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IMPLEMENTATION

This report presents a method whereby the'required level of
compaction for an embankment can be evaluated. This method
can now be implemented and possibly reduce the cost of
placement of fill by reqhiring less compactive effort than
the compactive effort mentioned in standard specificatidns.

The method demonstrated in this report considered only one
soil type and four embankment geometries. An appropriate
and safe level of compaction for- a highway embankment can
similarly be determined by incorporating any given set of
foundation, embankment and soil type conditions. Depending
on these conditions, the reduction in cost per cubic yard
of material could vary from 0 to 25 cents.

The report also discusses the evaluation of compaction in
the fieldlby surface géophysicaT means. Further research
~would be required before a new method of compaction control
‘can be implemented using geophysical means.

vi
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INTRODUCTION

One of the many endeavors within geotechnical engineering
is the construction of embankments. As Sowers (1981)
points out, the construction of embankments dates back to
the times of Roman and Incan civilizations. The purpose to
which theée embankments have served mankind has changed-
little since those early days. The requirements of travel,
the irrigation of fields, the conveyance of goods to the
marketplace all have gained an increasing importance in the
functioning of today's society. What has changed dramati-
cally over the years is the ability to construct embank-
ments in terms of quantity and speed. With the increased
size and sophistication of construction eqUipment, embank-~
ments of record height and volume have been constructed in
the last two decades.

Quantitative terms are easily defined when describing
embankment construction, qualitative terms are more
difficult to define, however. In assessing qualitative
terms, one has to judge the adequacy of performance of an
embankment vis-a-vis the intended use. From this perspec-
tive, one would certainly have to give credit to the early
geotechnical engineers of the Roman and Incan times. Some
of their roadways endure to this day and still adequately
serve their original intended purpose having withstood all
of the elements that nature has inflicted over the many
centuries.

Methods used to achieve a level of adequacy of performance
of an embankment have evolved more from traditional rather
than analytical means. The traditional means have mainly
relied upon compaction as the construction mechanism



providing satisfactory performance. A proper selection of
graded materials along with compaction has been used to
provide satisfactory performanée when embankments are acted
upon by seepage forces. Focus{ng on compaction, a simplis-
tic conclusion that can be drawn from observing construc-
tion practices is that little or no compactive effort will
result in the pborest embankment performance and the great-
est compactive éffort will result in the best performance.
And so the guestions that arise are what level of
compaction wiIT'give adequate performance with respect to
the embankment‘élintended use and is that level of
compaction necessarily related to adequate performance?




RESEARCH PROPQOSAL (March 1972)

A research proposal was written in March 1972 to address
some of these guestions. A copy of the proposal can be
found in Appendix A bf this report. The primary objective
of the research proposal was to develop a standard proce-
dure evaluating and directly controlling the quality of a
compacted fill in terms of its elastic properties.

The proposal divided the reseérh into three phases. Phase
I was to include a literature review, the purchase of
laboratory test equipment and the testing of laboratory
specimens. Phase Il was to consider field testing of
embankments and correlate the results with the results from
Phase I. Phase III would, having the conclusions from the
first two phases, select a test embankment under construc-
tion and install instrumentation. The elastic properties
of the fi]] would be measured by surface geophysical means
and the data from field instrumentation recorded. A study
would then be undertaken using the measured elastic
properties in a finite element analysis and compare the
predicted results to the observed field behavior. Subse-
guent to this, a .comprehensive correlation study of elastic
constants would be made for each type of soil. Having done
this, a final report was to be issued in June 1976 along
with a standard procedure of field tests and compaction
control for embankment construction. '

In the intervening years, this research has unfortunately
received a limited amount of attention and effort due to
other projects requiring immediate attention, In the
intervening-years, however, other researchers have
contributed in areas directly and indirectly related to the



‘subject of compaction and embankment performance. It is,
therefore, the intent of this report to consider aspects
new to geotechnical engineering since the research proposal
was first written in March 1972 and to consider aspects
that should have been considered and were not. Also, areas
requiring further investigation are identified which would
hopefully bring the subject of compaction and embankment
performance into-sharper focus.

E
2k




SCOPE OF THIS REPORT

To address the research proposal's primary objective of
developing a procedure_contro]]ing the quality of a com-
pactéd £i11 in terms of its elastic parameters, this report
will consider and attempt to demonstrate the following:

1. Consider the evaluation of compaction by surface
geophysical means.

2. Demonstrate that the theoretical determination of
stresses and construction movements can, at this time, best
be done with the use of appropriate constitutive relation-
ships and the incremental construction technique.

3. Demonstrate that the use of elastic moduli at strains
ranging from 10-5% to 10-% percent is inappropriate for com-
puting construction movements in embankments."

