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at Fcrt Lawton in Seattle, Washington, to study "Close-in" wave propagation and A

ievaluata data interpretation procedures for a new in situ impulse test. This test
was develcped to determite tLe chear wave velocity ani dymic modulus of soils
underlying potential nuclear power plant sites. The test is dif f erent from conven- .

tional geophysical testing in that the velocig variatgn with strain is determined
for each test. In general, strains between 10 and 10 percent are achieved.

<

The experimental field work coneisted of performing special tests in a Jarge test j

sand fill to obtain detailM "close-f n" data. Six recording trancducers were placed
{at various points on the energy source, while approxi=ately 37 different transducers

were installed within the soi.1 fill, all within 7 feet of the energy source. Velocity
;r.eacure::ents were then taken simultaneously under coctrolled test conditions to study
shear wave propagation phen:xtenology and help evaluate data incorpretation proe cdures,
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point, wave ch.aracteristiatics such as amplitude, frequency, and arrival times of both
p and S waves can be studied as the wave travels outward into the surrounding soil mass

The analytical work supported the field experimentation with calculations to simuiste
the same "Close-in* conditions.and results of the experimental program. Both linear i
e'lastic and non-linear finite element calculations were carried out under this programi _iin which dif ferent interpretation procedures were applied to the results, in order to j
establish the most suitable procedure.
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I

Special experimental field testing and analytical studies j

were undertaken at Fort Lawton in Seattle, Wasington, to study 1,
t

"close-in" wave propagation and evaluate data interpretation ;

fprocedures for a new in situ impulse test. This test was de-

veloped to determine the shear wave velocity and dynamic modulus }
4

cf soils uncerlying potential nuclear power plant sites. The y
"

test is different fron conventional geophysical testing in that

the velocity variatior. witn strain is determined for each test.
~1In general, strains between 10 and 10~ 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 dif ferent transdocers j
were installed within the soil fill, all within 7 feet of the energy [

cource. Velocity measurements were then taken simultaneously under [
controlled test conditions to study shear wave propagation f
phenomenology and help evaluat e data interpretation procedures.

^

Typical test data are presented along with detailed descriptions

of the results. These data chew that both compression and shear

waves separate into two distinct repeatable waves at a distance of
4

about 1.8 feet f rom the energy scurce. Beyond this point, wave }
1

characterististics such as amplitude, f req uency , and arrival times ;
of both P and S waves can be studied as the wave travels outward '

into the surrounding soil mass.
'

The analytical work supported the field experimentation with
,

calculations to simelate the sare "close-in" conditions and resu

of the e xpe rir.en ta l program. Both linear elastic and non-linea.i

4

finite element calculations were carried out under this program, ;

in which dif ferent interpretation procedures were applied to the }
results, in order to establish the most suitable procedure.

6

Additional tests were also perf >rmed to study repeatability, 1
4

ef fects of symmetry and " shadow", prior load history, variations ;

in hammer weight and desp height, jacking pressure, casing, {
'

.

P-wave, and anchor coupling. i,
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s

This report presents the results of combined experimental

and analytical studies undertaken to continue development of '

'

an in situ inpulse test for the deterr,.ination of the scil shear

modulus. Enphasis of the field work was directed to. arc making

simultaneous "close-in" field measurements at various r.oints in i

ithe soil surrounding the test's energy input source. From these
I

data, test characteristics, general soil behavior, and the wave 4

I
propagation phenomenon could be studied under ideal test con- '

ditions and at shear strains in the strong motion earthquake
,

'

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

could then be co= pared 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 carthquake loading conditions. This and the other related

studies each provide important steps in the overall project for

determination of the best methods of evaluation and prediction of

soil behavior of potential nuclear power plant sites under

scismic loading conditions.

This is the fifth report prepared by the joint venture of
*

Shannon &~ii ton, Inc., (SW), and Agbabian Associates, (AA), on

the in situ test development project. The current work was
|

conducted under Contract No. AT ( 0 4- 3 ) -9 5 4 between the joint

venture (SW- AA) and the Nuclear Regulatory Commission. !
]
I

1
A number of contributions by both members of the joint

3
venture assisted in conducting these research studies and in 5

i
the preparation of this report. For Shannon & Wilson, Inc. the 1

1

pri. nary contributors were Mr. S. D. Wilson, Mr. F. R. Brown and i

Mr. J. H. Troncoso. Dr. R. P. Miller was the Project Engineer k
i
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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

5 Mr. K. Boisen. Dr. Lydik S. Jacobsen, special consultant to
the joint vente e, also provided valitable guidance in these
studies.
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| IN SITU IMPULSE TEST

f
AN EXPERIMENTAL AND ANALYTICAL

{ EVALUATION OF 1

s DATA INTERPRETATION PROCEDURES f
$

i 1?
g

1 Cl! APTER 1 I

h INTRODUCTION
1

.

'

ti
'

!l.1 STATEMENT OF PROBLEM-
3 +

,

s

As more sophisticated analytical techniques are developed'
'

to predict soil behavior under seismic loading conditions, more ;,

accurate input parameters must likewise be provided. One of |
i the more important of these properties is the dynamic shear
I

,

| modulus. This is determined either in the laboratory or in situ, !
,

$

? and its numerical value varies not only with the soil type and
' '

its physical characteristics but also with the magnitude of the

imposed vibratory forces. The procedures for these exi.t."g |i

|
tests together with the limitations of each test are ucscribed i.:

,

a previous report (SW-AJA, 1972).

,

! In situ measurements presently are made a t strains smaller
i

than those produced by carthquakes, while conventional laboratory
I

tests are performed at strains either higher or lower thsn thosei
,

produced by most carthquakes. Iloweve r , laboratory results may .

be complicated by sample disturbance, imperfect duplication of in ;

j situ stress conditions, and effects of stress history, structure
'

| and cementation. In either case, extrapolation of the measured

data is required to adjust the modulus to the strains of interest.
Lj To assure that labortatory values of meduli are consistent with

\j .

field values durino large earthquakts and that extrapolation of
,

test data ia correctly done, there existed a need to develop l
y an in situ test procedure to obtain mcduli data at frequent depth ,

i intervals and t.t strains in the strong moticn earthquake range. f
&
1.

.I
'
i
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To address this problem, t new in situ impulse test procedure

has been developed (SW-AA, 1974). Th:n test employs a cross-hole

wave propagation procedure with velocity sensors located in

i closely spaced adjacent Lorings. A schematic drawing of the

! basic system is shown in Fig. 1-1. The signal generating systera
'

I- consists of an in-hole ar.chor and hammer essembly which imparts
j; an impulsive shearing load to the soil. The shape of the j

generated pulse is controlled by a spring located between thei

je
'; anchor system and the hammer, and the magnitude by the mass of
1

,

the hammer und the height of drop. ;

!

With this new procedure, consistent repeatable test data at

the strains of interest were obtained on a production basis from ,

velocity transducers positioned on the anchor and in the free !

field soil in adjacent borings. Studies of this data provided !
l

; reasonably rational procedures for interpreting the results even
'though all aspectn of the test were not clear. However, further

attempts to understand 1) the wave propagation phenomenon between !

the energy source and the free field sensors, 2) the motions of j,
'the anchor, and 3) the cause of minor 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.

t

1.2 APPROACII TO TIIE PRO 3LEM j
!

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 I
,

rates in the near vicinity of the anchor. This was then followed
'

by two numerical computations of the "close-in" test setup using ;
i
)
I
)
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finite element procedures. The first calculation was performed
{using linear clastic soil properties. This work was tnen followed |

by one using non-linear properties. The primary purpose of !
ithese calculations was to evaluate procedures for obtaining in
3

situ soil properties from the test data. While these calcu- i '
1

lations cannot duplicate field test conditions c:tactly, they
neverthel provide important inforr.ation which is used to

assist in understanding the entire problem. The primary advantage I

Iof 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
3

of detailed test data from additional tests conducted under
controlled conditions in an artificial fill, constructed and
instrumented for thic Work 7 This silty cand fill was placed in a
10-foot deep by 30-foot diameter pit, and manually crmpacted
around the wave generating station (anchor and hammer assembly)
ar d 32 receiving stations. These stations, consisting of verti-

cally and hcrizontally-oriented velocity transducers and accelero-
meters, were laid out in select configurations at different
elevations all within seven feet from the energy source. Simul- ftaneous tests consisting of four acasurements at a time were '

accomplished under constant test conditions such that the pro- *

pagating pulse could be studied as it travels from the source
jthrough the free-field soil. Of particular concern was the

appropriate treatcent of the velocity record obtained from the
i
itransducer 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 neccusarily the motion of the
surrounding soil. Also this record is af fected 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 the soil wall. These results '

I

i

!
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k
r, together with the analytical calculations provide the necessary |s,

%d base for are appropriate interpretation to be made and used at '

production test sites.
,

The positioning of each of the sensors was selected such,

1
: that a number of other test parameters could be evaluated.
1

These include:4

Y

I1) casing effectu '

' 2) Jacking pressure effects
3

| 3) Assymmetry effects
J

q 4) P-wave effects and characteristics !

j 5) Repeato1: 1ity
I
r 6) Prior load history

|I

k '
E Motion and force characteristics of the anchor systemI

i were also investigated with velocity transducers, accelerometers i
I

| and a load cell. The velocity transducers and accelerometers

were installed at several different points on the anchor while

the load cell monitored the force applied by the hammer to the f
top of the anchor. '

| The combined results of this research effort together with
a recommended simplified procedure for data interpretation, I

i based on these results, are presented in the chapters that follow. l

"

! i

| I

t 1.3 SCOPE
i

l

I |

iThe report is organized into six chapters with appendices. i

Following 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
t
i procedures, such that anyone interested in performing this test

>
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would know exactly how it la donc. {

,

An analytical description of the in situ impulse test is

presented in Chapter 3. This chapter attempts to identify
1

practical problems associated with the collection of field data

together with theoretical problems, inherent to the wave |

generation and wave propagation phenomenon.
<

Chapter 4 is devoted to analytical studice of the test

system. This work includes two finite element calculations

performed to provide realistic "clotn in" velocity tice histories

for soi?3 with known properties, With this computed data, .

various procedurer used to estimate strain-dependent shear

moduli could be api .ied to check the general validity of various

data interpretation procedures.

.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 estoblish rational data
j

interpretation procedures for processing production test infor-

mation. This chapter evaluates these results.
"g

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.
,

Seven appendices accompany the main text. Appendix A includes

a description of the non-linear soil model used in the finito

element calculations described in Chapter 4. Appendix B presents

typical experimental results obtained using the pneumatic anchor

described in Chapter 2. The soil propertien, fill construction

procedures and equipment installations at the Fort Lawton ,

i i
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experimental test site are included 2n Appendices C and D.

These appendices describe much of the details of the soit con- j
ditions and test equipment installations not describcd in i

Chapter 5. |
I

IAppendix E presents the results of a small literature review g

to establish sensor spacing requirerents for the experimental

test program. The final appendices, F& G, are a comprehensive

coverage of the special experimental tests and suosequent com- |
parative and statistical studies conducted to evaluate the -

t

effects of varicus in situ test parameters on the in situ coil

response measurements. This evaluation of the data was obtained

as a major part of the special experimental program conducted at

Fort Lawton and supplements that data provided in Chapter 5. !;
;
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CllAPTER 2
l

IN SITU IMPULSE TEST !

1

!
The development of the in situ impulse test involved j

1) development of the basic test set up, 2) design and fabri- ;

cation of test equipment, 3) development of field testing pro- f
cedures and 4) development of data processing techniques. In .

L

previous studies, the test cet-up was estf.lished through j
e.wperimentation and bench testing in shcliew borings with more

simplified equipment. This testing was ccnducted to first check
'

4

the feasibility of the procedure and in general establish boring

spacing requirements, clarity of signattre and the mechanics of
Ithe equipment. From these efforts, the impulse test as presently a

i
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 equap-
Iment was improved and modified through testing to 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 consale unit. $

iThis current equipment has greater resolution, greater recording i
e <

flexibility, computer compatibility and greatly simolifies field ; ;

|recording procedures. The details of the test equipment are
,

presented in Section 2.2.

With reasonably well-established testing techniques and
,

t
refined test equipment, current efforts have been concentrated j

i
on obtaining production data at different sites with different 1

i
soil types. During this period six sites have been tested by !

this procedure to depths approachir.o 100 feet or greater. Pron '

this field testing, considerable experience has been gained. [
'

Based on this experience, Section 2. 3 describes in sequence the

general field exploration equipment and procedures used for

exploring and testing these sitos with this new test procedure.

_g_
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j

Finally the test data had to be processed in a consistent ;

.

manner. Computer programs were developed for extracting the j

pertinent data points from each signature. The proceoures for
.

this are described in Section 2.4.
i

!2.1 TEST DESCRIPTION
-- !

>

jThe in situ impulse test is similar in some respects to

the cross-hole technique used in conventional geophysical 4

i
explorations, in that it is based on the generation and recording 3

or the propagation of shear waves through a nass of soil between I

two or more boreholes. A schematic of the test, c- .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 l
iradial as shown in the figure, or in an array in which the ;

source and sensors are in a line. Borings containing free-field !

sensors may be either cased or uncased.

The primary difference between this test and other cross- )
i

hole impulse-type tests is in the generation, magnitude and ;

control of the shear waves. This test utilizes a controlled f
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 ~l
.

the soi) to successive recording stations. A consistent shape !
6

enables the identification of chare.cteristic points on each *

pulse marking the time of passage of a wave through each reccrding |
station. The desired large amplitudes of the shear pulse are j

obtained by adjusting the spacing of the borings. For the j
~3 -1 '

general strains of interest L10 to 10 percent), sensors
I

have generally been positioned in boreholes spaced about 4, 8

and 16 feet from the energy source. These are considerably

closer spacings than used in the conventional cross-hole pro- 1.

cedures. Thus the close spacing minimizes the inherent limitations 3

1

!
1

!
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in the cross-hole procedure of having waves reflecting or )
traveling over paths greatly different than assumed,

|
i

' ;
.

2.2 TEST EOJIPMENT |
i

Major development efforts of testing equipment were accom-

plished in previous work and the results presented in previous

progress reports (SW-AA, 1973 & 1974). However, since this
i

equipment has been gradually updated through minor improvements i
l

and modifications, the main featurcs are summarized below. j
i

$
2.2.1 Anchor and Hammer Assembly

{
1

I

tTwo anchor and hammer asserblies have been developed ;
4

to transmit the applied impact energy to the soil. The primary
|

!

I'
anchor used in the program to date consists of a heavy hydraulic

, 3

system designed to operate in a 9 to 10 inch diameter borebole. I
'

This anchor is four feet long, weighs 195 pounds and is formed
{

by three aluminum curved plate segments. The details of this i
1

anchor are shown in Fig. 2-la. The vertically oriented piston ?

shown in this photograph is a 25-ton capacity dcuble acting
,

hydraulic ram. This ram, when expanded, extends through a system

of arms, forcing the curved plates outward and pressing them a

tightly against the walls of the borehole. A hand operated
I pump and gage is located at the ground surface to control and * '

! i

maintain the hydraulic pressure in this ram. !

!

)
On top of the anchor plate segments as shown in

|

Fig. 2-lb a striking plate, 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 I

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 bc

.

-10-
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recorded as a function of time simultaneously with the velocity

measurements. Standard BW drill rod extends through the center i

Iof the springs, load cell, and striking plate and is fastened

to the anchor by a yoke. This rod maintains alignment of thc

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 expr ded anchor

can be detercined at the ground surface by measuring, with a

special key system on the bottom cad 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. ?rccedures for determining this value

are described in Section 1.1.3.

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 steel cylindrical weights,

tapered slightly on the lower end. These weights are controlled

; from the ground surface by a thin steel hoisting cable. The
j

! '

hammers each have a 2-inch diameter hole through their center

to be guided and centered in the holc by the BW drill rod.
iFor production testing, 58 and 150 pound hammers were used.

With these weights, a wide variation in energies was achieved.
!

!

by varying the height of drop., ;

i
P

The second anchor, tested to a lesser extent, was
L

designed to operate in a 4-inch dia=cter 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 up.t (Burst pressure of 1300 psi). The

J
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packer contains a 2\-inch O.D. steel wire reinforced rubber unit
which expands up to about 6 inches in diameter under high air
pressures. Coupling is cchieved by expanding this unit outward
presning the plate segments tightly against the bo: chole walls.
As tl3 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

i

compress or loosen causing the plates to hang in the borehole.
Vertical alignment of the 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
cerved plates tightly against the inner packer.

-

The striking plate, springs, yoke and hammer systems
i

shown in Fig. 2-2b, all operate on the same principal as the
first anchor. The hammer for this system weighs about 90 pounds.

t

Both anchor and hammer assemblics are raised and i

lowered in the borehole by the drill rig used to advance the j
1

borings.

2.2.2 Sensors

1The sensor units for this test consisted of vertically 1

ioriented velocity transducers (!! ark Products L-10AK) . These
!

particular sensors bave a natural frequency of 30 cycles per !

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, 1 -inch diameter inflatable, rubber,
cylindrical balloon with two short aluminum heads fastened in

i,

cach end. To make the holder act as a rigid element vertically, i

b
y .

f' .

t
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a thin solid steel rod exteads through the rubber unit and is j 2

fixed to the two aluminum heads. The balloons are pressu.;ized i

; Fv compressed air and can be expanded to about 6 inches in j
'

h diameter, if required, to achieve adequate coupling cf the sen- f
j sors with the walls of the boreholes. Orientation of the j
j sensors was maintained at the ground surface through inter- i

4
'

E connecting 1/2-inch diameter, 10-foot long steel rods fixed '

;

to the aluminum head of the balloons. Details of the sensor i

and sentor holder are shown in Fig. 2-3. '|
.
I

2.2.3 Recording Equipment |
t

The record.~ng console used in the field to acquire
i

velocity time histories from each sensor and load cell measure- j

ments is shown in Fig. 2-4. The console contains four basic j
( units. The waveform recorder (Biomation Model 1015 Waveform j

Recorder) is the primary central data acquisition un t. This

unit is capable of recording simultaneously and storing in j
9

memory, the velocity or' load time histories independently from |

four sources. This storod data can be withdrawn from the |* j
recorder in either analug or digital form.

|
!

t i

In analog form, the entire signal fron each of the I ;
.

iifour channels is displayed simultaneously on the screen of the
, i

oscilloscope (lower right unit in Fig. 2-4). because the infor- .!
Imation displayed on the oscilloscope is being taken from a a
4

memory bank, adjustments in time and amplitude of the signalc .)

fare 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 |

escilloscope was equipped with a camera mounted in front of the

i screen. Phot ographs , taken of the continucus display, prpvided
*

1

i
not only a back up recording system but also valuable additional i

graphical records used for determining visually V.ich tects were

the best and should undergo further study and processinq. k I

i
k
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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 j ,

Cipher Model 70M magnetic tape recorder. Records for each test 1

|can be digitally placed on the tape in about 30 seconds. Eacn

of the four channels is printed in sequence as 1024 words or

4096 words in total. In most cases each word is printed with a

time and amplitude resolution of 0.05 milliseconds and one part j
in 1024, respectively. The recorder is capable of achieving a

minimum and maximum time resolution ranging between 0.01 milli-

seconds and 10 seconds per word.

The interface unit provides the necessary electrical

circuitry for transferrinq the digital data from the waveform

recorder to the tape reco-der. Also the interface unit contains

manual centrol and automatic options which enable the test data,

test labels, and both time and amplitude scales for each of the
|four channels to be organized systematically on the magnetic j

tape. This greatly simplifics data reduction, because the com-

puter can read the necessary scaling information and test data 2

on the tapes such that very little other data need be entered

into the computer manually for complete processing.

2.2.4 Surveying Equir.nent
.

|

The precise '.orizontal distances between the velocity f
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

g temporarily or permanently installed in each boring. 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 ir.struments. The spiral

checking device measures at five foot intervals any minor i
i

rotation of the grooves in the casing. By knowing the rotational I

!

l
;

i
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j position of the grooves at the ground surface, the change in
,

I rotation relative to the surface position can also be deter-

j mined at any depth.

i

The inclinometer sens r also follows in the sa ae slots
!i

j and accurately determines the inclination of the sensor trom the j

i vertical. Inclinations are reocrded on perpendicular planes

at two foot intervals for the entire depth of the boring. With |

both inclination and rotational surveys combined, the horizontal
3

I displacements of the borehole at any depth relctive to the top -

4

j of the borehole can be established. By measuring the surface

! d splacements with a tape, the distance (within an accuracy of )
,

j about 0.1 ft) between respective holes at any depth can bc {
e

computed.4 ,

k
t 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 3

Iare first mobilized to each test site. The trailer transports

the in situ equipment to each site and serves as a data acqui- !

I
sition center during field drilling and testing operations. .

Drilling rigs utilized to advance the borings and parform the ,

'
in situ testing are conventional equipment and have consisted

'
of either hollow stem auger rigs and/or rotary rigs,

i
The following paragraphs describe in sequence the general i

field exploration and testing program recommended for use in
'

evaluating the variation in the in situ dynamic shcar modulus

with strain and depth at a potential nuclear power plant site.

This work would generally supple =ent that no rmally performed

on a routine basis.

|
1

N
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2.3.1 Field Exploration and Surveying Procedures j
1

1<

j At each site four borings are drilled and tests per- 1
3

i formed to depths on the order of 100 to 200 feet. These borings ;
,

are aligned in a straight line or in an array indicated in i
. s

y Fig. 1-1. The three sensor borings, spaced 4, 8 and 16 feet i

rrom the fourth anchor boring, are usually about 4 inches in ),

<

1; diameter. The anchor boring is either 4 or 9 inches in diameter j
depending upon the anchor usea '

d

Drilling is usually initiated by advancing and sampling

one sensor boring for the entire (usually 200 feet) depth. Thisr

f boring serves as an early base for defining the subsurface
,

a

p materials and assessing the likely performance of this hole f'

to caving or deterioration. If caving is apparent, casing |
--(plastic)-should be installed in this as well as the remaining

sensor borings. Otherwise testing can be accomplished in

uncased holes. . e anchor boring is usually Trilled last,'

because it must be maintained and testing performed in an uncased

hole.
1

As soon as cach boring is completed three inch dia- f
1

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 j
inside the casing and recording the inclination and rotation 1

1

characteristics of the casing. The casing is then removed from '

the hole shortly after the survey is completed. This entire

operation usually takes about two to three hours per hole.

If casing is required to prevent caving, the surveying operation

of the sensor barings can be accomplished any time during the I

test program. !
.

!
.

j i

1

, .b'I
.

I
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y Surveying requirements for the anchor boring depend j
i .

upon the anchor and dri'. ling equipment being used. If the .

*.

1 4-inch pneumatic ar.chor is used, the survef described above can
. .

f be either accomplished before or at the cecgietion of testing.
'

'

If the larger 9-inch hole is required, it m:st be accomplished ,

u in one of two ways. If this hole is advanced by a continuous .

] flight 3-3/8-inch I.D. hollow stem auger, the casing can be .

*
i

installed in the hollow stem. The hole can then be surveyed
'

:

and the casing removed prior to pulling the auger.
t

* I
If rotary procedures are used, a two-step operation

|4
is , accomplished. First a pilot hole 4 inches in diameter is ,.

advar.ced for the full depth of the boring. This hole is then
1

,
surveyed using the temporarily installed casing ' ascribed pre- ; -

t ,

| viously. The pilot hole is then reamed to its full diameter. '

,

| To prevent drift from the surveyed hole, the reaming bit should j
,

i i

be aligned and guided with a pilot bit advarcing at least five !

feet in front. Reaming can be acconplished in steps concurrent 1

1
with testing er for the full depth. By drilling and testing in i

4

steps, borehole disturbances are mininized and the walls of the !

borehole are left exposed for shorter perleds of time. This is '

an especially important consideration wher caving or deterioration

of the walls is a problen.

In advancing the four borings, care must be taken to ;

assure reasonable verticality of the holes especially the two ,'
i

nearest the anchor. Excessive drift in the alignment can result !
<

in holes converging to a conmon distance fran the anchor. This,
1

in effect, causes two potential data statices to act as one. t
i

'

This may require the drilling of extra holes. If initial care

is taken to properly align the drilling rig and long heavy drill 4 ,

collars are used in the drilling operation, this problem is

minimized. '

l
i
|
,
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2.3.2 Field In Situ Testing

i
1

] Once all holes have been completed and surveyed, in

) situ testing is conducted usually at 5-foot intervals. Testing
.. tj usually starts at the top of the boreholes and progresses downward,,

j The anchor and hammer assembly is raised and lowered

! on BW drill rod to the prescribed test depth by the drilling rig.

j The rig is needed for this operation because it is capable of '

[ 1) flushing the hole prior to the start of testing, 2) pushing

f 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 di-illing fluid through the center

j of the assembly to wash out soil particles that have collected

during the testing operation.,

| *

1

Coupling of the ancher 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 j

stroke of the ram (using the special key system) are checked !

periodically during the jacking process and during 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. Either

too high or too low a pressure can affect the strains achieved.
'

The number of strokes applied to the hydraulic pump and the

general resistance to pumping provide another satisfactory index

of the increasing soil resistance to jacking 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. Initial coupling of this system is checked by pulling
i

slightly on the rods with the drill rig. Immcdiate resistance

.
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will indicate coupling.

3 i

! Free-field sensors and their holders are lightweight !

'. ; (less than 3 pounds) and con be raised and lowered usually with ,

s

|j interconnecting 1/2-inch diameter, 10-foot long, thin steel rods.

The pin connecting ends of the rods are designed such that
'

y proper orientation or positioning of the sensors within the
t

71 borehole could be quickly and easily established. |

} Coupling of each sensor is achieved by inflating the

ruLber packer holder with compressed nitrogen. Firm coupling ;
!

i

1 is verified by pulling or pushing manually on the interconnecting j

rods. Also to assure continued coupling during testing, the {

l rods are left free standing above the ground surface. Thus .

!
t

their weight is supported entirely by the sensor hold;r providing |
u{
j simple monitor of the coupling effectiveness. If the couplinga

becomes loose, the rods would drop several inches and catch a 1

]
j horizontal clamp on the top of surface casing. ,

2 i
.

I
$ '

For each depth, a trial impact is first applied. From
;g

? ?.his impact, velocity time histories are recorded from four |
| '

vertically oriented sensors, (i.e., where shear waves were the
,

<

j dominant pa rticle motion) . These records are oisplayed con-

j tinuously on the screen of the oscilloscope. This display is
"

I then inspected by the 'ield engineer to determine if all equipment i

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 ;
e ,

same way until four clear properly scaled time history signatures !

3
*

4}
are obtained from one impact. Two or three tentative trials is [

; usually sufficient to obtain a good test. This last test is made
4

a permanent record by first taking photographs of the display

on the oscilloscope. Because portions of each signature may be

) expanded or the scale changed after the event, more than one

photograph is often justified. The information is then recorded

4,
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on a basic data sheet and in digital form on a computer compatible a,

lmagnetic tape recorder for the later study and evaluation. The a'

photographs enable the overall signatures to be studied and .I
i
Iassessed qualitatively while the digital records provide the
inecessary time and amplitude resolution needed in this test.

At a given test depth, a bou t six tests are taken;
usually three tests at two different energy levelr. The different

energy levels are achieved by varying the height of drop of ne
}one of the two hammers. For most soils, the drop commonly varies 4

between six inches and two feet. In addition to measurements
2

of vertical particle velocities, measurements of load applied to I

the anchor and horizontal particle velocities from free field
sensors are also recorded. The load provides for partial inter-

ipretation of the shear wave velocity at the anchor and the hori- 8

}zontal velocity measurements enable the P-wave velocity and the '

water table to be determined.
i
5

32.4 DATA PROCESSING

I,

f
In order to determine the shear modulus, G, (or shear wave

velocity, Vs) as a function of strain, four basic measurements

are obtained in the performance of the test as listed below:
i

b
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
,

iIn addition, to study the response of the anchor, the peak force !

amplitude recorded on the load cell, as well as various ti:ae I,

points that define the shape of the recorded load impulse have
been processed. '

f

M
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The distance between borings at corresponding depths is ;

determined by precise field curveys of each hole. The remaining j

NParameters are obtained frcm time history ceasurements using

a load cell and velocity transducers positioned on and within !

the anchor respectively, and vertically-oriented velocity trans- f
ducers locaten in adjacent torings. A sample of the particle j .

velocity versus time recorde for a test is shown in Fig. 2-5.
.

.

iThis photograph shows the analog signals as displayed on the j !
a t

screen of an oscilloscope. The data actually processed and g
reduced are in digital form on magnetic tape. In general, data j ,

processing for production tests can be divided into three phases: 3
'

.t1) initial checkout of the data, 2) computer processing of the 4

response measurements, and 3) final determination of the velocity

(or modulus) strain relationships. | I
*

i,

2.4.1 Initial Checkout Phuse 5

:

The initial step in this phase, upon receipt of the

magnetic tapes, oscilloscope photographs, and summary data sheets, 1

8
was to copy the data from the field tapes onto separate magnetic

|
tapes. The purpose of this step was threefcid. First, the

i

computer facilities were able to transcribe the data onto a

separate tape at a much higher voltage level than was possible

from the- field rccorder. This greatly facilitated subsequent * -

data processing operations. Second, the original tield tapes '

'

provided backup data storage, in the event the tapes generated '

were damaged. Finally, any portions of the field tapes that
! '

contained unrecoverabic data could be quickly identified. If '

9

these portions were small, they were skipped so that the remainder

of the tapes could be processed. In the unlikely evelt that a .

major portion of the data was unrecoverable, the engineers could

be notified while still in the field, and the measurements

corresponding to the unrecoverable data could be repeated.

1

I
(
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Once the tapes were copied, further processing of the ,

f data was initiated. The copied tapes were dumped and the listings (
,

j vere 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 ,,

I to the processing program described in the next section. .

I i
|

'

a
e a. Test i.equence number |

b. Test depth
,

f, c. Sensors used

| d. Recorder scale setting for each sensor !
4 e. Recorder triggering scheme
I

f. Test loading (hammer weight and drop height) ;

g. Anchor jacking pressure :
- 1

!'

h. Dats sample rate
) I

i. Oscilloscope / photo number and scaling j

k
*

1

; The above comparison served to indicate whether any changes i

| would be required to the data processing programs and also
'

provided a basis for nc.ing in advance those tests that were

duplicates or missing iad those that did not require subsequent

processing. Only vertical velocity records and load cell measure- -

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 ,

tape listings. 3

i

;
'

I 2.A 2 Comour;.r Processing Phase

|
| ,'
. ,

'

; Once the initial checkout phase was completed, the i
,

> '

j data were then read into a specially developed computer program

which processed the data according to the following steps: lI

1
J

a. Reformat data i

b. Scale data into engineering units 1
f

(
' !

3

$
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c. Label tests and test channels
,

d. Detect peaks and zero crossingsg '

q c. Compute time delays

3 f. Store and manage results for easy reaccess
,

5 g. Print results in suitable report format

1

j The first step in this final processing (Step a) invcived the
t proper reading and decoding of the binary coded decimal formatted
r
; data into four digit integers in the digitizer range of 0 to 1024
.

j counts. Then, in Step b, the 12-character test label preceding

} each test was decoded into six 2-character parameters which !

J represented the test sequence number, the sampling interval 1

f 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 corrected for zero-amplitude offsets in the data.* '

' The recorder scale setting was combined with the transducer
i

sensitivity factor to produce a resu.Itant scale factor. The j ,

zero-amplitude offset level was subtracted from the data prior
to scaling.

Step c of the final processing involved labeling the
test channels with appropriate sensor names, test numbers,

i

and test sites. This data was stored for future identification .

of the data processed in subsequent steps.
3

*

The Recording system used in ihe 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 Dio=ation Recorder; '

|
this integer value had to be sufficiently large so that the

!

'

largest-amplitude negative velocities could be recorded using
! a positive integer. In 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 correspond to this offset level.
|
!

l.
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j'] In Step d, key amplitude and time points of the velocity s
s

and load cell data were identifie*- These points corresponded }
-

*

1
to those considered significant for subsequent assessment of h

5j the velocity-strain relationships (Fig. 2-6). The times of
V

'
: ,

arrival at adjacent sensors of the first downward 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. P j

f Further discussion and evaluation of various methods for computing I l

shear velocitics is presented in Chapters 4, 5 and 6. {
=

, ,

I
The final steps in this phase (Steps f and g) consisted ;p

)I of storage of the processed data so that it could be casily | t
- [ ]

retrieved and, in addition, a printout of the summary information 1,

developed in Steps d and e. A sample of the portinent data I
<

J
' extracted from these tapes is summarized in Fig. 2-7. For each
j (

4 test at each depth, this printout included the energy 1cvel, 4

| jacking pressure, test number, the time and amplitude measurements
.

