practical problems associated with the collection oir field data 1
together with theoretical problems, inherent to the wave
generation and wave propagation phenomenon.

Chapter 4 is devoted to analytical studiec of the test ~
system. This work includes two finite element calculations
performed to provide realistic "clowe in® velocity time histories
for soi’s with known properties. With this computed data,
various procedurecs used to estimate strain-dependent shear
moduli could be ag, .ied to check the general validity of various
data interpretation procedures.

PSPV S

The fifth chapter discusses the results of a special experi-
mental test program conducted in an artificial sand fill.
Emphasis of the tests, like Chapter 4, was to obtain ®"close in® .
results which could be evaluated to establish rational data
interpretation procedures for processing production test infor-
mation. This chapter evaluates these results.

The final chapter, Chapter 6, provides a recommended pro- ;
cedure for interpreting production data. This information is :
based on the results and studies presented in Chapters 4 and 5.
Also included is a brief discussion of planned future work on
this particular project.

Sevrn appendices accompany the main text. Appendix A includes
a description of the non-linear soil model used in the finite
element calculations described in Chapter 4. Appendix B presents
typical experimental results obtained using the pneumatic anchor
described in Chapter 2. The soil properties, fill construction
procedures and equipment installations at the Fort Lawton
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experimental
These appendir
ditions and

Chapter 5.

Appendix E presents the results of

to establish sensor spacing requirement:

test program. The final appendices, F 3, are a comprehensive

coverage of the special experimental tests and suoseguent com-
parative and statistical studies conducted to evaluate the
effects of varicus in situ test parameters on the in situ eoil
response mcasurements. This evaluation of the data was cbtained

as Y major part of the special experimental program conducted at

Fort Lawton and supplements that data provided in Chapter 5.




o ——— —jw - -

CHAPTER 2
IN_SI1TU IMPULSE TEST

The development of the in situ impulse test involved
1) development of ti.e basic test set up, 2) design and fabri-
cation of test eguipment, 3) development of field testing pro-
cedures and 4) development of data processing techniques. In
previous studies, the test cet-up was esté .lished through
experimentation and bench testing in shcliow borings wivh more
simplified equipment. This testing was ccnducted to first check
the feasibility of the proccdure and in general establish boring
spacing requirements, clarity of signatire and the mechanics of
the equipment. From these efforts, the impulse test as presently
accomplished on a production basis is described in Section 2.1.

Design and fabrication of test equipment also followed a
line of progressive advancement in sophistication. In-hole equ.p-
ment was improved and modified through testing %o achieve
optimum workability. Recording equipment originally consisting
of strip chart recorders and oscilloscopes was updated by incor-
porating a magnetic tape recorder into a single console unit.
This current equipment has greater resolution, greater recording
flexibility, computer compatibility and greatly simolifies field
recording procedures. The details of the test equipment are
presented in Section 2.2.

With reasonubly well-established testing technigques and
refined test equipment, current efforts have been concentrated
on obtaining production data at different sites with different
soil types. During this period six sites have been tested by
this procedure to depths approachira 100 feet or greater. Fron
this field testing, considerable experience has been gained.
Based on this experience, Section 2.3 descrxbes in sequence the
general field exploration equipment. and procedures used for
exploring and testing these sitos with this new test procedure.
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Finally the test data had to be processed in a consistent
manner. Computer programs were developed for extracting the
pertinent data points from each signatuvre. The proceaures for
this are described in Section 2.4.

2.1 TEST DESCRIFTION

The in situ impulsc test is similar in some respects to
the cross-hole technigue used in conventional geophysical
explorations, in that it is based on the generation and recording
or the propagation of shear waves through a mass of soil between
two or more borehcles. A schematic of the test, - .n in
Fig. 1-1, includes a generating source and three cr more
recording stations arranged in a horizontal plane at a given
depth, inside vertical boreholes. This arrangement may be
rudial as shown in the figure, or in an array in which the
source and sensors are in a line. Borings containing free-ficld
sensors may be either cased or uncased.

The primary difference between thili test and other cross-
hole impulse-type tests is in the generation, magnitude and
control of the shear waves. This test utilizes a controlled
in-hole energy source in which shear waves dominate. The
resultant recorded velocity-time signatures therefore have a
distinct amplitude and shape as the shear pulse travels through
the soi) to successive recording stations. A consistent shape
enables the identif.cation of characteristic points on each
pulse marking the time of passage of a wave through each reccrding
station. The desired large amplitudes of the shear pulse arc
obtained by adjusting the spacing of the borings. For the
3 to 1071
have gencrally been positioned in boreholes spaced about 4, 8

general strains of interest (10” percent), sensors

and 16 feet from the energy source. These are considerably

closer spacings than used in the conventicnal cross-hole pro-
cedures. Thus che close spacing minimizes the inherent limitations
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in the cross-hole procedure of having waves reflecting or
traveling over paths greatly different than assumed.

2.2 TEST EQJIPMENT

Major development efforts of testing equipment were accom-
plished in previous work and *he results presented in previous
progress reports (SW-AA, 1973 & 1974). Hcwever, since this
€quipment has been gradually updated through minor improvements
and modifications, the main featu-. 5 are summarized below.

281 Anchor and Hammer Assembly

Two anchor and hammer asserblies have been devaloped
to transmit the applied impact encigy to the soil. The primary
anchor used in the program to date consists of a heavy hydraulic
system designed to operate in a 9 to 10 inch diameter borehole.
This anchor is four feet long, weighs 195 pounds and is formed
by three aluminum curved plate segments. The details of this
anchor are shown in Fig. 2-la. The vertically oriented piston
shown in this photograph ie a 25-ton capacity dcuble acting
hydraulic ram. This ram, when cxpanded, extends through a system
of arms, forcing the curved plates outward and pressing them
tightly against the walls of the borehole. A hand operated
pump and gage is located at the ground surface to control and
maintain the hydraulic pressure in this ram.

On top of the anchor plate segments as shown in
Fig. 2-1b a striking placte, load cell, and two Belleville springs
in series form the cushion. This cushion receives and transmits
the impact of the hammer to the anchor assembly. The Belleville
springs have a stiffness of about 300,000 lbs/in. The load cell
is waterproofed, has a maximum capacity of 60 kips and is
designed to respond to high frequency motions. Auxiliary equip-
ment with the load cell enables the load cell output to be

-10-
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recorded as a function of time simultaneously with the velocity
measurements. Standard BW drill rod extends through the center
of the springs, load cell, and striking plate and is fastened
to the anchor by a yoke. This rod maintains alignment of the
striking plate in the center of the anchor and also is used to
raise and lower the encire assembly in the borehole.

During testing, the diameter of the exps ded anchor
can be deteri.ined at the ground surface by measuring, with a
special key system on the bottom end of the BW rod, the stroke
of the piston. If the hydraulic pressure in the ram and the
diameter of the anchor are determined; by appropriate calibra-
tion, the radial horizontal stress at the soil/anchor interface
also can be determined. 2rccedures for deternining this value
are described in Scction 3.1.3.

The last component in this system is the striking mass
itself, herein referred to as the hammer. Two hammers were used
and consisted of different size stcel cylindrical weights,

tapered slightly on the lower end. These weights aru controlled
from the ground surface by a thin steel hoisting cable. The
hammers each have a 2-inch diameter hole through their center

to be guided and centered in the holc by the BW drill rod.

For production testing, 58 and 150 pound hammers were used.

With thes= weights, a wide variation in energies was achieved

by varying the height of drop.

The szcond anchor, tested to a lesser extent, was
designed to operate in a 4-inch diameter borehole. This pneu- !
matic anchor is five feet long, weighs about 150 pounds, and is
formed by three steel plates surrounding an inflatable packer.
The details o this anchor are shown in Fig. 2-2. The curved
plates are made from double extra strong pipe cut into three
curved segment .. The inner core of.this system consists of a
high pressure packer ur.t (Burst pressure of 13C0 psi). The
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(b) Detail of Top of Anchor
FIGURE 2-2 PNEUMATIC ANCHOR DETAILS
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Packer contains a 24-inch 0.D. steel wire reinforced rubber unit
which expands up to about 6 inches in diameter under high air
Pressures. Coupling is zchieved by expanding this unit outward
Pressing the plate segments tightly against the bo:ehole walls.
As t}: unit expands, the lower end of the packer contracts on

an inner rod as a piston. This relieves the longitudinal stresses
in the packer.

The entire anchor is held together by a system of
eighteen short cables. When the anchor is expanded the cables
compress or loosen causing the plates to hang in the borehole.
Vertical alignment of tle plates is maintained by this hanging
action. When the air pressure is released the piston action of
the packer pulls the system of cables together retracting the
c.orved plates tightly against the inner packer.

The striking plate, springs, yoke and hammer systems
shown in Fig. 2-2b, all Operate on the same principal as the
first anchor. The hammer for this system weighs about 90 pounds.

Both anchor and hammer assemblies are raised and

lowered in the borehole by the drill rig used to advance the
borings.

- B M | Sensors

The sensor units for this test consisted of vertically
oriented velocity transducers (Mark Products L-10AK). These
particular sensors bave a natural frequency of 30 cycles rer
second. For these tests, each velocity transducer was placed
in water-tight casings and fixed to a sensor holder. These
holders consist of a strong, lk-inch diameter inflatable, rubber,
cylindrical balloon with two short aluminum heads fastened in
eath end. To make the holder act as a rigid element vertically,
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a thin solid steel rod exteads througk the rubuer unit and is
fizxed to the two aluminum heads. The bzlloons are pressu.ized
Fv compressed air and can be expanded to about ¢ ‘nches in
diameter, if required, to achieve adeguate coupling cf the sen-
sors with the walls of the boreholes. Orientation of the
sensors was maintained at the ground surface through inter-
connecting 1/2-inch diameter, 10-foot long steel rods fixed

to the aluminum head of the balloons. Details of the sensor
and sensor holder are shown in Fig. 2-3.