4, Demonstrate the effect of changing water content and
percent compaction on computed stresses and movements in
embankments.

5. List conclusions and recommend areas for further
research in the field of embankment construction control.

To meet the primary objective, the research proposal postu-

Jated the use of elastic parameters as measured in the
field by surface geophysical means to determine embankment
stresses and strains., This postulation neglected the fact
that a soij's elastic modulus is a strain-dependent |
property and that strain Tevel needs to be considered and
appropriately accounted for. |



The measurement of elastic moduli values by geophysical
means is generally considered to occur at strain Tevels
‘ranging from 10f5 to.l'{)"4 percent, This Tlow level of
strain is contrary to the large and variable embankment
strains which occur during construction. Furthermore, a
soil's eTastic modulus is also a function of confining
pressure and therefore needs to be included in any model
predicting stress-strain behavior. In March of 1972, when
the research prdposa] was written, these aspects of soil
behavior were nét widely known or understood.

The first four ﬁtems therefore, when taken collectively,
are an attempt to address the research proposal's primary
objective. Item 1 discusses the correlation of compaction
with surface geaphysical means. Items 2 and 3 demonstrate
that the theoretical determination of stresses and
construction movements can best be done by using elastic
moduli values détermined'at large strain levels as opposed
to the Tow strajn levels considered in geophysical methods.
Item 4 is included to suggest a method by which an adequate
level of'compacfion can be selected. The method involves a
determination of the effects on embankment stresses, move-
ments and traditional factors of safety due to variations
in elastic and conventional soil strength parameters. The
variations of these parameters are due to variations in
percent relative compaction and moisture content.



COMPACTION CORRELATED WITH SURFACE GEOPHYSICAL MEANS

As part of this research a resonant footing and resonant
column apparatus were purchased in 1975 to measure elastic
parameters in the field and 1ab0ratbry, respectively. The
resonant footing technique used for measuring shear modulus
was first developed in 1950 by the Engineering Research and
Development Laboratories (ERDL), H.S. Army, Fort Belvoir,
Virginia. |

The technique, as used in this research, involved the prep-
aration of a three square foot area sufficiently large for
the 12-inch diameter footing. Attached to this footing is
a beam that is put into motion by action of sinusoidal
voltage applied to coils at the ends of the beam. The fre-
quency of the voltage is varied until resonancy is observed
on an oscilloscope. The system resonant frequency is used
in the fo110wing'equation to determine the apparent shear
modulus, "G", of the soil;

£ (oo Eq. 1
ro”  fapp

"' = 3/16

where K, fapp,and ro3 are the spring constant, the
resonant frequency, and the footing radius of the
apparatus, respectively; f, is the resonant frequen-
cy determined by the test.

To determine the actual shear modulus, a slippage factor
(SF} is determined and is related to the shear moduli
values as follows:



"

“where 'SF Eq. 3

In this equation, © is the peak-to-peak rotational
amplitude as determined in the test, p is the bearing
pressure exerted by the footing and ¢ is the angle of
internal friction of the soil.

A photdgraph of the resonant footing apparatus is shown in
Figure 1. A complete description of the test procedure is
givén in Appendix E.

The resorant column test,'as used in this research, was
deﬁe16ped by Hardin (1970). A cylindrical specimen is held
fixed at the base and excited by torsional oscillation at
the upper free énd. The torsional oscillation is produced
by application of a sinusoidal voltage to the coils, excit-
ing the mass whibh, in turn, excites the soil sample. The
frequency of the oscillation is varied until resonance is
obtained. Knowing the resonant frequency allows for a
determination of the shear modulus by application of the
theory of Qave p?Opagation ih prismatic rods.

Resonant column tests were carried out for the following
projects:

Soi]'Cement; Behavior of
. I-15, San Diego _
Dunsmuir, Reinforced Earthen Wall

=W M

Pasadena, 7-11 Interchange



APPARATUS




5. I-5, 56th Avenue, Sacramento
6. State Capitol, Sacramento

Shear moduli and damping values of materials for all of the
above ‘projects are reported: in Appendix B, The resonant
column test procedure, as used in this research, is
reported in Appendix F.