!
i $

'identified in Fig. 2-6, and the various time delays between ;

I
adjacent sensors. :

!,'

.

2.4.3 Detennination of Velocity-Strain Relationship.g
s

llaving determined the above parameters from the data |

tapes, the time data are next plotted with distance as shown j
~

,

|in Fig. 2-8. As discussed in Chapter 6, the time of first

crossing (T* EROX ) is most commonly used to identify the arrival j
time in the free field sensors. This time point from each

sensor record, togethet with the measured position of each j j

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 [
U t

at that location. Since the wave decays tapidly in the near- j i

anchor regions, the soil strains likewise attenuate with j '

increasing distance frcm the energy source. The strains in the l
free field are then computed assuming the wave travels as a

:
!
I-29-
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FIGURE 2-6 DATA REQUIRED FROM PMDUCTION TESTS ]
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fj i
f TESTS 27 AND 2a (14pt C.3) [ht eGY LEvtL a 150 L8 M 2.0 14

f JaCmI=G Pets 5Lat a Ig00 #st j

k TIST 27 T!stt TP0b PR f2tues f % t :. F E TFINaL PDS Ps h!C PE
It ANCuoe }v 2.e5 2.65 a.55 a.ei 10.15 17.2738 =17.2738
1 h0Lt tv 10.a5 13.e5 16.tc l'.3% 2a.25 .at?! . 4517j N0Lt 2v 19.te 2a.65 27.5: 11.33 35.20 .06as ..tatt
i MOLE 3v 39.15 al.3s agen es.7% 51 05 .0aa3 . 0952 |TEAf 28

i

ANCMot 3v 10.a0 11 60 13.20 15.35 19.50 18.706b =14.0698 4
&=CMOe av 10.?* 11.63 12.*2 te.S? to.e5 29.2416 32.0799 '

g
Loa 0 CLLL 10 15 tt.co 13.20 =4566.i

flat DLL AY5tm3Ett POSITIVE ltun
Tgst 27 Plad Ceess!6G

AMCMOR IV 10 MOLF tv 10.20 11.5%
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)
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1
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HOLE tw 10.70 13.00 16.4e 28.50 25.55 .5e91 . 7132 |
HOLE 2V 20.r0 25 2% 2s.45 32.76 34.70 0939 =.22he j
MOLF 3v 3*.a5 al.65 st.2d 69 00 51.05 .090s . 1633

TEST 31 g

ANChoe lv 10.55 11.75 12.at 15.a0 16.30 23e32?6 *27.1047
ANCwoe av 10.75 tieso 11.15 13.59 11.20 33.6311 67.6026
LOAD CtLL 10.23 11.25 13. e el39A6.5 ,

!

TI=E OLLAvstM5LC) Pr$!?!.t fLdC
Tr%f 30 Plan C905bl%4

l ANCW0e 3v TO HCLE tv 13.f5 13.6e'

h 0 L t' tv To anLT 2v 11 65 13.65
MOLE 2V 10 *CLE If IP.=t it.do i

4
FIGURE 2-7 SAMPLE OUTPUT FROM PRODUCTION TESTS
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lplane wave (i.e., y=y). The procedures for determination i
s

t, of shear-wave velocity and strains at the anchor are not ') ,

fm.~ as straightforward. A fuller treatment of the meaning and con- 3
1 i:

re struction procedures of individual points at the anchor, based 3
'

l. 1 '

c,] on the results of this special study are presented in Chapters o
* t

j 5 and 6. 3

$ ( '

llaving determined the shear wave velocity and corres- '
r,

[ '

if ponding shear strain for each station, the shear modulus is ! i
I

'
i computed by: ;

f

2 <

G= pV (2.1)s1

where o is the mass density of the soil.
4,

'1
1

t, Both G and V can then be plotted with strain as shown in
- s

Fig. 2-9. This procedure is repeated for cach test depth,

|
from which profiles of shear modulus at specific strain levels !

t.

can be estimated (Fig. 2-10). These profiles can be used to
i

represent soil material properties for use as input to s i '.e |
! response studies.

'

|

$

I.

f,

, .

}
,

I

l

!i

! ;

, .

. .
I i

'

s

!'
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CllAPTER 3 1

A'IALYTICAL DESCRIPTION OF Tile ';'
b . IN SITU' IMPULSE TEST )U

i

!) )j The purpose of this chapter is to present an analytical ]
} discussion of the wave propagation phenomena and the test
1| conditions of the in situ test procedure. To carry this out, [,'

the chapter is div2ded into three sections. Section 3.1 I
j
i

} considers potential effects of such factors as drilling of the I

y boreholes and installation of the anchor and sensors on the
I 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 iundamentals of basic wave theory
n

; that are associated with the in situ test approach. '

,

|
| 3.1 ANALYSIS OF T._ST CONDITIONS
|

Three conditions exist during the drilling and testing i

operation which may cause changes within the soil mass being '

tested. These are 1) stress relief around borings, 2) disturbance
caused by advancing borings through the medium and 3) horizontal
jacking stresses applied in coupling the anchor to the borehole

|
wall. The following sections discuss the likely qualitative |

Ief feet of each condit2on.
,-

5

3.1.1 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 equilibriun develops around the opening. For a soil
whose shearing strength is given by:

S =c+o tan o {3.1)
I
i

l
i

k
'

.
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P
d where: c is the cohesion, 3 the effective normal stress on the

lq' plane of shear, and 0 the angle of internal friction, the boun- ''

h dary between the plastic zone and the surrounding clastic zone,
'

if is located at a radius r from the center of the hole. Thisc,
' distance is given by the following equation (Terzaghi, 1943).

| 1
#

) 2 GN -- 1) yz + 2c% : 1 (N)- T)
# -

(3.2) ir = r
j ((N+1)[(N)-1)c -

-

'
+2c/W 1 Jro

t
t

}
where: r is the radius of the hole |} c

j2 is the normal stress applied at the walls
ro

of the hole at a depth z !
,,

f Y is the unit weight of the soil |

+f)= tan (45N,
9

From this equation, if no supporting normal stress is

provided, (a =0), failurc will occur at any depth for aro 9
'

cohesionless soil. For a clay with o=0, the equation indicates

that no plastic zone will develop for depths z smaller than:

cz= (3.3)
Y ,

In the normal drilling procedures for the in situ -

I
test, drilling mud is used to remove drill cutting, to counter-

-

t
1 -

'balance the hydrostatic head of groundwater, and to create a j

" mud jacket" around the walls. These last two features produce

ro, which minimizes the plastic
'

a counteracting normal stress, c

zone created. The actual extent of the plastic zone depcnds on ;

the ratio between the free field stress and the applied

supporting stress, (oro), together with the shear strength of s

the soil, at each depth.

To illustrate the importance of the thickness of the j
i

!

)
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i
h plastic zone, consider a sand deposit with c=0, $=30 N,=3.,

~

Equaticn 3.2 becomes:

A 1

i
r \

t

yf*-)#E=' p (3.4),

o b ro

I

1and the following values are computed:
$

4

l
.

.

f
Table 3.1

i

Extent of Plastic Zone for sand, &=30

1

( S Result
o '

I

I
i

1 .71 No plastic zone developed
.5 1 No plastic zone developed |
.25 1.41 Plastic zone, thickness = .41 ro
.1 2.24 Plastic zone, thickness = 1.24 ro
.05 3.16 Plastic zone, thickness = 2.16 r

o
i

Determination of the effective supporting stresses of I

idrilling muds is difficult. However, local sloughing of bore- a

hole walls is an indication that the plastic zone is enlarging. ',
t

To maintain the drill hole, use of increasingly heavier muds is
;

required. This increase in mud thickness, in effect, automatically '

increases this supporting stress keeping the plastic zone to a
l

minimum. As a rough estimate the ratio of "ro/)z for a '

reasonably thick nud is probably of the order of .1 to 25.
]

.

Based on this, and realizing that even if caving does not occur;

for average test depths of 100 to 200 feet, a plastic zone
;

a f fecting a concentric area around a 9 to 10-inch anchor bore-
hole and 4-inch sensor borchole is probably about one-half to

|
,
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2 one foot and several inches thick, respectively. This zone is 3
% % i
k considered negligible for the smaller holes. For the larger 1

anchor, this zone if maintained, by using heavy drilling muds*

I <

.a should produce only a minor difference in measured data. The

difference is probably well within the accuracy of other test f

f 4:casurements (especially those made at ti:e anchor).

d
3.1.2 Disturbances Caused by Drilling

f1 ;

j 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

f and procedures, and the experience of the enillers. Published |

information relative to the degree of disturbance of the walls ;,

I
of boreholes is difficult to find.

i i

k Using rotary methods or the hollow-stem auger excessive
I disturbances can occur in about four ways. Excessive water
-k- pressures and turbulent flow of the drilling mud, especially 4

at the bottom of the borehole, can locally erode or deteriorate

surrounding soils rapidly. Rapid withdrawal or lowering of f
*

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 |*
' icollar 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 esoccially for the larger anchor hole are important ,

f field considerations for the field inspector and driller per- I

forming the test and can be minimized with due care. For the,

i
'

soils tested, the zone of excessive disturbance caused by drilling

operations is esticated to be confined probably to a thickness

} of one to two inches.

!,
9

i.
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3.1.3 Conditions caused y Coy lim

} The most important operation of the installation of

j the wave generating station is coupling of the anchor plates
[ with the soil mass. In this operation, both the effectiveness

of coupling and the radial jacking stresses must be determined.
The effectiveness of coupling is a field consideration and

i requires close tolerances in control of the shape and diameter*

of the borehole. If the hole size is maintained (i.e., is less
'

than 11 inches for the hydraulic anchor and 6 inches for the
| pneumatic anchor) , the lateral travel of the equipment components

is usually sufficient to press throuqh the mud jacket and the
concentric layer of soils disturbed by drilling and firmly grip
the undisturbed sails.

,

Further gripping power is achieved at the interface of
the large diameter anchor through evenly spaced horizontal wedges
protruding from the contact surface of the anchor plates. These

wedges, spaced vertically every three inches, have a triangular
i

shape 1/4 inch at the base by 1/4 inch high. These wedges, when

pressed into the soil increase the friction coefficient from one
corrysponding to smooth contact between aluminum and soil to
that of soil to soil. Also the wedges provide some confinement
to limit the spreading of local bearing failure zones which may

;

result from stress concentrations caused by minor irregularities
in the shape of the hole,

f
I

Proper selection of an optimum radial jacking stress
is also a field considerat. ion in establishing the effectiveness
of coupling. The optimum value should be large enough to minimize
slippage and thus avoid the creati n of distorted signatures due
to this slippage. On the other hand, this stress should not

exceed a limit value as discussed in Appendix G. If this jacking

stress combined with the stresses from the impact exceeds the
bearing capacity of t.5e ooil, local shear failure results. This

}

i
4
3
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d condition, while not distorting recorded signal shapes, reduces !>

d greatly the energy transmitted to ite soil and thus the strains j>
./

1
J achieved in the free field. By experimental testing at the first :
9

{2 few test depths in a production test program, this optimum stress ,4 .
; can be readily estimated. jI ,'

'
!

j ror close control of coupling in the field, the

j numerical values of radial jacking stress on the anchor plates

can be determined and is required for later use in data inter-

pretation procedures. As discussed earlier (Section 2.2.1)
y measurement of the stroke of the hydraulic ram made f rom the

ground surface, and the jack pressare enable the determination

4 of both the radial stress and the diameter of the anchor during

] testing.
1
,

The radial stress is deternin. d by the equation:
,

I

I 2 0
r"3 j K- cot er (3.5)3

where: raulal stress
r

o. jack or ram pressure
3

u ef fective area of the piston of the hydraulic ram
,

Ag lateral area of one anchor plate

o angle of the arms of the anchor with the

horizontal plane I

k
iTite above symbols in this equation are also identified in i

|
Fig. 3-1. The diameter of the anchor is determined by the

|

3

ifollowing equation.
(

.

$ l

-t3 12I
1-fL-c(1-9)D = d + 2a (3.6) 1ja

I
i

i 1

e
'
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since: V= a A
f

. .
p

end be: H = 0, A
3
.:

t
I=t+q+s A |2 p

o,=303 cot a *

sina=y i

:
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2a c. Radiwl Stress Versus Diameter !)
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O
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I
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i
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FIGURE 3-1. lHSTALLATION OF THE ANCHOR. RELATIONSHIPS FOR HONITORING COUPLING
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g where: D = equivalent external diameter of the anchor |

t= complement of stroke displacement(
g, d,a, L, 1, q = constants of the anchor, as shown in Fig. 3-1 !

C

The radial stress applied by the anchor changes the f

f state of stress of the soils in the vicinity of the anchor. I

Ll Since the confining stress has an important influence on the

: modulus, (SW- AA , 1972) the numerical value of jacki.'q stresc is {
w

needed in interpreting the test data and accounting for this |
"

variation in stress conditions from the free field .be of stress.

The use for the radial stress is included in Chap. ;> 5 and 6. |

4 !
3.2 A_N_ALYSIS OF Tile GENERATING STATION ,

9
'

1 The generating station may be schematically represented as |
'

| shown in Fig. 3-2. The purpose of this sinplified representation ;

'

is to describe the main elements of the dynamic system and to

introduce the basic relationships of motion. The symb)1s in . "-

k this figure are: '{

the mass of the striking hammer.g
r the mass of the anchor i

k the stiffness of the loading head ,

C
R the resistance of the supporti:.g soil

i

The impulse loading of the anchor, resulting from the icpact ,

applied by one blow of the striking hammer has an energy, W,

given by: , ,

|

!
W=n gh (3.7) yH

d
:1

where: h the height of free fall of the hammer J
q the acceleration of gravity

,

1

1
1

I,
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g Free Body Ecuilibrium for Anchor:
C J

l
Applied F(t) = k (Z -Z } Ig Aimpulse ;

2 o t,3
-' *g mA

o -

inertia ZmA A,

I

hA Soil R,(t)
Resistance

,

Y U | Equations of motion

" "''| "" for 2-degree of freedom -

AflCHOR-50ll STRUCTURE:

Z =0~

mg H H A

-k (Z ' A =0mA A c H s

FIGURE 3-2. SIMPLIFIED HODEl. OF THE WAVE CENERATING STATION I
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1

The velocity of the hammer at the instant when it strikes the
I

ancher assembly is: g

k |I: s
-

t

( v, = /lgh (3.o) i

'
4 1

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

8 1
1

1 [f (t)] = k I*H A i
-# I (3*9} || F(t) =F c .

r ;
* t

Where: r and z are the displacement time histories of the jg g
is the maximum applied |hancer aid the anchor respectively, F1p

f
|;

force and f (t) is a function which defines the shape of the load

pulse.

|

it.e equations of motion of the simplifiad system, assuming

1) that the anchor and the hammer are rigid bodies, 2) that

the loading head is a linear clastic element, and 3) that only
}'

vertical motions occur, are: ;

k

Eg+k I *ll ~ *A) =0 (3.10)=gg c

r.g EA* ( ~ *l1 - *A' (" *

s c

In an actual test, the force F(t) applied to the anchor is .
,

|measured by means of a load cell attached to the striking plate.

By substitution Equation 3.11 becomes:

n Eg+R (t) - F(t) =0 (3.12)g s

!.
e

The resisting function, R (t), represents the supporting force
s

| applied by the surrounding soil. Solution for this equation f
|

~

requires defining the resisting function in terms of the soil '

q
'

preperties, the variables of motion, and the geometry of the
|

5 1.
1. i.
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Y problen. Although mechanical models exist for the behavior of

h the soil in terms of stiffness and viscous damping, it is not

possible to determir.e the values of the corresponding constants
p which pertain to the boundary conditions of the problem (i.e., a j

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

l mass). The general problem is further complicated when considering i

} the changed state of stress created in the surrounding soil by |
;

9 applying large radial stresses with the anchor. As discuased in

tne previous section, the different degrees of coupling can also
I
a result in the possibility of reaching failure condition, slippagei
F at the anchor soil interface or local shear failure from exces-

sive jack presrures. All of these variables make it difficult,

I

to model "real" 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
| 4

data interpretation. The results of this work are treated in !
-

c. tail in Chapters 4 and 5. !i

(
1

3.3 DISCUSSION OF WAVE PROPAGATION PHENOMENA

i.
,

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

is transmitted as transient stress waves to the three-dimensional
soil mass. These stress waves can exist as either p-waves or I

S-waves. P-waves (also termed primary or compressional waves)

are characterized by particle motions along the dircction 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 |

.

I iorigin of the disturbance during the in situ test; the direction ; j

of propagation for an element of soil, therefore, is approximately
{aligned with the line connecting the element with the anchor, j

provided the sail mass is locally homogeneous. Although the

4, .
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e a
derign of the anchor, shown schemati; ally in Fig. 3-1, results ,q ,

'
f-[ in the generation of sone horizontal motions in the soil, the

t

h predominant soil response is expected to be vertical. For soil f
helements located en the nidplane of the anchor, therefore, for

'

which the direction of prepagation is horizontal and the pre-
*W fdominant direction of particle motion is vertica'., the S-wave

, ,

component of the propagating stress wave should have a larger i,

kamplitude than the p-wave component, even though the p-wases j
may still be signiticant in the near-anchor region (Chapter 5). !

t *

Furthermore, since S-waves and p-waves propagate at different
Id'

( characteristic wave velocitics, the two components will separate | ,

j at a distance from che anchor which depends on the two )

characteristic wave velocities and the duration and magnitude J
;

h
of the impulse load applied to the anchor.* Beyond this distance

j the S-wave component of the propagating stress wave is unaffected

f by the p-wave cosponent.
s
i

'she task of determining the strain-dependent in situ pro-

perties of the soil medium from a finite number of free-field

j 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- |
i

| mation to the shear wave velocity of the soil medium can be j
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 propagate at the same velocity as the

wave itself. Furthermore, since the properties bf the soil

medium are strain-dependent, the shear wave velocity of an

element of soil varies from instant to instant as :he stress wave

W propagates through. For these reasons, the value c f shear wave

velocity obtained by observing a particular featurc. of the j
i ,

1 1
.

For the special field tests described in Chapter 5, the j
distance was about 2 feet. 1

,
'

,

>1
.

,

!

!
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propagating S-wave 1. ot necessarily related to the strain-

dependent soil propertit in a straightforward wey. Therefcre, i '

fspecial studies have beer carried out, using finite element '

i .

procedures (Chapter 4) and special field tests (Chapter 5) to '
'

investigate this problem.
I

Once the shear wave velocity has been determined, a first
|

approximation of the peak shear strain occurring in a given f

element of soil can be obtained through the relation ;

*
,

|"-| (3-13) ly=
s (

1

1
4

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

peak particle velocity of the soil element, and V is the shear |g

wave velocity. Equation 3.13 was originally developed for the

case of plane S-waves propagating in an infinite clastic medium. j

'this relation can be shown to be valid for elenents at large !
! I

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 clastic 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 th; cphere. "

At these large distances, the shape of the anchor (i.e., whether j

cylindrical or spherical) is not particularly important; further-
,

more, che shear strains in soil elements located at large
,

distances from an actual anchor in an in situ test will be I

sufficiently small so that these particular elements can be |
*considered to behave clastically. Therefore, the results from,

the above indicated closed form solution can be considered to *

{ be representative of the behsvior 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,

I above. |

N,

0
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j' The behavior of roil elements located in the immediate

vicini&y of the anchor is quite different from that represented i
t

$ by Equatici 3.13. For such elements in an infinite clastic !
1

.1

M medium, the response may be more nearly represented by cylin- ,!
*

:3 drical wases; however in an in sit; test of actual soil raterials i
1 e

kJ these wavec are f urther cc,eplicated of the boundary ef fects at i
'4

s the anchor-soil interface (i.e., slippage, jacking pressures,
&

the finite length of thc; anchor etc.) and the inelastit behavior

of the near-anchor soil elements. Such complex response,

3 characteristics cannot passibly be represented by closed form4

I
; solution based on elementary wave propagation principles, as

.-

described above. Ilowever, these near-anchor response character-!
i

istics can be investigate:I by using nonlinear finite elenente

techniques and by special field ' est procedures, as described

in Chapters 4 and 5, respectively.

I

i

.

i

3
i
1
:
,

-
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| Cl{ APTER 4

) FINITS ELEMENT ANALYSES

2
U
1 4.1 INTRODUCTION
i
i

The in situ test to determine the shear properties of
6 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. ' sng shear wave velocities between,

1

adjacent sensors have not yew been fully verified. In addition,i

i current techniques for establishing shear strains from thef
measured soil motions are based on certain assumptions that<

I 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 actual field data
!
'

are applied to these computed velocity histories. The shear
i

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 ut finite element calculations in this manner

offerr several important advar.tages when assessing data processino
procedares. First of all, the soil properties incorporated an

input data for the finite element model provide a basis for

evaluation of the results of the various data processino u..

!
t
o
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In addition, the closely spaced nodal points that co= prise the f
finite' clement grid represent a much finer network of soil i

iresponse " sensors" than is ordinarily available under field ;
production test conditions. Finally, these nadal points monitor j '

the soil response not only in the vicinity of the middepth of f }
the anchor, as per the actual field tests, but throughout a !

'

two-dimensional array of locations encompassing the entire near- I
I
1anchor region of soil.
}
1

!

While the above advantages show the finite element t

app roach to be a potentially powerful means of assessing the

data processing procedures, there are also certain limitations

that must be considered. These are associated with the fact that

it is impractical to incorporate e.2ry detail of an actual in sit 1

test into the finite element rodel. For example, the details

of the anchor, including tre nonaxisy= metric bearing of the

individual plates against the sides of the borehole, have been =

omitted from the finite element calculations discussed herein.

In addition, the effects of the jacking pressure and possible
I

onehor along its interface with the soil have 1slippage of t:

fnot been c .ered. Such limitations in the finite element
'model do .i t represent deficiencies in the =cthod itself; rather

t h m. ce been introduced to keep computational costs within '

.

t

-on. It is anticipated that the inaccuracies arising due

:s these limitations are small and confined to the immediate

vicinity of the anchor. Furthermore, slight differences between ;.

calculation and experiment are not severely detrimental to the

goal of evaluating data processing techniques. The evaluation

procedure is entirely self-contained within the finite element I

calculation, and is independent of experimental results. It [ |

is for the purpose of extrapolating conclusions from analytical y I

checkout into actual field practice that good correlation.between f
!

calculation and experiment is desirable. -

f

!
1
1
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N 4.1.2 Scope of Calculations
I i

I,

(r

Once dynamic soil responses are measured during the

in situ tests, data processir7 techniques must be used to }
1

convert these response measurenents to corresponding dynamic ;,

i ,

soil properties in shear. The principal objoetive, that of {
'

i
determining a relationship between shear modulus and level oi ;

I shear strain in the in situ medium, involves two phases'of data |
interpretation. First, the shear wave velocity, which deter-

|
mines the shear modulus, must be obtained; and then the strain f

I

level corresponding to that value of shear wave velocity must
|

be determined. Initially, it is bout to consider these phases '

s'oarately; however, before the final recommendations can be

formulated, the varicus methods for estimating shear moduli

and strains, by themselves, must be tested in combinations I
suitabic for the construction of modulus / strain relationships.

It is on the basis of how well these rodulus/ strain relation-

ships approximate the known relationships that the recommendations

will be made. Two calculations have been included in the present
, 4

study: one in which the soil has been t' deled as a linear } |
elastic medium, and cne in which the soil n.as been described | {

|
as a non1.near, r steretic material.

,

i
The elastic finite element calculation is of great !-

{value in assessing each phase of data reduction separately. The

shear wave velocity is constant in this case, thus simplifying

the evaluation of those data reduction techniques intended to f
determine shear wave velocity. Furthermore, since the method }

}of estimating shear strain depends on the shear wave velocity, ,

an a priori knowledge of shear wave velocity uncouples the

strain calculation f rom the shear-wave-velocity phase of the !
i

data reduction. Any problens encountered in estimating shear j
1

strair. , therefore, can be traced to the shear-strain phase of i

|the data reduction.

1

!
q

l
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$The nonlinear finite-element calculation allows the'

f various data processing methods to be applied under conditions |
'

l
o

[j rare nearly simulating the actual conditions of an in situ test.
'

In Arct, th2 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- |
t

linear finite element results can be compared directly to the j

i special test results (Section 4. 3.1) and can serve to provide f
further insight into results from that test program. In addi- a

!
tion, the nonlinear finite element calculation is of value in 1

i

evaluating both phases of data reduction acting together. In j

the elastic case, the shear wave velocity is independent of

strain level, making it meaningless to attempt to construct a
f

modulus / strain relationship. In the nonlinear case, however, 4

I,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 j

verified against the input data.

i

4.2 FINITE ELEMENT MODEL ,

?

.,

The calculations described in this chapter were carried out
!

using FEDIA, a dynamic, two-dimensional, continuum finite i

element computer code developed at AA. The material properties ;

that can be accommodated in FEDIA range fros linear elastic to |

highly complex nonlinear properties representative of soils or i j
|' reinforced concrete and based on variable bulk and/or shear .

."

| t

moduli and plastic yield functions. The boundary conditions n
| i4

'
I 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 wnen ,tcessary, data is stored on peripheral units so that

larger probh as may be solved than would otherwise be possible. f.l
i

I
!

\'
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( 4.2.1 Finite Element Grid
iv

|
'

:

[ The finito elenent grid used in both the clastic andq

{ the nonlinear calculations is shown in Fig. 4-1. The grid is ,
1'

axisymmetric and contains a total of 954 elements and 1020 nodal
;

Points, with the greatest cesh refinement in the vicinity of
the anchor. The upper boundary of the grid is modeled as a j
free surface, 20 feet above the center of the anchor. To ,i

simulate a soil medium of infinite extent, the bottom and right
boundaries were assigned energy-absorbing properties, thereby ;

,

,

I
minimizing any signals reflecting back into the interior of the i

i
Ig grid from these boundary locations. The left boundary of the .

! grid, which corresponds to the borehole, was subjected to stress-
!

I

free boundary conditions along that portion of the hole wall i
not in contact with the anchor.

I
I

It can be seen from Fic. 4-1 that the finite element j

grid employs an especially fine array of elements and nodal
points in the vicinity of the anchor, which is the region of ', ,

primary interest in both of these calculations. The nodal-point
'

spacing is as snall as 2 inches at the anchor / soil interface, t

and gradually increases with increasing distance from the anchor

to a maximim of 24 inches at the right boundary of the grid. I.

4 .

illowever , the spacing never exceeds 10 inches within 10 feet of -

| 4the anchor / soil interface. ' :

3

<,

The ability of the grid to accurately transmit shear I
;

waves depends on the nodal-point spacing and the shear wave }
velocity of the soil medium. In the clastic calculation, in i

which the shear wave velocity is 1000 fps, the fineness of the
i

grid allows the undistorted transmission of shear waves with !

!
;
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a f requency cor'.cnt of up to 500 Hz * out to a distance of S feet

from the anchor. Furthermore, in the near-anchor region, shear i !

waves with frequency conponents of up to 1500 Hz can be propa-

gated without distortion. In the nonlinear 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 5 feet 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 j
h i

| of the nonlinear fir.ite element calculation are available from !,

the special tests. The upper bounds of the frequencies contained |
i

in these velocity histories are about 300 Hz near the anchor .',

and about 200 Hz at about 5 feet from the anchor. These values ;

are well within the transmission capabilities of the finite }
element grid. j

.

;

i4.2.2 Application of Dynamic Loading

l
>

In the in situ test, loads are applied by means of a

freely falling hammer, which strikes Belleville springs attached ;

to the top of a relatively rigid anchor. The hammer, Belleville

springs, anchor, and soil then form a coupled dynamic system
, ,

I"through which loads are applied to the soil along the vertical
'

anchor / soil interface. As shown in rig. 42, this dynamic
| ;

system is incorporated as completely as possible into the finite !

4

.

It is assumed that good resolution of a frequency component ,

of a shear wave is assured if the ratio of wave length, L,
'

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

,

V V
f = gs = ggs

where V is the shear wave velocity of the medium, ar.d f iss
the maximum frequency in Hz. ,

1

l
1
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element model. The Belleville springs are represented 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 for possible uplift of the hammer. The topi

of the sp ing element of rig. 4-2 is connected to a single
,

; element which simulates the dropped hammer. The weight of this I

s element was taken to be 150 lb for the elastic calculation, and

58 lb for the nonlinear calculation. The anchor is modeled

using axisymmetric elements that are very stiff when compared

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

to the actual weight of the anchor (195 lb). The anchor elements

are considered to be fully bonded to the adjacent soil elements.
.

Time-zero of each ca!culation is taken to be the

time at which the freely falling hammer makes initial contact

with the Belleville spring. The drop height of the hr.mmer is {
cntered into the calculation in the form of an initial velocity |
corresponding to the velocity of the hammer immet.iately prior ;

to initial contact with the Belleville spring when released

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

follows:

x(0) =0

/2gh |x(0) =

t

,

where: x (0) , x(0) initial displacement and velocity=

of the hammer
|'g = acceleration due to gravity =

;

2 '

32.2 ft/sec
,

<

h = height above 3elleville spring from

which hammer is dropped ;

,

k

In the elastic case the drop height was 2 feet, resulting in

an initial velocity of 11.35 fps. In the nonlinear case the ;,
1
4
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! i
4 idrop height was 6 inches, corresponding to an initial velo-
[!;

j citys f'5.67 fps.
9

$,

4.2.3 Representation of Soil Materials
|1 ;

! : i

/ The properties of the soil in the elastic finite i
g j 3

j element calculation are as follows: the chear wave velocity
{l is 1000 fps, Poisson's ratio is 0.3, and the unit weight is {

100 pef. The material model used in the nonlinear finite element I

f 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
i

the instantanecus tangent shear and bulk moduli are computed,
I for each integration step of the calculation, as a function of
i

1 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 previous values. Otherwise the element is
undergoing unloading / reloading. A thorough description of the

soil model, along with numerical values of the parameters used i
Iand curves comparing the model with the cyclic triaxial data, I

is contained in Appendix A.
.

4.2.4 Integration Time Step

The integration time-step schedule for the elastic

calculation is 0.05 msec for the first 7 msec, 0.1 msec for
j the next 5 msec, and 0.2 msee thereafter, resultina in a total

,

r record length of 20 msec. This time increment schedule is much a

|
:

finer than that required merely to satisfy the dynamic stability l>

icriteria of the finite element method. The fineness of the time
-)3

i

increment arises from the necessity of knowing the time of
arrival, at a particular location, of various key features of

}
,

l

la
4 :

~ } !

i ;
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y' the response sicnature, such as the first peak of the particle ;

i j

(| velocity. In ec ruting the travel times of these key features
jj 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
{?j necessary to know the arrival times of these features to within .

j a margin of error which is small compared to this transit time, j
/

i While tr e time increment of 0.05 msee may not be small enough |
3 to allow satisfactory resolution over e. 2 inch interval, inter- i

j
) polation techniques can be applied to the data, if necessary, to

improve the resolution.
1
a

| A similar line of reasoning was used to select a time-
1 increment schedule for the nonlinear calculation. Although the 11

g shear wave velocity in this case is not constant, its average
j
I

'
value is about half as large as the shear wave velocity of the i

clastic calculation. Therefore transit times between adjacent
! nodal points are approximately twice as long in the nonlinear

calculation as in the clastic case. For this reason the nonlinear

calculation consir.ted of time increments twice the size of those
of the elastic calculation. The schedule is as follows: 0.1 I

=sec for the first 14 msec, 0.2 msec for the next 10 msec, and 'l

O.4 msee thereafter, resulting in a total time span of 40 msec.
1
'

t4.3 RETsLTS OF ANALYSIS

| I

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 t2me 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. I

t

|

|

t
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4.3.1 Comparison with 1:xperiment ,

k
,

3 .

: It was pointed out in Section 4.1.1 that the finite s

i.

element calculations can be used to evaluate the data processing
j procedures without comparing the calculations with experimental
i In fact the elastic calculation is used exactly this j

results. ,

way, in that there has been no experiment conducted in an clastic j'

since the nonlinear finite element calculation {medium. However,

jmore nearly simulates the special test conditions, its com-
| !

j parison with experinental results is possible. The application
t
i

j of the results of tne evaluations of data processing procedures.

f to the processing of actual field data would be greatly facili-
i tated if good correlation between calculation and experiment were

to be cbtained. For the sake of credibility, therefore, it seems

$; appropriate that the discussion of the analytical results should
results

j begin with a comparison of the nonlinear finite element 1
i

with the results from the special experimental pit tests. The ;
'

sensors from the special pit tests used in this comparison are }
i

shown in Fig. 4-3.