2.2.3 Recording Eguipment

The record.ng consolce used in the field to acquire
velocity time histories from each sensor and load cell measure-
ments 1s shown in Pig. 2-4. The console contains four basic
units. The waveform recorder (Biometion Mcdel 1015 Waveform
Recorder) is the primary central data acquisition una.t. This
unit is capable of recording simultaneously and storing in
memory, the velocity or’ load time histories independently from
four sources. This stored q?ta can be withdrawn from the
recorder in either analug or digital form.

In analog form, the entire signal from each of the
four channels is displayed simultaneously on the screen of the
oscilloscope (lower right unit in Fig. 2-4). Bbecause the infor-
ma“ion displayed on the oscilloscope is being taken from a
memory bank, adjustments in time and amplitude of the signalc
are possible after the event. This feature enables small or
critical data parts on any channel to be studied separately in
detail or compared with critical parts on other channels. The
oscilloscope was equipped with a camera mounted in front of the
screen. Photographs, taken of the continucus display. provided
not only a back up recording system but also valuable additional
graphical records used for determining visually v’ .ich terts were
the best and should undergo further study and processing.
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FIGURE 2-3 SENSOR AND SENSOR
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In digital form, the data is withdrawn from the
waveform recorder and placed directly on computer compatible
digital magnetic tape. The top right unit in Fig. 2-4 is a
Cipher Model 70M magnetic tape recorder. Records for each test
can be digitally placed on the tape in about 30 seconds. Each
of the four cha.nels is printed in sequence as 1024 words or
4096 words in total. 1In most cases each word is printed with a
time and amplitude resolution of 0.05 milliseconds and one parc
in 1024, respectivaly. The recorder is capable of achieving a
miniwum and maximum time resolution ranging between 0.0l milli-
seconds and 10 seconds per word.

The interface unit prcvides the necessary electrical
circuitry for transferrirq the digital data from the waveform
recorder to the tape reco der. Also the interface unit contains
manual control and automatic options which enable the test data,
test labels, and both time anud amplitude scales for each of the
four channels to be orgarized systematically on the magnetic
tape. This greatly simplifies data reduction, because the com-
puter can read the necessary scaling information and test data
on the tapes such that very little other data need be entered
into the computer manually for complete processing.

2.2.4 Surveying Equir.aent

The precise "orizontal distances between the velocity
transducers in adjacent borings is determined with two electrical
instruments, a spiral checking device and an inclinometer. These
instruments are separately lowered into plastic casings either
temporarily or permanently insta.led in each bering. Guide
wheels on each instrument track in special continuous vertical
slots grooved in the plastic casing. These slots assure accurate
alignment and orientation of the irnstruments. The spiral
checking device measures at five foot intervals any minor
rotation of the grooves in the casing. By knowing the rotational
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position of the grooves at the cround surface, tle change in
rotation relative to the surface position can also be deter-
mined at any depth.

The inclinometer sens:r also follows ir the saie slots
and accurately determines the inclination of the sexsor 1rom the
vertical. 1Inclinations are recorded on perpendicular planes
at two foot intervals for the entire dopth of the boring. With
both inclination and rotational surveys combined, the horizontal
displacements of the borehole at any depth relative to the top
of the borehole can be established. By measuring the surface
@ splacements with a tape, the distance (within an accuracy of
about 0.1 ft) between respective holes at any depth can be
computed.

2.3 FIELD EXPLORATIONS AND TESTING PROCEDURES

From past and current testing efforts at production sites,
rather well established drilling and testing procedures have
evolved. A small trailer and the necessary drilling equipment
are first mobilized to each test site. The trailer transports
the in situ equipment to each site and serves as a data acqui-
sition center during field drilling and testing ooerations.
Drilling rigs utilized to advance the berings and parform the
in situ testing are conventional equipment and have consisted
of either hollow stem auger rigcs and/or rotary rigs.

The following paragraphs describe in sequence the general
field exploration and testing program recommended for use in
evaluating the variation in the in situ dynamic shear modulus
with strain and depth at a potential nuclear power plant site.
This work would generally supplement that normallv performed
on a routine basis.
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2.3:1 Field Exploration and Surveying Procedures

At each site four borings are drilled and tests per-
formed to depths on the order of 100 to 2060 feet. These borings
are aligned in a straight line or in an array indicated in
Fig. 1-1. The three sensor borings, spaced 4, 8 and 16 feet
trom the fourth anchor boring, are usually about 4 inches in
diameter. The anchor boring is either 4 or 9 inches in diameter
depending upon the anchor use?

Drilling is usually initiated by advancing and sampling
one sensor bcring for the entire (usually 200 feet) depth. This
boring serves as an early base for defining the subsurface
materials and assessing the likely performance of this hole
to caving or deterioration. 1If caving is apparent, casing

—{plastic) sh>uld be installed in this as well as the remaining
sensnr borings. Otherwise testinjy can be accomplished in
uncased holes. * e anchor boring is usually 'rilled last,
because it must be maintained and testing performed in an uncased
hole.

As soon as each boring is completed three inch dia-
meter casing is lowered into the hole through the drilling fluid
for the full depth and rigidly fixed at the surface. The
hole is then surveyed by lowering the two surveying probes
inside the casing and recording the inclination and rotation
characteristics of the casing. The casing is then removed from
the hole shortly after the survey is completed. This entire
operation usially takes about two to three hours per hole.

If casing is r-equired to prevent caving, the surveying operation
of the sensor borings can be accomplished any time during the
test program.
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Surveying requirements for the axc™or boring depend
upon the anchor and dri'ling equipment beinz used. If the
4-inch pneumatic anchor is used, the survey Zescribed above can
be either accomplished before or at the ccagletion of testing.
If the larger 9-inch hole is required, it mcst be accomplished
in one of two ways. If this hole is advanced by a continuous
flight 3-3/8-inch 1.D. hollow stem auger, %2 casing can be
installed in the hollow stem. The hole cax then be surveyed

and the casing removed prior to pulling the auger.

If rotary procedures are used, a two-step operation
is accomglished. First a pilot hole 4 inches in diameter is
advanced for the full depth of the boring. This hole is then
surveyed using the temporarily installed casing 2:.scribed pre-
viously. The pilot hole is then reamed to :ts full diameter.
To prevent drift from the surveyed hole, txe reaming bit should
be aligned and guided with a pilot bit adva-c.ing at least five
feet in front. Reaming can be accomplished in steps concurrent
with testing cor ifor the full depth. By drilling and testing in
steps, borehole disturbances are minimizeé 2=d the walls of the
borehole are left exposed for shorter per:i:ods of time. This is
an especially important consideration whern caving or deterioration
of the walls is a problem.

In advancing the four borings, care must be taken to
assure reasonable verticality of the holes sspecially the two
nearest the anchor. Excessive drift in t&e alignment can result
in holes converging to a common distance frzm the anchor. This,
in effect, causes two potential data staticss to act as one.
This may require the drilling of extra holes. If initial care
is taken to properly align the drilling rigz and long heavy drill
collars are used in the drilling operatio=, this problem is
minimized.
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2:3. 2 Field In Situ Testing

Once all holes have been completed and surveyed, in
situ testing is conducted usually at 5-foot intervals. Testing
usually starts at the top of the boreholes and progresses downward.

The anchor and hammer assembly is raised and lowered
on BW drill rod to the prescribed test depth by the drilling rig.
The rig is needed for this operation because it is capable of
1) flushing the hole prior to the start of testing, 2) pushing
the anchor assembly through bridges or tight spots, 3) pulling
the anchor assembly loose from the borehole walls following
testing, and 4) pumping water or drilling fluid through the center
of the assembly to wash out soil particles that have collected
during the testing operation.

Coupling of the anchcr is accomplished by gradually
increasing the hydraulic pressure in the 25 ton ram until a stable
value is reached. To monitor the coupling of this anchor
assembly, measurements of jacking pressure and the vertical
stroke of the ram (using the special)l key system) are checked
periodically during the jacking process and durirg the test itself.
With appropriate calibration, these two values enable the diameter
of the anchor and the resulting radial stress being applied to
be monitored. As will be indicated in Section 3.1.3 and
Appendix G, achieving optimum coupling is very important. Eicher
too high or too low a pressure can affect the strains achieved.
The naumber of strokes applied to the hydraulic pump and the
general resistance to pumping provide another satisfactory index
of the increasing soil resistance to juckihq forces.

For the pneumatic anchor, air pressure is used to
expand the anchor assembly and couple it to the sides of the bore-

hole wall. 1Initial coupling of this system is checked by pulling
slightly on the rods with the drill riy. Immediate resistance
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will indicate coupling.

Free-field sensors and their holders are lightweight
(less than 3 pounds) and cun be raised and lowered usually with
interconnecting 1/2-inch diameter, 10-foot long, thin steel rods.
The pin coanecting ends of the rods are designed such that
proper orientation or positicning of the sensors within the
horehole could be quickly and easily established. {

Coupling of each sensor is achieved by inflating the
ru! ber packer holder with compressed nitrogen. Firm coupling
is verified by pulling or pushing manually on the interconnecting :
rods. Also to assure continued coupling during testing, the |
rods are left free standing above the ground surface. Thus
their weight is supported entirely by the sensor hold.r providing
a simple monitor of the coupling effectiveness. 1f the coupling
becomes loose, the rods would drop several inches and catch a

ho-izontal clamp on the top of surface casing.