Field resonant footing tests were conducted on the surface
of cdmpacted backfill material for both a reinforced earth
wall and a mechanically stabilized embankment on

Interstate 5 at Dunsmuir. The backfill material is a

Class 4 aggregate subbase (Type I). Tables 1 and 2 show
the gradation and quality réduirements of Class 4 aggregate
subbase. . '

Table 1

Gradation, Cﬁass 4 Aggregate Subbase (Type 1)

_ ) Percentage Passing
S , : Individual | _
Sieve Sizes i Test Results |  Moving Average
No. 4 . 30-94 35-90
No. 200 ! - o0-29 ] = 0-25

10



" Table 2

Quality, Class 4 Aggregate Subbase {Type I)

Test Method Individual Moving
Item No.Calif. Test Results Average
Sand Equivalent 217 18 min 20 min
Resistance -
(R-value) 301 50 min --

Test resu]té indicated average shear modulus values of
6.3x10% psf for the mechanically stabilized embankment
and 15.8x10° psf for the reinforced earth wall. A shear
modulus of 6.6x10° psf was determined when samples were
‘taken from the backfill material of the reinforced earth
wall and tested to determine the shear modulus by the
resonant column device.

The value of 15.8x10° psf appears to be anomalous while

the shear modulus determined by the resonant column appears
to corroborate the field resonant test results for the
mechanically stabilized embankment. The anomalous result
is possibly due to seating problems of the footing. Cal-
trans' brief experience at this site and others verified
this finding. It is therefore concluded that the use of
the resonant footing is of questionable value for some
soils because of the need to provide a satisfactory seating
at the contact surface between the device and the ground
surface. For this reason, it may be limited only to fine
grained compact soils. It also has a limited depth of
influence. S

11



Moore (1973) conﬁucted a‘étudy comparing the compressional
wave velocities for embankment, base course and pavement
lTayers to their respective compacted in-place densities.
Data for the compréssion wave velocity line were obtained by
placing a detector firmly on the surface of the layer to be
studied. Impact blows were made with a two pound hammer on
a small steel bar {(3/4" x 3/4" x 4"). The time of wave
travel was measured at 0.5 foot intervals over a 1.5 foot
diétance. A contact on the hammer closed a circuit upon
stfiking the plate starting a timer measuring in units of
1/8 millisecond. A photograph of this equipment is shown in
Figure 2.

Results from 254 tests indicated an essentially straight
line relationship between the measured in-place density and
the compressional wave velocity. Standard deviations from a
straight line were 2.30 percent and 2.20 percent of maximum
dry density for tests made on granular and subgrade mate-
rials, respectively. A compilation of the test results is
shown in Figure 3.

Comparing the techniques employed as a part of this research
and as employed by Moore (1973) for determination of elastic
parameters, it is clear that the technique used by Moore is
more advantageous. The main reasons are as follows:

1 The technique has a greater volume of influence
2. The equipment needed is much less complicated

3. The test is less time consuming
4, And the Seéting problem is less critical.

12



Figure 2. MD-1 SEISMIC EQUIPMENT

From Moore, "Seismic Test for Compaction of Embankment,
Base Course and Pavement Layers”

13
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It is important to note that measuring'the shear modulus by
the resonant footing method neglects the effect of aging.

It has been demonstrated by a number of investigators
(1,2,3,4,6,10,14,) that the shear modulus of a soil is a
time-dependent property. Adging a sample under a confining
pressure increases the shear modulus. This effect is very
predominant in finer grained soils and less so in the
coarser grained soils. Afifi and Woods {1971) showed a 5 to
10 percent increase in shear modulus for an Ottawa Sand when
confined for a period of 24 hours without showing an
increase in density.

The aging effect on the shear modulus is an important factor
accounting for a difference in shear modulus determined by
subsurface geophyéica1 means compared to the shear modulus
determined from undisturbed samples tested in the labor a-
tory. It is postulated that the aging of a (undisturbed)
sample is a phenomenon whereby a sample regains some of its
strength lost during the sampling and extrusion process.

Studies determining the effect of aging on the compressional
wave velocity of soils were not found in the literature.

The relationships between the shear and compressional wave
velocities and the elastic modulus are as follows:

2u-2 | - |
Vp? = Vs? (5D . Eq. 4
2 _ __ E(l-u)
ot Z ST (T-20) EBa. 5

where Vp and V¢ are the compressional and shear

wave velocities, respectively, p is Poisson's ratio,

p is the material's mass density, and E is the elastic
modulus.,

15



It is usually aQSumed that Poisson's ratio is not affected
by aging. By eXhmination of Equation 4, it can likewise be
assumed that Vp'is equally increased as Vg s increased
with time.