?

The velocity histories recorded from the special pit |
1

tests were obtained usi.ig 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 operating on the calculated ;

velocities with a transfer f- ion having the frequency response. ,

of Fig. 4-4. Adjusted disp .ments are then obtained from the y

adjusted velocities by integration. Both the original calculated ;

and the adjusted response are shown in the comparisonresponst
.

plots wni h follow.

! +

l
|

\.

t
f
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f?, Figs. 4-5 to 4-9 show comparisons between the experi-
mental and the calculated response during an in situ test.[j

'

Since there is no way to correlate the starting time of the J

h experimental time histories with the starting time of the calcu-

h lated time histories, arbitrary time shifts have been employed. ;

For any given nodal point, the velocity and displacement j
h histories have been shifted by equal amounts. The experimental i

1

] results, plotted as solid lines, correspond to mean response |
a

? curves taken over several repetitions of the test, The calculated .'
I

| resalts shown are from nodal points located the same distances
!

from the anchor as the sensors to which they are being compared.g

f
In cases where no nodal point occurs at the approximate location

of a particular sensor, responnes of the two nearest neighboring
; nodal points on either side of the actual sensor location are

shown. |
%

'
.

Comparisons of the ur, adjusted c . iculated responses with
the experimental responses indicate an excellent agreement among

the velocities. The computed peaks tend to be slightly low at
i

the anchor and slightly high at large distances from the anchor,

suggesting that the calculation may 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 frequency 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
1
h

(
,

$

l
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J 1
j correspond to a zero-frequency response, are filtered out by l

b}
the sensor. Therefore, it is most consistent to compare the

experimental response histories with the computed response ]
histories that have been adjusted to account for the presence )
of the sensor. These comparisons, as shown in Figs. 4-5 to 4-9, j

g indicate a significantly improved correlation between the com- *

j puted and measured displacenent histories. In fact, it can be

d concluded that the adjusted finite element results provide a
Aj generally excellent comparison with the experimental results

$ over the entire time frame of the computatior s. This high icvel

i of correlation justifies the application of the conclusions of
1

j this analytical study to actual field data. !

u

9

| Note that the adjusted displacements of the finite

! element calculation show no indication cf 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 observation that the aijusted ,

finite clement response has been quite successful at representing f
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 i
'

l
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

j program. For example, if the shear wave velocity is to be

successfully determined, it must be shown that the wave, or'

some identifiable portion of it, is a shear wave. Furthermore,

the formulae used in determining the shear strain require the
}

stress field to be n,irly uniform in the vertical direction, j
Since the finite element results contain a vast quantity of j;

i,

s
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informatian pertaining to motions, stresses, and strains in 8
i

the near-anchor region, systematic examination of these ! i
,

p results can provide valuable insight as to the nature of the
,s

g propagating wave.

1 Fig. 4-10 shows contour plots of the vertical component4

j of particle velocity in the vicinity of the anchor at severals

j instants of time. The contour plots show only the portion of
a
f the near-anchor region which lies above the middepth of the f
4,. anchor. The velocity and stress fields shown in these figures ,

i are nearly symmetric with respect to the niddepth. EssentiallyI ,

j no information has been omitted, therefore, by showing only half
i*

} 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- '

j bance identified in the response of the velocity trar.sducers
of an in situ soil test is especially rich in shear and its '

propagation is governed by the shear properties of the soil
Imedium. Furthermore, both Figs. 4-10 and 4-11 show that the i'

<

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-Jial !

gradients of vertical displacement need be considered in esti-
, ,

mating shear strain.
', |

i

!.

Fig. 4-12 shows the shear stress vs. shear strain paths
of several elements along the middepth of the anchor for the

!nonlinear finite element calculation. These elements are j
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 damping ratio, 1, are shown for each
element. It can be seen from this figure that both the modulus

and the damr ing are significantly dif ferent for elements near
the anchor, where strains are large, thar for elements far from I

.

I
J
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a
! 1 the anchor. The most rapid changes in bath G and A occur near IL

1
3 the anchor. The changes in both parameters become much more j

gradual with increasing distanre fron the anchor. j
k I

b $Due to the hysterette nature of the soil material, s
'

!
t] permanent distortions of elements near the anchor remain after

j the excitation has quieted down. This effect can be seen most

3 clearly in Fig. 4-12a. These permanent strains can be explained

by making the observation that equilibrium is a condition '

[ requiring zero shear stress. The return to equilibrium from

| the state of maximum stress follows a stress / strain path different

from that by which maximum stress was originally attained; there-

fore, the strain at which zero seress prevails is nonvanishing.

As seen in Fig. 4-12, this phenomenon quickly disappears with
!increasing distance from the anchor. 5

4.3.3 Assessment of Data Processin Procedures for

Determination of In Situ Shear Wave Velocities
.

The shear wave velocity is an important property
of the soil medium in that it leads directly to the shear

modulus by way of the relationship

2G=0V (4.1)
-

s

I
where G is the shear modulus, e is the nass density, and V is

3
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.
:

!
t

! Thus far in the in situ test program, two different

approaches have been used to estinate shear wave velocities.

The first appr'ach is termed the tice-history method and iden-

tifies a particular feature within the reasured velocity histories |
I

}
| l )

| 5 9 fb HI $i3% y%
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(( recorded at adjacent sensors. The delay time associated with j <

that feature, i.e., differences in the time of occurrence of
f,I
.

the feature at adjacent sensors, is determined from the sensor
} |e)

;4 records. The shear wave velocity of t.he soil .edium between
>>

{j these sensors is then computed as the ratio of the sensor [ ,

d spacing and the delay time. i >

!4
i7 q '

!}'
A second approach is termed the waveform cethod and I

p utilizes the displace.ents at the vario"s sensors (obtained by I
t
;

integrating the velocity histories) to define wave profiles at I

different discrete times. A specific feature on each displacement $
profile, such as the crest of the wave, is then identified,

2 and its location 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.
%

i
'

Time-History Methods _a.

The time-history methods primarily used thus far

for estin1ating shear wave velocities from in situ response
measureuents hasa been based on the first downward peak of the

evelocity history and the zero crossing of the velocity history
after this peak (which corresp mds to the first downward peak i,

iof the displacement history). These features were identified *

in the velocity histories for nodal points located along the
middepth oi tha anchor. The resulting shear wave velocity compu-
tations were then cocpared to the original soil properties
used as input to both the clastic and the nonlinear finite

element calculations.

I 1When computing shear wave velocities using time- s
ihistory methods the time required for a feature of the velocity i

signal to propagate a given distance is first noted. The shear !

wave velocity is then computed as the ratio of the given distance i ja
i *

11
:

| 1 <

. I Ij\ *
'.

8a

'
-73- i

i
* I

k __ _ -_- _ _ _ _ ,

'*"Mme -- Jb _ .m M&rv e. ms m . x 2- ce - #rmo m.

!? T[d f] .ii 2 ;'
Ufg@ud b M MnLNj



, . - . _ . ~~.r--~~ - - - - --- ~ - ~ y y ~~ ~~''~ ~ ~" ,1' *
,

'

. ,

&& .

__ ]

i
} l i! to this propagation time. Geometrically, this process amounts i

f to computirg the slope of the position-time diagram of the
; f ea ti'rt being observed. Thus, the co=putation of shear wave

velocity involves a process of numerical differentiation,e
a

process which is well known for its tendency to magnify the
fluctuations of a time-history record. This tendency to exag- ,

f

gerate local fluctuations can be counteracted somewhat by choosing j

large distances or time intervals over which the differentiation
is performed. Ilowever, this carries with it a penalty in,

I sensitivity, ,

d

i
Fig. 4-13a shows the shear wave vel.scities as

computed b/ the method of zero crossing of the v31ociti histories
|for the elastic case. Fig. 4-13b shows the shear wave velocities !

as calculated by the method of peak velocities. In both carus !

the actual shear wave velocity is indicated by a solid '. i n e . I

Minimum sensor spacings of 12 inches. 30 inches, and 60 inches i
i

have been used in these figures. The calculations invclving 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-crossing method }

agree remarkably well with the actual shear wava velocity. The
results of the peak-velocity method are less accurate near the

|anchor, and impcove with increasing distance from the anchor. I

iHowever the results are acceptable throughout the entire radius *

range shown in the figure.
I
i
~

\
Fig. 4-14a shows the zero-crossing method applied i

to the results of the nonlinear calculation, while Fig. 4-14b '
!

Ishows the results of the peak-velocity method. The solid line j
in each figure shows the shear wave velocity. based on the iecant '

shear modulus of each element of soil. The secant shear modulus ; fis computed as the peak shear stress divided by the peak shear j,

strain of each element. For the 12-inch minimum spacing, there f,

is an objectionable amount of scatter associated with the peak- ;

I*
i

!
',

h
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3 i
j velocity method. In fact, the peak-velocity nethod seems to j

I i3 show more scatter at all sensor spacings than does the zero-
i!

crossing method. On the other hand, disregarding the results ;4

I
,; obtained using 12-inch minimum spacing, the peak-velocity method j

seems to fall slightly closer to the actual shear wave velocity.'

k The difference between the results of the two methods may be

9 related to the trend whereby the peak velocity occurs while they
I

3 :

j element is undergoing peak shear stress, whereas peak displacement '

4
,

|) c. curs during unloading under conditions of low stress. Due to

h nonlinearity, therefore, the shear wave velocities involved in ;

f

the propagation of the peak velocity and the zero crossing are ;

slightly different. In the case of the nonlinear finite element f
calculation, the peak-velocity method produced slightly superior j

results. Ilowever, it cannot be concluded thac this method will j

prove to be superior in all cases. In spite of the slight 1

!
difference in results, both methods provide acceptable accuracy j

for the more distant et0 tion. (i.e., for distance greater than )
20 inches from the anchor,.

9

iThe above actnods .r determining shear wave velo- ,

city ineolve measuremmat of the travel time of somc *=ature of
'

the wave es it propagates from one sensor to another. The j
'

shear wave velocity computed in this manner is an average value i

'*
7 7 alternative approach,for the region between the sensors.

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 approach, tine-of-occurrence $

data for the wave feature under observation are required at ,

several locations. A curve of the forn 1

^
1

r .2)T(r) = -- + a2 + "3

is then fitted to these data, where T(r) is the time-t f-occurrence

function, r is the distance from the axis og symmetry, snd ay,
a and a are undetermined coefficients. The slope of the curve'
2, 3

;
| 1

i
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1

[ at any point determines the shear wave velocity at that point. j
( Since this can be computed analytically, there is no nunerical

i

! ditferentiation associated with this approach. Reduced scatter,
|l

; therefore, is one of ita advantages.
.

1 Fig. 4-15 shows time-of-occurrence data for zero
A

crossing and peak velocity for nodal points along the middepth2

N,| of the anchor in the nonlinear finite element calculation. Thesc .{
,

j data have been fitted, using a least-squares procedure, with t
'

j! curves having the form of Eq. 4.2. These curves are shown in j

the figure as solid lines. It is seer that the comparison between {
the analytical approximation of Eq. 4.2 and the raw data is

{
r excellent. It can be concluded, therefore, that Eq. 4.2 is an I

appropriate form with which to seek an analytical approximation |
.

of the time-of-occurrence data. Eq. 4.2 can be used to fit these j
i

i data as long as there are at least three data points. 4

Fig. 4-16 shows the shear wave velacity of the
_ nonlinear finite element calculation as computed by the zero- '

jcrossing and peax-velocity curve-fit methods. The time-of-
occurre..ce functions, Eq. 4.2, were fitted based on data from !

all of the nodal points at the middcpth of the anchor. Shear
wave velocity was then computed at each nodal point location.

1

The resulting data sets show no scatter at all. In fact, since *

i.the time-of-occurrence function is represented analytically, it 1

would have been possible to plot the shear wave velocity calcu- I

lations as continuous curves. It is evident from Fig. 4-16
,

!,

that shear wave velocity measurements at the anchor-soil inter- i
j

face are possible, using the curve-fit approach. This was not i

the case using the original cpproaches for estimating travel j
times. Furthermore, the accuracy seems to be acceptable through- i

!out the range of Fig. 4-16 for both methods. Had fewer points
been available for fitting the time-of-occurrence function, f

a '

slightly different analytical fit would, most likely, have been
i

obtained. However, the results would have been equally free of !

,
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scatter and the amount of error would probabiy not have been
' i ,

much greater. f

h J

b. Waveform Methods i

j

l The time-history methods of computing shear wave i

j 4,

velocity in the soil medium are based on the propagation of
'

,

distinctive features of the response history observed at isolated j
'

j points in the soil medium. The wcVeform methods, on the other ;

hand, are based on the propagaticn of distinctive features of

1 the spatial distribution of free-field response observed at !

J i
isolated instants of time. The waveform methods employed in j

j the in situ test program thus far have been based primarily on {
j observations of the crest of the displacement wave. Although,

t in theory, the shear was e velocity can be determined through the j

h| observation of any feature of the wave, the displacement crest |
s

4

has been selected primarily because it is easily identified ;
.

and relatively simple to work with, rurthermore, it has the i

physical significance that it is a point of zero shear strain

and peak displacement, and cceurs as the first identifiable

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. .

i
'Application of the waveform methods to in situ

data is hampered by a shortage of sensors in typical production
I

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. i

|On the other hand, application of waveform methods to the finite

clement results, dua to the abundance of nodal points distr.buted j
4

along the midplane of the anchor, does not suffer due to inade- 1 ,

\

quate spatial resolution. Several displacement profiles, ;

constructed from the clastic finite element results, are shown
b

- a
'
'

(
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I

j in Fig. 4-17a. I

The propagation of the crest of the displacement )i

[ profiles is an easily recognized feature of this figure. The j
g envelope of peak displacements is also shown in Fig. 4-17a. f

jI The peak displacenent at a given location occurs when the
f

,

displacement profile is tangent to the peak-displacement envelope
!? at that point. It is obvious from the figure that when this I
:

occurs, the crest of the displacement profile occupies a different 1

position, closer to the anchor than the point which is under-
going its peak displacement. Thus, at points close to the

j anchor, the peak displacement at a point and the crest of the
displacement profile at that point do not correspond to the

i same event. This is the basic difference between the time-
I 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 zero-crossing point in the time-history
method.

Fig. 4-17b shows several displacement profiles
constructed from the nonlinear finite element results. The
permanent displacener.ts of near-anchor soil elements, which )

-

Iwere discussed in Section 4.3.1, are evident in these profiles, t

These permanent displaccments are of such ' magnitude onat j j

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 '

occurs. 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 dispiccenentn near the anchor was not observed experi-

t
mentally, it was Fointed out in Section 4.3.1 that permanent I

displacements probably were present. .

,

j
!

!
I '
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a 3

i q The displacement profiles of the elastic finite ;

i element calculation can be used to determine the position of the )
,f crest of the displacement wave at any given instant of time.

'

,.

2 In order to improve the precision with which the position of g
'

.i 1

j the wave crest can be determined, a parabolic interpolation scher.c ji

,<j has been used. Using this method, the displacements at several j
4 >_ >

,s points in the vicinity of the crest of the profile are represented ; {
}
g analytically using a parabola in which the coefficients are chosen j

by a least-squares procedure. The crest of the profile is taken j
. ,

g to the point at which the parabola has zero ulope. , j
P | i
1,

4
-

)j Results of this procedure are presented in Fig.
k

? 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 j
.1

the 12 inch sensor spacing, as well as the fact that cres+: >
ii ! locations obtained by pazabolic interpc,lation are cons'. stent ;
l

.sith profile plots, indicates that the degree of precision with j,,

'jwi-ich this method has been applied must have been high. An

|
ob/ious trend whereby excessively hiah wave speeds are recorded A

a
near the anchor suggests that the crest of the displocement j[ ,

profile propagates at a velocity different from the shear wave ;
i

velocity near the anchor. This Wservation implias that wave- -

form methods based on the crest of the displacement prr. file '

.

j are act well suited f ar acte ing . shear wave velocities in t.

f the near-anchor region. As a resu't, it is recommended that

subsequent data reduction be performed using time-nistory methods, g.

and that the wave-form p.et..ods be dropped from further consi-i

deration ft compC. lag shear wave velocities. j'

,I . k,
4.3.4 Assessment of Data Processing Procedures for ji

5 i
Determination of In Situ Shear ;tya_it, j .)

l i,

' I

j The present approach used foc estimating shcar strair- !
,

I

from the in si tu response mnasurem 2nts is based on an analr ;y ( .

| with the propanation of plane shear waves ia an elastic medium I
I

I
,

i
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of infinite extent. The resulting formula is: '

;

dT "

h (4.3) )rz
s ).

f
a

where: Y shear strain at the point under consideration ]'
particle velocity at the point under considerationw

V shear wave velocity of the soil medium at fS
the point under consideration i

1

-d
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 yield y
accurate results at large distances from the anchor; however,
near the anchor, the soil behavior becomes more complex and 9

3

Eq. 4.3 no longer applies. 1
'
,

)
>

The implementation of Eq. 4.3 first requires an estimate
of the shear wave velocity of the soil medium. Procedures for [
estimating this parameter have been described and assessed 17

s

Section 4.3.3. Once the shear wave velocity has been obtained a
J

for a given location, the peak shear e. rain at that location
, a

can be determined b; using the peak particle velocit'/ in Eq. 4.3.
'

1

q
The results are likely to vary slightly, depending on t'io parti- i

cular method used to estimate the shear wave velocity. Fig. 4-19 i,.

shows comparisons between actual peak shear strains obtained in
'{

-

the finite element calculati.ons and peak shear stre. ins computed
Q

by using the peak-velocity curve-fit method in co*: junction with j
Eq. 4.3. Fig. 4-19a shows this comparison for the elastic

3
finite element calcelation, while Fig. 4-19b shows the results

(of the nonlinear finite element calculation. As previously
}

indicated in Chapter 3 good agreement has been obtained away s

from the anchor (in general, 20 to 25 inches away). Near the
anchor, the agreemen* As not quite as good. t 1

7.
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When the shear wave velocity has been estimated using '

a method involving the travel time batween sensors, the resulting
Ivalue is 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 av7 rage 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.
<

1

The first propored method of computing the average ]
shear strain in the interval between two sensors is to estimate

,

the shear strain at the nidpoint between the two sensors. This 4

1

method is referred to as the midpoint method. In order to j
estimate the shear strain at the nidpoint of the region, the {
appr(ximate distcibution of shear strain between tha sensors

must be known. Fig. 4-20, which shows the distribution of peak -

! -shear strain obtained from the nonlinear finite element calcu- i f
lation, indicates that the relationship between peak shear

strain and radius is nearly linear on a log / log grid. This
7suggests that the shear strain distribution between two sensors

can be approximated by the expression:

rz " ^#" I4*4) (Y *

Twhere: rz shear strain

r distance from axis of symmetry
,

A, o arbitrary parameters | 7

:

The snear wave velocity for the region between the sensots, and

the peak particle velocity at each sensor can be used to estimate

the peak shear strains at the two sensora. By enforcing the I

conditions that Eq. 4.4 should assume these values of strain
,

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

and a for the interval octween the sensors can be amputed. By

i
!
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setting r equal to the coordinate of the midpoint between the l.. g
I

..[ 3 - sensors, Eq. 4.4 gives the average strain determined by the
'

'

midpoint method. -<

4 '

g
'. The second method of computing the average shear strain

,

.-' ~ for the region between two sensors is referred to as the inte-
- gration method. In this method, the distribution of shear

,

strain between the two sensors is represented by Eq. 4.4, in
. .

. . .

which A and a are determined in the same manner as was done in.j
the case of the midpoint method. Eq. 4.4 is then integrated

with respect to r, with limits corresponding to the coordinates

of the two sensors involved. The result of this integration is
,

then divided by the distance between the sensors to obtain the [
integrated average shear strain. -

1

The third method of estimating the average shear strain
, ;

*'
for the region between the sensors is referred to as the end- '

' - average method. In this method, the shear strains at the two

sensors are estimated as was done in the case of the midpoint
*
. method. The straight numerical average of thase two values is

,

used as the average shear strain.

These methods of estimating shear strain, which are

associated with the travel-time approach to estimating shear *

- , wave velocity, do not have as wide a range as the method used .

in Fig. 4-19. The regio.. nearest the anchor escapes eve.luat'on

,4} . using these methods. The accuracy and range obtainabic using
: these methods are considered in Section 4.3.5.

|

.

- 4.3.5 Evaluation of Tot,al Data Peduction_ Systems
.

-

Several methods of omputing shear wave velocity from p'',
..

in situ data have been investtgated in Section 4.3.3. All of

the time-history methods, including those which involve analytical I

curve fits as well as those which involve travel time between
' /.

$
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sensors, have survived the initial evalustion. The wave- form -

methods have been climinated from further consideration because

of practical limitations in working with this data and because

of the apparent limitations of thcee methods in evaluating near-

anchor soil responses (Section 4.3.3). In addition, several

variations of the manner in which shear strains can be estimated,

related particularly to the travel-time methods, have been

proposed. These various methods for computing shear wave velo-

city and shear strain must be combined into total data reduction

systems, and evaluated as such. The various combinstions under

consideration are identified in Table 4-1. The nonlinear finite

element calculation is used to evaluate each of these p;s Aures,

based on the accuracy within which each procedure can reproduce

the original shear modulus vs. shear strain relationship used is

input to the finite element analysis. The shear nodulus is i l
Eobtained f rom the shear wave velocity using Eq- 4.1.

Fig. 4-21 shows the midpoint method Ur- averaging

shear strains used in conjunction with each of tiie travel-time
j ,

1methods for computing shear wave velocity to construct modulus /
|

;

strain relationships. Fig. 4-22 shows the fategration method,

while Fig. 4-23 shows the end-average method used along with |
the travel-time methods to compute nodulus/ strain relationships.

*

In each of the figures, the relationships between secant shear

modulus and shear strain actually obtained from the nonlinear

finite element calculation is shown as the solid line. Minimum
sensor spacings of 12 inches, 30 inches, and us inches were '

used in ubtaining the computed modulus / strain relationships.

In each of the figures, the zero-crossing method for

computing shear wave velocity resulted in less scatter than the

peak-velocity method; however the results were less accurate.

This may be due to the fact that peak velocity occurs when the

shear stress is at a maximum, while the zero crossing does not.

The end-average method for estimating strain is seen to be badly

~ ~
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1"A Q ;6 TABLE 4-1. r.EY TO DATA REDUCTION PROCEDURES FOR DEVELOPMErJT

'

b ~;~,3)
0F SHEAR MODULU5 VS. SHEAR STRAIN REIATIONSHIPS ,'t

3

7 9 '.
V::~ . ,

CJ ~ .;
Method of Calculating Shear Strain 4

,

U~A .
Method of Calculating Analytical Midpoint Integration End-Average *'

Shear Wave Velocltya Curve-Fit MetSod Method Method 2

Analytical Peak Peak-Velocity / j'!,'' '{, ': s''-[?'- 25 ' .'; ,'|,;J f''',- ''''''':''',,
-

;furve-Fit Velocity Fit Method "; ' ' ' ',;' s ,> ; 3;' : - : :' : - - ' :, ' '- , , . 1
-

'' ' ,

- ,

,. -', ,, ,

-
- iZero Zero Crossing /

'

:
' ' ' '

-

Crossing Fit Method
, ' , , ' '

' ' '''' ,
- 3

''
,,

- -

of Velocity ' ":' 5' 5!' ''' ' ' '! ' ' 'N*s,3,' '- ' ;,''- ' u ,'5 ',' Y
'

, /''

Travel Time Peak Peak-Velocity / Peak-Velocity / Peak-Velocity / $Between Seators Velocity Midpoint integration End-Average
qMethud Method Method 1

^ ^

- . .? .: ; ' f l '. ,",-' })
.

_.,

lero

' dy,'s :','g ',: ,;
' Zero-Crossing / Zero-Crossing / Zero-Crossing /

Crossing Midpoint Integration End-Average 1of Velocity g!i1V'f' 1 Method Method MethrA 1-g
-

.
.

n* Shear codutas is obtained from shear wave velocity using Equation 4-1. , W|t
5
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in error, particularly for large strains. The other two methods

appear to be reasonably good.,

o

1

Fig. 4-24a shows the zero-crossing / fit method applied |
1to a group of four nodal points spaced in a manner which might,

i
4 be considered for ise in an actual in situ test.1 The times of
) zero crossing oC velocity at each of the four points were used
J to fit the analytical approximation of Eq. 4.2. The resulting

values of the undetermined coefficients are not as optimized
as they would have been had all the available position-time

data of zero crossing been considered in fitting the equation.
Itowever, the use of four data points is more consistent with

the arnunt of data ordinarily availabic during an in situ soil
,

test.
1

The availability of an analytical approximation to
I

the propagation cf the zero crossing of velocity makes possible

the estimation of shear wave velocity, and hence shear modulus,

at any desired distance from the anchor. The estimation cf peak

shear st ain, on the other hand, requires also a knowledge of
the peak particle velocity which occurred at the point of

interest. This information is available only at the four ~{

locations for which the velocity histories are known. Only

four strain valucs can be estimated, therefore, and as a result

only four points can be plotted on the modulus / strain graph,

| 4
Fig. 4-24a.

|
In an actual in situ test, there would be a multiple i

of repetitions of the test loaded under a wide range of different

1
One of these nodal points, located on the anchor, records
the anchor motien. 1)ue to the idealization of the finite
element model whereby no slippage occurs between the anchor
and the soil, this anchor notion is interpreted, in the data
reduction procedures, as the motion of the soil along the '

anchor / soil interface. During an actual in situ test, where
slippage may be present, this type of interpretation of the
anchor motion in the data reduction procedure may not be
possibic.
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energy levels. This sculd cause a variety of strain levels to I
' occur at the various sensor locations (which are constant from
_ test to test), thus allowing accumulation of a large quantity

of shear modulus vs. strain data distributed uniformly over a
large strain range. This accumulation of data, when plotted on
a single graph, would result in the modulus / strain relationship.
In order to simulate such a sequence of tests it was proposed

-

that a similar accumulation of modulus / strain data could be
obtained by considering several different grotips of four sennoc
locations spaced about 30 inches apart. The results of such a

consideration of the zero-crossing data of the nonlinear finite
element calculation are shown in Fig. 4-24b.

,

1

An interesting feature of Fig. 4-24 is the small
'

discrepancy between the data reduction technique and the actual
-

modulus / strain relationship for small values of peak shear
s* rain. The small values of shear strain occur at large distances
f rom the anchor, where the muthod of computing shear strain has

- been shown to give excellent results (see Fig. 4-19). This

suggests that the method for computing shear wave velocity
-

(from which the shear modulus is computed) may be in error._

-

_ |-

Due to the nonlinearity of the soil medium, the velo-
- city of propagation of shear waves at a given location in the I.
-

soil is constantly changing according to *he changing state of.

stress at that location. At any given instant of time, the
. rel1 tion:

!

/d~/3V =
g (4. 5)

2

which is obtained by rearranging Eq. 4.1, holds true. The solid
curves of Pig. 4-24, which are labeled " actual", snow the

j relationship between secant shnar modulus and peak shear strain.
In order to obtain wave propagation data which agree with these
curves, the feature being observed would have to be propagating

_
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{}~ at the secant shear wave velocity, which is obtained by using

f the secant shear modulus ira place of G in Eq. 4.5. It is

h evident from Fig. 4-24 that the zero crossing of velocity

} propagates at a velocity slower than the secant shear wave

velocity at largo distances from the anchor. This observati >.n

is confirmed in Figs. 4-14a and 4-16a.
1

Fig. 4-25a shows the peak-velocity / fit method applied

I to the same sensors used in Fig. 4-24a. Fig. 4-25b shows an
f
j accumulation of peak-velocity / fit data. By comparison with a

e

Figs. 4-21b, 4-22b, and 4-23b the scatter is greatly reduced

usino the fit methods. Furthermore, the strain range is much
1

more .nensive. Otherwise the modulus / strain relationships 4a

l, obtainc/. from the two sets of data are very much in agreement.

Fig. 4-25b shows that tnere is a range of locations for which

the velocity of propagation of the peak velocity exceeds the

secant shear wave velocity, but that the two approach each other ;

toward the outermost locations considered in the calculation. ,
,

This observation is consistent with Figs. 4-14b and 4-16b.
j
s

'
4.4 CONCI.US IONS

l -

Based on the results presented in this chapter, a number

of concl4sions are listed below. When interpreting these con- t
.

clusiont, tho inherent advantages and limitations of the finite

element proccdures, as discussed in Section 4.1.1, should bc ;

kept in mind. Furthermore, to aid in this interpretation, certain
"

comments based on experimental results from the special tests are j

provided as footnotes. These experimental result s are described

in more detail in Chanter 5.

i

With this as background, the conclusions regarding the ,

finite element analysis results are as follows:
) i

l !
';

. ,

t
;
a

'
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a. Although time-history methods involving zero-crossing "

and peak-velocity produce slichtly different results, both
,

methods are satisfactorily accurate. The results of the peak- }

|velocity methods appeared to be slightly more accurate in the

} particular nonlinear calculations described in this chapter; )
p however this may not necessarily be true for other soil conditions j

f
d or input loadc. In fact the zero -crossing method was superior ;

r

b in analyzing the data fron the elastic case.* ,

! i I
f

b. The time-history nethods include both curve-fit methods

and travel-time methods, as i own in Table 4-1. The curve-fit

methods are able to extract a wider range of data from 'he ,

experiments by making se of the near-anchor sail region. The

various data processing techniques have been shown to be some- ,

what less reliable near the anchor than far from it. Despite

these potential near-anchor problems, the modulus / strain com- ,

parisons fnr the curve-fit methods were found to be satisf actory

near the anchor in the case of the nonlinear finite element ,

calculation.
!,

c. The travel-time methods are subject to excessive scatter,

due to ncmerical differentiation incorporated within the methods.

The nonlinear finite elenent calculations show that the sensor

spacing must be about 30 inches or more in order to reduce the
~

scatter to ac;eptable levels. T?is minimum allowab'le sensor
spacing will probably vary from test to test depcnding upon ruch

factors as shear wave velocity, input energy level, etc. It

is evident from the modulus / strain comparisons that increased

sensor spacing reduces the range cf data obtainable. Thus, these i
;

methods are judged to be less useful than the curve-fit methods.
,

'
,

1
a

IIt was observed in Section 5.3 that the zerc-crossing data can
be somewhat more precisely resolved from the special test {
measurements than peak velocity data. The two methods, Nhen }
applied to producticn tests, gave nearly the same results.

1
-

4

2
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d. The wave-form methods were shown to be inappropriate
for the calculation of the chear wave velocity in the near-anchor

iregion.* Away flom the anchor, these methods were shown to '

produce satisfaccory results which agree with those of the time-
history methods. However, because c f the importance of the

near-anchor region and the uncertainties associated with the
application of wave-form methods for estimating shear wave
velocities in this region, these methods are not reco=ser.ded for
use in production tests.

|

e. The use of Eq. 4.3 to estimate peak shear strain is
|

extremely successful away from the anchor.** In the near-anchor

region, the performance of these formulae is only moderately
successful. Errors in the near-anchor region evidently do !

3not exceed 50%, and are of ten much smaller. The end-average <

method of determining the average strain for a region between
sensors is not recommended.