For each depth, a trial impact is first applied. From
*his impact, velocity time histories are recorded from four
vertically oriented sensors, (i.e., where shear waves were the
dominant particle motion). These records are uisplayed con-
tinuously on the screen of the oscilloscope. This display is
then inspected by the Jield engineer to detcrmine if all equipment
is operating properly (i.e., proper coupling of both anchor and
sensors, clear impact, and proper scales on recording equipment).
The impact is then repeated and other records obtained the
same way until four clear properly scaled time history signatures
are obtained from one impact. Two or threce tentative trials is
usually sufficient to obtain a good test. This last test 1is made
a permanent record by first taking photographs of the display
on the oscilloscope. Becausc portions of each signature ﬁay be
expanded or the scale changed after the event, more than cne
photograph 1s often justified. The information is then recorded
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on a basic data sheet and in digital form on a computer compatible
magnetic tape recorder for the later studv and evaluation. The
photographs enable the overall signatures to be studied and
assessed qualitatively while the digital records provide the
necessary time and amplitude resolution needed in this test.

At a given test depth, about six tests are taken:
usually three tests at two different energy levels. The diffrrent
encrgy levels are achieved by varying the height of drop of he
one of the two hammers. For most soils, the drop commonly varies
between six inches and two feet. 1In addition to measurements
of vertical particle velocities, measurements of load applied to
the anchor and horizontal parcicle velocities from free field
sensors are also recorded. The load provides for partial inter-
pretation of the shear wave velocity at the anchor and the hori-

zontal velocity measurements cnable the P-wave velocity and the
water table to be d:otermined.

2.4 DATA PROCESSING

In order to determ.ne the shear modulus, G, (or shear wave
velocity, Vs) as a functicon of strain, four basic measurements
are obtained in the performance of the test as listed below:

1) the distances between the anchor and the free field
sensors

2) the arrival time at each sensor |

3) the peak particle velocity at each sensor
4) the time of first impact of the hammer to the anchor

In addition, to study the response of the anchor, the peak force
anmplitude recorded on the load cell, as well as various tiae
points that define the shape of the recorded load impulse have
been processed.
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The distance between borings at corresponding depths is
determined by precise field curveys of each hole. The remaining

Parameters are obtained frcm time history measurements using

a load cell and velocity transducers positioned on and within
the anchor respectively, and vertically-oriented velocity trans-
ducers locatec in adjacent horings. A sample of the particle
velocity versus time recorde for a test is shown in Fig. 2-5.
This photograph shows the analog signals as displayed on the
screen of an oscilloscope. The data actually processed and
reduced are in digital form oa magnetic tape. In general, data
pProcessing for production tests can be divided into three phases:
1) initial checkout of the data, 2) computer processing of the
response measurements, and 3) final determination of the velocity
(or modulus) strain relationships.

2.4.1 lnitial Checkout Phuse

The initial step in this phase, upon receipt of the
magnetic tapes, oscilloscope photographs, and summary data sheets,
was to copy the data from the field tapes onto separate magnetic
tapes. The purpose of this step was three cld. FPirst, the
computer facilities were able to transcribe the data oanto a
Separate tape at a much higher voltage level than was possible
from the field recorder. This greatly facilitated subsequent
data processing operations. Second, the o-iginal tield tapes
provided backup data storage, in the event the tapes generated
were damaged. Finally, any portions of the field tapes that
contained unrecoverable data could be quickly identified. If
these portions were small, they were skipped so that the remainder
of the tapes could be processed. In the unlikely eve it that a
major portion of the data was unrecoverable, the encireers could
be notified while still in the ficld, and the measurements

corresponding to the unrecoverable data could be repeated.
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FIGURE 2-5 TYPICAL VELOCITY TIME SIGNATURES DISPLAYED
ON THE SCREEN OF THE OSCILLOSCOPE
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processing.

| tape listinas.

Test ~equeance number

Test depth

Sensors used

Recorder scale setting for each sensor
Recorder triggering scheme

Once the tapes were copied, further processing of the
data was initiated. The copied tapes were dumped and the listings
were checked for bad tape records and improper data or labels.
Then the following data on the test summary sheets were compared
with the tape dumps, where appropriate, and were used as input

to the processing program described in the next section.

Test loading (hammer weight and drop height)

Anchor jacking pressure
Data sample rate
Oscilloscope/photo number and scaling

| 2.4.2 Comput r Processing Phase

The above comparison served to indicate whether any changes

would be required to thz data processing programs and also
provided a basis for nc-ing in advance those tests that were
duplicates or missing ¢ 1d those that did not require subsequent
Only vertical velocity records and load cell mcasure-
ments were processed according to the procedures described

herein. Horizontal time of arrival measurements for determining

| P-wave velocities were determined manually from the initial

Once the initial checkout phase was completed, the

which processed the data according to the following steps:

\
{ data were then read into a specially developed computer program
\
\

a.
| b.

—

Reformat Jdata

Scale data into cngineering units
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Cc. Label tests and test channels

d. Detect peaks and zero crossings

e. Compute time delays

f. Store and manage results for easy reaccess
9. Print results in suitable report ‘ormat

The first step in this final processing (Step a) invcocived the
proper reading and decoding of the binary coded decimal formatted
duata into four digit integers in the digitizer range of 0 to 1024
counts. Then, in Step b, the l2-character test label preceding
~ach test was decoded into six 2-character paraneters which
represented the test sequence number, the sampling interval

and the recorder scale setting for each of the four data channels
recorded in each test. In addition, the computer program was
designed to automatically decode the label for scaling purposes
and also correc*ed for zero-amplitude offsets in the data.*

The recorder scale setting was combined with the transducer
sensitivity factor to produce a resultant scale factor. The
zero-amplitude offset level was subtracted from the data prior

to scaling.

Step ¢ of the final processing involved labeling the
test channels with appropriate sensor names, test nuabers,
and test sites. This data was stored for future identification
of the data processed in subsequent steps.

The Recording system used i~ _he field identified only positive
integers (0 to 1024 counts) when recording the velocity
histories. Therefore, the zero level of the velocity history
was assigned a positive integer value by the Biomation Recorder;
this integer value had to be sufficiently large so that the
largest-amplitude negative velocities could be recorded using

a positive integer. 1In processing the data, corrections for
this zero-amplitude offset had to be made; in providing these
corrections, the first data value .from each channel was assumed
to correspornd to this offset level.
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In Step d, key amplitude and time points of the velocity

and load cell data were identifie?. These points coir:esponded
to those considered significant for subsequent assessment of
the velocity-strezin relationships (Fig. 2-6). The times of
arrival at adjacent scnsors of the first dowaward velocity peak
and the first crossing ("TPOS PK" and "TZEROX" respectively in
Fig. 2-6a) were then used to compute time delays in Step e.

Further discussion and evaluation of various methods for computing
shear velocities is presented in Chapters 4, 5 and 6.

- e enirtasnciii v

The final steps in this phase (Steps £ and g) consisted i
of storage of the processed data so that it could be casily
retrieved and, in addition, a printout of the summary information )
developed in Steps d and e. A sample of the pertinent data
extracted from these tapes is summarized in Fig. 2-7. For each
test at each depth, this printout included the energy lecvel,
jacking pressure, test number, the time and amplitude measurements
identified in Fig. 2-6, ana the various time delays between

adjacent sensors. §

2.4.3 Determination of Velocity-Strain Relationships

Having determined the above parameters from the data
tapes, the time data are next plotted with distance as shown
in Fig. 2-8. As discussed in Chapter 6, the time of first |
crossing (TZEROX) is most commonly used to identify the arrival !
time in the free field sensors. This time point from each
sensor record, together with the measured position of each i

sensor relative to the anchor, was used to construct the position :
versus time curve shown in Fig. 2-8. The slope of this curve

at each sensor was used to estimate the shear wave velocity

at that location. Since the wave decays rapidly in the near-

anchor regions, the soil strains likewise attenuate with }
increasing distance frocm the energy source. The strains in the

free field are ther computec assuming the wave travels as a
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(a) Vertical velocity measurements
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NOTE (FOR BOTH VERTICAL VELOCITY AND LOAD CELL MEASURLHENTS) :
ZERO TINE REPRESENTS FIRST RECORDED DATA VALUE

ZERO AMPLITUDE BASED ON BIAS OF FIRST RZCORDED DATA

(b) Load cell measurcments

FIGURE 2-6 DATA REQUIRED FRUM PRIDUCTION TESTS
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PRODUCTION TESTS EL CPutun SITL CEPTM @ 8 FEET
CTIVE IN mSECe VELSCITY 1w IPS, (Cal In W)
TESTS 27 AND 28 (TaPt Cel) ENERCY LEVEL ® 150 LB X 2,8 Iwn
JACKING PRESSUNE 3 500 P52
“isT 27 TINY TROS P TiNCR TNEL PR TRINaL POS Px NEC PK
ANCHOR 3V 2.8 2.8% a,9% L L] 10,158 17,2738 e« Y, 2738
WOLE (v 10.0% 13,08 18,18 19,38 28,25 a7y ., 457
HOLE 2v 19,10 26,088 27.%2 11.30 3%.20 0005 e le1?
=OLE v 39,3 ), 40 49,9 08,78 S1e0% «0na} v, 0952
TEART 28
ANCHDR 3V 10,02 1100 13,20 15.38 18,50 18,706 w=)1A,0898
AnNCwon av 10,78 1100 12,22 18,59 16,85 29,2918 32,0798
L0AD CELL 10,18 11.80 13,20 ehb0b,¢
TIWE DELAYSINSELD) POSITIVE feen
Tesr 27 Prax CRNSSIng
ANCHOR Jv 10 wOLF v 10,20 11,58
HOLE 1V 10 wOLE 2v 1102 11,60
HOLE 2v TO MOLE 3v 18,45 18,28
TESTS 30 AND 31 (TaPt Cey) ErENGY LEVEL ® 150 LS x 1,0 FT
JACKING PRESSUNEL ® 1500 PAT
Test 3o Tisle P08 Px ylp€lx TNLe PR TFINAL M0S Px NLG PX
ANCHOR 3V 1.95% 24AS J.42 8,10 Ta15 26,189y e2r,.M181
HOLE v 10,72 13.00 16,82 208,%0 2%.5% 5891 w7132
HoLE 2v 20,02 25,2% 28,45 32.70 In,T0 $0939 w, 22588 {
HOLF 3v 39,05 63,058 €82 6,00 S1.08 20904 e, 143}
TEST 31
ANCHOR BV 10,88 11475 12,42 15,60 16,30  23,32% «27,30V7 !
ANCHOR GV 10,7% 11,60 11,78 13.50 13.20 33,8311 euY,802e
LOAD CELL 10,22 11425 13.0% »13988,5 ]
!
TINE DLLAYS(MSEC) POASIT IR AL
TESY 3o PLan CRNSSING i
ANCHOR Jv 10 WOLE 1tV 15,78 13,80
KOLE JV YO mOLE 2v 11405 11408
HOLE 2v 10 mULE 3v 18,68 17,40
FIGURE 2-7 SAMPLE OQUTPUT FROM PRODUCTION TESTS
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plane wave (i.e., y = ;E). The procedures for determination

of shear-wave velocity $ and strains at the anchor are not

as straightforward. A fuller treatment of the meaning and con-
struction procedures of individual points at the anchor, based
on the results of this special study are presented in Chapters ;
5 and 6.