Consideration should therefore be given to the aging effect
on either compressional wave velocities Br shear moduli de-
terminations of an embankment fill with time. Moore (1973)
did indeed find a 20 percent increase in compressional wave
velocity of bituminous pavement 13 days after completion of
rolling. o

Studies recently published by Floss, et al (1983) and
Schwab, et al (1983) describe a new dynamic test method
used on a numbek of test fills to assess compaction. The
method consists of using a light vibratory roller mounted
with an accelerometer to measure the vibration characteris-
tics of the roller and the fill. Although this method can
probably not be considered as a surface geophysical test,
it does attempt‘tc measure the same property, namely
stiffness. -

In their studies, the stiffness of a newly placed 1ift was
assessed by noting the compactometer value (CMV) which fis
the ratio of amplitudes of the first and second modes of
vibration as measured by the accelerometer. The studies
compared the CMY as a function of the number of passes with
results from mechanical tests which inciuded plate load,
pressuremeter,“dynamic sounding and density tests. Compar-
jsons indicated a general increase in CMV with an increase
in values determined by the mechanical tests. The
comparisons didj however, indicate a large amount of
scatter for all the mechanical test results. Although the
initial results appear to be promising, the following areas

16



remain to be studied before much reliance can be placed
upon this new method; frequency of the roller, roller speed
during compaction, direction of travel, boundary condition
of the fill, type of material, moisture content, 1lift
‘thickness, subsurface condition and excess pore water pres-
stre in the fine grained soils.

This method of assessing compaction of an embankment fili
would be very advantageous. The operator would continuous-
1y receive information with each pass of the roller and
would therefore know which areas require additional rolling
and which areas of the fill are sufficiently compacted.

17






EMBANKMENT PERFORMANCE PREDICTED BY THE FINITE ELEMENT
METHOD '

The finite element method has seen a dramatic increase in
usage within the geotechnical community during the last
decade. The method has been demonstrated to be a powerful
tool in estimating stresses, strains and movements within
embankments. Studies have been carried out and reported in
the literature demonstrating the validity of the method and
the appropriateness of the stress-strain characterizations
employed. |

In their report on stresses and movements in Oroville Dam,
Kulhawy and Duncan (1970), demonstrated good agreement
between computed and measured stresses and movements
throughout the embankment. At the time of their report,
Oroville Dam was the world's highest embankment and was
therefore, a significant test of the finite element met hod
and the use of the incremental construction technique along
with the use of hyperbolic stress-strain parameters.

The hyperbolic stress-strain parameters used in the study
were derived from standard triaxial tests run on embankment
materials set up at the same density and water content as
the different materials comprising the dam. The values used
in the analysis are shown in Table 3.

The maximum cross section of Oroville Dam is shown in Figure
4., The dam was modeled by first simulating the construction
‘of the core block, secondly, the upstream cofferdam and
finally the full embankment.

18
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A comparison of fhe computed and measured horizontal move-
ments at two different elevations within the downstream
portion of the embankment are shown in Figures 5 and 6.
Cross arm devices shown in Figure 4 were installed within
the maximum section for the purpose of measuring settle-
ments. Comparisons of the measured and computed settlements
are shown in Figure 7.

It is important to note that before the development of the
increménta] construction technique, the settlement behavior
shown in Figure 7 was impossible to predict. If the
‘analysis were conducted using ngravity-turn on" (instant
full embankment load) techniques, even with hyperbolic
stress-strain parameters, the max imum settlement would have
occurred at the top instead of approximately midheight of
the embankment. The incremental construction technique does
not, however, address post-construction or secondary
consolidation of any of the materijals within an embankment.

Although gravity-turn on analyses do not model construction
movements, they do adequately gquantify stresses within an
embankment.

In comparing computed and measured stresses, it should not
be assumed that stress cells correctly identify the actual
stress in an embankment. Weiler, et al (1982) 1ist 15
factors which, if not carefully considered, could lead to
Very erroneous measurements. Vrymoed (1981), in a gravity-
turn on analysis of Oroville Dam, compared the measured and
computed stresses as shown in Table 4.
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In$pection of Table 4 shows good agreement between measured
and computed vertical stresses. Inclined stresses and com-
pression toward the downstream toe also show good agreement.
The operable cells measuring stresses toward the upstream
toe yield more erratic results when compared to the calcu-
lated values. The disagreement between the calculated and
measured values for the inclined cells is understandable
considering the difficulty of their placement and compaction
of the adjacent embankment material.

Subsequent to the study'of Oroville Dam by Kulhawy and
Duncan, other investigators have been able to verify the
increment al construction method and the hyperbolic stress-
strain characterﬁzation.

Chang (1976) repdrted fie1d'data and computed stresses and
deformations in three highway embankments., It was found
that the layered incremental construction method and use of
the hyperbolic stress-strain parameters predicted sofl
stresses and deformations ‘that were in good agreement with
the measured stresses and deformations. Figures 8 through
10 compare computed and observed vertical settlements for
each of the three highway“embankments. Like the study on
Oroville Dam, the characterization of the hyperbolic
stress-strain was derived from triaxial test results on
materials compacted to the same density and water content as
the materials comprising the three embankments.