_

f. On the basis of the modulus vs. strain comparisons,
the curve-fit motheds are recommended for processing of in situ
data. Referring to Table 4-1, these methods include the zero- '5

crossing / fit method and the peak-valocity/ fit method.
,

,

*

As noted in Section 5.3.2, wave-form methods have an additional '

disadvantage when used to estimate near-anchor shear wave
velocities during typical production tests -- namely, the
spatial resolution of the near-cnchor soil sensors is notsufficient to provide an acequate representation of the crest s

s

of the wave in this region. However, the special tests
described in Chapter 5 were different from typical production
tests in that they provided an extremely fine spacing of near-
anchor sensors that permitted an adequate representation of

|the displacement wave shape in this region. Therefore, the
slopes of these displacement profiles were used in Chapter 5 ,

to determine shear strains generated in the soil during the ,

special tests. Such a treatment follows directly from the idefinition of shear strain and is valid even though the wave-
iform methods may be inappropriate for use in estimating near- '

anchor shear wave velocities. '
**

As discussed in Section 5.4 of Chapter 5, analysis of the '

special test data confirms the validity of the current methods
for estimating shear strain. '

.i
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CHAPTER 5

EXPERI!' ENTAL STUDY OF WAVE,

PROPAGATION IN AN ARTIFICIAL SOIL FILL

Special field tests were carried out to provide additional

insight into the wave propagation phenomenology of the "real"

in situ test condition particularly for the region close to the j

anchor. This work was accomplished by installing the anchor

assembly and extensive monitoring equipment within a soil fill

built for this purpose and conducting tests under a variety of

controlled test conditions. The results of these studies are ,

described in this section. While many tests were performed and ;

3

much data was reduced and studied as part of this effort, for j
cla ri ty , data for on.ly representative cases are included in

this chapter. More detailed treatment of this data has been

presented in Troncoso, 1975.
d

5.1 T_E_ST DESCRIPTION

1

The testing program was conducted in soils at a site on

the Fort Lawton Milittry Reservation in Seattle, Washington.

The soils used in the test fill consisted of a relatively uniform

deposit of silty fine to medium SANO. The index, ucchanical
'and dynamic properties of this material, nased on a number of ,

laboratory teste are provided in Appendix C. '

At this site, a large circular pit was first excavated to

the dimensions shown in Piqure 5-1. These dimensions were ;

selected to avoid interference of reflected waves f rom the boun -

daries. The pit was then backfilled, and the materials densely

compacted in thin layers for the entire depth of the pit. During !

the backfilling operatien, the anchor assembly (Fig. 5-1) and
,

a number of recording sensors consisting of four accelerometers,

34 velocity transducers and one load cell, were hand placed at ,

predetermined locations in the soil fill. Six of these sensors

'
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were placed on th? anchor assembly. Most of the renalning
,

,

sensors were located at the mid-depth of the pit (elevation -5

feet). The type and location of these sensors are identified

in Fig. 5-2. Further details of fill construction and equipment 1

installation procedures including photographs are provided in

Appendix D.

The band of sensors in Fig. 5-2 was placed primarily to

study wave propagation characteristics, and to provide insight

into data interpretation procedures. As indicated in Appendix C,

these sensors were staggered to avoid possibic interaction

effects between adjacent sensors. Also from this same band of

sensors, test parameters such as P-wave effects (from the hori-

zontally oriented sensors), and repeatability, could be studied.

The remaining array of free field sensors together with the band

provided data for study of sy.netry and casing effects. Simul-

taneous measurements of motion and forces at the anchor and the
close-in free field stations provided data for better under- ;

standing anchor behavior characteristics particularly for
3establishing empirical relationships relating measurements made

at the anchor to those recorded in the free field. Also the
'

importance of radial jacking stresses, and hammer weight and

height of drop ~ 'fects could be assessed. Most of these test

parameter ef fects are discussed and evaluated in Appendices F

and G.

Because the recording equipment is capable of monitoring

only four sensors at a time, any test involving more than four

measurements had to be repeated in order te collect sufficient

data. By re-recording in every two tests at least one ita

station, normalization of times and amplitudes could be readily

acccmplished. The observed variations in amplitude and shape
'

were almost alw$(s small and time shif t adjustments between i ,

successive records were casily accomplished. With repeated tests, j

under constant test conditions, the response characteristics as }

,

.
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the wave travels from the source through the band of eensors s i

1
could be studied as if the data had all been obtained f rom one j
i ngs c t . 1'

1

Tect results for all sensors were obtained as time-histories |
of loads, accelerations and both horizontal and vertical particle | I

Ivelocities at dift'erent points in the soil and in the anchor.

Through integration and other mathematical manipulations of the
ftest data together with accurate distance measurements, dis-

placements were determined and related an wave-forms both in j
terms of time ar.d distance. This data provided a clear picture f
of changing wave characteristics and enabled actual wave velo- [
cities and shear strains to be computed. The data also enabled a

the laws of attenuation to be studied to a limited extent and <

l

provided for relating free field and anchor motion data. <

l

l
5.2 WAVC PROPAGATION CHARACTERISTICS

5.2.1 Particle velocity Characteristics

Wave propagatior was mainly studied by measurcocats
Iof the responses of 16 vertical velocity sensors arranged along

the principal band shown in Fig. 5-2. A complete seraes of

tests performed at a ;onstant drop height, hammer weight, and
jack pressure, o), are shown in Fig. 5-3 as 16 velocity time -

g

measurements as the wave passes outward f rom the energy source.

Yne most characteristic points of the velocity measure =cr.t are .

defined as shown in the idealized time history in Piq. 5-4. ,

This dealized pulse is a superposition of vertical particic

velocities generated by the passage of both compressional or
i

P waves and shear or S waves. The first part of the pulse will |
be defined prinary pulse and the second main pulse. I

i
The curves in Fig. 5-3 illustrate progressive changes

i
in the shape of cne pulses as they travel outward through the ;

i
!
l

,
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scil mass. In general the particle velocity signatures change

from one composite pulse to the two distinct primary and main $

h components defined in t'te idealized curve (Fig. 5-4). As this 9
d 1
,3 change or separation is t> king place, there is also an increase j

in the time durations of both the main pulse and the total pulse. j|

|)j
This indicates that the two components are traveling at different l

['lspeeds. The prinary component is traveling the fastest and is
F

therefore the P-wave while the slower traveling main component f
h represents shear wave motion. Appropriate substitution of d

i

j Puisson's ratio in the thecretical equation:

1

'
V

2(1 - u)
_d . l g3, g)v 1 - 2u; 3

!,

will always produce a ratio greater than 1 (i.e., the P-kave i
t

is always the faster of tho two body waves).

Further examination of the cet of waves reveals that

the primary pulse is dominant in the "close in" zone around the

anchor, but becomes much smaller at grea'.cr distanco. This

indicates that for these distances, the primary component

(P-wave) attenuates much faster (a bout 10 times) than the main

comp >nent 'S-wave).

. .

To estimate the point in this set of curves where the '

two compor.cnts separate, the fo?. lowing example is provided.
.

!

For a soil with an average S-wave velocity of 400 !

ft/sec and u = .3, the P-wave velocity V is computed to be '

p o

750 ft/sec. Using the terms in Fig. 5-4, approximate conditione ,

for no overlap of the pulsen may be expresred as: ,

4,

9

- " +T
At = t -t 1 j1 g

< .

! I
,

| !
# !

?
-,

s
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lie
1

= -h--For: t h]and: t = - - -y ys p 1:
( '1
h where r is the radial distance of the points of no overlap.
6

3

i 'f

1 dl d1'
,

| (T *

r1y .

7 -- (5.2) ;,

(v Iv,

' s p

\

t
' Using this relationship and assuming both T and T are 2 ids dl

msec, the radial distance of no overlap is 1.8 feet. This

corresponds to a point located botween stations 5 and 6, in
Fig. 5-2. Based on this exampic calculation and study of other

,

test series, the zone of no overlap generally occurs at a

distance from the edge of the anchor varying between about 1.5
to 2.0 fett. Thus at distances greater than this, the main

pulse is c'carly dominant and unaffected by large p-wave effects.
This outer zone may be defined as the " free field".

e 1
#

5.2.2 Displacement Characteristics

Th displacement characteristics for studying wave
propagation can be presented in two ways, either in relatiou
to time or distance. Direct integration of the veloci ty-time

histories produces pulses of displacement or displacement-time
I'histories. Fig. 5-5 shows a typical set of displacement pulses

obtained for a 58 pound weight falling 0.5 feet, and o constant
jack prcssure, oj = 3,500 psi. The sign convention is negative
for a downward displacement. The figure shows only the negative

parts of the pulses for both the anchor and the 16 vertical

velocity transducers along the main band. In the "close in" 8

tone (t.c., inside Station 5) the primary pulse has a strong
influence on both the positive and negative side of the dis-

,

4

placement curve. Because of this overlapping effect, interpre-

f

I~
-

|
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tation of the shear characteristics of the wave are dif ficult j
J

f to isolate in this region. This pulse because it is composite
and is rapidly separating in the "close in" region, produces
distortions also in the displacement pulse as noted in Fig. 5-5.

4

The data obtained from Fig. 5-5 can be revised, a r.d
} presented as waveforms or isochrone curves of displacement

y
[ distance plots. Fig. 5-6 illustrates the waveforms obtained
| from this same test data. The zone of strong attenuation i

;
e

corresponds to the "close in" zone (i.e., Stations 1 to 5). 2

The rate of attenuation decreases between Stations 5 and 12 and <

becomes very small bevond 12. This rapid change in displacement

and attenuation together with the gradual increase in the length 0
-j; of the wave, in effect, produces a skewed wave shape.
g

'

Except in near-anchor regions where the wavefor.a is t

distorted, the waveforus provido two factors assential for " free
field" data int 9rpretations. First it shows the physical

{
i

;

vertical shearing distortions taking place at any interval of 3

time. They also provide a means for estimating the maximem
shear strains, since the waveform itself is a curve which i

satisfies the equation of displacement:
.

w = f(r,t)
(5.3)

3If the small horizontal displacements are disregarded, the
j

slopes of these curves therefore represent the ehear strains
fat a certain point and time or:
'

,

;

ff tY= (5.4)
'

'

,

;

Thus a maximum strain valoe is determined for each time iso- #
4

chrone at a point (or distance) corresponding to the maximu.n t

slope of that corve. This relationship is especially valid for '

;

<

1
s
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the free field seasors where the primary pulse is unimportant. I

It also provides a check of the validity of using plane wave
. theory to compute strains at the anchor. Further discus.oon
. of this strain relationship is presented in Sec' ion 5.4.c
'l
N
1
1 5.3 SilEAR WAVC VELOCITY IN I'REE FIELD SOIL

N'e
9 The waveforms in general indicate that the most readily
3[ recognizable single point on each curve for detecnining propa-2

' gation velocities in the free field corresponds to the crest
a of the wave, r This crest, in general, is defined as thec.
! point of maximum disalacement at a given time, t, or:.

I

max " IIfe,t) (5.5); w
a

where: qw dr(or) r ,t 0 and y=

"Yc dt s

The crest diaplacement at a given time and at a certain I
fstation is not always the absolute maximum that the station may
iundergo. In fact, because of the "close in", rapid geometrical

attenuation of the waves in the near-anchor region (Section 3.3),
the absolute maximum displacement in the time histcry of
moticas of a "close in" station occurs earlier than the passage .

of the crest of the wave. Ilowever, as the wave moves further

away and into the free field, the rate of attenuation decreases, i

the wave front advances as a plane wave and, therefore, the time
;

of maximum displacement ..i the time history coincides with the '

time of the passage of the crest of the wave. Fig. 5-6 illus-

trates that Station 5 is the approximate boundary for the zone
closer to the anchor where the passage of the crest of the wave
does not coincide with the absolute maximum displacement. Station
S is located approxinately 20 inches from the anchor.

r.&*ren as, 6, ). Y **g'
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On the particle velocity-time record, the point is also j '

a
readily identified as the time of second crossing of the main ;
pulse or t" in Fig. 5-4. :

h
!

1This particular point has been chosen to identify the time i

[for computing the propagation velocity because: g

|
1. It corresponds to a well defined physical charac-

teristic of tne wave propagation phenomena.

2. It occurs after the soil has been subjected to

maximum strain, therefare being a good indicator of the strain f
dependent behavior of th? material.

3. It can be used in zones close- to the anchor, since ;

it is less likely to be altered, by the primary pulses, than

points which precede it, as would be the case of the times I
1

of first arrival and positive peak of the main pulse.

i

S.3.1 Velocities f rom Waveforms

<

From Figs. 5-6 and 5-7, several complications or

limitations appear apparent when using the crest of the wave-
*

forms to determine propagation velocity. The spacing of tne j
receiving stations and the time resolution control the precision ;

with which the crest of the wave can be defined. Also the

displacements include a component of primary wave which dis-
.

torts the main wave in the "close in" region. Finally the

anchor record cannot be used to define the waveforms in the
'

"close in" range primarily because it measures .inchor movements

nd slippage at the soil anchor interface as well as motions of
,

the surrounding soil. '
i

In Fig. 5-7 the radial distance is measured from the

edge of the anchor. From this figure and Fig. 5-6, the shear

i

!)8' !O' P'
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f;j velocity has been computed as shown in Tables 5.1 and 5.2,

wave
I for the free fie.d cone, between Stations 6 and 17. The point

to point computations give results which vary considerably
while the average velocities for distances in the order of

k every 10 inches vary to a lesser extent. The precision of point
to point measurements is dependent on the definition of the
location of the crest of the wave. Since only a few points,
spaced at distances of 4 to 10 inches, are availabic, this
definition of the crest in this region may be inaccurate. Velo-

citics determined in Table 5.1 close to the anchor are generally
higher than the rest, which is opposite to the trend of decreasing

q modulus with increasing atrain. This anomaly may be due to the'

higher confining pressure caused by the effect of the radial '

stress of the anchor or to the ccaponent of primary wave puises.
It may also be due to the presence of a local dense lense of
soil or to the inaccuracy of the waveform net!.ad near the anchor

indicated by the finite elementas
results (Fig. 4-18). The

proxinity to the close range zone may also have influenced
the first points of the Tabic 5.1, since parts of the waves ,

are in that range. All other average velocities in these two
tables agree with generally accepted soil behavior characterintics
(i.e.,

to decrease in stiffness as the strain icvel increases).

',Finally, it is also pertinent to note that these .

average velocities agree well quantitatively with the velocities l

determined from cyclic triaxial tests summarized in Appendix C,
Piq. C-5. This is especially important when considering that
both the in situ mass of soil and the laboratory cam,Jte0 were
prepared as remolded materials.

5.3.2
Comparison of Coveral Methods for Determining Velocity

__

For production tests, it is not possible to construct
waveform curves, because there is an insufficient number of free
field recording stations. Iloweve r, for the special tests, it is

J
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i,Table 5.1
i

Shear Wave Velocity

For Waveforms in Fig. 5-7

Location of Time of Travel Tra ve.1 Shear Wave VelocityCrest of Wave Waveform Distance Time ft
r (in) t (msec) Ar (in) At (msec) s sec '

Point to Average
Point

22.8 9.8

26.3 10.4 3.5 .6 106 '

30.6 11.0 4.3 .6 597 542
33.6 11.6 3.0 .6 417 I
37.3 12.2 3.7 .6 514

'

41.2 12.8 3.9 .6 '41 490
~

.

,
1

45.0 13.4 3.8 .6 528
t

48.6 14.0 3.6 .6 500 !
:52.3 14.6 3.7 .6 514 514

55.5 15.2 3.2 .6 444 j' ,

60.6 15.0 5.1 .6 708 577 :

| ,'
.

i
!

'.i

i

e
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Table 5.2

Shear Wave Velocity

From Tines t of Peak Particle Velocity from Fig. 5-3g

t Ar at Shear Wave Velocity (fps)Sensor y g
Stat on toStation (msec) (in) (r.sec)

__ crage

6 7.54 /

7 8.34 3.94 .8 410
8 9.1 3.94 .76 432 421
9 9.68 3.87 .58 556

10 10.42 4.06 .74 457

11 11.12 4.32 .7 514 509

12 11.98 5.12 .86 496 |,
_ |13 12.68 5.0 .7 ' 35

'4 13.38 4.33 .7 581 557.

'16 14.62 10.37 1.24 697

17 15.9 9.E8 1.28 643 670

l
1
,

E[#
I , .* t

s' % s '. f > - ) - . If
i

1
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possible to use this data as a tool to compare velocities deter-

mined from the waveforms with recognizable points on the velocity
histories to aid in evaluating procedures for data reduction.

Ideally, for the " free field" stations, the cres point

generally corresponds to the point of zero crossing (t" in
Fig. 5 -4) . However, finite element results indicate that the

first peak velocity point (ty) may be an equally acceptable point.
Therefore, as a first test, the three most identifiable points '

on the main velocity time record (t t", t2) were determinedi,

for all stations for a typical test series, the results of

which are plotted as Fig. 5-8. The three curves generally

parallel each other indicating that any of the three points pro-
vide reasonabic values of shear wave velocity especially for
the more dAstant sensors. However, comparison of the two lower

curves show that the second crossing times, t", provide a

smoother curve than the first peak times, t This is probablyy.
because the particle velocity is changing more rapidly at t"

|
and is therefore less affected by minor distortions in the

wave shape itself. Also in the "close in" region, the first

peak time is probably more affected or contaminated by the
separuting primary pulse. The smooth curvature of the second
crossing points in this region indicate that this time point
fs less affected by strong primary pulses. Based on this com-

parison, it therefore appears that the zero crossing is the most .

identifiable point of the three time points for une in computing
shear wave velocities especially t'or the "close in" region. -

The third point, t is ften distorted in actual production ;2,

tests and therefore has received only minimal attention.
,

,

Before comparing these time points with the points
I

correspondino to the wave crest, it was considered desirabic

to refine the waveforms for this example case by removing the
primary pulse from each velocity time signature prior to inte- '

a

grating and constructing the waveform curves. Also to provide

a clearer definition of the crest of the waves, the displacements

I
:
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were greatly amplified. The time points obtained from this ,
1

1

|
refinement of the waveforms have also been superimposed on
Pig. 5-8.

l As indicated in this figure, data in the "close in"a range is not included primarily because of the dif ficulties
f

described earlier in this section and the inaccuracies noted inChapter 4.
The excellent agreement between this procedure for

the indicated free field range when compared with time points
on each velocity record indicate that the point corresponding
to the zero crossing is indeed a proper po' int for identifying

,

the a rival time of the shear wave at free field stations in! production testing.t
i
a

|
To further study the dependency of measurements of

!, velocity on dif ferent energies of impact, three serice of tests
f were performed at a constant jack pressure of 3,500 psi and
; different energies.
. A summary of tbc computed point to point:

velocities and average velocities using the time of zero crossing
(t") is presented in Table 5.3.

The point to point data has its normal erratic
variations, however the average values indicate reasor.able soil
behavior characteristics. Not only does the wave velocity
increase as the wave propagates outward (i.e., increase in velo-
city with a decrease in strains) but also for respective

-

'

stations a reduction in velocities with increasing energies
is also evilent. This data thus denonstrates in two ways that
the shear wave velocity and thus the modulus is not only strain
dependent but that this strain dependency can be assessed with
in situ measurements.

5.4 SHEAR STRAINS IN FREE FIELD SOILS I

f
f

Methods for the determination of shear strains in the
free field have been tested using the analytical test results
and are discussed in detail in Chapter 4. 3

1Shear strains were
-

r
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f Table 5.3

'
1

Shear Wave Velocity, V" (fpa), Versus Energy

fStations W (lb x ft)
No. 58 .: .5 150 x .5 58 x 1.5 p.

f .

'

I A-1 56C 350 253
1

1-2 832 290 443 3

2-3 625 521 455

3-4 218 390 364

4-5 352 387 274

I 5-6 459 393 455 ,

6-7 430 443 434 [
4

7-8 412 390 410

8-9 474 474 471 '

9-10 589 521 473
i

I 10-11 505 441 500

11-12 405 502 566

12-13 550 514 457
t
'

13-14 535 484 500
'

14-16 534 527 551

16-17 542 521 526
i

1

.

Average V" ( t'p s ) from t-r Curves
i

|

Stations W {lb x ft)
No. 58 x .5 1;0 x .5 58 x 1.5 ;

21-5 426 371 333

5-12 483 452 473

12-17 539 51; 509 )
'

!
u
L

.

*
|

A .1
.-;
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| computed from the distortion of ir.dividual finite elements and

then compared with maximum strains determined from the ratio i
6of O V/s (Eq. 3.13). The data, Fig. 4-18, showed that shear ! ;

.

strains determined from E/V ratio agree well with c omputed Is
values at distances greater than 20 inches, while for the cases

, ,

| and computational techniques considered in the figure, the "close
i

in" values were about 30 to 50 percent too low. This large !

variation in the strains from the ratio equation is not
g

sarprising, it is known that this equation is not theoretically j.

iapplicable in the near-anchor region.
}!
-

>

| |
1

[ Since the finite element calculations do not duplicate

| all aspects of the "real" in situ conditions, a similar com-
;

parison was made with the experimental data. A sampic of test I

hdata comparing the strains determined from the waveforras (Eq. 5.4)
with those calculated from the E/V ratio is presented ins
Fig. 5-9. This figure shows good agreement and further supports
the validity of the analyt.' cal calculations and the comparicon

|
*

of this test data. This data further shows that, fcr the
i

distance range shown, the strains determined frea the waveforms

agree well with the strains determined from the particle velo-
j

city shear wave velocity ratio. This is the sa=c range where [ j
the finite element computed strains also agreed well with the

{
'

strains computed from the velocity ratio. "Clese in" strain I }

data is neither shown nor compared because of uncertainties in

interpreting the correct particle velocity value for the latter j
,

case. The strong primary wave present in this region could |
greatly influence the value of the peak particle velocity and

thus the computed 0/V ratio. Approximate strains determined3
sfrom waveforms from the finite element calculations of Chapter 4, :

1in which there were no primary waves, agreed within aoout 10
|

percent with the exact strain values computed during the

calculations. This a<lcecment was obtained in spite of the
1failure of the wave-form methods to provide goed estimates of ;

the shear wave velocity in tne near-anchor regien. -

!

; -
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Since the waveforms provide recsonable approximations of '

the shear strain (but not necessarily wave velocities) in the '

"close in" region, both the influence of jack pressure and ;

energy levol on the strain in this region can be studied more 1

closely. For tnis assessment four series of tests were compared,
three at a constant jack pressure and varying impact energies
and one with a variable jack pressure but the same energy as
one of the previous three series. The strains computed from i

these series of tests from constructed waveforms are summarized j
in Table 5.4. Strain plots of the three series of tests with *

1variable impact energies are presented as Fig. 5-10. The very
]

strong attenuation in strain in the first 18 to JJ inches is

clearly evident. The increase in strain with increased energies
is also consistent. Ilowever, because of the rapid rate of

attenuation "close in", actual strain values in the free field

under various energy conditions are changed only a small amount
and in fact appear only important in the closer range. Since
the first free field sensor in production tests is located at 5

an approximate radial distance of 48 inches, it is apparent that
significantly larger strains cannot be achieved with larger I

energies and therefore the use of excessively strong equipment
with very heavy hammers is not warranted for this test.

;
:

| A comparison of the two series of tests at different jack . -

! pressures in Tabic 5.4 also indicates that increased jack 8

f pressures produce larger strains which are only significant in

{ the closer range. This comparison would indicate that !

4

j variations in jack pressure do not produce significantly dif ferer t 2

j strains in the free field and therefore is not likely to signi-
j ficantly affect measured test values. The effects of jack
j pressure and.cnergies (hammer weight and height of drop) ace s

f treated in greater detail in Appendices F and G.
i
! I

s

i

,
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j Table 5.4 *

h
' S__hrar Strain, y (4), Versus Energy and J E _ Pressure 2

'

k
|1

l
-

.

t

c. = 3,500 psi 0 - 2.00L psi
3 ) ~

| W (Ib x ft) W (lb x ft) )
I

,

r(in) Sta. a 53 x .5 150 x .5 58 x 1.5 58 x .5 g

k. t ''
1 -1 -l ,

-

6

5.9 A-1 2.16 x 10 4.36 x 10 6.3 x 10 t )
w

-

-2 -1 -1 -2 0 '

9.1 1-2 9.7 x 10 1.69 x 10 1.97 x 10 9.2 x 10 |

-2 -2 -1 -2 J i
"

12.2 2-3 5.9 x 10 9.2 x 10 1.1 x 10 4.6 x 10
'

10~ 8.5 x 10~ 4.0 x 10~ f10" 8.414.9 3-4 4.4 x -
,

i
~

2.96 x 10~10' 6.0 x 10
'

1. .1 4-5 3.4 x 10 5.7 x ,

22.2 5-6 2.0 x 10~ 3.5 x 10~ 1 x 10~ 1.73 x 10~<
,

-2 -2 ' -2
26.c 6-7 1. 5 x 10 2.8 x 10 2.5 x 10 ~ 1.32 x 10 '

30.5 7-8 1.2 x 10~ 2.2 x 10~ 2.0 x 10~ 1.09 x 10~
-3 -2 -2 -3 <

34.4 8-9 9.8 x 10 1. 5 x 10 1.6 x 10 8.01 x 10 ,
.

33.5 9-10 9.9 x 10~ 1.44 x 10~ 1.4 x 10" 9.41 x 10"

43.0 10-11 9.7 x 10 1.45 x 10" 1.2 x 10~ 7.75 x 10'

10" 7.62 x 10~48.0 11-12 8.4 x 10~ 1.2 x 10~ 1.1 x
i

10'53.0 12-13 7.6 x 10~ 1.1 x 10" 1.06 x 10' 6.4 x

~3
10" 7.58 x 10 $58.0 13-14 7.2 x 10~ 8.6 x 10~ 9.0 x

65.3 14-16 5.3 x 10~ 7.4 x 10~ 7.0 x 10 5.11 x 10~

75.6 16-17 4.5 x 10~ 6.2 x 10~ 6.0 x 10~ 4.45 x 10" I
i

i

t
1

3
'

1

.1 i

d

/

r
'

a
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) 5.L S11 EAR WAVE VELOCITY AND STRAINS IN SOILS

h; AOJACENT TO Ti!E ANCHOR
!
!

i i
The in situ impulse test prov: des accurate ceasurements forj

the deternir.ation of shear moduli and shear strains in the free a

field. The region adjacent to the anchor cannot be incorporated

in these ceasurements because of the special conditions in the ;

I
surroundings of the anchor source. However, approximate values ;

,

j of wave velocities and shear strains could be obtained in this
v
1 region, if tre records of loads and motions of the anchor could

l be used to estimate the response of the adjacent soils. In |

Order to investigste the possibilities of this approach, under
'

the controlled conditions in the co=pacted fill, detailed
,

measureraents of anchor loads and notions were recorded in

different special tests. This caablti the "real" test con-

ditions to be studied in relation to t he nore simplified

theoretical nodels defined in Chapters 3 and 4. As described

in Appendix D, the anchor was instrumented with a load cell to

measure the force applied to the anchor, and several velocity

transducers and accelerometers to reasure anchor motion I

char.cteristics. Simultaneous nessurements of these character-

istics together with adjacent sensors in the soil would provide

sufficient information to obtain the sheai wave velocity and

the corresponding strain at the anchor.

5.5.1 Anchor Records ,

A sample of records nade from transducers on the anchor
i

anl in the adjacent sensor are presented in Fig. 5-11 to illus- |

trate characteristic shapes and poants ot each time history.

The applied load pulse has a slichtly irregular triangular or

parabolic shape while the acceleration is a very random e,rratic

series of spikes. The latter two velocity curves except for j
,

! differences in amplitude in general exhibit amazingly sicilar
'

shapes. The three anchor =casurerents, although possesring a

' '
.

1
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wide variety of shapes, all show a common t) : referring tc the
start of the event (or impcet) . This characteristic time is a

lower bound value and if plotted on a tine distance graph with
free field points as in Fig. 2-1 defines a slope corresponding
to a lower bound value of shear wave velocity. While this point

does not define a true shear wave velocity in the soil, it

provides a reference lower bound value at the location of the
anchor.

The force time history was used pri=arily in this

experimental study as a base for correlating the ef fect of jack ,

pressure and for studying force characteristics at the adjacent
soil anchor interface. For the range cf jack pressures, hammer

'

weights and drop heights used in these tests, force values of
the order of 5,000 to 30,000 pounds were generally obtained.

Force shape, nagnitude, and signal duration, and rise time
characteristics are discussed and related to jack pressure in

Appendix G. These measurements and a comparison of various

relationships in this appendix demonstrate the ir.portance of 4

achieving optimum anchor coupling.

Measurementt 't acceleration in the anchor were ;

limited to one trans 4er, as the lower unit became damaged I

and did not operate. The data from this source was somewhat f.
limited prinarily because the measured motion was a registration f
of the passes of stress waves traveling up and down the high
velocity metals of the anchor (i.e., propagation velocity of ;

'

aluminum is 16,000 ft/sec). The records obtained were therefore
a superposition of high frequency pulses which represent the -

utress changes in an element of a plate on the anchor and not
entirely the motion of the ancho as a whole. These high fre-

quene; measurements, in general, masked out the lower frequenc
motions typical of the total motion of the anchor. The accelero- ,

meters were placed such that R (the resisting force in the soil -
s

fEq. 3.12) could be computed from direct measurements. One other

4
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less direct approach for estimating the acceleration of the

anchor is from the slope of the velocity ti=e history. Minor

time shifts between the different recording transducers, how-

ever, did not produce any seemingly meaningful relationships.

These relationchips will be studied further in future efforts

described in Chapter 6.

Particle velocity records of the anchor and records

several inches away in the surrounding soil enabled relative

transfer motion characteristics across the soil anchor inter-

face to also be studied. As indicated in the Fig. 5-11, the

shapes of the two curve; were generally quite similar when

excessive slippage did not occur. As the wave passed between

these two stations, there was an attenuation in signal ampli-

tude ar.d a general filtering of the high frequency components

in the anchor record. Where slippage was excessive, the anchor

record became greatly distorted prinarily because the input

motion to the anchor exceeded the capacity of the transducer

to record it correctly. '

Wh! !e the measured motion and force characteristics
provided little additional theoretical understanding of the

test phenomenology, they nevertheless provided additional

definition of magnitude and forces acting on the anchor and -

transfer and stress characteristics (slippage and coupling) at

the anchor soil interface. The data also provided consistent
;

time and signal amplitude on the anchor records, to enable both

the shear wave velocity and its strain to be estimated using
characteristic points.

The approach for data interpretation of the anchor I

record was thus one of comparing free field velocities and

strains determined f rom L:.e experimental tests with those

estimated in the anchor region. Once this was accomplished '

with the closer spaced special test measurements, empirical
!

J
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= methods could be developed for use with production test data.

1
5.5.2 Dimensional Analysis Procedures

|
l

dimensional analysis procedures were used to find a
relationship between the main variables of the test. The
dimensional analysis procedure pertaits definition of dimension-4

:: less products formed by the variables of the test. These
variables are:

W the energy of impact of a test in (Ib-ft)
2o the mass density of the soil in (Ib.sec /ft4)

V the shear wave velocity of the soil in (ft/sec)s
1

r the distance from the center of the anchor to
the center of the element of soil in (ft)

y the average maximum particle velocity in thew

element of soil in (ft/sec)
#:

- Di:-.ensionless products can then be related to

represent a phy. '. cal equation as ; (n ny, 2) 0 as long as=

all of the variables are included. Convenient dimensionless
products for this equation are:

|
i..

W
!

= q_1n

S

1

(p V ) r. i
3

n, =

W

where p V G, especially since n represents the equation
=

3 y
for strain y of plane waves and h is an indication of modulus.2

f
;

,

|
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Fig. 5-12 is the dimensional analysis log-log plot |
of the dimensionless parameters for three series of tests

includir.g only the free cield stations. These tests were per-

formed with the same jack pressure and different hammer weights

and heights of drop. The narrow band of ',ta from this plot
t

shows that for these soils, there is a unique relationship

between the variables of the test. Itelationships of this

type may be used to estimate the variation of strain with

distance from the source. If the natural stress conditions were

the same in the close range, as in the free field, the free

field relationship could be extrapoi.ated to verify strain values

close to the anchor. Unfortunately, the static radial stresses, '

applied by coupling of the anchor, produce changes in the state

of stress, wnich are dif ficult to evaluate. Nevertheless,

these relationships may be used to verity measurements resulting

from impulse tests.

5.5.3 Shear Wave Velocity _at Anchor
_

Shear wave velocities in the close range are difficult

to esti=att because of superposition of pulses from P and S '

waves and differences in states of stress around the anchor. j
Characteristic time-distance curves, obtained from a complete

series of tests, are shown on Pig. 5-13. T5csc curves are
,

formed using times of maxinum displacement, t", and maximum

particle velocity, t for all stations including the anchory,
record. In the upper curve formed by using the t" times, it

is observed that, while free field points plot ii, fairly well

defined curves, close range points are erratic, L ause of the
t

reasons nentioned above. *
;

Average wave velocities, estimated as average slopes

of the time distance curves, are 483 fps between stations 5

and 12, and $39 fps between stations 12 and 17. An approximate i

upper value of wave velocity between the anchor and station 5 is

I
:

.
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given by the slope of the straight line connecting times of

maxinum displacements of these two stations. This velocity,

d wnich is about 426 fps in this case, should be an upper bound ;,
*

q
value because slippage and higher stresses s!.ould delay the ; ;

H]
occurrence of maximum displv cment of the anchor. $ I

I '

k k
In the in situ tect, described in Chapter 2, the record j ,

of the anchor is different from the records of the free field in
4 <

1 that it may include slippage, it represents the superposition of I
d j
$ pulsen traveling through different paths ir, the mechanical system

] and it is part of the forcing functions that generate the waves.