Having determined the shear wave velocity and corres-
ponding shear strain for each station, the shear modulus is
computed by:

R e 4 b

2
G =p Vs (2.1)

where p is the mass density of the soil.

Both G and Vs can then be plotted with strain as shown in

Fig. 2-9. This procedure is repeated for cach test depth,
from which profiles of shear modulus at specific strain levels
can be estimated (Fig. 2-10). These prcfiles can be used to
represent soil material properties for use as input to cite
response studies.
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CHAPTER 3
ANALYTICAL DESCRIPTION OF THE
IN SITU IMPULSE TEST

The purpose of this chapter is to present an analytical
discussion of the wave propagation phenomena and the test
conditions of the ia situ test procedure. To carry this out,
the chapter is divided into three sections. Section 3.1
considers potential effects of such factors as drilling of the
boreholes and installation of the anchor and sensors on the
in situ soil properties. The dynamics of the coupled anchor-soil
System are briefly discussed in Section 3.2, while Section 3.3
develops those particular fundamentals of basic wave theory
that are associated with the in situ test approach.

3.1 ANALYSIS OF TEST CONDITIONS

Three conditions exist during the drilling and testing
operation which may cause changes within the soil mass being

tested. These are 1) stress relief around borings, 2) disturbance

caused by advarcing borings through the medium and 3) korizontal
jacking stresses azplied in coupling the anchor to the borehole
wall. The following sections discuss the likely qualitative
effect of each condition.

3:3.1 Conditions Caused by Stress Relief

The change in the state of stress caused by the removal
of the soil in a drill hole has been studied by Terzaghi, 1943
and Westergaard, 1940. As a result of stress relief, a zone of
plastic equilibrium develops around the opening. For a soil
whose shearing strenmgth is given by:

S = ¢ + 0 tan @ 13.1)

=36~
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where: c¢ is the cohesion, 2 *he effective normal stress on the
plane of shear, and ? the angle of internal friction, the boun-
dary between the plastic zone and the surrounding elastic zone,

1s located at a radius r from the center of the hole. This

e.
distance is given by the following equation (Terzaghi, 1943).

1
» e .
2 - N - 1)
e ) _(EL 1)yz + ZC_{!Ti, } ( R ) _pn

- 3

\ (N +1) [(N =1)0 42/

where: - is the radius of the hole
o is the normal stress applied at the walls

of the hole at a depth 2z
Y is the unit weight of the soil

. 2, ,.0_ ¢
N. tan (45" + 5)

From this equation, if no supporting normal stress is
provided, (oro-O), failure will occur at any depth for a

cohesionless soil. For a clay with ¢=0, the equation indicates
that no plastic zone will develop for depths z smaller than:

(3.3)

N
I
<0

In the normal drilling procedures for the in situ
test, drilling mud is used to remove drill cutting, to counter-
balance the hydrostatic head of groundwater, and to create a
*mud jacket" around the walls. These last two features produce

a counteracting normal stress, ¢,,, which minimizes the plastic
zone created. The actual extent of the plastic zone depends on
the ratio between the frece field stress and the applied
supporting stress, {0rg), together with the shear strength of
the soil, at each depth.

To illustrate the imnortance of the thickness of the

-3
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plastic zone, consider a sand deposit with c=0, 0-300, N°=3.
Equaticn 3.2 becomes:
r b
-2 o ( XE.) ° (3.4)
o IEro'
and the following values arc computed:
Table 3.1
Extent of Plastic Zone for Sand, ¢=30° f
o r
ro e )
— o Result
Yz 55
1 «71 No plastic zone developed '
- 1 No plastic zone developed {
+ 35 1.41 Plastic zone, thickness = .41 Lo
.1 2.24 Plastic zone, thickness = 1.24 Iy
.05 3.16 Plastic zone, thickness = 2.16 !

Determination of the effective supporting stresses of |
drilling muds is difficult. However, local sloughing of bore-

hole walls is an indication that the plastic zone is enlarging.

To maintain the drill hole, use of increasingly heavier muds is
required. This increase in mud thickness, in effect, automatically
incrcases this supporting stress keeping the plastic zone to a
minimum. As a rough estimate the ratio of nro/yz for a

reasonably thick mud is probably of the order of .1 to = L

Based on this, and realizing that even if caving does not occur:
for average test depths o! 100 to 200 feet, a plastic zone

affecting a concentric area around a 9 *o 10-inch anchor bore-
hole and 4-inch sensor bor-.lole is probably about one-half to

~38=
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one foot and several inches thick, respectively. This zone 1is
considered negligible for the smaller holes, For the large
anchor, this zone if maintained, by using heavy drilling muds
should produce only a minor difference in measured data. The
difference is probably well within the accuracy of other test
seasurements (especially those made at the anchor).

3.1.2 Disturbances Caused by Drilling

Drilling operations produce disturbances of the soils
around a borehole. The degree of disturbance depends on the
size of the hole, the properties of the materials, the equipment
and procedures, and the experience of the rrillers. Published
information relative to the degree of disturvance of the walls
of boreholes is difficult to find.

Using rotary methods or the hollow-stem auger excessive
disturbances can occur in about four ways. Excessive water
pressures and turbulent flow of the drilling mud, especially
at the bottom of the borehole, can locally erode or deteriorate
surrounding soils rapidly. Rapid withdrawal or lowering of
drilling tools can gouge and smear walls. The rotation of
drilling tools at one depth for excessive periods can cause
enlarged zones. Finally use of flexible tools and no drill
collar can cause not only crooked holes but also irregular cylin-
drical shapes with possible protrusions, cavities and local dis-
continuities. In all cases, these effects of disturbances of
the soil espvecially for the larger anchor hole are important
field considerations for the fiecld inspectur and driller per-
forming the test and can be minimized with due care. For the
soils tested, the zone of excessive disturbance causcd by drilling
operations is estirated to be confined probably to a thickness
of one to two inches.

-39-
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condition, while not distorting recorded signal shapes, reduces
greatly the eneryy transmitted to =*e soil and thus the strains
achiecved in the free field. By experimental testing at the first
few test depths in a production test program, this optimum stress

can be readily estimated.

For close control of coupling in the field, the
numerical values of radial jacking stress on the anchor plates
can be determined and is required for later use in data inter-
vretation procedures. As discussed earlier (Section 2.2.1)
measurement of the stroke of the hydraulic ram made from the
ground surface, and the jack pressure enable the determination
of both the radial stress and the diameter of the anchor during

testing.
The radial stress is determined by the equation:
2 Q
| 3. 3 °j XE cot a (3.5)
\
where: o, raulal stress

|

|

| 9. Jack or ram pressure

| i effective area of the piston of the hydraulic ram
A, lateral arca of one anchor plate

« angle of the arms of the anchor with the
horizontal plane

The above symbols in this equaticn are also identified in
Fig. 3-1. The diamcter of the ancior is determined by the
following equation.

— 2
D-d02af1°t‘-“;;9)-‘]) (3.6)
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The radial stress applied

state stress of the soils in the vicinl

Since the confining stress has an importan

modulus, (SW-AA, 1972) the erical value
needed in interpreting the test data and a
variation in stress conditions from the fr

The use for the radial stress is included
3.2 ANALYSIS OF THE GENER/

The generating station may be schemat

shown in Fig. 3-2. The purpose of this si=

to describe the main elements of the dy
the basic rclationships of motio

Iure are:

mass of the striking hammer
mass of the anchor
stiffness of the loadir

resistance of the support

impulse loading of the anchor, re
applied by one blow of the striking hammer

given by:

aH g h

the anchor

anchor ch

ty of the anc!

t influence on the
of jacki~g stress
~counting for this
ee fiel?d te of s

in Chap , 5 and 6.

ically represented as
plified representation
namic system and to

. The sym) in

from che impact

rgy., W,

h the height of free fall of the hammer

the acceleration of gravity
Y
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FIGURE 3-2. SIMPLIFIED MODEL
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Free Body faquilibrium for Anchor:
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Impulse
A
Inertia
Soil
Resistance

l Flt) = k (2,2,)

Equations of motion
for 2-degree of freedom
ANCHOR=-SOIL STRUCTURE:

."ZH¢k (ZH‘Z

-Aia'*c(zn’zA)*Rs =0
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The velocity of the hammer at the instant when it strikes the

anchor assembly is:

Vo * v2gh (3.0)

Fie) = F) (£ (0)] =k, (2, = 2z,) (3.9)

Where: 7 and z, are the displacement time histories of the
hammer a:d the anchor respectively, F) is the maximum applied
force and f(t) is a function which defines the shape of the load

pulse.