Since these methods used to compute stresses and movements
have been veriffed, it is assumed, for the purpose of this
report, that the estimation of stresses and deformations by
the aforementioned techniques is appropriate for studying
the effects of compaction on embankment performance.
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Table 4. Static Stress Comparison

Stress Tsf Direction

Cell No. Maihak Cell FEM Analysis of Stress
1 13.8 . 16.6 b
2 29.5 28.2 a
3 14.4 11.1 b
4 - 23.0 c
5 30.9 25.6 a
6 15.1 14.2 b
7 22.3 21.0 a
8 11.0 24.5 c
9 - 20.8 c
10 7.9 18.9 c
11 11.5 12.1 b
12 25.4 20.2 a
13 18.0 17.0 a
14 10.0 9.1 b
15 17.1 o

A+ o 1 Tsf = 95,7 KPa

CREST Efev. 922

NWS Elev. 300

(E.) ¢ TOTAL STRESS CELLS

300

200
uﬂ'z 19 |42’3 18 Elev. 380

100 2 -] 7
lgd St 24,9 Eiev. 460

Ll

I
Q 200

ELEVATION IN FT
1FT.2 0.305 M.

al
400 (Ft)

LOCATION OF STRESS CELLS

From Vrymoed, *Dynamic FEM Model of Oroville Dam”
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USAGE OF ELASTIC MODULI AT 10'4 PERCENT STRAIN

It js important to contrast the quantitative value of elas-
tic moduli as determined by use of triaxial test procedures
and hyperbolic stress-strain parameters and as determined by
geophysical means. Wwhen the elastic moduli of a soil are
determined by geophysical means, the level of strain is on
the order of 10-5 to 10-4 percent. When the moduli values
are determined by triaxial test procedures, the levels of
strain are on the order of 101 to 1 percent. The differ-
ence between the moduli values as determined by the two
test procedures therefore ranges from a factor of 3 to 20
as shown in Figure 11,

1.0

STATIC TRIAXIAL
TEST RANGE

05¢ —3 -

SHEAR MODULUS
SHEAR MODULUS @ 10° %

SHEAR STRAIN (%)

Figure 11. Behavior of Shear Modulus With Shear Strain
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In addition to strain, the other two factors that greatly
influence the eltastic moduli are void ratio or density and
confining pressure. Several researchers have developed
relationships between elastic moduli and these two factors.

Hardin and B1ackJ(1968) developed the following relationship
for angular grained materials based on many independent
measurements of wave propagation velocities in clean dry
cohesionless materials with seven different types of
resonant column devices:

o - 1230 (2. 9,7,;-..3)“?’%;/2

AR Eq. 6
lte

Where G is the shear modulus at small stirains (10-%)
in pounds per square inch, e is the void ratio and

- 04 is the éffective confining pressure in pounds per
square inch.

\The following equation, developed by Seed and Idriss (1970)
expressing shear modulus as a function of density and
icqnfining pressure, is very similar to Equation 6:

6 = 1000K, (o) 1/2 Eq. 7

Where G is the shear modulus in pounds per square
foot, Ko is a dimensionless number varying with
shear strain, soil type and relative density and
on ¥s the mean effective confining pressure in
pounds per square foot.
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Both Equations 6 and 7 are similar to the following equa-
tion used by Wong and Duncan (1974) in their development of
the hyperbolic stress-strain parameters:

E; = kPa{o3/P4)" | . Eq. 8

Where E; is the initial elastic modulus, K and n are
dimensi?nTess numbers and are functions of material
type and density and P, is atmospheric pressure ’
making conversion from one system of units to another
more convenient, and o3 is the minor principle

stress, %

The initial elastic modulus used in the hyperbolic stress-
strain characterizations of soils is shown in Figure 12,

Stress

Strain

Figure 12, Initial Elastic Modulus
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The value of inifﬁa] elastic modulus would thus approach,
quantitatively, the value of the elastic modulus determined
at small strains. The initial elastic modulus is typically
determined by conventional static triaxial testing methods
which do not have the means of measuring strains at levels
of 104 percent.

Vrymoed (1981} determined and verified the K, parameter
as used in Equation 7 for the Oroville Dam gravels by not-
ing the accelerations and displacements of the dam during
seismic activity in the Oroville area in 1975. The seismic
activity induced shear strains in the dam on the order of
10-3 percent. It was determined that the K, value at
- 10-4 percent strain or Kpmax, for the Oroville Dam shell
material is 205.