] From the analyses of this and other tests, in the controlled con-

) ditions of th- :..t.ficial fill, it seems that when firm coupling

is 4 hieved, the point of zero crossing, t", of the anchor record
;

is a consistent upper 1,ound point which relates well with the

j same points of the records of the free field. Ilowever, to use

this point from the anchor recoc<1 to obtain a corrected wave

velocity at this point (rather than an upper value), the result.mt

velocity must ba adjusted ruch that this point corresponds to

st.ress cor.ditions similar to those in the free field. This
' adjustment becomes especially significant when the applied radial

stress is considerably difforent from the natural state of stress.

The following corre tion may be usc1 for this effect. Based on

numerous laboratory tests on different types of soils (SW-M , -

1972), the shear modulus, G, has been found to be approximately

proportional to the square root of the mean effective principal

stress, U , or the shear wave velocity is proportional to the

one-fourth power of the ef fective principal stress:

bV, = K 3y

If h is the mean principal stress in the free field j
"

|and is the mean p.*incipal stress in the < 6 c range, a

corrected shear wave velocity at. the anchor or near anchor region h
can then be obtained from:

,

:
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where V " is the shear wave velocity detcrmined from the time
|g

distanco curve usina times t" or tines of maximur displacement. i
,

1

Other defects incorporated within the anchor records,
suct. .ns slippage and superposition of pulses cannot be readily
assessed either quantitatively or qualitatively. As a result

i_ the corrected velocity, a3 justed for dif ferent stress conditions
_ must be considered as, at best, an estimate of the true shear

wave velocity in this region.

5.5.4 Shear Strain at Anchor
.

The shear strain at the anchor has to be estimated
somewhat arbitrarily since it is not possible to use the formula:

.

y=w
V''

| $
. .

| because of the practical limitations of the record of the anchor
{| and the theoretical limitations of the formula. Finite element '

- results in general indicate that this ratio produces strains in *
_

the close in region which are low by 30 to 50 percent. However,
E this analysis does not include slippage and many of the other

'

factors inherent in the "real" test. These factors, particularly,

Z slippage, tend to produce excessive particle velocicies at the
anchor.

_.
These higher values when used in the ratio, tend to

J
compensate for this underestimate of strain. '

,

,

The use of this ratio together with extrapolation of
_

free field data to the higher range using dimensionless analysis_ ,;

_ as a second check both provide reasonable estimates of the shear
strain at the anchor. In general, reasonable shear strain values

__
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values of the order of 10 percent or greater.
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C11 APTER 6
;

PRODUCTION TEST DATA INTERPRETATION PROCEDURES h

! <

1
Section 2.4 describes in general terms the data handling

|
and graphical construction procedures for processing production

data. The desired parar.ieters derived f rom this test at a given

depth are four spear wave velocities (or modulus) at four

different strain levels. To obtain these values, rational pro-

cedures had to be established for determining pertinent arrival +

times from this data to compute propagation velocities. Also .

practical methods for determining strain had to be provided both
, ,

for sensors positioned in the free field as well as at the anchor. I;
The experimental and analytical programs described in Chapters 4

and 5 treat this problem in considerable detail. From these j
efforts, the following procedures are recommended for inter-

preting these points c.nd completing the production test reduction

procedures,
i

]
/

6.1 FREE-FIELD STATIONS ;

s.

_}Special tests and analytical support calculations show i

that boycnd twenty inches from the anchor, the shear wave travels
,

closely as a plane wave. Since the first station is generally

48 inches away, it and the more distant enes may be treated the
.

same. Arrival times are obtained by selectir.g common points /

on each signature provided these points occur after the maximum j
strain is reached, flaximum strain usually .:ccurs at a time

corresponding approximately to the first positive peak on the

particle velocity records. Therefore either the time of the !

J
first positive peak or the next point of zero velocity crossing j
should .? selected. Of these two points, the crossing point is

,

recommended, because it occurs when the velocity is changing ]
rapidly and is more readily identified. The first velocity peak j
point while more theoretically applicable is occasionally j
difficult to define precisely because the rate of velocity change f

3
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(acceler,ations is small and therefore subject to minor distor- J
tions caused by imperfections in the signature. Also the zero k
crossing point corresponds to the time o- peak displacement (i.e.

,

the crest of the outward propagating wave) . Close-in this is not j
true. The zero crossing / fit method in Chapter 4 is therefore j
recommended for determining shear wave velocities in the free j
field. )

3
1 1

Shear strains can also be computed assuming that the propa- I
"

gating wave is a plane shear wave using the peak velocity / fit j
method (i.e. the shear strain = particle velocity amplitude

I

divided by the shear wave velocity). Both theoretical and )
i analytical data have shown that the error involved in such an i

assumption is of the order of less than about 10 percent for a
b distance beyond twenty inches from the anchor. '

,

6.2 ANCt!OR STATION;
<

|
I Within about twenty inches of the anchor, the horizontally

prcpagating shear wave is ideally spherical or cylindrical in '

. nature. Therefore, plane wave theory no longer applies, and "

.
treatment of close-in points involves more complex relationships.

,
'

Fortunately, the cnly recording station within this range corres-
,

pends to the transducer mounted on the plate of the anchor.
.

When considering the ust _ stresponding points on this

j signature with the free field data, the problem becomes greatly
-; complicated. Not only does the close-in soil region propagate
j waves as cylindrical waves rather than plane waves, but the
1

? actual measurement represents more nearly the motion of the
) anchor as well as slip at the interface. Therefore to theoreti- '

cally treat this sensor and the record as a free field soil
i

. measurement, we not only nust consider these factors but also

. must account for:

.

. r .

! i
1
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E1) s' ress relief around the borehole occurring
'

;
when the hole is cade,

f2) disturbance caused by drilling operations,
$

3) changes in stress by the applica+, ion of radial
i

jacking forces to achieve coupling.

Further, the anchor itself is root a rigid body and therefore the
recorded notion represents the real motion at only one point on
this complex mechanical structure. Thus the record corresponds

to a composite train of waves traveling through the complex
anchor. It is surprising, when considering all these factors,

q
that this signature so closely resembles those obtained in the
free field. '

.

The only way to account for these factors was to perform
" clone in" special tests under varying conditior.s and analytical j
studies and together assess the problem empirically. The pro- |
cedure consisted of bracketing the shear wave velocity making it

,

representative of an average zone of soil within 18 to 20 inches 3
a

of the anchor. Fron the experimental tests, if the same point
'specifically the point of second zero crossing) is selected on
the anchor signature as the free field signatures, an upper bound
value of time and shear velocity is obtained. This estimated
upper bound value may be nodified to take into account the ,

,

different state of stress adjacent to the anchor. Ilowever, the -|actual field installation conditions which may occur in an in
situ test s

have to be considered with first priority in the inter- ipretation of test results. Because of these problems, s
'no ;

standard production procedure for use of the records of the j
anchor can be recomsended. The different approaches presented
in Chapter 5 may be used e.o obtain approximate values of wave jvelocity and shear strain in this region, but they have to ba

y

applied in close connection with field observations obtained
qduring the performance of the test.

!
,

i .
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6.3 FUTURE WORK
i

As a result of "close-in" experimental special testing and

subsequent analytical calculations, much data has been collected,
evaluated and has formed the basis upon which the in situ impulse
test is founded. Now that procedures are developed, partial
future work will consist of actually performing this test on a I

production basis. This work has been started by testing at

accelerograph station sites to evaluate the geotechnical pro-

perties including the variation in modulus with strain. This

work is planned to continue and will ultimately provide designers
of nuclear plants with better geotechnical properties for esta-

blishing scismic design criteria. .

Most research efforts in the pas'. have been directed toward
s

evaluating the shear modulus variation with shear strain. Future

efforts will consist of utilizing this same experimental and

analytical test data tc evaluate of.her in situ soil properties
such as material damping, p-wave velocities and possibly Poisson's
ratio. If additional soil property data can be obtained using

the sane equipment, the flexibility of the test would be greatly 1

increased.

1

Initial future efforts will include a thorough evaluation of
*

material damping characteristics. Studies of existing close-in

data reported herein including 1) attenuation rates from both
<

experimental and analytical results, and 2) isolated anchor force
and motion characteristics. From this study, potential approaches

or the feasibility for estimating material damping using the in

situ procedures and/or equipment will be evaluated. If in situ

procedures for even estimating crudely the variation in material
damping with strain could be developed, the state of the art of
in situ testing for evaluating carthquake engineering problems
would be greatly advanced.

3
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3PPENDIX A j
c

DESCRIPTION OF NONLINEAR SOIL MODEL [
.

h
A mathematical model has been developed which is intended

to represent the hysteretic shear stress vs. shear strain

behavior of sand. The raw data from which this model was con-

structed consists pritearily of the cyclic triaxial tests sumnarized

in Appendix C. In addition, propagation velocities were available

from in situ test data.

The model consists of a variable bulk modulus which depends

on J the first invariant of the stress tensor.y,

^*J - 0
1 7+c2* 3

s

g, 2' "3 are the norbal stresses at a point in the soil.where o 0

The sign convention for normal stresses is positive for tension,

negative fc. compression. In addition, the shear modulus varies i

as a func .n of both J and t the principal-shear-stressy p,
acting on c a (1cment of soil, where

(2i)2 (A.2)1 ''

2) '(o -o +t = -2 1p .

and t is the shear component of stress with respect to the *

global coordinate axes. j

The formula for computing bulk modulus, K (Jy) , is

K (J ) =K 1-K exp(K J3 y) (A.3)y y

ar parameters to be chosen to fit thewhere K K2, and K31,

available data. Eq. A.3 nolds regardless of whether virgin

loading, unloading, or reloading is taking place. This model,
1therefore, shows no hysteresis for cyclic loading in bulk.

i
4

A-1

a

._ . _ ,

s c> .-m __ _ _ _ _ , ._
_ _ _, _ _ _ _1 _

r . ..
'

e {A. '*



, . . - - ,. . - - - ~ , . . . . . , . .-

, , _ -
,

F
_ _ _ _ _ _ _ __ -

- _ _ -

s

]
] However, since constitutive relations in _ hear are independent

of bulk modulus, and since the inelastic finite element calcu-
,

t lation consists primarily of shear loading, it is not particularly
important to model completely the material behavior in bulk.,

9

0

The variable shear aodulus is expressed in terms of
+

Poisson's ratio which, in conjunction with the bulk modulus,
j defines the shear modulus. Alternatively, one could have defined
j the variable shear modulus directly, ignoring any variation
f which might have occurred in Poisson's ratio. The objective is,
j however, that the shear modulus be represented realistically;
{ and through Poisson's ratio, a realistic definition of the

variable shear modulus is obtained. Therefore, the variable-i

, Poisson's-ratio approach is used solely as a device to obtainI

shear behavior representative of the sand materials for whichi
the triaxial measurements were obtaine,d.

For virgin loading, Poisson's ratio is computed according
:o the following formula:

at.

y (Jg, EL * {#t )v = V
PL ~ "ELI 1 ~ "*P (A.4)

,
J

,

where vEL' "PL, and a are parameters to be chosen such that
the material behavior agrees with the triar.ial test data. Virginloading occurs whenever T exceeds all previously obtainedp
values of T When T is less than the [.evious maximum value.

7 p
of principal-shear-stress, the unloading / reloading formulat ,

for Poisson's ratio applies.

v (J t t T ,)7, = V, ,

EL "v l' ' max ~ "E L,

(A.5)

}

i
l
#
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where B is a carameter to be chosen such that the triaxial data !

I'is satisfied and

li -r loT= -
o

- (A.6)t g,
O max

The function v (J t ) in Eq. A.5 is the virgin Poisson'sy, ,

ratio, defined by Eq. A.4. In Eqs. A.5 and A.6, i is the valueg

of the most recent relative inaximum principal-shear-stress. A

sign is atsigned to t based on the criterion of whether or not

the plane on which r acts in a positive sense has rotated more
Pothan 45 from the plane on which T acted in a positive sense.g

If T and I are opposite in sign, the unloading-Poisson's-ratiop
is prevented from exceeding the virgin Poisson's ratio which

would exist for the same value of principal-shear-stress. This

prevents the possibility of an element possessing a higher

shear modulus in its second cycle of loading than it had in

its first cycle under the saec state of stress. Once the stress- .

dependent Poisson's ratio has been computed, the corresponding

stress-dependent shear modulus is obtained by the following

formula:

3Kf1 - 2v)g, ,7)2 (1 + v)
>

where G is the shear modulus, K is the bulk modulus, and v is

Poisson's ratio. ?

The parameters chosen for the representation of the sand ;

used in the special tests are listed in Table A-1.
_
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Table A-1

4

) K = 50,000 psi v = 0.34y EL

K2 = 0.98 v = 0.48p
g

K3 = 0.019 a = 10
1
J

B = 0.5

,

A-1
COMPARISON WITII CYCLIC TRIAXIAL TEST DATA

Two series of cyclic triaxial tests were carried out using
i the sand from the special tests. The triaxial tests consistedl

of cyclic loading and unloading at various strain levels with
a constant confining pressure. A confining paessure of 6 psi
was used in the first series of tests, while 13 psi was used
in the second series. The finite element sand model was sub-
jected to load histories intended to simulate these two test

I
series. Comparisons of the finite element stress / strain paths '

with those of the triaxial tests are presented in Figs. A-1 and
A-2.

Fig. A-1 shows the comparison between model behavior and
triaxial data at a confining pressure of 6 psi. The model was .

subjecten to a single load cycle corresponding to the loading
of Tes'. 1-B', ic31 owed by a portion of a load cycle corresponding
to Test 1-C'. It 9houlcl be noted from Fig. A-la that for any '

value cf stress, tbc slope of the stress / strain path for the
first cycle of loadi.,g of the finit element model is approxi-
mately equal to the corresponding slope of the stress / strain
path of Test 1-G', Cycle 2. This indicates that Young's modulus,
as a function of stress, is modelet correctly at the stress
level under consideration. In addition, the area contained in
t' 2 hysteresis loop appears to be the same both for the model
and the triaxial data.

1
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The finite element codel and the triaxial dcta are not in
agreement as to the magnitude of the strain at any poi.nt in the g <

<

d

j load cycle. The triaxi21 data indicates that permanent com- {1

paction of t he soil sample has tar.cn place during the first ,

load cycle. In the case of Test 1-B' (see Fig. A-la) the test g 1

; sample has cccpacted to the extent that the crigin of the strecs- |] '

1
strain coordinate system no longer lies within the hysteresis <

locp. Tbc finite element model has not been designed to take
this effect into account. However, the permanent cocpaction

_

phenomenon appears to be related to the behavior of sand under
the influence of normal stresses. It would appear that thera

should be no compaction ac all due to the application or removal
of shear stresses. In view of the fact that the sand model in

7

used in a configuration which approaches loading in pure shear, ,

the omission of this effect from the sand model appears justified.
Furthermore, the values of shear modulus obtained from the
finite alement sand model are in reasonably good agreezer.t with
the state-of-the-art curve obtained from ',W-A.'A, 1972. This

fact adds greater support for the hypott. esso that pernanent
compaction under normal states of seress need not be concidered j

,

in the finite element model.

In Fig. A-lb, the behavior of the finite element codel is
compared with Test 1-C'. As is the case in Fig. A-la, the slepe |

!.

of the stress / strain path appears to be in good agreenent among i
i

the three curves shown. The area contained in the hyste.esi
| q

loop cf the sand model appears to be slightly low, but camparicon j

of Cycles 2 and 4 of Test 1-C' shows that the area of the loop |

is not consistent even between different cycles of the same test.

Again the tendency for permanent compaction is evident in the
triaxial data, and centinues to taic place to a considerable

extent even between Cycles 2 and 4.
<
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Pig. A-2 shows the comparison between model behavior anda
t

j triaxial data under a confining pressere of 18 psi. In that
j the finite element calculation has been run at a confining pressurei j

of 6 psi, this compari_. is of less interest than that cf 1,
s

Fig. A-1. Neverthelesu; exec 11ent agrec=ent between the model
and Test 3-D is evident in Pig. A-2a. While Pig. A-2b showc

the finite element model to be too soft at a stress level of
50 psi, it should le kept in mir.d that this stress level is

] much greater than any encountercd in the finite element calcu-
'

lation. I

k A-2 BEHAVIOR OF MODEL UNDER CYCLIC SHEAR LOADING
|

The finite element sand model was subjected to cyclic
loading in pure shear at several strain levels. Throughout

these tests, the confining pressure was taken to be 6 psi.
The results of these tests are showr. in Fig. A-3. Experimental

data does not acco=pany these curves in that the triaxial tests

did not r.3easure the shear strain directly. '

liote, particularly from rigs. A-3d and A-3e that for large
shear strains, the second cycle of loading reaches a higher j
stress value than ' first. It does so, however, while never
allowing the secos. 71e to possess a tangent shear modulus i

which exceeds that ot .he first cycle at the same stress level.
j

Thus the phenomenon shown in these figures is not work hardening, j
The higher stress obtained in the secund cycle is due to the
large amount of plastic flow which takes place during the un- a

loading phase of the first cycle. Reloading during the accond

cycle, therefore, takes place over a much larger strain interval
than in the original loading of the first cycle. Nis allows
a higher stress to be attained, even though the modulus does
not exceed that of the first cycle. '

i
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1 A secanst shear modulus, G, and a damping ratio, A, have -

i

I]t
been measured for each of the stress / strain loops of Fig. A-3 (
according to the method outlined in Fig. A-4. There values f ,

1

,j are plotted in Fig. A-5 together with the state-of-the-art
,

y curves of SW-AA, 1972, and the interpretation of the triaxial

[j data based on an assumed value of 0.3 for Poisson's ratio.

a The shear modulus comparison is presented in Fig. A-Sa, and the

damping ratios are compared in Fig. A-Sb. The fact that the

results using the finite element sand model, in most cases,

fall within a range defined by the state-of-the-art curve and -

; the constant Poisson's ratio interpretation of the triaxial
,

| data indicates that the values generated by the model are
I realistic at a confining pressure of 6 psi. j

i
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APPENDIX B ;
e

PNEUMATIC ANCHt.A RESULTS
t

i
'

As pointed out in Chapter 5, primary waves are dominate

in the close range zone. These strong waves may be caused by
unavoidable imperfections in the design of the complex hydraulic

'

anchor assembly. The central hydraulic ram is of high mass and
when excited is thought to (by its inertia) produce a larse

primary wave. To investigate this cause, a smaller diameter

prototype light-weight centi 'l mass anchor designed for use at
Igreater test depths was tested as a part of this program.

The new anchor shown in Chapter 2 was made up of three
rigid smooth cylindrical plates, cut from a 4-inch 3.D., .636-inch

thick steel pipe, which were pressed against the soil mass by
an air inflated high pressure, reinforced pneumatic rubber packer. )
The prototype used in these tests was placed in the hole left
by the hydraulic anchor after completion of this initial test

phase. Fill was placed around the anchor to fill in the extra

vold space. Because the new anchor was smaller in diameter, about

4 to 5 inches in tha fully retracted position, the spacing from i

the wall to each recording station was slightly lengthened. The

vertical length of the anchor in contact with the soil was the

same. 4 feet, the lateral surface was smaller by approximately

50 percent, and the total weight was smaller by 30 percent. -

,

1

The following paragraphs present the resu?.ts of a series of
1

tests performed with this pneumatic anchor.

B-1 CllARACTERISTICS OF TIIE P'JLSE ,
1

The velocity-time histories obtained in six successive tests,

with the pneumatic anchor, showed that the general shape and
amplitude characteristics of the pulses follow the same trends

Iof those obcerved with the hydraulic anchor.
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Comparisons of th ratics of main to primary co=ponents of
particle velocities and duration times in general verify that
the relative importance of the primary pulse is indeed smaller
for the pneumatic anchor than the hydraulic system. In fact,

the primary particle velocity amplitude is practically negligible
,

beyond Sensor No. 5 at a radial distance of 20 inches from the
center of the anchor. For a typical case of a 58 pound hammer
falling six inches, the primary particle velocity (P-wave)
decreases from 2.64 (in/sec) at station 1 to .01 (in/sec) in
station 13, while the main particle velocity (S-wave) decreases
from 3.38 (in/sec) in station 1 to .13 (in/sec) in sta tion 17.
The ratio of the main to the primary particle velocities increases
from 1.28 at station 1 to 25 in station 5, while the ratio of the
corresponding duration times increases from 1.24 at station 1
to 8.23 at station 7. The time lag between primary and main
pulses increases from .97 (msec) at station 1 to 5.7 (msec) at
station 11.

This indicates that the hydraulic anchor cystem, while pro- '

ducing a controlled wave rich in shear characteristics, is also
generating p-waves. The smaller anchor, tested because it
possibly represented a more ideal pure vertical shear inpact in
general, demonstrated just that. Two major differences in the

two systems which probably account for this difference are 1) the
.

light central mass and 2) uniform vertical loading on the top
of the plates. The smaller weight of the internal packer units
is negligible when compared with the weight of the surroundin3
plates. Becaure the energy is applied to t plates directly
internal movements and resisting inertia forces of the central
packer are likely to be small, minimizing the possibility of
transferring these internal forces laterally to the surrounding
soil as P-waves.
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Since the diameter of the pneumati: c7chor is smaller than (
the hydraulic anchor, the striker plate is likewise smaller and f
thus the possibility of achieving large eccentric loading con- i

&ditions is reduced. At ecce.ntric loading on a plate segment can r

i
produce bending and in effect induce lateral compression force

[
into the surrounding soil. This compressional stress wave will

occer as P-waves. As a result of this study, wedges were intro-

duced on top of each plate segment on both anchor assemblics

directly beneath the striker plate. The wedges produced point

loads between the striking plate and the centroid of each plate

segment. Subsequent production testing has demonstrated that the

P-waves were minimized significantly by this more uniform loading

condition. I

<

:
-e WAVE VELOCITY COMPUTATIONS

4

|

The shear wave velocities were computed for the same series ]
of tests above by different methods, including both the waveforms |
ar.d various time history methods. The wavetarms were computed

from the displacement pulses at time intervals of .1 msec. The

complete set of waveforms for these tests is plotted in Fig. B-1.
4

From these curves, plus additional intermediate ones, a new set ;

was formed to inclu' 'nly those waveforms whose crests were
ilocated just at a niven station. This set is shown nn Fig. B-2.

*

The corresponding velocities are tabulated in Table B-1 along

with those velocities determined by the other various time

history methods.

The nomenclature for the wave velocities in this figure

are as follows:

t UV1 = wave velocity for peak wy, g
i

V" = same,for second crossing t"

i
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Table B-1

;L
' t

i
Have Velocity Computed from Different Methods j

Pneumatic Anchor

Tests 13.7-13.12, W = 58 x .5 lb/ft,

Wave Velocity (fps) and Average Wave Velocity (fps)

^#~ YS ta tion c 1 V" 2 c
Nuntbe r (ft) (fps) (fps) (fps) (fps) |

l-2 .266 329 324 302
2-3 .25 431 380 281 302 510 406
3-4 .218 303 307 234

14-5 .302 254 280 340 324 408 321
i

15-7 .715 533 441 (325) 550
;-8 .328 746 444 (439) 328
8-9 .322 596 430 460 537

,

9-10 .354 466 587 485 450 506 432 590 Sal
10-11 .344 530 425 430 344
11-12 .426 609 474 560 426

.

12-13 .416 555 565 467 455 520 303 397 389
13-14 .406 (406) 384 (666) 581
14-16 .864 540 546 579 720
16-17 .825 (458) 468 594 508 546 598 (611) 637 f

,

i
.
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I'V = same for peak w t
7 2, 2 g-

V ' velocity computed from tb.e waveforms f
e
EThe results show that for the precision of the measurements, p
'including the spacing of the sensors, and the resolution of the

time of peaks and crossings, all methods give velocity results

that, when averaged for groups 3 to respective sencors in thea

free field, are in reasonable agreenent. The maximum difference

in velocity between the various methods was 45 percent.

B-3 COMPARISO'i OF FISULTS FROM THE ilYDRAULIC * ND_
PNEUMATIC ANCIIORS

f

The tests with the pneumatic anchor were not intended to

provide a rigorous quantitative correlation between both anclors;

therefore, the conclusions are limited to general characteristics

of the results.

.

1. The shear wave velocities given by both anchors in the

free field are of the same order of magnitude and for both

systems either uethod of computation of the wave velocity has

been shown to give similar results with a general trend of

increase of velocity with distance from the anchor.

.

2. There is a considerable difference in the close range

zone. The pneumatic anchor produces a purer shear input and thus

generater a weaker primary wave, permitting reduction of the '

distance of the close range to approximately station 4, 16 i

inches from the center of the anchor.

.

These observations indicate that the nature or purf'y of !
.

the waves is dependent on the physical characteristics of the |
tgenerating source. In the free field, however, where the main [

pulces are clearly defined, the properties of the soils are [
similarly well measured using either anchor system. f

.
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hAPPENDIX C
t[

SOIL PROPERTIES f
t

b

The tand encountered at the Ft. Lawton site and uscd as $

fill material is the Esperance sand member of the Vashon Drift,

a comformable late Pleistocene sequence of interglacial and i i

glacial sediments (Mullineaux et al, 1965). This sand member
*appears to be chiefly a preglacial fluval and lacustrine deposit,

that was laid down about 15,000 years ago af ter the lake was ?

l
mostly filled with deeper lying silts and clays. Following its J

deposition, ice overrode the locality, compacting this sand under

the weight of the heavy overlying glaciers. This compaction f 4

accounts for the high density characteristics apparent in thisi

sand member. .

. I

C-1 INDEX PROP RTIES

Two samples taken from depths of 3 to 4.5 feet and from

8 to 9.5 feet clessify as brown, silty, fine to medium SAND and

gray brown, silty fine to medium SAND, trace of fine gravel.

Both samples have 16% silt and fer both the 50t effective;

[ diameter is 0.26mm. Both samples are very similar, except for

! an additional 10% content of fine gravel, which is found in

the deeper sample. Because gravel was removed during the con- ,J
t

struction of the fill, the shallower sample is more repreten-

tative of the materials tested by the impulse test. The grain j

size distribution for this sample is shown in Fig. C-1. Its [ (
'

natural wacer content is 11.81 and the specific gravity was j

1
measured at 2.59. The shape of t he partir.lcs is subangalar. . |

.

C-2 MECHANICAL PROPERTIES
|

1
The maximum dry unit weight of this sand fill determined by |

the Modif'.ed Prector compaction test (ASTM D-1557-58T), gave an'

average value of 115 pcf. The minimum dry anit weight

t

,

C-1
i
l
1
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tY kP,' $j, (ASTM D-2049-69) was 85.5 pcf. The average dry unit weight of 6

{ the soil as compacted in the artificial fill was 99.3 pcf. f
.f.g

This corresponds to 86'. cf the maximum Modified Proctor unit

weight. The maximum dry unit weight obtained by vibrations in
p$'

the laboratory (ASTM D-2049-69) was 107.8 pcf.
,,

| The shear strength of the dry soil, compacted to 106.3,

pcf, or 92% of maximum Modified Proctor unit weight, was measured,
9

1h in a slow triaxial compression test, performed at an average
b rate of strain of .03% per minute. The angle of internal !y
c =

j friction for the range of confining pressures corresponding

{ to an eleinent at the mid-plane of the fill, and close to the I

) anchor (confining pressures equal to .25 to .5 tsf) was 40

f degrees, as shown in Fig. C-2.

,

] The axial stress-strain curves for these triaxial tests

j give the following initial tangent modulus:
d

I

Table C-1 i "

!

Initial Tangent Modulus from Triaxial compression Tests
a

~1 \Test No. 3 (psf) E (psf) (10 %)

101 860 705,600- 849,600 1.9-1.3
102 2,140 864,000-1,296,000 2.5- .9

]
103 4,300 1,569,600-2,332,800 3.0-1.0

.

C-3 DYNAMIC PROPERTIES ! )7
;

R
The dynamic properties of the compacted soils have been !

c
measured in the laboratory by means of cyclic triaxial and ?

?
resonant column tests. The equipment for the cyclic triaxial 3

1tests is shown in Fig. C-3. The testing cell is made of stain- "

i
less steel with a special stainless steel top cover equipped :

th a double-acting bellofram air cylinder connected to the is

I 4

I
,

b i

\ .
C-3 }

4 i
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loading piston. The piston is fixed to the cap of the specimen I

to permit the application of upward and downward axial forces

to the specimen. '

)

The specimens are cyclically loaded as shown schematically
in Fig. C-4. The reversal of shear stresses is obtained by main-
taining the confining stress constant while adding and subtracting )
an axial increment of stress d. In this manner, the stress

r, - 5conditions on a 45-degree plane are a normal stress o
'

constant and a shear stress, which cyclically reverses between 1

1 =+ d and - d. The normal stress is always kept positivo.v y'

The reversal of shear stress is accomplished ?

by means of an air operated single solenoid valve which causes '

the pressure acting on the bellofram to cycle between the equi- J

valent maximum and minimua stress conditions. The result is an j

approximately sinusoidal stress-time history applied to the speci- l
men under a maximun stress d at a frequency of I cycle per

,

a

second. '

<
r
m

The axial strains are measured with a lincar variabic o
!differential transducer (LVDT) and the loads by a load cell
! j
'mounted on top of the npecimen. In addition, a pressure trans-

ducer is connected to the pressure supply line of the double ,
'

p
acting bellofram to dotormine the maar.itude of the pressure f g
st3pplied. This ca.tra measurement provides a check of the

3g
measurements of the load cell. The records of these measurements i .,

are registered simultaneously on two Sanborn 321 dual channel 1 #
b

carrier amplifier-recorders.

'sThe moduli and damping coefficients measured by the cyclic ;
otriaxial tests, for the confining pressure of 6 psi, have been ,2
4summarized in the following table. h

8 >

2
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Table C-2
| a

Cyclic Triaxial Test Results: j
Shear Modulus and Damping Versus Strain}

1
j Laboratory Results Compated Properties

for c3 = 6 psi for v=0.3, p = 3.4 lb. sec. /ft.4

1 Axial Young 's Damping Shear Shear Shear WaveStrain Modulus Strain Modulus Velocityc (1) E (psi) A (1) (1) G (psi) V (fps)
,

i, s
j .012 12,400 5.2 .016 4,760 4503
i .106 B,300 9.9 .14 3,190 368

,

i
.267 6,500 15.5 .35 2,500 3264

1 i

-1 .001 6,350 520
*

; * Extrapolated value.

The variation of shear wave velocity with shear strain for con-
jfining pressures of 6, 12, 18, 24 and 36 psi is shown in Fig. C-5.

,

i

The resonant column tests were performed in the Combined
Longitudinal and Torsional Modulus Device shown in Fig. C-6.
The device subjects a cylindrical soil specimen to a sinusoidal
vibration in a longitudinal or torsional mode such that *

the |
frequency corresponding to a state of resonance can be determined.

] For the specinen vibrating, is a fixed botton, free top column,
) in the quarter-wave mode, the velocity of shear wave propagationi
; is given by: ,

I

I V = 4f L '

3 t
! (C.1)

i

where f is the resonant torsional frequency in cycles pert
i

; second, L is the length of the specimen in feet and v is theshear velocity in feet /second. s

. . r>..

0 %) 4, ?*s
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I Resonant column tests were perforr.ed at confining pressures '

of 10, 20, 40 and 80 psi, in a **v saeple of soil compacted to<

108 pcf. The results are shown in Fig. C-7 and summarized as
follows:

| l

)j SilEAk f*ODULUS PROM PESONANT COLUMM TESTS

Confining Shear Shear
Pressure Modulus Strain

.)
) E , psf G, psf y, tg
1

-41,440 1,238,400 9.5x10
~42,880 1,872,000 6.Jx10
~4 "

5,760 2,448,000 4.1x10
11,520 3,384,000 4.9x10

~

The results of all the measurements of shear modulus deter- '

,

mined in the laboratory may be conveniently summarized in a plot
of shear wave velocity versu a shear strali., normalized for

j
effective confining pressure and density. Fig. C-8 shows this

plot in the form of the parameter C versus y, where y is the
shear strain, in percent, and C is the parameter from the
equation: *

|

|

V =C&S ~bps .7 (C.2)

where: V is the shear wave velocity in (ft/sec)s

is the effective confining pressure in (lb/ft )o
g

'

p is the mass density in (ib.sec /ft4)

|J and C is a parameter in (lb /ftb)
..