The applied force, as measured at the top of the anchor, is: ’

the eqguations of motion of the simplifiod system, assuming
1) that the anchor and the hammer are rigid bodies, 2) that
the loading head is a linear elastic eclement, and 3) that only i

vertical motions occur, are:

=, iu + kc (z" - zA) = 0 (3.10)

m, 2. *R_(t) - k_ (z

A " " Ty zA) =0 (3.11)

- S i

In an actual test, the force F(t) applied to the anchor is
meascred by means of a load cell attached to the striking plate. ‘
By substitution Equation 3.1l1 becomes:

= iA + R, (t) = F(t) = 0 (2.12)

The resisting function, Rs (t), represents the supporting force
applied by the surrounding soil. Solution for this eguation -
requires defining the resisting function in terms of the soil

properties, the variables of motion, and the geometry of the
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probler.. Although mechanical models exist for the behavior of
the soil in terms of stiffness and viscous damping, it is not
possible to determine the values of the corresponding constants

which pertain to the boundary conditions of the problem (i.e., a

short segment of a long cylindrical opening in a semi-infinite

mass). The general problem is further complicated when considering

the changed state of stress created in the surrounding soil by

applying large radial stresses with the anchor. As discussed in
tne previous section, the different degrees of coupling can also
result in the possibility of reaching failure condition, slippage

at the anchcr snil interface or local shear failure from exces-
sive jack presrures. All of these variables make it di“ficult
to model “"rea’® conditions at the generating station.

Because of the impossibility of finding a closed form
' solution to analyze the response of the anchor in the in situ
test, finite element methods and special experimental tests
have been employed for the development of the procedures for
data incerpretation. The results of this work are treated in
¢.cail in Chapters 4 and 5.

3.3 DISCUSSION OF WAVE PROPACATION PHENOMENA

Anchor motion, excited by a falling hammer (see Fig. 1-1),

soil mass. These stress waves can exist as either P-waves or
S-waves. P-waves (also termed primary or compressional waves)
are characterized by particle motions along the direction in
which the wave propagates, while S-waves (also termed secondary
or shear waves) involve particle motions transverse to the
direction of wave propagation. The anchor constitutes the

aligned with the line connecting the element with the anchor,
provided the soil mass is locally homogeneous. Although the

-

|
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is transmitted as transient stress waves to the three-dimensional

| origin of the disturbance durinag the in situ test; the direction
of propagation for an clement of soil, therefore, is approximately
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derign of the anchor, shown schemati al4y in Fig. 3-1, results

in the .generaticn of some horizontal motions in the soil, the
predominant soil Tesponse 1s expected to be vertical. For soil
elements located on the midplane of the anchor, therefore, for
which the directicn of propagation is horizontal and the pre-
dominant direction of particle motion is vertical, the S-wave
component of the propagating stress wave should have a larger
amplitude than the ?-wave component, even though the P-wat~2s

may still be signiticant in the near-anchor region (Chapter 5).
Furthermore, since S-waves and P-waves propagate at dirferent
characteristic wave velocities, the two components will separate
at a distance from che anchor which depends on the .two
characteristic wave velocities and the duration and magnitude

of the impulse load applied to the anchor.* Beyond this distance
the S-wave component of the propagating stress wave is unaffected
by the P-wave cosponent.

The task of determining the strain-depéndent in situ pro-
perties of the soil medium from a finite number of free~field
particle velocity records requires that shear wave velocity and
shear strain be determined from these records. Since the
S-wave propagates at tne shear wave velocity, a first approxi-
mation to the shear wave velocity of the soil medium can be
obtained by observing the propagation of any identifiable feature
of the S-wave. Due to dispersion of the S-wave as it propagates
away from its nearly axisymmetric source, the various identi-
fiable features do not all piopagate at the same velocity as the
wave itself. Furthermore, since the properties of the soil
medium are strain-dependent, the shear wave velocity of an
element of soil varies from instant to instant as :he stress wave
propagates through. For these reasons, the value cf shear wave
velocity obtained by observing a particular featurc of the

-
For the special field tests described in Chapter 5, the
distance was about 2 feet.
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propagating S-wave 1. nt necessarily related to the strain-
dependent soil propertic - in a straightforward wey. Therefcre,
special studies have beer carried out, using finite element
procedures (Chapter 4) and special field tests (Chapter 5) to
investigate this problem.

L TSR U S —

Once the shear wave velocity has been determined, a first
approximation of the peak shear strain occurring in a given
element of soil can be obtained through the relation

w .

in which y is the magnitude of the peak shear strain, w is the

peak particle velocity of the soil element, and Vs is the shear
wave velocity. Equation 3.13 was originally developed for the !
case of plane S-waves propagating in an infinite elastic medium.
‘this relation can be shown to be valid for elements at large
distances from the anchor for an in situ test. This can be done
using a solution developed by C. C. Mow, 1965, to determine the
free~-field response of an infinite elastic medium to the arbi-
trary motion of a rigid spherical inclusion along a vertical axis.
Equation 3.13 holds, in this case, for elements located along

the midplane of the sphere at large distances from tho cphere.

At these large distances, the shape of the anchor (i.e., vhether :
cylindrical or spherica.) is not particularly important; further-

more, che shear strains in soil elements located at large

distances from an actual anchor in an in situ vest will be
sufficiently small so that these particular elements can be ;
considered to behave elastically. Therefore, the results from
the above indicated closed form solution can be cons’dered to

be representative of the behivior of actual soil elements located
at large radial distances from the anchor. For these particular

elements, Equation 3.13 was shown to be applicable, as indicated
above.

-48-
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The behavior of so0il elements located in the immediate
vicini*ty of the anchor is quite different from that represented
by Equatica 3.13. Foir such elements in an infinite elast:c
medium, the response may be more nearly represented by cylin-
drical waves; however in an in sit: test of actual soil materials
these waves are further cumplicates by the boundary effects at
the anchor-soil interfa'e (i.e., sliigpage, jacking pressures,
the finite length of the anchor. etc.) and the inelasti. dehavior
of the near-anchor soil elements. Such complex response
characteristics cannot possibly be represented by closed form
solution based on elemen’ary wave propagation principles, as
described above. However, these near-anchor response character-
istics can be investigated by using nonlinear finite element
techniques and by special field ' est procedures, as described
in Chapters 4 and 5, respectively.
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CHAPTER 4
FINITZ ELEMIENT ANALYSES

4.1 INTROOUCTION

The in situ test to determine the shear properties of
soils has undergone considerable development in previous efforts;
however, various aspects of the data reduction procedures for
these tests still require further evaluation. For example,
current procedures for def. ‘ng shear wave velocities between
adjacent sensors have not ye. been fully verified. In addition,
current techniques for establishing shear strains from the
measured soil motions are based on certain assumptions that
require further assessment when applied to the complex response
conditions that exist during the in situ test.

4.1.1 Purpose of Calculations

The purpose of the finite element calculations des-
cribed in this chapter is to evaluate procedures for obtaining
in situ soil properties from the test data. This is carried out
by treating each nodal point in the finite element grid as a
sensor, and the velocity histories obtained from the calculations
as field measurements. Data processing procedures used to
estimate strain-dependent shear moduli from actua: field data
are applied to these computed velocity histories. The shear
moduli estimates obtained using these procedures are then com-
pared to the shear moduli actually used as input to the finite
element model.

The use oi finite element calculations in this manner
offers several important advantages when assessing data processinog
pProce“Jares. First of all, the soil properties incorporated a-
input data for the finite element model provide a basis for
evaluation of the results of the various data processin: 15,
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4.1.2 Scope of Calculations

Once dynamic so0il responses are measured during the
in situ tests, data processir~ technigques must be used to
convert these response measurements to corresponding dynamic
s0il properties in shear. The principal objctive, that of
determining a relaticonship between shear modulus and level of
shear strain in the in situ medium, involves two phases of data
interpretation. First, the shear wave velocity, which deter-
mines the shear modulus, nust be obtained; and then the strain
level ~orresponding to that value of shear wave velocity must
be determined. 1Initially, it is bkest to consider these phases
s-narately; however, before the final recommendations can be
formulated, the various methods for estimating shear moduli
and strains, by themselves, must be tested in combinations
suitable for the construction of modulus/strain relationships.
It is on the basis of how well these modulus/strain relation-
ships approximate the known relationships that the recommendations
will be made. Two calculations have been included in the present
study: one in which the socil has been n~deled as a linear
elastic medium, and cne in which the soil 1 131s been described
as a nonl .near, r steretic materiai.

The elastic finite element calculatiocn is of great
value in assessing each phase of data reduction separately. The
shear wave velocity 1s constant in this case, thus simplifying
the evaluation of those data reduction technigues intended to
determine shear wave velocity. Furthermore, since the method
of estimating shear strain depends on the shear wave velocity,
an a priori knowledge cf shear wave velocity uncouples the
strain calculation from the shear-wave-velocity phase of the
data reduction. Any problems encountered in estimating shear
strair, therefore, can be traced to the shear-strain phase of
the data reduction.

-5
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The nonlinear finite-element calculation allows the
various data processing methods to be applied under conditions
porse ne»r'v simulating the actual conditions of an in situ test.
In i2ct, th? nonlinear soil properties, hammer weight, Belleville
spring constant, and anchor weight used in the nonlinear calcu-
lation correspond as nearly as possible to those parameters
from the experimental tests in Chapter 5. Therefore the non-
linear finite element results can be compared directly to the
special %test results (Section 4.3.1) and can serve to provide
further insight into results from that test program. In addi~-
tior.,, the nonlinear finite element calculation is of value in
evaluating both phases of data reduction acting together. In
the elastic case, the sh ar wave velocity is independent of
strain level, making it meaningless to attempt to construct a
modulus/strain relationship. In the nonlinear case, however,

a nontrivial modulus/strain relationship does exist and, more
importantly, is known from the input data to the calculation.
Because of this, combinations of data reduction techniques
intended to determine the modulus/strain relationship can be
verified against the input data.