Computing the shear modulus by Equation 7 and using a

Komax value of 205 can be compared to the initial elastic
modulus as used in the hyperbolic stress—straﬁn characteri-
zation of the Oroville Dam shell material. A comparison of
elastic moduli is shown in Table 5 for a location in the
downstream shell where the minor and major principal
stresses are 5 and 10 TSF, respectively.
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Table 5. Comparison of Elastic Moduli

_ 93.n
Ey = KPa(ﬁg)
K = 3780%*
P, = 1.058 TSF
o3 = 5 TSF
n= 0,19*
E = 5.1x103 TSF

- w1/2
Gax 1000 K,max (Um)
Komax = 205
g! o! o!
v . 13+ 3
Um = 3 - 6-7 TSF

Exx = 2,9x10% TSF

*yvalues taken from Table 1
E
*%x [ =
G ZI6EN) was used and H

0.3 at 03 = 5 TSF

The comparison shows the elastic modulus at 10-4 percent
strain to be greater than the initial elastic modulus by a

factor of 6O.

Hence, if the greater elastic modulus would

have been used by Kulhawy and Duncan (1970), they would
have obtained movements smaller by a factor of 6 than the

calculated movements shown in Figure 7.

Their finite

element solution already underestimated the actual movements
and the use of an increased elastic modulus would have

increased tihe underestimation.
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EFFECTS OF VARIATION IN MOISTURE CONTENT AND COMPACTIVE

EFFORT ON EMBANKMENT STRESSES AND MOVEMENTS

Finite element analyses of four hypothetical embankments
were carried out to study the effect on embankment stresses
and movements due to variations in moisture content and
relative compaction of embankment fill. The four embank-
ments were modeled as having heights of 50 and 100 feet and
side slopes of 1.5:1 and 2:1. The finite element represen-
tation for each one of the four embankments is shown in
Figure 13. A rigid foundation was assumed for each
embankment.

Computer program REA, Herrmann (1978), was used in the
analyses. The program simulates embankment construction by
use of the incremental construction technique and uses the
hyperbolic stress~-strain characterization as developed by
Wong and Duncan {(1974).

Kulhawy, Duncan and Seed (1969) reported the effect of
changes in compactive effort and moisture content on the
hyperbolic stress-strain parameters for Pittsburg sandy
clay. The report considered three different levels of
compactive effort as shown in Figure 14, Specimens were
compacted to the desired densities and moisture contents
using a Harvard miniature kneading compaction apparatus.
The maximum deﬁsity obtained by the 50 1b tamp effort
closely corresponds to the Modified AASHTO maximum density
as shown in Figure 14. Assuming the maximum dry density
obtained by the 50 1b tamp effort to represent 100 percent
relative compaction, the maximum dry densities obtained by
the 12.5 and 25 1b tamp efforts correspond to 92 and 96
percent relative compaction, respectively. The variation
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of hyperbolic stress-strain parameters with changes in
relative compaction and moisture content, as determined by
Kulhawy et al, is shown in Figures 15 through 17. The data
shown in these figures represent a substantial amount of
laboratory testing and are therefore utilized to gxamine
the effects on embankment stresses and movements due to
changes in compactive effort and moisture content.

For the purposes of this report, the hyperbolic stress-
strain parameters corresponding to the maximum density for
the three levels of compaction and moisture contents of
plus and minus two percent of optimum were used as input to
computer program REA, Herrmann (1978), for each of the four
embankments. These parameters, reflecting the variations
in moisture cbntent and compactive effort for a total of
nine different c@nditions, are summarized in Table 6.

The vertical, Jateral and horizontal shear stresses shown
in Figures 18, 19, and 20, respectively, were computed at
midheight of the 100 foot embankment having side slopes of
1.5:1. Since the behavior shown in these figures is typi-
cal for the othef;embankments, the stresses for the other
embankments are ﬁ?esented in Appendix C. The stresses
shown are for one-half of the embankment since they are
jdentical for the other half due to symmetry of each of the
four embankments.

Results indicate that, generally for all embankments and
for each level of compaction, the horizontal shear siresses
were s1ight1y gréater for the dry of optimum case than the
stresses computed for the wet of optimum case. The verti-
" cal stresses were greatest for the 100 perdent relative
compactive effort due to a greater unit weight than the
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unit weights corﬁésponding'to the lower compactive efforts.
Variations in lateral stresses were very minor for each
embankment and for each of the compactive efforts and
moisture contents considered.

For the material type and the cases considered in this
study, the effect on stresses due to variations in compac-
tive effort and moisture content can be summarized as being
very minor and negligible in both qualitative and quantita-
tive terms.

Variations of horizontal and vertical movements with depth
of embankment are shown in Figures 21 and 22, respectively.
The movements shown were computed for three locations for
the 100 foot embankment having side slopes of 1.5:1. As in
the case of embankment stresses, the behavior of computed
movements were similar for the other embankments and are
presented in Appendix D.