1 ^
1

1

j u .: E.'s ' i . )a'. *
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It is observed that t7r the same confining pressure and '

)
density, the shear wave vein .y decreases b. 10 percent when *

-3 ~- tthe shear strie i r.crea set tro'n 10 to 10 percent, and by
14 percent when the strain increases from 10-2 -I20 percent.-

It is also observed that the dynamic modulus is .sbout 80 percent ]
larger than the statically measured initial tangent modulus. I

*

l
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APPENDIX D,'

i
m;

,

1 FILL CONSTRUCTICU AND FQUIPMENT INSTALLATION 4
'

f AT TOR ** LAWTON
,

A major part of the test program consisted of plann.ing for ,-'

Iand con .truct.. .g an artificini fill to contain detailed instru- -<' "

| !. ments for performing the tests and maki.ng the evaluations 3

I presented in Chat.ter 5. This set up not only had to duplicate - 'N
~'

f normel in 9.itu test conditions, but preparation of the fill and 1
t ,

f installation of re:3rding equipment had to be accomplished such -

'

i that the body of material retained reasonable uniformity. |fj
%)

t q
*h,

i [ D-1 FILL CONSTRUCTION -.:
.

,

:

f . I'
: 1 The initial construction of fort consisted of excavating J.. d.

f with a rubbcr-tired tractor-mounted backhoe a large circular ~', j

,I p i .; . The 10-foot deep pit was shaped like a truncated cone, " j Nh
s a

30 feet in diar eter at tbc ground surface and 20 feet ir. diameter - {
* at the bottom. These overall dimensions were selecte'l to avoid ,' W

.

;
4

[' interference.s of reflected waves from the boundaries. c'S

?Qi >

n
'

,

During the excavatics process removed soils were sorted -

! into two general materials. Top soils and organic ma*.erials, ;-
t ''as showr. in Fig. D-1, we'. first stripped from the general test
f

s, ,

The remaining materials were removed and temporarilyarea.
'Nstockpiled as close as possible around the open excavation.

[ This material was later used ar 'cackfill. The bottom of the .i
u'

pit was.then leveled. ,
1 a

t d
i

f ) Backfilling operations were achieved in steps. Material A
f was spresd in six-inch or "ess loose lif ts with shotels over
| the entire ares of thu botton of the pit, rind compacted using q
f. two walk-behind vibratory plates. The vibrators, shown in -

|

j9 Fig. D-2, weighed 285 and 185 pounds and operated at 5500 rpm. ..j
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Q All gravel particles larger than 2 inches in diameter were ,

,.,
,

{i removed by hand and eliminated from the test area. This operationl ')h was repeated for the entire depth of the fill. ,

H

Compaction was achieved by routing each vibrator in con-
1 centric and overlapping circles over the entire pit about three
h, , !times. Compaction usually started a* the auter boundary of the

pit and proceeded to the center. The objective of the compacting
'j effort was to obtain a reasonably homogeneous and uniform
i
1 deposit of soil. A more uniform fill can usually be obtained

,

<

1j if the ma.erialt are compacted in thin layers to a reasonably '

dense state. i

t

4 At the most important depth zone (Elevation -5 feet) three

in place density tests were performed in different parts of

the pit to check the uniformit of the deposit. These tests

! produced densities of 90.4, 86.o and 81.9 percent of the

maximum Modified Proctor density. This corresponds to an average

relative density of about 70 percent.

D-2 EQUIPMCNT INSTALLATION

In ccnjunction with the backfilling operation, equipment

was hand placed at predetermined points and eventually covered
.

with subsequent soil layers. The ger.eral set up of the special

tests in the artificial fill is shoen in the Figs. 5-1 and

D-3. The main plane of testing war. defined at mid-depth of

the fill (Elevation -5 feet).

The generating station, or anchor, was installed in the

vertical axis of the pit. During backfilling, this heavy anchor ;

Iwas held in position and aligned vertically by suspending it f
,

from a portable tripod. To permit free vertical movement of *

the anchor and hammering equipment during testing, open

cylindrical spaces, protected by one foot diameter corrugated !
4
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!
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.
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e
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casing were provided above and below the anchor (Fig. 5-1).

This casing was placed to simulate the boundary conditions of

the in situ test (i.e. , open hole above and below the anchor) .

|
*

The anchor was instrumented with:

a. A 60 kip load cell, 4,000 hertr natural frequency,

.0252 mV/lb sensitivity. As shown schematically in

Fig. D-3, this load cell was installed on top of the

anchor, between the Belleville spring and the

striking plate.

b. Three vertically oriented velocity transducers,

type Mark Products L-10 AX, 30 hertz natural fre-

quency, .63 V/in/sec sensitivity. These transducers

were firmly fixed in cavities of one plate of the

48-inch anchor, 3.25, 25.25 and 45.5 inches from"

the top of the anchor.'

c. Two accelerometers, type Columbia 200-1, 4,000

hertz natural frequency, 40 mV/g sensitivity for

9 foot long c ble. These sensors were attached

to the same leg at distances of 26.5 and 46.75
*

inches from the top of the anchor.

Pigs. D-4 and D-5 show the sensors mounted in tte leg of the

anchor.

The lower 3-foot long corrugated casing was aligned in

position before starting the fill. The fill was then built up

around it (Fig. D-6). When the fill reached elevation -7 feet,

the anchor was suspended c er the casing and aligned to permit
}free expansion of the anchor, as well as downward slippage,

without transmitting direct forces to the casing during the
)

tests. To avoid losses of ground around the anchor plates,
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interior void spaces in the core of the anchor were filled with

compressible styrofoam. This styrofoam did not restrict the
,

i

motions of the anchor and provided the minimum support neqpssary
for tl.e soil to develop arching around the z. arrow opening between
the plates. This same compressible material was also placed at

the bottom of the anchor and in the upper part of the lower

casing to avoid the displacement of soil around the anchor into

the lower cavity. After completion of the tests, both soil

retaining systems were checked and found to have behaved adequately.

At elevation -6.75 feet, two vertical velocity transducers

were placed 17 and 41 inches, respectively, from the center of

the anchor, as shown in Fig. D-7. The fill and compaction
operations were then resumed. Fig. D-8 shows construction

details at this stage.

Elevation -5 feet was considered the main plane of testing.

Consequently, as shown in Fign. D-3 and 5-2, 33 sensors were
placed at this depth. Of these sensors, two Nere vertically

oriented acceleroratcrs, four were horizontally oriented velo-

city transducers and the remaining 27 were vertically oriented
velocity trcasducers. When this elevation was reached, the soil

I
along this plane was carefully leveled. A template made from+

1 x 6 vood board was next placed along the axis of the majora *

band of sensors. Finishing nails were then inserted through

the holes in the template and pushed into the soil to mark the

precise center of each sensor. After this, the template was
removed (Fig. D-9). Each nail was then removed and replaced

by a transducer as shown in Fig. D-10. Each sensor is shown
firmly seated into the soil fill. All sensors installed along

this main band are shown in Fig. D-ll. These sensors were

staggcred slightly to avoid interference or shadow effects from

adjacent sensors. In general sensors were spaced at least three

diameters apart (Appendix E). This staggering diso enabled

cables to be laid out in a pattern where discontinuity effects

would be minimized.
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Other sensors were located and placed using a combination
of simple geo _cric relationships and by taping. Installation

procedures for these sensors were essentially the same as des-
cribed above. All of these free-field sensors were the same
types as used in the anchor. The velocity transducers used, *

Idepending upon their orientation, could measure either verticrl

or horizontal motions. They are cylindrical in shape, 1.25

inches in diameter and 1.28 inches long. The accelerometers

were pasitioned to measure only vertical motion. They also are

cylindrical units with both lengths and diameters of 0.5 inches.

<

After all sensors were placed, the distance between the
! anchor and each sensor was reccastred and recorded. To assure

that these distances were correct and that individual sensors
had not shifted during subsequent fill compaction, these dis-

tances verc veriffed twice by measure =ents made during and at
the completion of the test progras. These were accomplished by
digging a narrow trench down to the band of instruments and

making check maasurements. The distances were generally correct

to within 1/16-inch.

Four types of casing were installed down to elevation -6

feet to measure casing effects. This casing was placed verti- -

cally at.d subsequently buried as the backfilling operation
coatinued.

After completion of the installation and measurements of

the distances of the sensors, the construction of the fill pro-
[licceded in the manner described previously. At elevation -3.25 y

feet, two vertical velocity transcacers were installed at the )

same distances and in the same vertical plane as the two

located at elevation -6.75 feet. These four sensors were to
'

provide information about the characteristics of the motions of

the particles and the propagation of wave fronts at different

elevations around the anchor.

!
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h The top three feet of the fill was completed after ins *al-

ff lation of the upper corrugated pipe. This pipe served as pro-
J

E tective casing permitting space for the hammer to operate. ]'
I

):

In most cases, electrical cables from each transducer vere t

i generally run horizontally to the outer boundary of the pi';.
.

2 They were then collected at two Itain points and run vertically.

s
; to the ground surface. -

1 1
4 .s

The first complete testing phase was accomplished using thed

' a

large hydraulic anchor assembly shown in ecst of the photographs.
I

g At the completion of testing with this anchor assembly, it was j
retracted and removed through the upper corrugated casing. The fj
smaller pneumatic anchor was then lowered into the same hole

: left by the bigger anchor and wedged against the soil face adja-
* cent to the main band of sensors. Foil fill was then poured

(i from the surface through the top corrugated casing arou..d *he f
k outside of this anchor to fill the remainirr void space. A

'
high density was achieved by tamping each layer of soil in place

with a long rod. Additional tests were then conducted wi*h

this anchor assembly. At the completion of this testing, all

sensors were uncovered, the distance measurements rechecked,

l and the equipment removed. The results of these tests are

discussed in Appendix B.
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4 APPENDIX E t '

] ; j

TRANSDUCER S7 ACING CRIT 1 P.IA FOR SPECIAL TESTS h ','

*

The objective of this appendix is to discuss the following

h two items: (1) spacing of transducers in the special tests to f
{.9 avoid interaction ef fects and (2) conditions by which the rela-

,

N tive dynamic notion between the transducers and free field during i
|

these tests will be essentially eliminated. Static and dynamic

F]
i j

closed-form solutions are applied to develop a criteria for |
'

q} spacing adjacent sensors as closely as possible without dis-

i tortion of the soil response measurements due to shadow effects.'
,

! n,

4: i
* E-1 INCLUSION RESPONSE TO STATIC LOADS
|
1 2

The case of a uniaxial tension loading applied to a plate !

|containing a c rcular hole with an clastic ring insert has been jz
| I studied by Savin, 1961. The problem, as depicted in Fig. E-la, l
'

W
i can be considered analogous to the placement of transducers in'

l'
! [ an clastic soil medium, except for Poisson effects.

'

3
t

| The circumferential stress concentration for a copper plate
'

t

j was studied for various ring materials and stiffncsses as shown

y |! j in Fig. E-lb where 11 is the thickness of the ring and D = 2R .

l This figure indicates that there is essentially no interaction i
: 1

-

between the ring and the plate at a distance of 1.5D from the
,

I
i

centerline of the ring. Sinilar conclusions can be made regarding

( the radial stress concentration factor for a rigid ring insert
t

j (Fig. E-Ic).
i i

!
J I
J E-2 INCLUSION RESPONSE TO INCIDENT PLANE WAVES ;,

I
&
'

i

j The response of a rigid spherical inclusion embedded.in an |
'

elastic medium subjected to incident plane waves was studied by

[ Mow, 1965, and Bagge, 1973. This study concluded that the
f i

? ] medium / inclusion interaction is significant only within that

i

l
1

|n-1<

[

)'u...-..~.

, .,

i G M,. , u,,



7 -. naz . . . - , ,,w w e,- - . - - ,7 - _ - - - . , .x enm - c ;,:-,,vm n , p
.. .yy.

, , ,

r.
..

:
,

_. .4

Y ,

- -

//- -

P- TT 'e Ert'r --- P

'N_ , , -

b .N'
-

~ ~

-
. . . s) -n-1 \

f
_

-
, __ R __t -

p_ -P
-

. -

(a) Plate / ring configuration
.

r

7 -i- s
........,..,7 ,. ,,, ,,,

.... . ...

- -
1 COPPER ASSOLUTILY FLttlBLE- - 2 COPPER (CPrit {) =
3 COPPER STitL-

- - 4 COPPER ASSOLUTILY RittB '

- l -

$ ptAng ..
- #

] (MOLE-FRtt)
j

. . ,
\ 1- 4 s.

,

,...??.\ ~

- /

(....i. . . ... .
o i 2 3 4 '7

(b) Circumferentla :ss concentration '

;

o
4 -

y e -o ,
\u ,g - c.L Ij v

<,

3 . i ,

! Risio Rims . -

I '

G' '

| |

| '
i

t- |
^

| |i'

I f f fn

o i 2 3 4

e /Pg
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FIGURE E-1. STATIC STRESS CONCENTRATIONS FOR RING INSERT IN All
ELASTIC PLATE ELEMENT '

f
E-2

. . . . ' J

Dann a m m M[p
I U421 Un!G5hnt . 0 L O.i'l'



,yg, e% . e v.u 7 m , c; q 2 ,.1 , , . g..,, . , , , . . _ - ,~ ,,

.
*

<
,.

\' E;u
. Y *1

**

'
;.

?

5 ,)

portion of the medium that lies within a distance of roughly

. one inclusion diameter from the medium / inclusion interface. .

This suggests that placement of the transducers at center-center ,

distances of 3D in the in situ tests would climinate interaction
,

effects between the transducers.,

'

E-3 DYNAMIC INTERACTION OF SOIL / TRANSDUCER SYSTEM

The dynamic response of rigid spherical inclusions in $
'

homogeneous elastic medium subjected to plane waves were studied

f by Baggn. 1973. The results from this study can be used to
'I investigate dynamic interaction of the soil / transducer system

L considered in the special tests. t
r

.I'

J J
From the study it was concluded that there will be less j

.

than 10 percent error in measured response for frequencies that -

6 satisfy the condition
1 '.

.

9

}f- (E.1)w <
e

i

.

where w is the frequency of the wave motion in rad /sec and

1.

D/C = engulfment time of the spherical inclusiont .=
g

,

D= inclusion diameter i

C = compressional wave velocity of the medium ;
i,

i
| The cutoff frequency defined by Eq. E.1 is plotted in c

i
.

Fig. E-2 for typical spherical inclusion diameters and effective ,j!
,

!
compressional wave velocities of soils. Since the problem is

I analogous to the transducer / soil system in the special tests,
the studies of Bagge, 1973, can be used to evaluate the degree .

to which the motion of a transducer might differ from that of

I the surrounding soil medium. h
, ,

'
t

'

i
'

]E-3
_

L..._.- u A

5a' t y ]; y



7 - -. - . ~.g _, q. .m , m,
_

y. :s- , . - . , - . , . , - .,- n,- vn; p. - - -- g .r,;m

<

. .

10 g g i i g iit
-

_ .-

-. -

- -

_

i
_ _

f

I Au
g r -

e
s

00
i 3 O10 r-

f ;
,

#0
I'

o
_

-

M
~~

oA CORRESP0tIDS T0:
f a TRANSDUCER DIAMETER : 1 IN.. -

U #o P-VAVE VELOCITY OF S0lt = 1100 FPS
5 _ _

&
u
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NOTE:

P0lNT A CORRESPONDS TO A '

2 TRANSDUJER DIAMETER OF ABOUT
10 : _ 1 IN. AND A l'-WAVE VELOCITY

- - 0F THE Soll 0F ABOUT 1100 FPS
- -

(Tdl$ CORRESPONDS APPROXI-
-

MATELY TO THE C0t:DITIONS OF
- THE FY 75 SPECIAL TESTS.)
- -

-

__ _

1 I I I I I IIIO
1 2 4 6 8 10

SPHERICAL INCLUSION DIA., IN. <

FIGURE E-2. CUT 0FF FREQUEHCIES CELOW VHICH SOIL /TRAtlSDUCER (SPHERICAL
INC'.US!ON) INTERACYl0N HAS MINIMAL EFFECT ON Soll . 0TIONS
(< 10% ERROR)
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i Point A in F' g. E-2 corresponds t o the diameter of the fh .aducer (1 in.) and an estimated P-wave velocity of the soil I
*

I>
cial of about 1100 fps. (This corresponds to an S-wave U

[ velocity of 450 fps, a Poiason's ratio of 0. 4, and a density
of 110 prf, which are the approximate properties of the soilp

material used in the FY75 special tests.) Fig. E-2 indicates<

that for this case, signals with frequencies above about 2200 liz
will be affected by interaction effects; while for sign _is;

having frequencies below this level, soil / transducer interaction
effects will have a negligible effect on the measured soil

"

motions. Prior experience has indicated that the hig.ast
[ measured frequent :s in the genereted signal will be about 300
j? to 500 !!z (SW-AA, 1974); therefore, the results shown in

Fig. E-2 indicate that soil / transducer interaction effects willr

be negligible for the special test program. It is noted tha;

Fig. E-2 is based on the following assumptions: (1) elastic ;
,

soil medium, (2) rigid transducer, and (3) weight of transducer
equivalent to weight of eg.al volume of soil material.

E-4 CONCLUSIONS AND RECOMMENDATIONS FOR SPECIAL TESTS

Both static and dynamic studies indicate that interaction
ibetween transducers is virtually eliminated at a distance of

1D from interface of the transducer, or a distance of 1.5D
to the center of the transducer. This implies that, in the

special tests, the transducers should be spaced at distances,

r

i not less than 3D center to center.
I

i.
; Analytical solutions have indicated that for a 1-inch

} diancter transducer and a soil medium with a P-wave velocity
4

of 2500 fps, the cutoff frequency below which soil / transducer.

j interaction will have minimal effect on free-field scil motions
1 (error < 10%) is approximately 2200 !!z. Since this frequency
k is well above the highest significant frequencies expected in
f the soil response ceasurements, the relative nation between the
i '

i
m

i
l
i

)g E-5 j g

. >.

$ ) . /* ,$
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s transducer and the free field should be negligible. Therefore, t
L

f. this information suggests that the use of 1-inch diameter
f
<

j transducers will not cause any significant modification of the r
)a

shear wave propagation through the soil, during the in situj t

z
tests being conducted under the present program.,

i
i

,
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APPENDIX F '3

*

w
i

STATISTICAL ASSESSMENT GF SPECIAL TEST RESULTS A
1
!i

F-1 PURPOSE 1&~0 SCOPE E
C

As described in Chapter 5, a co=prehensive special test

program has been carried out to evaluate effects of various

test paraneters on the soil response measured during the in

situ test. The test progran was conducted in a pit containing

a carefully controlled sand fill material within which sensorc 1

were hand-placed every few inches apart (Fig. F-1). Soil
9

motions measured at the various sensors were then evaluated as [ )
function of various test parameters assori.ated with the loads 'a

applied to the anchor, the anchor jacking pressure, and the

placement of the sensors in the soil. ;
'

The primary feature of part of this program consists of

tests that were repeated a sufficient number of times to permit

ocaningful statistical evaluations of the resulting ensenbles '

of soil response measurements. These statistical evaluations <

provide a basis for considering the effects that any scatter

in the measures ~nts might have on tne trends associated withe

the above indicated variations in certain test parameters. The

purpose of this appendix is to report the recults of these
.

statistical evaluations and, from these results, to draw con-

clusions regarding the ef fect s of the various test parameters

on the measured in situ responses of the soil materials.

i

A large part of the special test program is indicated in

Table F-1. Fro = this table, it is seen that the following test

variables have been evaluated statistically
%q
D
c

a. Repeatability effects k
h

b. Symmetry and shadow effects

j
n- 4 je i t . c. . ;a->i = .

F-1 I
.

wi em m. h
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TABLE F-1. MEASUREMENTS FOR SPECIAL TEST PROGRAM k

] II
1

Case Jacking %. ofa

s!ao.or trop Pressure Depeated bGrowp %. Pp":see Sensors i.e i e t . Ib me i e t . ft pst Iests
=j

i.

p '
.. 5 t , 5 % stf..ts i . ' 2. 2- 58 a5 ''

35,02 3. Ja. 8. Sa 58 e.5 12
'

1 to. 3. 5. 7 58 e.5 3500 12

_L 7. 9. 11. 14 58 e.5 3500 12

] 3 28. 1. 2. 3 S3 85 3500 12
4 4. 5. 7. 6 58 8.5 3500 12
5 S. II. 12. 34 58 8.5 3500 12
6 21 l. 2. 3

, 'e e.58 35 0 12
S* 7 Prior I we mistory and 4. 5. 7. 8

,
:,0 e.58 3500 12

,

g Verlaticas la Hammer Weight 9, g g , g g, g g | 550 e.58 3500 12- and prop height - -W
3 21. 1. 2. 3 8 36.4 5.3 35co 12 I

to 4. 5. 7. 8 16.4 5.3 35o0 12
.

i tt 9. f t . 12. 14 e6.4 5.3 3500 12
82 21. 1. 2. 3 58 G.5 35o0 12

|
13 4. 5. 7. 8 53 e.5 3500 12
14 3. 18. 12. e 4 58 e.5 3500 12

|
t 28. 48, 42. 43 58 e-5 3500 2C P-wave Ef fects
2 21. 41, 42, 43 58 1.5 3500 2

Casing Ef fects 21. 71, 72. Fr, 58 c.$ 3500 2

, (Tr,. tr, . free-field velocity 21. 73, 76. rr, 58 c.5 3500 2
2

3 trensducer between 71-72 and 21. 71, 72. rr, 58 85 3500 2
,

4 73-74. respectively) 21. 73, 74, Fr 58 v.5 3500 2y-

t 28. I. 2. 3 58 0.5 2000 12
2 4. 5, 7. 8 58 e.5 2000 12.* -- Jacking PressJre Ef fects *
3 28 1. 2. 3 58 c.5 5o00 12
4 4. 5. 7. & $8 c.5 5000 12

8 60. 20. S t . 52 58 c.5 3500 2
2 60. 20. 51. 52 58 s.$ 3500 2
3 60. 20. St. 52 150 c.58 3500 2, , g, ,,,
4 60. 20. S t . 52 23 3.0 3500 2 !
5 60. 20. St. 52 58 c.5 2000 2 f. .0. 20. 5,. 52 58 c.5 Sooo 2 i

* Sata considered le statistical analysis phase of special test provas.

'O

'.
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c. Prior load history .

: ,
,

d. Variations in hammer weight and drop height for j
'

1

- a given input energy level - . _.__._ . - .-

- e. Jacking pressure
!
-

$ f

Other test variables indicated in Table F-1,'such as casing i
,

ef f ects, P-wave ef fects, and anchor responses have not been
'

, ,

evaluated statistically and are therefore not included in this ;
lappendix. These tests, together with additional supplemental<

,

tests, were performed to study some of these same ef fects, as i i
~

well as these other effects, on a non-statistical basis. An i .".

, evaluation of this data is presented in Appendix G. !
<

!

l The remainder of this appendix is' divided into thrt- , ,-

sections. A description of the data processing approacn and - *

analytical procedures used to develop the statistical results'
,

is contained in Section F-2. These results are described and

evaluated in Section F-3, while Section F-4 contains a summary - s.

'

and conclusions regarding this work. .

,

F-2 DATA PROCESSING APPROACH AND ANALYTICAL PROCEDURES

i
Prior so presenting the results of the statistical evalua-

tions, it is appropriate to first discuss the approach philosophy .

associated with the processing of the test data and the analytical

procedures used to carry out this processing. This discussion

is contained in the remaining paragraphs of this section.

.

F-2.1 Data Processing Approach

.

As noted in Table F-1, ensembles of repeated soil

response measurements were obtained at a large number of the

sensors used in the special tests. Upon examination of these

measurements, it was judged appropriate to carry out statistical

processing of the measurements at selected sensors that represent

r ..- *

O' h. D . *e ? * -''

* '
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the soil response at different ranges of distances from the 14
e

anchor. Measurements at the remaining sensors could then be [z

h(
; used as backup, in case additional investigation of the trends

related to the various test parameters was required. Therefore,
4,

to assess symmetry and shadow effects, soil responses me.asuredy

) at Sensors 1, 2, 3, and 8 were processed. The repeatability f ,

assessments and evaluations of the ef fects of prior load history,

,

hammer weight-drop height variations and jacking pressures were ;

carried out by processing response measuremer"s at Sensors 21, |
I

,

|' 1, 3, 7, and 14. Locations of these various sensors relative
|

! to the anchor and a complete summary of the data processed in
'

this statistical evaluation are provided in Table F-2.
1

The results from the repeatability assessments are
,

presented in the form of overlaid plots of velocity time histories.

Resulte from.the assessments of the other test variables are
( provided as mean velocity time histories and in addition, as

! velocity history bands that represent mean t one standard

deviation (MSD) bounds. The n'ean time histories indicate the

| general trends associated with the effects of each test variable,
i while the MSD bounds indicate to what extent these trends might

be affected by scatter in the data. It is noted that the pro-

babili ty level associated with these MSD bounds is dependent on
*

the assumed probability distribution that can be associated with

the in situ soil tests. For example, if the data follows a

normal (Gaussian) distribution, then 68% of the total population e

of velocity histories will fall within the MSD bounds. Otheri

i probability distributions will result in a slightly different

estimate of this percentage of the total population of test

j results contained within these MSD limits. q

I
p

F-2.2 Analytical Procedure
i

I <

; Two processing packages were used in evaluating this
'

data. The first was a specially written interface progran that g

1

|
,

'

, , . ,,
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,
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;4TABLE F-2. DATA PROCESSED IN STATi?1:U L EVALUATIONS T

- ;
e

Sensor Olstence fro- fd a 49 *
Ho. of Anchor. E f fet t Tests to Compare

a28 At Anchor Repeatability Selected Tests l'
Prior Load History 8-9, B-12 s

Olf ferent CMinations of crop 1

5Height and Mamener belght for |Seine Energy Level 8-), B-6, B-9

Jacking Pressure B-12, E-8, E-3

1 2.94 Repeatability Selected Tests
IA 2.4) Synenet ry and Shadow f f fects A-l l

Prior Loao ::lStory A-1, 8 12

Dif ferent Combinations of crop
Height and Hammer "eight for
Same Energy Level - 8-), 8-6, b-9

Jacking Pressure B-12, E-l, E-3

'

2 6.1) Sysunetry and Shadow (f fects A-l
2A 5.07

) 9.I) Rapestability Selected Tests
3A 8.5 Symetry and Shadow tf fects A-2

Prior Load History A-2, B-12
Olf ferent Cambinations of Drop
Height and haarner Weight for
same Energy Level 3-), 3 6, 8-9

Jacking Pressure 3 12, t-1, t )

-
1 23 9) Rapeatability telected Tests

Prior Load Hlstrary 8-9, 8-1)

Dif ferent Co==binations of crop
Height eM hammer Weight for
Same Energy Le n t B-5. 8-7. 8-10
Jacking Pressure 3-1), 1-2, E-4

I

8 27.86 Sysenet ry and Shadow (f fects A-2
8A 27.79

14 55.11 Repeatability Selected Tests
Prior Load History S 2, 8-14

Different Combinations of Drop
Height and Masseer Weight for
Same Energy Level B-5. e-8, e-11

. ,, . 0
1 4 e 7+ %%')
g' {f f,'/

9

o_c ' ~
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carried out the following initial data reduction and formatting
,

"a operations

a. Read the magnetic tapes containing the

field data

b. Scale the velocity data using factors pro-; ,

vided in the tape label record that precedes

k each test

c. Integrate the velocity time histories, where
*

required j

d. Label the test channelsj
] e. Write a new data tape according to a format

[ suitable for direct input into MAC/RAN

The second processing package used in this study

was MAC/RAN, a comprehensive system of digital co:puter programs

for complete reduction of time series data. tiAC/RAN was applied

in the special test program in two different ways. First, to ;

assess the repeatability of the data, velocity ti=e histories

measured at each sensor and corresponding to repeated appli-

cations of cach test condition were multiple-plotted. In this,

ten of the twelve repeated tests for each case (Table F-1) were

utilized. The scaled data from the interface program were merged [,
to form files of data that were grouped by sensor number rather

;
|than test number. These files were then multiple-plotted using |

consistent amplitude and time scales, so that the repeatability |
could be easily assessed. I

s

In addition to multiple-plotting of the individual
I velocity history measurements, MAC/RAN was also used to perform

statistical analyses of the ensembles of data. In this, ten

data channels for each selected sensor and each test condition

were processed to obtain velocity time histories corresponding

to the ensemble mean and the ensemble MSD bounds. The multiple-

plot capabilities of MAC/RAN were then used to overlay the

|

s 2r ., - .

e' u 3.5 * ' ' j_.-s
,,
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tare histories corresponding to dif ferent variations of each I '

test parameter.,

'

F-3 RESULTS OF STATISTICAL ASSESSMENTS

$

i
f The results of the statistical assessment of the special j
I test results are described and evaluated in this section. The
3 section is organized into separate subsections that consider

the repeatability assessment, and the evaluation of symmetry and
j

shadow ef f ects, the effects of prior load history, hammer weight-'

drop height combinations, and jacking pressures. <

|

F-3.1 Repeatability Assessme_nt

Assessments of the repeatability of velocity histories

recorded at the vari''.. sensors indicated in Tabit F-2 are j
sammarized in Figs. F-2 to F-6. These figures indictte that, j

ion the whole, the velocity ceasurements are very repeatable.
The only clear exception to this general trend is the results

corresponding to the 150-lb hammer drop (Test Groupo B-6 to B-8
in Table F-1). For thir case, the velocity neasurements obtained

at or near the anchor appear to have a relatively high degree of

variability; however, for sensors located at increased distances

from the anchor, the variability of the measurements diminishes
.

I
substantially and the results become quite repeatable. This '

,

overall trend may be attributed to the sensitivity of the near- |
anchor measurements to the details of the applied loadings,
such as the orientation of the hammer as it strikes t.se Belle-
ville spr.ingc, the manner in which the anchor plates bear against 1

the sides of the borehole, and the ability to manually obtain
the same exact drop repeatedly. The soil rerponse at sensors

located away from the immediate vicinity of the anchor ter.ds to

be less sensitive to such load details. I

l -

1
4

)F-8
,

a.,.



S D rf iv "7 s. - - - ' '. .
^ - iwr

.- - , - . -,wr. - - -

.1', .
, .

'- ' ?t
1

I

-
:< .

.#
y 'I*

& F

I

i f

n t { h
. _ . . . .. ....._.ee...... '

f !

. . - . . __

- "

e

f...a . .ee i . n. e.. )
t

(- :

. . -t .' g -

l.g g 4
*

.
!

-

w 2 * -........... .......... ,,

la r. r ). =.q-- - - = q --.-. ==: ; !
< '

.

==....=...=a. w _-, --.
'a1 ', _ m .a~~rn =2 , m

'.'.e, 8
. *o e JEn g . en

s . O. !
'3,. .

a
,1 | 3

|
as O 3 o M.

i 6 t 6 O".s O 5 M Q I

I.')
J.

*/ u
u, ~u =..

a, u 4
| N3 U k N ,U $

*

I .- ' l' g . H f. t-

i .

Ye 4 j
.

O
tg .*

g O
f . *, . * y wy

t.I**
/p 4: E i

=
w _

* .
I+: * . *m * g

> - -

g -4 - 12 -
.1 -

. t;.:)
p_2 : : e

- - - x
if '## >.
kk g 3 $ 1

"

i .7..-~. ';i' -'' ~.; . ri A ~ .'.-~ ~ ali |.a i G. J. use e. ww ei
nsn .mi usisi .m 3

isi

>.
,

>

k
O

k.>*
>. 6

.* u = .
+ . . = a.._....._. _ _. _ I. _.

.
t ........~... ~

|
.....n...

! ~
-

,'.e. ' . -
a2e
4i 2 J $ '

i.. 1
-

H.C1 ,.. .

t' . ..........
* iw

p ) a t...... .
* 'w
;

,,

4 it * I E I
a ****T.**** .* "* ''. ';.';L'g

| |
a m. .. , e,

> = :- - - - =;. ~ . . . = . . . r! %. . . . . . w .: ,-u- --- :: r - r4 .