4.2 FINITE ELEMENT MODEL

The calculations described in this chapter were carried out
using FEDIA, a dynamic, two-dimensional, continuum finite
element computer code developed at AA. The material properties
that can be accommodated in FEDIA range from linear elastic to
highly complex nonlinear properties representative of soils or
reinforced concrete and based on variable bulk and/or shear
moduli and plastic yield functions. The boundary conditions
available include time-varying pressures, time-varying velocities,
fixed or free conditions along either global axis, and energy
absorbing boundaries. The memory usage is dynamically allocated,
and wnher ~¢-essary, data is stored on peripheral units so that
larger proble 1s may be solved than would otherwise be possible.
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d:8-1 Finite Element Grid

The finite element grid used in both the elastic and
the nonlinear calculations is shown in Fig. 4-1. The grid is
axisymmetric and contains a total of 954 elements and 1020 nodal
points, with the greatest mesh refinement in the vicinity of
the anchor. The upper boundary of the grid is modeled as a
free surface, 20 feet above the center of the anchor. To
simulate a soil medium of infinite extent, the bottom and right
boundaries were assigned energy-absorbing properties, thereby
minimizing any signals reflecting back into the interior of the
grid from these boundary locations. The left boundary of the
grid, which corresponds to the borehole, was subjected to stress-
free boundary cunditions along that portion of the hole wall
not in contact with the anchor.

It can be seen from Fig. 4-1 that the finite element
grid employs an especially fine array of elements and nodal
points in the wvicinity of the anchor, which is the region of
pPrimary interest in both of these calculations. The nodal-point
spacing is as small as 2 inches at the anchor/soil interface,
and gradually increases with increasing distance from the anchor
to a maximam of 24 inches at the right boundary of the grid.
However, the spacing never exceeds 10 inches within 10 feet of
the anchor/soil interface.

The ability of the grid to accurately transmit shear
waves depends on the nodal-point spacing and the shear wave
velocity cf the soil medium. 1In the elastic calculation, in
which the shear wave velocity is 1000 fps, the fineness of the
grid allows the undistorted transmission of shear waves with
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a frequency cor.ent of up to 500 Hz* out to a distance of 5 feet
from the anchor. FPurthermore, in the near-anchor region, shear
waves with freguency components of up to 1500 Hz can be propa-
gated without distortion. In the nunlinear calculation, in
which the shear wave velocity varies but is typically between
400 and 500 fps, shear waves having frequencies of up to 200 Hz
can be accurately transmitted to a distance of £ fect from the
anchor and signals of up to 600 Hz are permissible near the
anchor. Typical free-field velocity histories for a soil medium
in wnich the material properties are virtually the same as those
of vhe nonlinear firite element calculation are available from
the special tests. The upper bounds of the frequencies contained
in these velocity histories are about 300 Hz near the ancuor

and about 200 Hz at about 5 feet from the anchor. These values
are well within the transmission capabilities of the finite
element grid.

§.2:2 Application of Dynamic Loading

In the in situ test, loads are applied by means of a
freely falling hammer, which strikes Belleville springs attcched
to the top of a relatively rigid anchor. The hammer, Belleville
springs, anchor, and soil then form a coupled dynamic system
through which loads are applied to the soil along the vertical
anchor/soil interface. As shown in I'ig. 4-2, this dynamic
system 1s incorporated as completely as possible into the finite

.
It is assumed that good resolution of a frequency component

of a shear wave is assured i1f the ratio of wave length, L,

to mesh size equals or exceeds 4. The highest frequency com-
ponent compatible with a given nodal-point spacina. d, can
then be computed from the formula

v v
= 2= S
L 4d

wher2 V_ is the shear wave velocity of the medium, arnd f is
the max¥mum frequency in Hz.
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element model. The Belleville springs are represesrted as a

one~dimensional massless element with a finite compression
stiffness of 322 kip/in. This element has no tension stiffness
in order to allow feor possible uplift of the hammer. The top

of tlie sg.ing element of Fig. 4-2 is connected to a single
element which simulates the dropped hammer. The weight of this
element was taken to be 150 lb for the elastic calculation, and
58 1lb for the nonlinear calculation. The anchor is modeled

using axisymmetric elements that are very stiff when compared

to the soil. The total weight of th:se elements corresponds

to the actual weight ot the anchor (195 1lb). The anchor elements
are considered to be fully bonded to the adjacent soil elements.

Time-zero of each calculation is taken to be the
time at which the freely falling hammer makes initial contact
with the Belleville spring. The drop height of the h~mmer is

corresponding o the velocity of the hammer immeciat~ly prior
to initial contact with the Belleville spring when released

from the specified drop height. The in.tial conditions are as
i follows:

x(0) = 0
x(0) = /2gh

where: x(0), §(0) = initial displacement and velocity
of the hammer

g = acceleration Jdue to gravity =
32.2 ft/sec?

h = height above 3elleville spring from
which hammer i1s dropped

In the elastic case the drop height was 2 feet, resulting in
an initial velocity of 11.135 fps. In the nonlinear case the
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drop height was 6 inches, corresponding to an initial velo-
city . £ 5.67 fps.

4.2.3 Representation of Soil Materials

The properties of the scil in the elastic finite
element calculation are as follows: the rhear wave velocity
is 1000 fps, Poisson's ratio is 0.3, and the unit weight is
100 p~f. The material model used in the nonlinear finite element
calculation was designed to fit cyclic triaxial test data
obtained from the sand used in the special pit tests. The
material model used is of the variable-modulus type in which
the instantanecus tangent shear and bulk moduli are computed,
for each inteygration step of the calculation, as a function of
the current state of stress and the stress history of each
element of the grid. Hysteresis is incorporated into the
shear modulus by distinguishing, on the basis of stress history,
between the conditions of virgin loading and of unloading/reloading.
Virgin loading exists if the current principal component of shear
stress exceeds all previcus values. Otherwise the element is
undergoing unloading/reloading. A thorough descriotion of che
soil model, along with numerical values of the parameters used
and curves comparing the model with the cyclic triaxial data,
is contained in Appendix A.

4.2.4 Integration Time Step

The intcyretion time-step schedule for the elastic
calculation is ".05 msec for the first 7 msec, 0.1 msec for
the next S msec, and 0.2 msec thereafter, resultina in a total
record length of 20 msec. This time increment schedule is much
finer than that required merely to satisfy the dynamic stability
criteria of the finite element method. The fineness of the time
increment arises from the necessity of knowing the time of
arrival, at a particular location, of various key features of

-59«

ot

- Al




- — — - i
ARG g T ey —— - — —— - -

o

the response sicnature, such as the first peak of the particle
velocity. 1In comruting the travel times of these key features
across distances as small as 2 inches, for which the transit
time of a pulse Propagating at 1000 fps is 0.167 msec, it is
necessary to know the arrival times of these features to within
4 margin of error which is small compared to this transit time.
While t e time increment of 0.05 msec may not be small enough

to allow satisfactory resolution over ¢ 2 inch interval, inter-
polation techniques can be applied to the data, if necessary, to
improve the resciution. :

DR o—

A similar line of reasoning was used to select a time-
increment schedule for the nonlinear calculation. Although the
shear wave velocity in this case is not constant, its average
value is about half as large as the shear wave velocity of the
elastic calculation. Therefore transit times between adjacent
nodal points are approximately twice as long in the nonlinear
calculation as in the elastic case. For this reason the nonlinear
calcula’.ion consis*ed of time increments twice the size of those
of the eiastic calculation. The schedule 1s as foliows: 0.1
msec for the first 14 msec, 0.2 msec for the next 10 msec, and
0.4 msec thereafter, resulting in a total time span of 40 msec.

iy ot .

-

4.3 RE” LTS OF ANALYSIS

Results of the dynamic analyses are obtained in the form
of motion time histories for each nodal point in the grid, and
Stress and strain time histories for each element. As noted
in Section 4.1.1, these results are used to assess data pro-
cessing techniques currently used in the in situ soil test program.
In addition, the results are used to study the characteristics
of the waveforms generated in the soil during the in situ tests. !
These assessments and studies are summarized in the remainder of |
this section.

R
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Comparison with Evperiment

It was pointed out in Section 4.1.1 that the finite
elemen: calculations can be used to evaluate the data processing
procedures without comparing the calculations with experimental
results. In fact the elastic calculation is used exactly this
way, in that there has been no experiment conducted in an elastic
medium. However, since the nonlinear finite element calculation
more nearly simulates the special test conditions, its com-
parison witn experimental results is possible. The application
of the results of tne evaluations of data processing procedures
to the processing of actual field da:a would be greatly facili-
tated if good correlation be‘ween calculation and experiment were
to be cbtained. For the sake of credibility, therefore, it seems
appropriate that the discussion of the analytical rasults should
begin with a comparison of the nonlinear finite element results
with the results from the special experimental pit tests. The
sensors from the special pit tests used in this comparison are

shown in Fig. 4-3.

The velocity histories recorded from the special pit
tests were obtained usiag velocity transducers having the frequency-
response spectrum of Fig. 4-4. The experimental displacement
histories were obtained by integration of the velocity histories.
In order to provide a consistent comparison between calculation
and experiment, it is necessary to adjust the calculated free-
field response in a manner that simulates the effect of the
transducers. This is accomplished by operatiy on the calculated
velocities with a transicer € ion having the frequency response.
of Fig. 4-4. Adjusted disp ments are then obtained from the
adjusted velocities by integration. Both the original calculated
response and the adjusted response are shown in the comparison

plots wihiznh follow.
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Figs. 4-5 to 4-9% show comparisons between Lhe experi-
mental and the calculated response during am in situ test.
Since there is no way t» correlate the starting time of the
experimental time histories with the starting time of the calcu-
lated time histories, arbitrary time shifts have been employed.
For any given nodal point, the velocity and Jdisplacement
histories have been shifted by equal amounts. The experimental
results, plotted as solid lines, correspond to mean response
curves taken over several repetitions of the test. The calculated
results shown are from nodal points located the same distances
from the anchor as the sensors to which they are being compared.
In cases where no nodal point occurs at the approximate location
of a particular sensor, responses of the two nearest neighboring
nodal points on either siage of the actual sensor location are
shown.