The following generally apply when considering movements
computed due to simutation of embankment construction by
the incremental construction technique,

1. Due to symmetry, the lateral movements at centerline
are zZero. '

2. The vertical movement at centerline is greatest at
midheight and zevo at the top of the embankment.

3. | Vertical and lateral movements at'midslope are great-

est midway between the slope and foundation and have some
finite value at_the top of the slope.
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4, Near the toe, the largest vertical and horizontal
movements occur at the top of the slope.

The maximum vertical and horizontal movements for each
embankment and for each variation in compactive effort and
moisture content are shown in Tables 7 and 8, respectively.
The data presented in these tables indicate very minor
amounts of movement for all of the variables considered in
this study. The movements do start to become appreciablie,
for the 92 percent relative compactive effort, wet of opti-
mum, for both the 50 and 100 foot embankments.

Conventional slope stability analyses were carried out to
assess the effect on factors of safety along a circular
failure surface due to variations in compactive effort and
moisture content. Analyses were carried out for each of
the four embankments. The results of these analyses are
summarized in Table 9.

Table 9. Minimum Factors of Safety

100% 96 % 92%

1.56:1 9,4 17.415.,9/5.9(6.8]5.8[4.0|4.7]3.2

50! 2.1 | 9.817.715.716.516.9]5.814.4|5.2}3.4

1.5:1 5.9 {4.2]3.5|4.,1{4.1|3.3|2.6}3.3]|02.0

100° 5:1.1 5.9 | 4.6 |3.8|4.0|4.3!3.6|2.9]3.2]2.3
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Examination of the results in Table 9 shows that the lowest
factors of safety correspond to the 92 percent relative
compactive effort and wet side of optimum condition. These
results corroborate the findings regarding movements which
were greatest for the same compactive effort and moisture
content condition. The highest factors of safety corre-
spond to the lOOIpercent relative compactive effort and dry
side of optimum condition. This result again corroborates
the findings regarding movements since the same compactive
effort and moisture content condition resulted in the
lowest computed movements.

52



SUMMARY AND CONCLUSIONS

This report has attempted to place the concepts regarding
embankment construction control, as stated in a 1972
research proposal, in context with the cdrrent state of the
art in geotechnical engineering. The research proposal
postulated the use of elastic parameters corresponding to
strain levels of 1074 percent in finite element analyses

to determine embankment movements and stresses. It is
pointed out in this report, based upon previously published
findings, that this usage is inappropriate. Instead, the
use of elastic parameters determined at greater levels of
strain has been demonstrated to accurately predict con-
struction movements.

Attempts to determine shear modulus values in the field by
the resonant footing technique as a part of the originally
proposed research met with a Timited amount of success.
Problems encountered were primarily due to the large amount
of sophisticatedleduibment and critical nature of footing
contact with the ground surface. In view of these findings,
it might be more advantageous to measure compressional wave
velocity in the field and correlate this velocity to field
density. It is not suggested that this be done to provide
data for use in any type of analysis but instead to provide
a means for a nondestructive and rapid test method as
suggested by Moore (1973).

Traditional means of ensuring adequate embankment perfor-
mance have centered around the specification of a minimum

level of compaction and the implementation of field testing
to determine if this minimum level is achieved during

construction. The purpose of specifying a minimum level of
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compaction has i%nera]ly;been done to limit settlement and
jncrease the factor of safety against slope failure.
Current embankment design methodology does not relate the
level of compaction to allowable construction movements or
embankment stresses. This report has studied the effect of
different levels of compaction and moisture content on em-
bankment stresses and movements for Pittsburg sandy clay.

Results of the studies showed the effect on stresses both
in qualitative and quantitative terms to be minor and of no
consequence. The computed movements for each embankment
and Compactive effort and moisture content conditions
considered were‘é11 quantitatively small. The Targest
movements were computed for the lowest compactive effort
and wet side of optimum condition. This condition also
resulted in the lowest factor of safety as determined by

- ‘conventional st%bi]ity analyses. Based upon the result of
these studies, it could be concluded that the 92 percent
compactive effort on the dry or at optimum moisture content
would result in tolerable movements and adequate factors of
safety and therefore enSureAsatisfactory embankment
performance. It should be noted that this conclusion is
only valid for the conditions considered in the analyses,
namely soil type, embankment configuration and foundation
conditions. The level of compaction which will ensure
satisfactory performance for other soil types or embankment
conditions can be assessed in a manner similar to the one
described in this report.
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RECOMMENDATIONS FOR FUTURE STUDY

I. In conjunction with additional research concerning
compaction control, adequate embankment performance
standards or criteria should be formulated relating
minimum performance to anticipated service loads.

I1. A proposed embankment could be designed with a
specified minimum Tevel of compaction ‘so that
predetermined embankment performance levels can be
attained. Construction and post-construction
movements could then be monitored and evaluated.