, I .-..

|
,

| w''
~, .\ 2. 'O.-

.. ,

I ! c3 1 80 w4
-

| ; <r
} . n a h ng* 3i 3*n o *s O

0
.D ( E3 L g8 i

.I

g t. O \ |
,

.

! . .: - -
s = ,

::: 1
~

.\ ;* '
! ;: , .. u

. .: 2 ~

.--.
.SA

..

; H t- [
-

i ,

*m -
i - .

3 :
:I

,

i*$ 1
/, f*
. . ,s' ^. . u e/ M - o. n r.

1 A
''

g9:7 J
* *. --

i.: -
0hQ 1'

; .1 .

e.

|
.T ! 4e

'

, ,
.

H
. 4. .. : i

.

.

gg to et et t. N
_ ... . _ _ _ - , . I_

et aus e se se 94 ed '# 99 8. te et te 64 4 Se e9 e ee Re- Se N *
f Ils #$ 10184 9 )Is/ s IM M T
|

! I '

1 c% 5 O * *.

,

F-9
,

- - -

. . _ . _. .. . J >



*

!l
__ - .

-- _ _ . . . . - - - m ~ _._ eturm '
"

l
E E;

;,
g.,

,:.
- g

- . . . . . ..w..-... -_ _$. .. ~i.sT.,,p;.;) .. .is..... [m,:., (p*,,,f jg-. . , ).,,
. . . , . ,,' ;. ... f.

. , . . . . .
. .

i 2
. . ,< . .

.c. : e ,1.
<,,

.n...
,

2 3 r.s......c.
. . . . <,

. . ..
. . . .

. u.c. m.s.
. ,,.

, , .. , . . . ...,
|. . . . . . rr .2 s no. .ir . .

: :

(; ,'G3. : g
*

I(w v,e : I;. ,3
w

w~),

>O __ % , ,u-
{

( . . r_. .y
.

T,,S
'

0j
4,. j.

I ' -

Y[. -/. A".u%.
.r.g 1; (/ z, _

___%

.

g ai
' si8

o
i - r, r. .,

. n
.

'

I. ! i.
, . z.' e s: 4u 36: 1 ,y 3..,s: . .s .. ,

.: ..: . .: 4 :: 6. : u a.
. , ,;....s,.. ,...

s. .: . :
. .3 , ..

(e) Tes: Group B-12 (f) Test Group E-1
8
* 'g 4::.. " . g

:= : .a:,.:, .vr...
*m2=:m 6. n. i..w,

::. : -

i

:e** - ;..

.u a .,
.

| 2 s . .
..,

A

K'.C.T T.3

'

^)ri
;

'

| u_" |q
,- p i

lE '_ . . . . - . -_ __ 4,

.m .

3
t . ,

,. m<
t

4

: ; :
-

-

e sa a sa s so ..: -. ss
.4 .e50 -

.s os oe as os.. ti-c .t:es:s

C- (g) Test Group E-3
* . . ,

C: FIGURE F-2. (CONCLUDED)
'

3
e

# 4

,

4M "-M
....e

e

- A - - L > m . m$j * Y f. , _ ,
e ,o-_9 _

e



.

!
.. c -- , ~ ~~ - - . . .. . . \ - . .- , - . . , . . .

.

'

1>
a

s s g
-

- .

n..a...,,.,,, l y! . .;.o. n . ,y ... . . . . , , , , , , . u'f.. 3I.';t ., t';,s'
.m.- ." + s, .. ,m 3 , e4< ....:,,, , ,

. L.- -
3 - I,.

- . . .

.. [1
i, ,

1s. . , .

.' . .g:: : : :,:
. . ., .. . .

. T:: , : :- e .
,

.,

J--- .!!!! !. : ! :.:' !*

In, .

i a m'4 .h . .
. ' ' * > . =

$ . --e t,/ e . .
%: A > . *

g g r-g

yTM' 8
-

-

- 8 '
_ . . ___.r- n

,

= 1 s |c - -<
&gb+...f) $* Y' t I

i -: s j;

w " 3, '* ~'

g t <

w;M -e ,

A' t ;
%<f|1

g|
i

7. , u _ g 3i ip3m .! | .i.

1B & ~. " . . . , , .: . . . . .- : .: ;-:' 14 i; . c, i: . c- , . . ..: . is . . :- .: - s :. .. . . ,-c ra- st::s:s .:' n-t ::::s:s . y

@,9 h (a) Test Group B-1 (b) Test Group B-3 '

. +

'T .c %' s I
~

v.
w .. . .

e,.
-

-

. . . . , . . . . . . . . ::n,:pi g.. i gg --a.:<.......i,.- ;.a,. ,.,. . o ., .: ;g ,. ,. ;

. . . . .. . .~ . . . m. . n n .-... ..u. , , . . .

-rr:z - ;
...t 3 .. , u..,. . .

,- : . .

7 .: ; ; - !
-

g <,.. . . , . .-
: : ;

D |;!
.

l; , ; I# ; ; i :. ,,,

i :/. ! : :n. :
.

.jg .

J.
'

r
f \tg

_
..,s

"

s t 3
d

L. e

\. ,

CTl k, / O.Is .J e ,f n

: : 1- -

a
,

g g . .c i

* * s

.s sa o se es es 'o se a .so s os * so . oo .: es is se e r se to eses o , vare sc:3*:s .io' -. soe es s .so a es , se s as
ri-t s: es:s

. ' ' '

(c) Test Group 8-6 (d) Test Group B-9 i-
~

p.. .

C FIGURE F-3 REPEATABILITY Oi VELOCITY PISTORIES AT sells 0R 1 -- 3 Ifl. FROM ANCHOR EDGE
. .

.9.-
,

b

. I
~

gen e - - - . - . - .
4--, o

*
r.

4

' , m .. Je - gA w .P . * 3- * * * h 9tt A E ' A' N ah' "u / E_ -4 L Aa u- ** *e'J a h 2- - m- L- m u - 2 .L m .s 'k' a a



o --
_ _ _

_

>-

_....-uw- ~ ~ ~ .aw -_==.:- -,

r

| ,!
8 8

. i
.

g;;'t : .," .' ., t|)
-

. . . . . , . . . , , f:;..,: .'nn,.,) y7
. n

-

. . . . . . . . . . . . . .
, r-.* . n m . . . .. . . . , . . . . . . . - , , ,

. . . . .
. . .. . . '-3

."n..'.' .= 2 ', s, .=
s

, . .
. . ,'3. . . . .- . . . . .

. ..
. . - .,4,, . . .

.n... 2 .n. . . ,.
. ,

.n... . .n, . .
. . .

.l a. .. .n. . .' ' ' ' - *
a 'n' a - =

. .

A

_.* _ _ - 8 't
-

._:_,__

.. - - > .
s 3 i

.

3 as ',3

E. c 1,a ;.

I i 1
t

i
..

.i
*

-
'/ h

2 1

J'
r

e. .. e ;- ,n .n . . , .. . . . . * .u . . . . :s n ea au .
riec ::cs.c3 .is e ,.e h.:s:.. n :

-
1 .. . . . . . . . ,n ,

.
>

(c) Test Group B-12 (f) Test Group E-1 .

.s
-

. . . . . . . , . . . , . , , r;r:,'' y') ... ,.<:.m.
<n...u. . . . . .y

. : : c y: : : :
- , : c. . : : .

i..e .. . . 3u

N9) !|!' E; I ! i e
t. s : .n. - . . ;

- . >.

g'Sh'_J:
'

p ,_- .J '

1
,

w/ g .,

g _, . _- - - - - -- ,
,

t ,-.., 2 .;
%..u g ,

E c$ 9
.

..

~%' 1 4
3

.

I t *, f M

g

* =A ~. a ' ' '
",. .

p}g - *eu e oc .. ..a :. a.a . . . nu
16"E stC N s elo , s

N (g) Test Group E-3

EZEEtB FIGURE F-3 (CONCLUDED) .,<

.

g lb-

C ] .

~, .

* ,

w . - _
, _ . . - - .

_ - 2
*'**

.

.
'uY y



's-'"===.= - w._ _-.___..m, . .mww a_1 - Gmhy _ _ = _ _ , ga g.

!

,,
.

h 'd

(|
8

3 3
)i ..n. i. .,. c ., w . i..... . ....% r..r.

.... . o. . . . . n . . s . w , . . . . , v . a. .~ = . a . . . n . pr.... n
...-.=n. . . . . u an . ..im ,| ; ;; : y,

. . . . . . . . . !. . .
: . . ,,.

.l.. .I
., .. . .

. . .,. . .
. .

. . . . .
., .. . .

.e . . .
., ,. . . ,

11
..

,o. l. . .
... .,. .u. a .n .g g ,

.. .

:

[ 'f
^ p_

Y Y ?_
'

'*s -

'r',: 7. O
T / 1
- _

5
:

.i
. . .

~ 2

_ 11
t

,

.,
..

:n .a u n .4e ..a .a ,a so . . . ,o . . . .. . . : , . .* . . .. o u , . . .

rs, ::::s:s :c - . r si:ss: .i; s

I(a) Test Group A-2 (b) Test Group B-3
t

M ag
.. r. rr !8

. .. . . a. ;.........r- ..rn... nu ...
:. . :. . . . . . . . . . . , , . g. . ..w . - . .>-. .m........a. .

;,; ; ; ;p- u -c 4 . . . . = . :: ::: . .. ..nm. . n .w
I. .. . . .. . . . . . . . . .2j .. .. .n : .s..

. . .
.

.. . ., <, . . . . .

4 :::: :. : n, -

. .. .2 .
=

:: :: :. . , . . . . . . . . .,
., .: : nr~ .. , .

- 'i- - -"- -sja
..:g. [ Q

~-

.

-

r
.t g |

*
.- _

g ,

# a3

, - h* ..

0\ , | 3* /m 3p /
% Om

r i :: 3'
+ - ::

t 5-

/' r p ,-- -

- --
2 -1

hx) ~ hgg
' :i>

. CQW m.a.

: :4 .. .,x c .
s.. - .

. . . ,, .... l..i...i m ..ue,: ... .
. . . . . . . . . . . .. . . . . . . . . . . . . ,. . . . .. .

r_. mce-
,

a e m sues:3 ...
''

(...M (c) Test Group B-6 (d) Test Group B-9
,

c :3 n ",

c' d . .. < %.
''" FIGURE F-fe. REPEATABILITY OF VELOCITY HISTORIES AT SENSOR 3 -- 9 IN. FROM ANCHOR EDGE4 -

. A .777
.,,-s - h

. -},e ,s.T.
jpa.

s'- s s*.e .*, , ,

u _J, ;-*.T'

g g .w'h ~ - -

h

-
;O ^ ' _ _ A.e = w ...<m..,-,,., , ,

. L',3 , 4 " '~
[*. . . -

.,
L.,,,. |.. , ' a , Aa.

~

, ,3.'
. , . . .

-- ._-e . . , < - _. ..- . . , . . . .1 _ .
_ _

-

.__



_

-a,.,:runme::xaa: u m
,

-- r .i

.

1

,

I
s * i:

,..u,,...,,.n.. .J ,. . . , u
..o....s....n.., ,a ; ,,. . . , . , . . , , .j....,,,,,,,,. .. . . ....;,

., . . <,
; . n = . n .. .

. . . . ... -n . . y,, . .
,. ..-.. . .

.. .. . .
. . .

. . . . .. . . . . .
; ; ; 9' -

: :. ; ; .

e.
1

.

. . .t I.
,. . , ,

. . . . . .
.; ., ., ,.. . . . ,,...y. . .

.. . , , ,,
.

.' ,

.
8 ^ m[ , ... ,,

..__._...e.
,, CI.

.. ; i e:
f24 9

I 'i <

3
f -

-:| |
> ,

: q
,. L

.. .,.
1

,
|

I

i ! .,<4i
._ ..

. . , . , , . , . .3. ,s: s. .. - ,t, in .. . . . . ,.. i,_., s. .. , i.. , r, i: 2j.. . . is . . . , ,,, .; ,s:s. . . . . .
. .

(c) Test Group B-12 (f) Test group E-1 :
$

8
-

"3
. ;-- ,.a ,i . n.

<- . r- i..,..,m.,.
l

,

;.r .. . se e o.e .e n .i.ea p
,

.' * |, o. noses s 4. * .p I, , .u ,

1., * * r t.s .i
.t r . . .-

i's :: .. . s.

A 'I .5." {| | [''
,

. . .
in u .

- -

g

E.L Y~ .b l,n a
(.s ei

,."''%3 .
._ _ _ _ _ .

dI
-s

N. ; .l. ' 3 |
}og- |

. ,'_ _ - - . .
e

L ;
2 ....

;,

, ,,
f.,c. .--.w., .

e
; 3:

.'tp'"M N \j ' 'j
'

.-:+,j
I I .j'

.
e as 3 ss s.sc e sa oc os t i . . ., is os ,1. s e ts .co

'ia! 5!00sCS .to _.

(g) Test Group E-3 |

5 - }

&
^-

'

m FIGURE F-4. (CONCLUDED) ,']*

T 52 d -'
-

,M suma ,

-' ^

. [,y "gg -
- ~ ' * * ~ **''

.

.

- - - _ -

_.
F'

h



. .-

m,.i ir i .i
,,

i
~ ,

-..~---------.--m--mm.m--r-_- ..--.---m..m.._ _..,_.,_,,_ _ _ _

'
.

,

*.

4

8 8 .;
: *

-.e....nx..... l.:g,: ,;n'.s,,,f; ,1 . . . . . . . . . , - ||ta: ,;"'',,,y ,7 f. .... .... .
. . . . , . . ;..-ni..n.... . . . .

. <. g. .. |g : : . . ,
. .

8 : : : : : : : :
1 :.-. . ... . . . . . . . ... = 4,-

., .
. .I ,- \. e i

se 1
s e e. H' i' ..

. . .. . .so ,o... .
. J.g q our e

*
.g T ' n' to . *. . . .y,

1 '. .

,4*

f,: m -

af
. .

6:

1u u 4
I3 Ms 'N;* ;*1 -/

Y Y -

y2 y5 9 ',,
-. * .. s 7

.R
3 2 9. .,

ye sa a sa s as * s: 2 s: a 5: s. na as at t Ja : .so a sc * s: o ca is s: s on t sa a: :*
fi-! 5.:*%:5 e'C' flm! SCO**C5 elC , e

;

(a) Test Group B-2 (b) Test Grcup B-4 a
qN s a

e *
8

|:1;.: ,38'' . g''W jr ...~,..w....s.,. 1.:;, .. ,,a ....,j ';g g............,- .i n . n o ..w .1, . ........n.. . nx . . , . -. i. p . .. .
'I2 - **1

:I
-

'

: f; ; :L .t. .

. .

i. .
. .

-
; ;?' :

9-

,- .l. f. ij .

;,i: :: : ;l

y
.I ,..
. .

:li: !.' : ;,a ,

. ,
.

e. ,j .t .V,,,, :., o . .. ..;.

. .,

\ ,
.

\ | fta :I * .. .m s -
i I * r. . -_

3. u -

yy
* v o 4
- ~ 3, *8,

.

;;g 1*

d o~*e- n .JY */s

YI I (r-. ,
-e

. z..
.

. , 4
3 3 ;

- e .no a.es a sa 7 so t e .oo ir se in se o se as os s .co a .se s .ee v.se is so is so, is .se i t .se so.se* Tlaf 5!:*%C5 * 10 ' fl3C SLC3%CS el0
,

a

f i:-
C (c) Test Group 8-7 (d) Test Group B-10 1c.m

1. , ~ ~
0

G b~:
E d' FIGURE F-5 REPEATABILITY OF VELOCITY HISTORIES AT SENSOR 7 -- 24 IN. FROM ANCHOR EDGE )p ,.

.

w* >.S I2 D '. , ;V q
- e

9
-

y "g;.

E .* ** * 5 ~ ,_., n . a ~ n o. ~ ~ ~
'

,

-

-, w m_. ._.3,. .

m, e;'; 9-

.

g; . * t
w _

.q
Twe,. - a1

_ . . . . . . .



m-v~-;:,r m
_ _ _ _ maw ~ c,

4,

a :
. ...-

. . . . . . . . . , , , . . , , ri... , i... i

r;;; .. ueiyu i ,t
-

. . . . . , . , , , , ,

b.. . ..
.m. g M.; p-:,si.....w.3,.

;;.;y y ;
i, . . . . . . . .

,, .
, . . . . . :: , , , , ,

,
. , - .,.,
..

, . . . ,

-

. , . . . . ,.
, . . .

.. , . . . . ,
. a. - , . . . .,,,

. . - ..
,

I !,! !, | ;
.

. . -

... . , , ,

2.g E.g
'

.|,| .|.: ; d"
,c . .: . .

ei . . ;;=
.

. -
9 ,, ^n ^^3 -

. .-

w.| |
|

.g,

%,* 6 I Mw. |
p

I

s48 , . ,. , ..r| .qi- #,T '
T *iti i3! fVv

.):t' ,

3;
{ , #.|..-

|
8

t :1 I
e L.,._

.aen e is e si .< . se
.e . -:: ' via: h::: ::. ., __4c' .t

an . .a is or 6 .; e i. . . . g .. .i .? o . *.-c at:ssc:
(e) Test Group B-13 (f) Test Group E-2 r

r

,,3 : ' J ,4
~

4 'i...~.....,.:._,. ::y.<,7* .y-;gF. .k
1

. . . . . ..
cr. i . . . , , 1 1

.

. . , .3, .. .
, .

: :l o
. ;I ,: !.:

'
.

'd. . , .i

s. I .

,
e ; .. .

t ' |; -^ : ;o ''1.s3 4I
-

-.,.
|

. _ . _ . -
;.1en ..

|
|

p,

;
, , - ,- .- . ._ - . . . - - . . ,

G -) | d
.

.- ,
.e

. | , %.' ' ' '
)'''./ y / q.

--

s.g

'&} ' h
IEFA" c r, -a

|ys , .,s sj
,
*

-

I). ..n . . . . . . . . ,n .. , , . . . .. , , . . . ..
./,-s ri e sc::ses .io - . W

L,m2 ,- (g) Test Group E-4 )
( kN r* ricuRE F-5. (CONCLUDED) 5b h lasac: v. s,-

de;;'' "1.
_ _ _ _ _ . . . _ _ _ . , _ . - - . _ . - . - - -

- h
, , -

.

'

e( ,' , .; d
t .ygn';'. - -

~ ,_ -

4 L
.1

sweil
h



, ., , , , . . . .
, , ,

_ _ _ _ _ _ . _ __ _ _ . _ _ . _ . . . . . _ _ . . _ _ . _ . _ _ _ . _ . . . _ . . . _ . _ . _ _ . . ,

f

.
_ - .

i ;

3 3

't 9 ., FG3WFT . i
,.

. . .:. ;",,,,g,r.
-.:g . 1

- . . . . . . . . . ,.....e........
t

.,.
- . . . . . . . . . . . . . . . . . . .

. . . . . g=.. . . . ... . * : ::: : : . -a
a : c. :.t, : : ... ... . . . .e

s . . . .1. -, . . . . . . , ,

,. . . .
. . .,, . . . . . . , ,,

. .., _.
. . . ._., . .. ..

. .- ,n
.

.- --

-

/ . . 4
-

A
-

"
.

S ES
.- C- 4
$ ^

h }|9
f4 .# 3

.

'

~.
.J'

.
i

A
" ref

*3 3
.

t.-: ::: es :s sa.io ': as r.-c st::s:s is ss.icas se
i, u as as as se _

i, se as es :: es s . sc s sa s so , se is ce. as a .no .- . ss 5 se
a

(a) Test Group B-2 (b) Test Group B-5 3
.t

M : a t
/ ... . . ,. e .,sx - 1.,;a,. :. ,;" .,..c;b; m........,.... ph.,.. ;" ./I''IT |

*
> i

*
.,

-....u. .s. . .. ..n . . . .. .
a ~,, . . . .

'
-

,.. . .

al '; :. : : sj ', : : :

. , .. .J.
.' - : : : ' : : ; -.

.m . .I o.
.

*
,

.' (*

.;.. ,.3 - , . . . .g , . ,.

. . S .*

~$,

N

- A p f%.

v ;-
Z3 ''l
C- C~ a'f '-

y y @ 'l,v u
'4..' i.I L.E -f
1.Q* '

^

t?p d_. "X, 5 .+,
e e m

, fUQ- flat 3ft: 03 s e . .e. t C'is sa firt SECO seC5 i s .se.10j s .ee
i p .se as -se a f .se '

4'e .co s .se a so , og .e o ,4.sa aa .es er se e.e3 3 se s .es . .se .e
s- ,e

|Ag- (c) Test Group C-8 (d) Test Group B-11 /'

, - . , - , 4>

-+.-5| .
;>A ./ + - f- 3

s&
- .

FIGURE F-6. REPEATABILITY OF VELOCITY HISTORIES AT SENSOR 14 -- 55 |N. FROM ANCHOR EDGE .O.
*

. a a. . . _ . .

Me . Ai;v.a. s e- r ;y
* t - - -. .- i

* : 4,i -
-- .e:v

-- -- 311'L P.s ~ m d .; w "

e,,.e4 %. _ ,,. _ . _ ,. -. _ .' M M "..__w ~ 2 a.';k. M . J.
_

'_

1
$";; * , .. %'N
,4'r'
.

_ . ._
_ _. .M~

'
* __ _

.

www r ,_ ~ -^ w -%

- amm

t.
- - -

_ . . . . . . . . . _ _



: 4 .. .--
--

9
1. '

y* O:s . ..q
.,

i,

& U
j . *^c,

'f 'c ,
..

;>>

-]
'

v
1

%

+g
.

.

,s
3

$1*
p..: ..m .p; ;| ;P. . . . . . . . . . . . .

.........u..... g; ;i .p. .
,

!.!.!!.! i 3 , .$$
8 ,

=
e . .

;,:; : : 3 4

l . '. . ?,
.,

_3
.

. . . . ;
3.
o

,2
E 4

m 'r |a'

E > t.

2 Je. u

e-Jco -

7-e
,

c~1 ."_.) ?. f
1"''

. d.a .s
g.,3

_b5

8
"; , . . . . . , . . .. es . , . . p .. . . . n .. n se .M- - - .

ri-r uca as .ic

.4~

(e) Test Group D-14 '?
i
1
,sFIGURE F-6. (CONCLUDED) ?/_.g

,,
.

E-- Cl[J

pg s

+
. . .

@M '*

Y
L % -

aw .e
.N- , & ,*' m

_fA

5b
'

..

- ~ = * ~ ..,'(
g( .g . .m 'J

, ; $. .
. ,

- TJ.,
__ ._ =



R Afi.Q"[,j?fW%'$2f|$ CHWWOMjhYj&WhW"NWT STf?*WYYOh
! '<

->,
.

~. L
. , = _ - -

.
1

t

I

(
f F-3.2 Symmetry and Shadow Effects '

1

In this subsection, assessments of the effects of

k the position of the sensor are assessed. Two aspects of this <

L I; problem have been investigated. The first deals with the spacing
i of a series of sensors along a line (which corresponds to axis

X-X in Fig. F-lb). For the special tests, it was desired to

place these sensors as closely as possible to one another in

| order to obtain the maximum refinement in the response measurements.
However, if the sensor spacing was too sma adjacent sensors
may have interacted with one another and co J have distorted

the resulting soil response measurements. L.2refore, it was,

| required to determine an optimum sensor spacing that avaids these
" shadow" effects while still providing a sufficiently fine

H network of response measurements.
\

,

=

A second phase of this problem dealt with possible

variations in the soil response measurements due to differences

in the circumferential position of the sensors. This may be

due to inhomcgenities in the soil or non-uniform bearing of
each of the anchor plates against the side of the borehole.

An assessment of this problem was judged to be particularly {
important, since production tests have in the past typically
utilized senscrs placed at different circumferential positions,

,

as shown in Fig. 1-1.

To investigate these potential effects, two different

approaches were used. First, analytical solutions were used

to define an optimum spacing for the special tests. These

analyses are presented in Appendix E and were used to guide i

! the actual placement of the sensors along axis X-X in Fig. F-lb.
As noted in this figure, these sensors were staggered so that
they were at least three diameters apart, which is well within

the guidelines indicated in Appendix E.
y

|

1
4 I

4 .s.
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{4 A second approach for assessment of thece effects

[9
utilized field tests in which velocity neasurements were

'

h obtained at sensors located at near equal radial distances from |

the anchor but at different circumferential positions. An

j ensemble of these measurements, as generated from repeated
applications of a 58-lb hammer and a 0.5-ft drop height were

analyzed statistically to obtain mean and MSD velocity hintories.a

Comparisons of these statistical results were used to indicate

| the presence of any non-symmetries in the circumferential dis- ]
tribution of the waves propagating from the ar.chor.

.

Results of these comparisons are shown in Fig. F-7.

They indicate that the peak velocity amplitudes and corresponding

wave shapes are generally similar regardless of the circum- i

ferential position of the sensor; however the rise times to peak

velocity or the arrival times are not. In general, the sensora

placed along axis X-X (fig. F-lb) tend to arrive later in time ]
or have a longer rise time to peak velocity than do those sensors

at the same radial posicion but of fset circumferentially. This

minor difference in arrival times was due, at least in part, to

the distances of the sensor in the radial pattern being slightly

closer to the center of the anchor than the corresponding sensors

along the axis (see Table F-2). Except for this difference,

the remainder of each velocity history does not seem to be I

substantially affected by the circumferential position of the

sensor. It is noted that differences between the uppar bound

and lower bound MSD curves are quite small, indicatin, that the

data is quite repeatable and that the above trends are not

obscured by data scatter.

1

F-3.3 Prior Load Ilistory Effects

In the in situ soil testing approach, the soil layers e

at a particular depth may be subjected to repeated load appli-

cations corresponding to different energy levels, in order to

/
/

'
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I

obtain a wide spectrum of shear modulus vs. shear strain

measurements. Iloweve r , it is conceivable that far some soil

materials, the measured responses during a given test may be jp
2 0

af fected by the number and magnitude of prior loadings to which4

k{j
the soil has been subjected. Therefore, it i.i important to

investigate whether such prior load history effects have a

i significant influence on subsequent soil response measurements.

'

To investigate this effect, a series of initial

}
tests were conducted during which a 58-lb hammer was dropped'

,

- 0.5 ft onto the Belleville springs. These correspond to Tests .)
i A-1, A-2, B-1, and B-2 in Table F-1. Then a large number of4

tests were conducted at higher energy levels (Tests B-3 to B-ll),

| and these were followed by a series of tests corresponding to
: 1

( the initial loading conditions (Tests B-12 to B-14). To investi- j

| gate prior load history ef fects, mean and MSD velocity histories

corresponding to the initial and final sets of the 58-lb x 0.5-

ft loadings were compared.

The above indicated comparisons at various sensors. ,

'

within the in situ soil test network are shown in Fig. F-8.

They indicate that, regardless of the sensor location, prior | }
load history effects are negligible. The mean velocity time .

,

*'

histories may indicate some minor dif ferences related to prior ,

load history ef fects however these differences are completely j
'

masked by the small amounts of data scatteer observed in these
,

test groups, as indicated by the comparisons of the MSD time-

| history bounds.
!
!

! F-3.4 Variations in Itammer Weight and Drop IIeight
!

I for a Civen Energy Level
,

!
,
'

In the la situ soil test program, the input loads are

typically specifir? in terms of an input energy level, deter-

h mined as the product of the hammer weight and its height of free i

>

I

i |
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fall onto the Belleville springs. However, it is clear that at

given energy level can be comprised of any combination of hammer
t^

d weights nd drop heights, cnd that each combination will repre-

sent a different dynamic system with different response

characteristics.* Therefore it is important to investigate the
{
/ degree to which these various combinations night af fect the

;
r

in situ soil response measurements and to gain some insight

| into those particular ranges of combinations that might be most

g cdvantageous for use in subsequent tests. ;

To investigate these effects as part of the special,

| test program, three groups of tests were conducted. Each test
b

consisted of a different hammer weight-drop height combinationg'
4 whose product corresponded to a total energy level of 87 ft-lb.

These three combinations are, respectively, 58 lb x 1.5 ft,

I. 150 lb x 0.58 ft, and 16.4 lb x 5.3 ft. Soil response measure-
'

4

ments corresponding to each of these combinations are compared
4

in Fig. F-9.

The resui.ts compared in Fig. F-9 show a number of

interesting trends. First of all, as expected, the measured
i
'

soil responses corresponding to each hammer weight-drop height ,

I

combination ore q*ite different, particularly in the immediate

vicinity of the anchor. The largest peak velocity amplitudes
.

tend to correspond to the 58-1L x 1.5-ft combination, while

the smallest amplitudes generai:y occur when the 16.4-1 x 5.3-

ft combination was applied. These differences in the peak 3

amplitudes were generally great 2st at the anchor and tended to i

decrease with increasing distance from the anctor. .;'

i

.
Changes in the weight of the hammer will affect the total
mass of the coupled hammer-Belleville spring-anchor-soil
system, while the variations in height of free fall of the
hammer will influence its initial velocity as it first strixes
the Belleville spring.

!
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Another important trend relates to the width of .!

lthe various velocity peaks measured during each set of tests.

The widest peaks, which correspond to the lowest characteristic

ffrequencies of the soil response, occur when the largest bammer
weight, 150 lb, is applied. In contrast, the sharpest peaks,

which correspond to the highest character:stic frequencies,
correspond to applicction of the smallest weight, 16.4 lb.

This follows from the fact that the characteristic frequencies
of the soil response are related to the inverse of the total mass

of the system. An increase in the weight of the hammer obviously

increases the total system mass, which in turn, will tend to

.

widen the peak response peaks (i.e., reduce the characteristic

response frequencies of the system).
!

i A third trend relates to the scatter in the data.
In the near-anchor regions, the substantial differences between

the MSD time-history bounds from tne 150-lb hammer tests indicates

substantial scatter, while the widths corresponding to the2

' smaller hammer weights are relatively narrow. Ilowever, at

sensors located further from the anchor, these differences
i
;

become snall, indicating that the data from the 150-lb hammer
i

|
=

tests are quite repcatable in this range. These differencesj

$
;

in scatter over different regions of the soil may be attributed

to the non-uniformities in the load applied by the heavy hammer, '*

j which might occur, for example, if t..e ha==er is not flush
,

| when it first strikes the Belleville springs. Apparently, tests
:

conducted using a nea"icr hammer are more prone to such non-

; unifornities than are tests with lighter hammers, possibly due
! to increased difficulty in handling the heavy hammer in the

|

'

field. As the distance from the anchor increases, the soil

response measurements become less sensitive to these non-

I un i fo rmi ties .
f

}

{ As a final point, it is appropriate to compare the

} results from initial tests at a low energy level of 58 lb x 0.5
:

$

' . ' l))y {f l
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ft (Fig. F-8) to the results indicated for the higher energy t

level (Fig. F-9). To carry out and interpret these comparisons, i
it must first be noted that the hammer weight influences the

jj measured soil responses in two ways. First it affects the *

C input energy level and dynamic loads to which the soil is sub-
jected. Second, once the hammer makes contact with the Belleville
springs, a coupled dynamic system is formed that consists of the

a

hammer, springs, anchor, and soil. The weight of the hammer

affects the inertial characteristics of this coupled system
4 and thereby affects the manner in which this system responds

to dynamic loads.

With this in mind, a comparison of the results from
the high-energy ar.d low-energy tests that correspond to the
same hammer weight (58 lb) can first be made. This comparison
indicates that the 58-lb x 1.5-ft loading (Fig. F-9) results
in soil velocity amplitudes that are consistently higher than
the soil velocity amplitudes corresponding to the 58-lb x 0.5-ft
loading (Fig. F-8). These differences are as much as a factor
of 2.5 at the anchor (e.g. , a mean velocity of over 30 ips in
Fig. F-9a vs. about 12 ips in Fig. F-8a) and range from about
25 to 35% at the various soil sensors. However, when the

hammer weighc used in the high-energy tests dif fers from that
used in the low-energy tests, no such consistent trends can be
observed. Figs. F-8 and F-9 indicate that, at a given sensor,
the peak velocities from the high-energy tests using the 16.4-lb
hammer and 150-lb hammer were not necessarily greater than those
from the low-energy tests using the 58-lb hammer; in fact, at
some sensors (e.g., Sensor 3) the low-energy tests produced
higher peak velocity amplitudes than did the high-energy tests
using the different hammer weights. These comparisons indicate

:
that:

! i

<

.J
,
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a. An increase in the input energy level caused [

by changing the hammer weight will not g
necessarily result in increased soil response

amplitudes. This ia because the change in i
9

inertial characteristics of the coupled hammer-
J

spring-anchor soil system due to the changed
}

hammer weight may in some cases be more important i t

than the corresponding change in input energy

level and may not tend to increase the soil |

response.
,

b. An increase in the input energy level causeo

by maintaining the same hammer weight and
increasing the drop height will increase the

soil response amplitudes. For this case, the

inertial characteristics of the coupled system
are unchanged; only the initial velocity of the

hammer as it strikes the Belleville springs is

increased because of its increased drop height.