Comparisons of the uradjusted . .culated responses with
the experimental responses indicate an oxcellent agreement among
the velocities. The computed peaks tend to be slightly low at
the anchor and slightly high at large distances from the anchor,
suggesting that the calculation mav have slightly underestimated
the dissipative properties of the soil. But the general form
of the calculated velocity response appears to be accurate
throughout the entire time span of the experiment. The displace-
ment histories show less agreement. A noticeable difference
between calculation and experiment involves the occurrence of
permanent displacements in the near-anchor region of the finite
element results. There is no evidence of permanent displacements
in the experimental data.

Reasons for this difference between the computed and
measured displacement histories can be attributed, at least in
part, to the freguency characteristics of the sensor. As noted
in Fig. 4-4, the sensor has extremely low output at low frequencies.
This suggests that any permanent displacements, which essentially
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correspond to a zero-frequency response, are filtered out by

the sensor. Therefore, it is most consistent to compare the
experimertal response histories with the computed response
histories that have becn adjusted to account for the presence
of the sensor. These comparisons, as shown in Figs. 4-5 to 4-9,
indicate a significantly :mproved correlation between the com-
puted and measured displacenent histories. In fact, it can be
concluded that the adjusted finite clement results provide a
generally excellent comparison with the experimental results
over the entire time frame of the computatioirs. This high level
of correlation justifies the application of the conclusions of

this analytical study to actual field data.

Note that the adjusted displacements of the finite
element calculation show no indicatisn ¢’ permanent displacements,
even though the unadjusted displacement histories show them
to be present near the anchor. This shows that these velocity
transducers though all matched tc respond the same, may not
accurately measure permanent displacements, as explained above.
This observation together with the obseration that the 2djusted
finite clement response has been gquite successful at representing
the transducer output, indicates that permanent displacements
probably occur in the near-anchor region of actual in situ tests.

4.3.2 General Nature of Waves Generated During In Situ

Soil Tests

The nature of the wave propagating away from the anchor
is of great importance to the success of the in situ soil test
program. For example, i1f the shear wave velocity is to be
successfully determined, 1t must be shown that the wave, or
some identifiable portion of it, 1s a shear wave. Furthermore,
the formulae used in determining the shear strain reguire the
stress field to be n. arly uniform in the vertical direction.

Since the finite eclement resulls contain a vast quantity of
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informatiun pertaining to motiouns, stresses, and strains in
the near-anchor region, systematic examination of these
results can provide valuable insight as to the nature of the
pPropagating wave.

Fig. 4-10 shows contour plots of the vertical component
of particle velocity in the vicinity »f the anchor a: several
instants of time. The contour plots show only the portion of
the near-anchor region which lies above the middepth of the
anchor. The velocity and stress fields shkown in these figures
are nearly symmetric with respect to the niddepth. Essentially
no information has been omitted, therefore, by showiny only half
of the near-anchor region. By comparing the position of the
crest of the velocity wave of Fig. 4-10 with the position of
the crest of the shear stress wave of Fig. 4-11, it can be seen
that the two travel together. This indicates that the distur-
bance identified in the response of the velocity transducers
of an in situ soil test is especially rich in shear and its

Propagation is governed by the shear properties of the soil
medium. Furthermore, both Figs. 4-10 and 4-11 show that the
variation of velocity and stress in the ve-tical direction is
negligible compared with the variation in the radial direction.
This observation validates the assumption that only r lial
gradients of vertical displacement need be considered in esti-
mating shear strain.

Fig. 4-12 shows the shear stress vs. shear strair paths
of several elements along the middepth of the anchor for the
nonlinear finite element calculation. These elements are
located at distances of 1 inch, 10.5 inches, 24 inches, and

57 inches from the edge of the anchor. The values of the secant
' shear modulus, G, and the damning ratio, i, are shown for each

element. It can be seen from this figure that both the modulus
and the damring are significantly different for elements near

T e A—

the anchor, where strains are large, thar for elements far from
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the anchor. The most rapid changes in both G and A occur near
the anchor. The changes in both parameters become much more

gradual with increasing distan-e from the anchor.

Due to the hysteretic nature of the soil material,
permanent distortions of elements near the anchor remain after
the excitation has gquieted down. This effect can be seen most
clearly in Fig. 4-12a. These permanent strains can be explained
by making the observation that eguilibrium is a condition
requiring zero shear stress. The return to equilibrium from
the state of maximum stress follows a stress/strain path aifferent
from that by which maximum stress was originally attained; there-
fore, the strain at which zero s:cress prevails is nonvanishing.
As seen in Fig. 4-12, this phenomenon guickly disappears with
increasing distance from the anchor.

4.3.3 Assessment of Data Processinz Procedures for

Determination of In Situ Shear Wave Velocities

The shear wave velccity is an important property
of the soil medium in that it leads directly to the shear
modulus by way of the relationsaip

2
G=op Vs (4.1)

where G is the shear modulus, ¢ is the mass density, and Vs 1s
tne shear wave velocity, all expressed in a consistent set of
units. In addition, the shear wave velocity is required for

the estimation of shear strain, as discussed in Section 4.3.4.

Thus far in the in situ tes® program, two different
approaches have becn used to estinate s=Sear wave velocities.
The first approach is termed the time-history method and iden-

tifies a particular feature within the measured velocity histories
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recorded at adjacent sensors. The delay time associated with
that feature, i.e., differences in the time of occurrence of
the feature at adjacent sensors, is determincd :rom the sensor
records. The shecar wave velocity of the soil medium between
these sensors is then computed as the ratio of the sensor
spacing and the delay time.

A second approach 1s termed the waveform method and
utilizes the displacerents at the vario 's sensors (obtained by
integrating the velocity histories) to define wave profiles at
different discrete tines. A specific feature on each displacement
profile, such as the crest of the wave, is then identified,
and its lcration within the soil medium is noted. The distance
traveled by this feature during a given time interval is used
to estimate the shear wave velocity.

a. Time-History Methods

The time-history methods grimarily used thus far
for estimating shear wave velocities from in situ response
measurewents have been based on the first downward peak of the
velocity history and the zero crossing of the velocity history
after this peak (which correspnonds to the first downward peak
of the displacement history). These features were identified
in the velocity histories for nodal points located along the
middepth of th2 anchor. The resulting shear wave velocity compu-
tations were then compared to the original soil properties
used as input to bo*h the elastic and the nonlinear finite
element calculations.

When computing shear wave velocities using time-
history methods the time required for a feature of the velocity
signal to propagate a given distance is first noted. The shear
wave velocity is then conputed as the ratio of the given distance
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to this propagation time. Geometrically, this process amounts

to computirg the slope of the position~time diagram of the

featvre being observed. Thus, the computation of shear wave
velocity involves a process of numerical differentiation, a
pProcess which is well known for its tendency to magnify the
fluctuations of a time-history record. This tendency to exag-~
gerate local fluctuations can be counteracted somewhat by choosing
large distances or time intervals over which the differentiation
is performed. However, this carries with it a penalty in
sensitivity.

Fig. 4-13a shows the shear wave velucities as
computed by the method of zero crossing of the v:locit’ histories
for the elastic case. Fig. 4-13b shows the shear wave velocities
as calculated by the method of peak velocities. 1In both cacos
the actual shear wave velocity is indicated by a solid ..ine.
Minimum sensor spicings of 12 inches, 30 inches, and 60 inches
have been used in these figures. The calculations inveiving 12
inches minimum Spacing show an objectionable amount of scatter,
while those corresponding to 30 inches and 60 inches are rela-
tively scatter free. The results of the zero-cro<sing method
agree remarkably well with the actual shear wav: velocity. The
results of the peak-velocity method are less accurate near the
anchor, and imp.ove witch increasing distance from the anchor.
However the results are acceptable throughout the entire radius
range shown in vhe figure

Fig. 4-14a shows the Zero-crossing m~thod applied
to the results of the nonlinear calculation, while Fig. 4-14b
shows the results of the peak-velocity method. The solid line
in each figure shows the shear wave velocity based on the -ecant
shear modulus of each element of soil. The secant shear modulus
is computed as the peak shcar stress divided by the peak shear
strain of each element. For the 12-inmch minimum spacing, there
is an objectionable amoun: of scatter associated with the peak-
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velocity method. In fact, the peak-velocity mechod scems to
show more scatter at all sensor spacings than does the zero-
crossing method. On the other hand, disregarding the results
obtained using l2-inch minimum spacing, the peak-velocity method
seems to fall slightly closer to the actual shear wave velocity.
The difference between the results of the two methods may be
related to the trend whereby the peak velocity occurs while the
element is undergoing peak shear stress, whereas peak displacement
¢.“~urs during unloading under conditions of low stress. Due to
nonlinearity, therefore, the shear wave velocities involved in
the propagation of the peak velocity and the zero crussing are
slightly different. 1In the case of the nonlinear finite element
calculation, the peak-velocity method produced slightly superior
results. However, it cannot be concluded that this method will
prove to be superior ir 21il cases. In spite or the slight
difference in results, both methods provide acceptable accuracy
for the more Jdistant station {i.e., for distance greater than

20 inches from the anchnr,.