F-3.5 Jacking Pressures

In order for loads to be transmitted from the anchor
to the borehole, adequate coupling must be maintained along .

the anchor-soil interface. As described in Chapter 2, this
'

coupling is developed by means of a vertically oriented hydraulic
pi *.on within the anchor. This piston, when expanded, forces a

system of arms against the curved anchor bearing plates, forcing
them outward and pressing them tightly against the sides of the
borehole. A pump and gage located at the ground surface controls

and maintains the hydraulic jacking pressures in the piston.

It is clear ' hat the jacking pressures, applied ast

indicated above, represent a key component of the in situ soil
;

test system. If these pressures are too low, slippage of the '

i

i
l
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anchor will occur and adequate energy will not be transmitted

to the soil medium. Alternatively, if the pressures are too

high when compared to the dynamic stresses induced in the soil

during the in situ test, they could affect the subsequeit shear ,

1

modulus measurements and, in the extrene, couAd induce shear
'

failures in the soil surrounding the borehole.

The above discussion indicates the necessity of

establishing a range of jacking pressures that will result in

adequate coupling of the anchor to the soil, while not affecting

the dynamic properties of the soil medium or inducing shear

failures along the borehole. Therefore it is important to

first define reasonable ranges of jacking pressures that can

be applied by the hydraulic piston, and then .o determine the

extent to whicl. *he soil response measurements are affected by
these ranges of presscres.

To carry out the statistical evaluation of this

part of the special test program, three sets of tests were

conducted, corresponding to radial jacking pressures of 2000

psi, 3500 psi, and 5000 psi. For each set of tests, repeated |
loadings corresponding to a 58-lb hammer dropped 0.5 ft were

,

(9 plied, and soil velocity time histories were recorded during

each application of these loadings. The result: 'g ensembles

of time histories, measured at each sensor and ccrresponding to
,

each jacking pressure level, were then analyzed statistically !

to develop composite time histories corresponding to a mean and

to MSD bounds. These composite time histories at each sensor

were then compared to indicate the sensitivity of the soil

response to the assumed variations in jacking pressure.

Comparisons of the various composite time histories

for the different jacking pressures and different sensors are
,

shown in Fig. F-10. These comparisons indicate the following

trends:

i

4

| |

3
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a. At the anchor, the veloc'.ty histories corres-
3

', ponding to the 2000 psi level exhibit slightly larger peak
7 ,

velocity amplitudes; in contrast to this, the peak velocity [
p amplitudes corresponding to this low jacking pressure that were |
} recorded at Sensors 1 and 3 exhibited somewhat lower peak vele-

|
i city amplitudes. At Sensor 7, differences in peak velocity [|; amplitudes corresponding to the three jacking pressure levels b

'

e

are negligible. This suggests that greater slippage occurs
' 1

3 along the anchor-soil interface during the tests conducted at .

+

] the lower jacking pressure; however differences between the

velocity amplitudes from the three jacking pressure icvels were<

"j

not substantial, suggesting that any slippage that night have "

! occurred is small. Furthermore, effects of this slippage appear
'

to be confined to a region only in the immediato vicinity of a,,

|
1 the anchor.
k
d

,' | b. No significant trends could be observed regarding ;

j differences in velocity histories due to changes in jackingI i

|| pressure of from 3500 psi to 5000 osi. Only slight, highly

localized differences between the velocity histories corres-
J ponding to these two jacking pressures could be observed (see

,

Fig. F-10b corresponding to the Sensor 1 measurements), but.

! these are not significant in view of the negligible differences

between the measurceents at the other sensors,,

t '

i The above trends suggest that for the input loading

J conditions, soil properties, and ranges of jacking pressure

| | consid6 sad in these special tests, the variations in jacking
i

; pressure have a negligible effect on the soil response measure-
,

i ments. The potential effects of jacking pressure should be,

t i

kept in mind when using the in citu soil test at other soil
,

,

conditions and possibly for larger loads; however the special';

j test results suggest *S.a t , for rearonable ranges of jacking |

;. pressures and input loads, the effects of jacking pressure on

1
: ,

'
,

|
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U se in situ dynamic soil properties wi'.1 be confined to a highly
localized region around the anchor. Reasont.ble jack pressures I
should not affect the overall free-field soil response

i,
U

-

measurements to any substantial degree as long as slippage is '

not excessive producing, in effect, distorted wave shapes.
1

i

!F-4 SUMMARY AND CONCLUSIONS J
l
,

&

This appendix contains results of a statistical assessment I,

1of results obtained during a comprehensive special test program, '

whose purpose was to investigace the effects of certain key test
parameters on the in situ soil response measurements. The para- 1

meters investigated correspond to repeatability of the data, f
9symmetry and shadow effects, prior load history effects, the
4

effects of variations in hammer weight and drop height for a
}given input energy level, and jacking pressure effects. I
:

|,L)The use of statistical assessments of an ensemble of test *

results, as described in this appendix, provides a meaningful .;

basis for evaluating trends that arise from variations in the a
test parameters. They offer one advantage over nonstatistical

studies based on a limited number of tests, since they indicate T
-

to what extent scatter in the data may influence apparent trends
that are observed. Since any number of systematic or random d

effects can Icad to data scatter in a complex testing approach
}of this type, it is important that this scatter be considered i

in this manner. If, as shown, the statistical data indicates b

i high level of repeatability and small sectter of data, a
non- e

istatistical studies can be conducted also to evaluate these j
same effects in greater detail, as well as other effects not j
included herein. The results of these additional studies are *

presented in the next appendix. ;~
-

q
-

9

Results of this statistical assessment have indicated
c ertain clear-cut trends regarding the ef fects of the various j

<,
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:s test parameters on the soil response measuremer.ts. Of course, f l
^q ljdgement must be exercised when extrapolating these particular+

trends to other site conditions and other load applications;
,

jt nevertheless, the results contained in this appendix serve to (
.d.o

hj increase our understanding of the overall in situ soil testing
'j

2 approach. >

i, ;
4

The particular trends observed from this statistical y

[ assessment of the special test data are as follows: -l
n-

,1 ."<
The measured velocity histories are generally quite }

c
| a.

] repeatable, as evidenced by the close correlations between the 1.|

-|I overlaid time histories and the rel.atively narrow widths of
..

jthe composite velocity histories corresponding to MSD bounds.
.

( The only lack of repeatability occurred at near-anchor soil Q)
.

+.
, response measurements when an extremely heavy hammer (150 lb) '3
|

5 was used; this suggests that, in future in situ soil test appli-
cations, hammers of a more moderate weight should be used to j.i

I avoid this potential source of data scatter. Q
j 3

.N

'1.;
b. Except for minor differences in rise times to peak ;

velocity caused at least in part by minor differences in sensor f }s
3distances from the anchor, symmetry and shadow effects did not y

e
|appear to influence the soil responce measurements to any sub- 3

4j Istantial degree. It is noted, however, that in these studies, '.

l

sensors located along axis X-X in Fig. F-lb, were deliberately .'js

istaggered so that their clear spacing was within guidelines set $
by prior analytical solutions for avoiding shadow effects 3

. :h'

(Appendix E).
fj

! 2

For the conditions conaidered in these special tests, .c.
^!

prior load history effects were shown to have a negligible a
$! effect on the soil response measurements.

I .

-
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t d. The particular hammer weight and drop heightat usedy to reprerent a given input energy 1cvel could have an important
f. effect on the resulting soil response ceasurements,1

particularlyj{ near the anchor. Isn increase in the input energy level, by
![} changing the hammer weight and drop height relative to priora

fj tests conducted at lower energy levels, will not always result
.

h
tj in increased soil response amplitudes relative to these lowj energy tests. Therefore, it is important to utilize the parti-
$ cular hammer weight-drop height combination that maximizes the

'
,

D
o
9 near-anchor s.il response for a given energy level; trial-and- 1

g error field tests or analytical solutions may be required to
establish tnese combinations. q

!

| The range of jacking pressures considered in thesee.
i

special tests resulted in only highly localized effects on the
near-anchor soil responses and did not affect

the overall soil
i

response characteristics to any noticeable degree. ,

j

-.

I

i
.

4

4

. i

)

i
J

.

<

h

F-40

uh -- J

r 4-s,
s' t J >t '. E * *



,- . ..- .- - . --
,

-

7 . , -- . - . - - , ,

.. .

i.
'

i
'

| u
e .

1! I

APPENDIX G -i

GENERAL ASSESSMENT OF SPECIAL TEST RESULTS
J

< ,

1 When a test procedure is being studied with experimentalg ,

d testing, there are always minor adjustments or measurements that
A

L can be readily incorporated or accomplished which can provide
"

greater insight into a number of test conditions or parameters.

A number of these parameters were evaluated statistically in |

j the previous appendix. From these studies, it was generally !

3 shown that from repeated tests, there is a high level of data

repeatability and that with few exceptions the scatter of data

1
is generally small. As a result, it was conEidered desirable ,

( to study some of this same data together with supplemental test ;

data using a non-statistical approach. This approach was necessary' ,

a
,

|
because these supplemental tests were not repeated a large number !

i
| of times and were originally obtained under the assumption that ]
L the data, as indicated in the previous appendix, is repeatable. ,

Rather, these tests are fewer, but cover a wider range of test d
J

variables. In particular, those parameters or conditions studied g

in this appendix include:
1

\a. Casing effects.

b. Anchor coupling effects.
1

c. Symmetry ef fects.
*

d. Studies of sensors at dif ferent elevations.

e. Horizontal motion characteristics (P-wave effects). y
*

f. Attenuation of motions.u

Most of these results are based on a direct review of the fj

| data followed by a semi-empirical evaluation of the results. '.'i
I

1G-1 CASIliG EFFECTS
\ b
,

h

One objective was to determine if casing could be used ]
3

with the production test primarily.to retain soils highly subject i

i

j

i
i
;G-1

' a

~~ . . . .

.

,,
'

s U s). '' s
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to caving. For this program, four types of casing were f..

systematically hand placed within the backfill material along -

,

! with adjacent free field sensors. These carings consisted of

3-inch ABS plastic casing, 3-inch aluminum casing, 3-inch corru-
-

gated (vac-u-flex) hose, and 3-inch standard steel casing. '

a

I Two groups consisting of two casings and a free field sensor j

as shown in the plan, rig. 5-1, were positioned together each j
'

[ about 45 inches from the closest part of the anchor. This '

distance was considered representative of that distance between |

| the anchor and the first sensor location in the conventional

| test. Then sensors were lowered inside each casing and coupled

at the depth (elevation -5 feet) immediately adjacent to each

free field sensor. Si=ultaneous measureraents from sensors

in the anchor, the free field, and each of the two adjacent

casings were then made. Comparisons of corresponding signal

shapes, amplitudes and times of arrival could then be accom-

plished, studied and evaluated. ,

,

From these tests the following results were obtained:

A

a) Average variation of particle velocity amplitudes

with free f' eld =casurements:

Plastic Casing A=plitude of signal in casing was 7% low

Aluminun Casing A=plitude of signal in casing was 35% low

Cerrugated Casing A=plitude of signal in casing was 26% high *

Steel Casing Asplitude of signal in casing was 29% low ,

I
'

b) Time lag between free field sensors and sensors in k j,

I '

casing:
i

4

'i
Plastic Casing Signal crrived .46 msec later in casing

( -

Aluminum Casing Signal arrived .68 msec later in casing }
'

Corrugated Casing Signal arrived .03 msec later in casing

Steel Casing Signal arrived .73-1.77 msec later in casing

} 1

,'

G-2

-~^' A,.
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These data in general reflect the logical conclusion that j

the more resistant or stiffer the casing to vertical motion, the |

smaller is the resulting amplitude of the measured signal and

the greater is the lag in time from the free field condition.

)
In addition to these results, the shape of the primary

velocity signal recorded in the casings was only slightly altered

frcim the signal recorded by the free field sensors. As a result

of this and the above results, a valid conclusion would be that '

any of the four casings could be used in sensor holes provided ,

adjustments in time and amplitude are accomplished, when applying 1

the data with sensors on the anchor. When considering all of ,

the above factors, the plastic or the corrugated casing appears j

to be the best of these casings for practical use with this test.

Of these two, the plastic casing is probably the better primarily

because it is far casier to handle and install. The steel

casing produced the largest variation in time. Since time is -

a very sensitive parameter, much more so than snplitude, these
,

large variations or lags in time are not desirable and therefore

the steel casing is the least desirable of the four casings. -

Based on the above data, the following time and amplitude ;

adjustments are recommended for use with the in situ test: |
' 1.

!
*i

Time Amplitude |

Casing (msec) % Increase
a

Plastic .4 0 j
.

Aluminum .6 35 ,

Corrugated 0 -25

Steel 1.2 30

The adjustnent in time is e,1y made for the sensors within

casing (i.e., the Equivalent Free Field Time = Measured Time in ;

casing less the above adjustment) . '

i ,

'

i !
3
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IG-2 ANCllOR COUPI,ING EFFECTS

To study the importance of anchor cocpling effects in the
near-anchor region, a number of tests were conducted to obtain
measurements at er near the anchor under different 4ack pressures.
By comparing force and response characteristics of the anchor and
the response of the first "close-in" adjacent sensor (Sensor No.
1) as a function of jack pressure, the importance or influence of
this parameter on the near-anchor responces can be shown.

To study this effect in relation to -te forcing character-
istics applied to the anchor, the jack pressure is first compared
in Fig. G-1 with the load measurements obtained at the top of
the anchor with the load cell. Significant measurements from

the typical triangular or paratolic load p Ise are the peak
load value, Fy, the total load pulse duration time, T

d'
#"

rise time of the raise, T . For this cocparison, the dropr
height and mass an teld constant while the jack pressure is
varied over itv d::terent values.

In t'm opper plot, the applied load f:rst increases as
the jac pressure increases, reaching a maximum for o . = 3,500

3psi. aul then decreases for higher jack pressures. These results
ot hi indicate that the anchor-soil systen becomes more rigid

the radial stress applied to the soil increases within theas

limits of the elastic state. This fact is to be expected, since

a highcr radial stress in general increases the resistance to
slippage. 11oweve r, excessive jack pressures cause higher radial

-

stresses which ec=bined with the stresses generated from the 1

impact may exceed the bearing resistance of the soil, thus

explaining the drop in the applied load at higher jack pressures.
The rise and che duration times of the load pulses follow the

i

same trend as the naximum ioad. The total trpulse defined as the
.,

area of tne load-time curve airo has a maxtnum value for

1
sj

G-4
4 a .
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3,500 psi. 1*c. =

3

1

The skewing constant o %

T /Td f the load pulse has an= '

r

average value of .51 for these tests with a tendency to increase ?

y fron .4 for smaller to .6 for larger jack pressures. These
a

{j values indicate that the load pulse is symmetrical for the '
,

,. internediate pressure of 3,500 psi, it has a steeper rise time U
,

*

for smaller pressures and it decays faster for larger pressures. |
,

q For the tests performed at the constant jack pressure of 3,500 b

psi the average o is .48.
,

The response characteristics of the anchor to an irpac.t
t

also depend on the degree of coupling with the soil mass.
Fig. G-2 shows the effects of increasing the jack pressure,
from 2,000 psi to 6,000 psi, on the velocity and displacement
of the anchor, and Sensor No. I under a constant hammer weight
and height of drop. It is observed that the velocity and the
displacement at the anchor decrease to minimum values for o. ~

=

]3,500 psi and then slightly increase for the higher o. 5,000=

3and 6,000 psi. This agrees with the results obtained in the

load me.isurements, in that the anchor-soil system increases
in rigidity as the jack pressure increases to a certain limit
and then it becomes sof ter as the bearing capacity of the soil
is exceeded. Therefore, based on this trend, there appears to
be an optimum jack pressure (in this case 3,500 psi) which makes
the anchor-soil system most rigid and, permits the most
efficient transmission of higher shearing stresses to the soil
mass. This important effect of the jack pressure is further
confirmed by c omparin-J the maximum displacement of the anchor
with the maximum displacement of Sensor No. 1, located 3.19

iinches from the edge of the anchor. In the lewer plot of Fig.

G-2 it is shown that the differences in peak displacemente decrease
and the two curves tend to converge as the jack pressure
iiscreases. This indicates that as the radial stress is
gradually increased less slippage at the interface occurs.

|
1
1

G-6
J
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i
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These two curves, beci isc they do not converge even at the
very high pressures .adicate that 100 percent couplin,g, for '

even this moderate drop height and hammer weight, is probably
not possible and that some permanent displacement or anchor
slippage occurs with each impact.

G-3 SYMMETRY EFFECTS

This part of the testing program was conducted to cetablish

the importance of placing holes along a single axis or band
versus on a radial pattern 120 degrees apart. Practically, a
radial pattern is desirable for two reasons. First, closely
spaced boreholes are less likely to become interconnccted either
physically or hydraulically because they are drilled farther
apart. Finally shadow effects of holes between the anchor '

s

boring and more distance holes do not become a consideration.
.

For data interpretation, the holes placed in a line have

the distinct advantage of measuring velocities along one vertical
plane, eliminating the possibility of encountering different
soil types if measurements are made along different radial paths.

For this evaluation, sensors were positioned at different
points radially throughout the test fill as shown in the plan |
Fig. F-1. In general, the borings designated A were compared
with tncir twin sensor located in the main band. Simultaneous
measurements obtained from theu.- sensors of near equal distance l
from the anchor but along differ'ut radial patterns were made '

for this study.
.

Comparisor.s of amplitudes of two near equal distant "close 1

in" sensors (within one foot of the anchor) produced variations
in peak particle velo-ity amplitudes by as much as 20% at res-
pective stations. For these close-in distances, this is not

unusual and was partly due to minor differences in the travel
i

,

ee n *
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c'is tance (Append:r F) and to the fact that in this region, the *

measured signature is the result of two waves (P & S waves) i

superimposed upsn each other. Because these two waves are |
3

traveling at very different speeds (Section 5.2), each component

of the wave is tesding to separate rapidly producing a highly
Idistorted signal. This distorting effect greatly influences

the measured peac amplitudes, especially if the travel distances

are slightly different. At greater distances, the difference

in amplitudes was not this large. Comparison of decay rates

of peak particle velocities with distance at two simultaneous

stations each cn two different radial planes indicated nearly

identical values (i.e., where the "close-in" particle velocity

was lower alcag one radial plane than another, it was always

lower at other points along that same plane. This auggests that

the anchor is sending consistent trains of waves that behave

the same in all darections, however, the strength or amplitude

of the signal leaving the anchor may be slightly different. In

later production tests, simultaneous neasurements of the particle

velocity on different plate segments of the anchor also produced

amplitudes that varied in amplitude by as much as 20%. This

variation is prcLably due to the inability to make two flat

masses (the ha==er and striking plate) hit evenly every time

especially when enese masses are usually located deep below the

grouna surface w: thin a heavy drilling mud.
.

Fortunately, the particle velocity amplitude close-in ;

is not a sonsttive parameter, because at high strains (10-1 )1

the raodulus change is not large. As a result, if the amplitude

or the strain ccenputed f rom this mglitude is off by 20% or

even larger, the end result of a modulus versus strain plot

is altered an essentially insignificant amount.

Comparisons of travel time between sensors equal distances

from the anchor but along different horizontal lines were also

conducted as also described in Appendix F. Sinc' time is used

A
\ 4
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4
directly to compute velocities and thus moduli, it is considered
much more sensitive to minor variatiors. Because of distortions

in the composite signals "close-in", the only repeatedly cen-
|

sistent point on the signature was the first arrival. At more L

}distant recording stations (i.e., greater than about one foot
,

from the soil anchor interface) the conventional point of zero i

crosning was used because ti.e first arrival points were not
?

discernable. Data of arrival times from nine dif ferent tests '

(36 time histories) using the same impact energy were all
normalized with respect to the closest station and each point
plotted with respect to distance regardless of the radial
position of the station. The close-in data produced one smooth
curve with all points falling on the line. A scatter in the
points was almost undetectable.

Por the more distant sensors, the typical variation in j
time at similar stations was of the order of 1.2 msec. Ilowever, 9
data from any succccsive test, when cor. pared with other tests
produced only a small chance in the averate velocity (determined
as the slope of the line between thost stations). This vatiation

therefore, reflects that in this fill, measurements taken along
different propagation paths through different soils can produce
differences in the propagation velocity. It was determir.ed from

-

the different wave velocitics measured along the single line of!
-

t sensors that local soi) differences could account for slight '

variations in velocities. These facts, therefore, lead to the

conclusion that where possible for production resting, sensor

holes should be accomplished along a single plant to obtain the.

,

best data possible. Where it is not possible, the radial pattern <

| should produce reasonable results, however any local variations
in tne soil at random depths may produce slight time shifts which
will not always produce a consistent change in velocity with
strain. In such cases averaging of velocities may be required '

i

at some depths.
.
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G-4 STUDILS OF SENSORS AT DIPPE_ RENT I:LEVATIONS--.

:

Two vertical sensors were located on the plane at

Elevation -3.25 feet, or 1.75 feet above the nain plane of !

testing, and two others at Elevation - 6. 4 2 feet, or 1.42 feet .

below that plane. The radial distances f rom the anchor w2re about

the same as those of the sensors No. 4 and No. 10 on the band. -

*

The location of these senscrs is shown in Fig. G-3.

11easurements with these ser sors were accomplished to obtain

a preliminary picture of the waves around the anchor, to compare

with results obtained in the finite element calculations (Chapter

4) and to observe the distribution of deformations with time at

the approximate levels of the top, middle and bottom of the

anchar. Tests for this study were performed with both the

hydraulic and pneumatic anchor.

For the hydraulic anchor, the vertical dispiccoment-time

histories of the top, middle and bottom stations at the radial

distances of 16.39 to 16.64 inches are shown in Fig. G-4. The

vertical displacements using the pneumatic anchor are presented

in Fig. G-5. Sensor No. 34 failed at the beginning of the tests

and the records obtained could not be used.
.

At the closer aiscancer, displacements using the hydraulic

anchor are large at the middle and bottom senscrs and much,

smaller at the top. This ununiform distribution of displacements

indicates that the motions of the statione correspond to the

superposition of pulses from different waves propagating outward

ar.3 downward from the anchor.

The displacements obtained from the pneumatic anchor appear

more representative of a pure shearing condition and typical of

the data obtained from the finite element analysis. In general

at both the closer sensors and the more distant ones, the recorded

n
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distribution in Fig. G-5 at five sensors is more uniform. The
maximum value appears to be along the mid-depth horizontal plane. 1

-

>The shear '>elocity of the wavcs estimated from the travel times
g j ,

y of the peaks is an average 416 fps for the upper sensors, and '

<,

r
f 465 fps for the middle. k
l f 1
, 4

t
1 The shape of the wave front cannot be disclosed from the F .j

fcw measurements available. However, the fact that the dis- 'u
1

! placenents are not similar at corresponding times for sensors
at the same radial distance, from the axis of the anchor in the d

>

I closer range, eidicates that the front is not exactly cylindrical '

.}or plane in this zone. In the free fie?d the front apnears as j
a plane shape, or sphere of infinite radiins. This is suggested y

iby the records of the sensors at the 40-inch radius which show l
tmore similar time histories. 1
d
/4

G-5 HORIZONTAL MOTION CHARACTERISTICS

9
#

As a part of the special test program, four velocity *

sensors, designated 40 through 44, were placed in horizontal y

positions directly opposite vertical sensors ,, 5, 7 and 10.
1These sensors shown in Fig. G-6 were located 13.6, 19.9, 28.4 '

and 40.5 inches from the center of the anchor respectively. ;i
By making simultaneous measurements from all horizontal sensors

. . .9

,

together with combined vertical and horizontal velocity measure- 'g
ments, horizontal response characteristics could not only be bactudied but horizontal and vertical components could he compared.
Unfortunately, the most distant sensor (44) was damaged and

.Q
did not work. In the absence of measurements from this sensor, )
for lack of many tests and because the remaining three hori- 2

9

wzontal sensors were in the complex distance range where the
j

primary and main values were rapidly separating, interpretation
of this data is at best somewhat sketchy especially the deter- i
mination of consistent propagation velocity trends,

.
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For studying these data, two tests consisting of six time j, ,

histories for the three couples of sensors have been normalized I
_

'for time shif ts and are superimposed in Fig. G-7. A clear corres-

pondence in time of the first positive peak of the vertical |

senser with the first negative peak of the horizontal sensor is

observed for the three couples. Also the amplitudes are about

the same. This correspondence indicates a first motion downward
{

and away from the anchor. The velocity of propagation of this
,

first disturbance is about 1,300 fps. E

<

The second (positive) peak of the horizontal sennora seems j

to match the unloading trough or second (negative) peak shown j

characteristically by all vertical sensors close to the anchor. '

'

Since the trough in the vertical sensors is the combined result
Iof the unicading pulse and the starting of a main loading pulse, ,

there is not a well defined point in all three sensors. However,

Fig. G-7 indicates that there is correspondence between times 5

of second peaks or troughs. This velocity would be in order of

950 (fps), between sensors 3-5 or 41-42, and 1,300 (fps) between

sensors 5-7 and 42-43. ''

i
d

It is further observed in Pig. G-8 that correspondence exists I
,

between the positive peaks at time t and T f r couples 5 and '

y 2
42, and 7 and 43; if the corresponding travel times and velo- y

i.

citics are computed, using these points and including sensors ;

3 and 41, the disturbance is found to be traveling with a much 5

slower velocity of the order of 480 fps. $
I
.

A separate comparison of significant time poirts of the 3a
horizontal and vertical tire histories was accomplished for a U

q
second series of tests. The resulting average wave velocities ..;

are summarized in Table G-1. Because the wave shapes are changing J

and separating rapidly at these distances, as indicated in i

Chapter 5, the computed velocities using station to station l
t

results are expected to vary; however, it is apparent that the j

,i
'

i

1
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Table G-1 ~ i

Wave Velocities Computed from Tests 5.1 - 5.4 i
_- 4

.

iStatior Wave Velocities (fps) :

Vertical- RT(ft) V V V Vg g g TII tl TlHorizontal - -

-

{. 3-4 .218 1,680 2,180 411 ,'

$ 4-5 .302 1,590 580 398 f.

b41-42 .479 1,370 1,260 904
f

42-43 .681 1,390 1,340 524 i
-

05-7 .714 1,400 1,190 476

7-8 .328 1,020 504 <
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first positive peak of the vertical velocity and the first nega-

tive peak of the horizontal velocity pulses travel at approximately

the same velocity of 1,400 fps. It seems that the second <

signi ficant peaks also travel at a similar velocity. The peaks

that follow, in both pulses, travel at a much smaller velocity,

which is about 450 fps. The change in velocities of these

points is illustrated by the change in slopes in Fig. G-8.

Using the same points for the tests shown in Fig. G-7, the
.

samo approximate results or trends are obtained. Here the l

velocity of first peaks is 1,300 fps, for second peaks it is i

about 1,150 fps, and 400 fps for later peaks in vertical motion

and 720 fps average for horizontal motions. 5

J
s

Therefore, it may be concluded that the hydraulic anchor f
creates both p-waves and S-waves in this region. Based on common i

ltime points identified on both the vertical anu horizontal i

velocity histories, these waves travel at approximate velocities
}

of 1,300 to 1,400 and 450 to 700 fps, respectively, this ;

close-in region. Using these velocities in Eq. 5.1 produces

values of Poisson's ratio of the order of .35 to .4. I

!
'

i -

'A series of tests with horizontal velocity measurements 5

was alno per formed with the pneumatic anchor, at an internal i. 1
; 3

pressure of 140 psi. The degree of coupling of this anchor

fwitn the soil was smaller than that corresponding to tests with
,

the hydraulic anchor, because the applied ef fective radial stress ]
'

I
-

was smaller, the contact surface was smoother and the compaction j*

s
of the backfill soil around this anchor w s weaker. Therefore, j
larger slippages were observed after test. U

For the pneumatic anchor, the resulting particle velocity-

time histories in horizontal and vertical direction were very ]
ragged and difficult to interpret. However, similar differences i
in wave velocities, as found for the hydraulic anchor, determined

3

i
)
i
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from corresponding peaks in the pulses, were obtained in these
tests. .

4

T1.e periods of the same pulses in horizontal motions have )
#
3been compared for the two anchors. In general, the pneumatic !

anchor generates pulses about four times longer than the hydraulic jA
anchor.

;

I
'tThe following preliminary conclusions are derived from

these above observations:

The main source of the precursor pulses is a primary,a.
,

dilatational wave which travels two to three times faster than
the shear wave.

>

J

b. The physical characteristics of the originating energy
Isource influence significantly the shapes of the pulses. The

hydraulic anchor generates primary pulses of much higher ampli-
tude than the pneumatic anchor possible due to, 1) better
coupling with the soil, 2) the presence of wedges extending from
the plates and 3) greater eccentric loading.

The significant points of the pulses which indicate I
c.

unloading do not lead to a significantly different wave velocity
,

than that computed from the positive loading peaks. This data

indicates that the inelastic behavior of the soils does not
have an important influence on the shape of the pulses.

.

Because the interpretation of horizontal motions in this
program was limited to a somewhat small distance range (between
13 and 28 inches from the center uf the anchor), a fuller treat-
ment of the subject was not possible. To provide greater f
insight into horizontal motions and P-wave characteristics sub-
sequent horizontal measurements concucrent with vertical

3
1 Imeasurements were made at several production test sites as a

.
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{ routine part of this test. Tnis data was generally obtained (t'
[ at a number of depth intervals at distances of 4, 8 and 16 feet

h
<

h from the anchor. It is anticipated that this data can be f |

)] studied in future efforts. '

'

,.

7
a i,

'
\

G-6 ATTENUATION OF MOTIONS
, b.'1
i

;.

,

!iThe components of particle motions generated by impulse j-

) tests, attenuate with distance from the source. This attenuation !

is caused by geometrical spreading of the energy of the waves
|

)
and by hysteretic damping. The geometrical effect (sometimes !s ;

called geometrical damping), as recorded by an arrangement of
receiving stations, is dependent upon the shape of the wavefront
and the direction in which it propagates, relative to the ;

1
.

orientation of the stations. The hysteretic damping is a pro- '

1 )

perty of the material through which the waves propagate and 4

it depends upon the strain amplitude of the motions.
'

Pig. G-9 summarizes the results of three series of tests

performed with the same impact energy of 58 lb x 0.5 ft. The
'

jack pressure was different, in each series: 2,000, 3,500 and
,

5,000 psi. Both P and S-pulse peak particle velocities are '

plotted versus radial distance in the figure.
.

,

i.
It is first observed that higher jack pressures lead to ~

f' 8higher particle velocities throughout the soil mass. This is y

consistent with the fact that higher jack pressures produce 1

better coupling of anchor and soil, and therefore, more efficient
,

transmission of energy f rom the impact source into the soil. '

l I-; I a
Second, the attenuation rates for P-pulses are higher than

f a

for S-pulses. In effect, the slopes of the log-log lines
}

representatives of the general trends of attenuation for P and

S-particle velocities are, approximately, -2.4 and -1.4, !) .

respectively. Because of the superposition of pulses in the -
>

,

:4
<

\g
-

'
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L close range, these rates of attenuation are only approximate.
./

t -'lThe dif ferences in t.he rates between P and S pulses may be due
'

;

to a dif ferent geometrical pattern of prepigation of the waves. 3
] P waves traveling in an inclined direction, outward and downward '

h
from the source, will produce-decreasing vertical components -*

L of motions, as distance increases, in stations aligned on a

f mid-depth horizontal plane. S vaves nay travel more preferably ,

.,
-

in a horizontal direction, outward fro:n the source, thus ,?
v.

l generating predominant vertical components of motion in the rid- '7,

a

depth plane. J . :.
O,

Hysteretic damping can be estimated from the rate of 5-]'

r attenuation of the waves after deducting the effect of geometrical - 7
.

|jNdamping from the total rate of attenuation. At this point, ai

* ;
method for converting these results to a useful form for esti-

.

.

mating material damping has not yet been established. This pro- 2r$
cedure, however, introduces one possible avenue for future j

[]work in evaluating damping in situ.
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