The above ~uctnods | r determining shear wave velo-
city involve measuremc.ut of the travel time of some feature of
the wave s it propagates froum one sensor to another. The
shear wave velocity computed in this manner is an average value
for the region between the sensors. 70 alternative approach,
referred to as the curve-fit approach, enables the determination
of shear wave velocity at a point, rather than for a region
between sensors. To apply this apprcach, time-of-occurrence
data for the wave feature under observation are required at
several locations. A curve of the form

a
T(r) = r—l +a, +ayr (4.2)

is then fitted to these data, wherec T(r) is the time- f-occurrence
function, r is the distance from the axis o. symmetry, and a.
a, and a, are undetermined coefficients. The slope of the curve
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at auy point determines the shear wave velocity at that point.
Since this can be computed aralytically, there is no nunerical
dirferentiation aussociated with this approach. Reduced scatter,
therefore, is one of its advantages.

Fig. 4-15 shows time-of-occurrence data for zero
crossing and peak velocity for nodal points along the middepth
of the anchor in the nonlinear finite element calculation. These
data have been fitted, using a least-squares procedure, with
curves having the form of Eq. 4.2. These curves are shown in
the figure as solid lines. It is secn that the comparison between
the analytical approximation of Eg. 4.2 and the raw data is
excellent. It can b- concluded, therefore, that Eq. 4.2 is an
appropriate form with which to seek an analytical approximation
of the time-of-occurrence data. Eq. 4.2 can be used to fit these
data as long as there are at least three data points.

Fig. 4-16 shows the shear wave velocity of the
nonlinear finite element calculation as computed by the zero-
crossing and peaxk-velocity curve-fit méthods. The time-of-
occurre..ce functions, Eq. 4.2, were fitted based on data from
all of the nodal points at the middepth of the anchor. Shcar
wave velocity was then computed at each nodal point location.
The resulting data sets show no scatter at all. In fact, since
the time-of-occurrence function is represented analytically, it
would have been possible to plot the shear wave velocity calcu-
lations as continuous curves. It is evident from Fig. 4-16
that shear wave velocity measurements at the anchor-soil inter-
face are possible, using the curve-fit approach. This was not
the case using the original opproaches for estimating travel
times. Furthermore, the accuracy seems tc be acceptable through-
out the range of Fig. 4-16 for both methods. Had fewer points
been available for fittiny the time-of-occurrence function, a
slightly different analytical fit would, most likely, have been
obtained. However, the results would have been equally free of
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scatter and the amount of error would probab.y not have been
much greater.

b. Waveform Methods

The time-history methods of computing shear wave
velocity in the soil medium are based on the propagation of
distinctive features of the response history observed at isolated
points in the soil medium. The wo¢veform methods, on the other
hand, are based on the propagaticn of distinctive features of
the spatial distribution of free-field response observed at
isolated instants of time. The waveform methods employed in
the in situ test program thus far have been based primarily on
observations of the crest of the displacement wave. Althoucgh,
in theory, the shear wave velocity can be determined through the
observation of any feature of the wave, the displacement crest
has been selected primarily because it is easily identified
and relatively simple to work with. Furthermore, it has the
physical significance that it is a point =2f zero shear strain
and peak displacement, and cccurs as the first identifiavle
point on the velocity history measurement after the peak strain
has occurred. Thus it is more than merely an identifiable labe’
on the response profile; it is a significant feature of the
propagating shear disturbance.

Application of the waveform methods to in situ
data is hampered by a shortage of sensors in typical production
tests. The spatial resolution of velocity gages ordinarily
used in in situ production tests is inadequate for accurately
constructing the response profile at a given instant of time.

On the other hand, application of waveform methods to the finite
element results, due to the aoundance of nodal points distr .buted
along the midplane of the anchor, does not suffer due to inade-
guate spatial resolution. Severa. displacement profiles,
constructed from the elastic finite element results, are shown
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in Fig. 4-17a. The Propagation of the crest of the displacement
profiles is an easily recognized feature of this figure. The
envelope of peak displacements is also shown in Fig. 4-17a.

The peak displacement at a given location occurs when the
displacement profile is tangent to the peak-displacement envelope
at that point. It is obvious from the figure that waen this
occurs, the crest of the displacement profile occupies a different
position, closer to the anchor than the point which is under-
going its peak displacement. Thus, at points close to the
anchor, the peak cdisplacement at a point and the crest of the
displacement profile at that point do not correspond to the

Same event. This is the basic difference between the time-
history methods and the wave-form methods. However, beyond
several feet from the anchor, the rate of attenuation of dis-
Placement with distance is small, and the crest of the wave-forms

is identical to the fero-crossing point in the time-history
method.

Fig. 4-17b shows several displacement profiles
constructed from the nonlinear finite element results. The
permanent displacemer.ts of near-anchor soil elements, which
were discussed in Section 4.3.1, are evident in these profiles.
These permanent disvlacements are of such magnitude .hat the
displacement of a given nodal point near the anchor is never
exceeded by the displacement of any other nodal points near the
anchor at which the crest of the displacement profile never
Ooccurs. Even at several noda) points where there is a local
maximum of the displacement profile, this feature is indistinct,
making it difficult to determine the precise location of the
crest. These problems render the wave-form methods ineffective
in determining the shear wave velocity for the nonlinear case,
particularly near the anchor. Although this phenomenon of
permanent dispiicements near the anchor was not observed experi-
mentally, it was pointed out in Section 4.3.1 that permanent
displacements probably were present.
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The d.splacement profiles of the elastic finite
element calculation can be used to determinc the position of the
crest of the displacement wave at any given instant of time.
ln order to improve the precision with which the position of
the wave crest can be determined, a parabolic interpolation scheae
has been used. Using this method, the displacements <t several
points in the vicinity of the crest of the profile are represented
analytically using a parabola in which the coefficients are chosen
by a least-squares procedure. The crest of the profile is taken
to the point at which the parabola has zero ulope.
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Results of this procedure are presented in Fig.

.
ARl OnAA ST W whe W

4-18 in which the sensor spacings of 12 inches, 30 inches, and
60 inches have again been used. The lack of scatter, even for

T ———

the 12 inch sensor spacing, as well as the fact that cres*
locations obtained by parabolic interpoclation are cons.stent
4ith prof.le plots, indicates that the degree of precisivoa with i’
which this method has been appliecd must have heen high. An
obvious trend whercby excessively hioh wave speeds ar recorded

fcrm mechods based on the crest of the displacement prr.file

' are 1wt well suited for deter— " ~ing shear wave velocities in -
the nzar-anchor region. As a resu' t, it is reocommended that
subsequent data reducticn be performed using time-nistory methods, M
and that the wave-form net..ods be drogped from further <onsi-

; deration fu compu..ng shear wave velocities.
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neac the anchor suggests that the crest of the displocement
profile propagates at a velocity different from the shear wave
velocity near the anchoir. This >hservation impli>»s that wave-
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4.3.4 Assessment of Data Processing Procedures for
Determination of In Situ Shear .it-air ! ;
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The present approach used fou estimating shear strair-
from the :n situ response mrasurem?nts is based on an analc gy
with the propaaation of plane shear waves ia an elastic medium
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of infinite extent. The resulting formula is:

Yez ~ 5— (4.3)
s
where: (- shear strain at the point under consideration
- particle velocity at the point under consideration
Vs shear wave velocity of the so0il medium at

the point under consideration

A discussion of the validity of Eq. 4.3 is given in Chapter 3.
This discussion indicates that Eq. 4.3 can be expected to yicld
accurate results at large distances from the anchor; however,
near the anchor, the soil behavior becomes more complex and

Eq. 4.3 no longer applies.

The implementation of Eq. 4.3 f.rst requires an estimate
of the shear wave velocity of the soil medium. Procedures for
estimating this parameter have been described and assessed in
Section 4.3.3. Once the shear wave velocity has been obtained
for a given lecation, the peak shear € .rain at that location
can be determined b, using the peak particle velocity in Eq. 4.3.
The results are likely to vary slightly, depending on the parti-
cular method used to estimate the shear wave velocity. Fig. 4-19
shows cumparisons between actual peak shear strains obtained in
the finite ~lement calculations and peak shear strzins computed
LY using the peak-velocity curve-fit method in cojunction with
Eq. 4.3. Trig. 4-19a shows this comparison for the elastic
finite element calculation, while Fig. 4~19b shows the results
of the nonlinear finite element calculation. As previously
indicated in Chapter 3. good agreement has beenr obtained away
from the anchor (in general, 20 to 25 inches away). Near the
anchor, the agreemen* 13 not quite as good.
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When the shear wave velocity has been estimated using
a method involving the travel time between sensors, the resulting
value 1s an average value for the region between the sensors.
The shear strain associated with this average value of shear
wave velocity must also be an average value for the region.
Three methods of computing an avorage shear strain for the region
between two sensors are studied below. The test as to which
of these methods is most compatible with the value of shear
wave velocity obtained is considered in Section 4.3.5.

The first proposed method of computing the average
shear strain in the intervsl between two sensors is to estimate
the shear strain at the midpoint between the two sensors. This
method is referred to as the midpoint method. In order to
estimate the shear strain at the midpoint or the region, the
apprcximate distcibution of shear strain between th2 sensors
must be known. Fig. 4-20, which shows the distribution of peak
shear strain obtained from the nonlinear finite :lement calcu-
lation, indicates that the relationship between peak shear
strain and radius is nearly linear on a log/log grid. This
suggests that the shear strain distribution between two sensors
can be approximated by the expression:

a
Yeu Ar (4.4)

where: Yrz shear strain

r distance from axis of symmetry
A, a arbitrary parameters

The snear wave velocity for the region between the sensors, and
the peak particle velocity at ecach sensor can be used to estimate
the peak shear strains at the two =ensors. By entorcing the
conditions that Eq. 4.4 should assume these values of strain

when r equals the coordinates of the sensors, the values of A
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