III. Additional research could be undertaken to determine
the practicality of using surface geophysical methods
to monitor levels of compactive effort. It is recom-
mended that compressional wave velocities of embank-
ment fills be measured as described by Moore (1973).
These measurements could be made in conjunction with
nuclear density tests. The effect of time on the
compressional wave velocity couid, and should, be
1ncbrporated in any future study.
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PROPOSAL FOR A 'NEW FHWA-FINANCE

RESEARCH PROJECT

TITLE

Dynamic Approach to Embankment Construction Control
(Formerly "Dynamic Approach to Compaction Control)"

PROBLEM

Current practice in the design and construction of embankments
requires the evaluation and control of stability and settlement.
The problems associated with the traditional methods of embankment
design analysis and construction control are as follows:

1. Laboratory shear strength measurements cannot be effectively
employed for construction control purposes.

2, Relative compaction is an indirect means of assessing soils
strength and controlling settlement. -

3. Limit equilibrium?methods of analysis do not permit the
evaluation of stress-strain behavior of an embankment under either
a static or dynamic loading condition.

4, Limit equilibriﬁm*analysis is essentially a pass-fail, look
at an entire embankment-foundation system which does not permit
evaluation of local variations in stress and strain.

BACKGROUND INFORMATION . ’

Determination of the stability of an embankment foundation system
usually involves analysis by a limit equilibrium method which assumes
movement by a sliding mass along either a planar or circular failure
surface. Data input includes embankment geometry, density and the
shear strength parameters of the soil as determined by laboratory
triaxial compression tests under conditions, hopefully, representative
of the most severe loading conditions which will occur within the
design life of the facility. These tests are conducted on undisturbed
samples of foundation soil and remolded specimens of embankment
material. The construction of the embankment must be controlled to
insure that the average soil properties of the embankment materials
are at least equal in quality to those assumed in the design. Since
construction control by laboratory measurement of shear strength is
not practical due to its time-consuming and expensive nature and

field strength measurements, particularly on cohesionless soils,

are not possible, basic construction control is exercised by
compacting the soil to a minimum specified density which is comparable
to that of the soil specimens on which laboratory shear strength
measurements were mades
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Past investigations, however, have indicated only a very general
relationship between density and shear strength. Thus compaction
to a fixed and in some respects arbitrary density may require the
expenditure of more effort and time than is necessary to achieve
the minimum required stability. ’

A point of diminishing return with respect to increased strength
for a given embankment material may be achieved at say 87 percent
of relative compaction rather than the required 90 percent. As
stated in a report on the measurement of embanggent density by
the seismic method by Weaver and Rebull (1967)7 :

"Improvements in density measuring techniques will
not improve efforts for effective quality control
of embankment compaction, because soll density is
not capable of indicating an acceptable quality
level of compaction. At best, density has only

an incidental relationship to the soil condition
brought about by "adegquate" compaction, which pro-
duces "adequate" performance."

Similarly, a specified minimum relative compaction is also utilized
to assure a minimum compressive settlement within the embankment.
Densification, also, is an indirect control since settlement is

also a function of the geometrical configuration of the embankment
and foundation system.

The use of conventional limit equilibrium methods of analysis

do not offer an insight into the stress-strain-time behavior

of all parts of the embankment under either static or dynamic
locading conditions. A realistic dynamic loading design

requires analysis of the time dependent response of the embankment
which includes the damping effect of the embankment material.

Recent advances in technology have resulted in an increased use

of the finite-element method for analyzing the stress-strain-time
characteristics of soll masses and soil-structure systems. This
method enables prediction of the stress-strain characteristics of
embankments comparing reasocnably well with field measurements in

the static state or under dynamic loading conditions. The finite-
element method is an analytical approach based on theory of elasticity.
The essential soil parameters required are density, the modulus of
elasticity, the Poisson's ratio, and the damping coefficient. These
parameters can be measured in the laboratory by the resonant-column
apparatus and by various seismic tests in the field.
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In order to extensivelY'utilize the finite-element analysis to
solve soil-structure problems, research is currently needed to:

1) Improve accuracy in the determination of elastic parameters
of soils both by laboratory and field methods.

2) Verify the results of predlcted stress-strain-time behavior

of embankments by comparing the data with those obtained from
field instrumentation.

3) Obtain relationshib between the method and effect of
compaction and the elastic moduli of soil.

The evaluation of elastlc modull and Poisson's ratio using non-
linear stress-strain curves obtained from triaxial compression
tests ?E)501l samples was recently reported by Chang and Duncan
(1970} . Using a modified approach, the Materials and Research
Department of the California Division of Highways developed an
empirical expression for calculatlng tangent modulus (M&g Report
-+ 632509-4, "Stress Deformation in Jail Gulch Embankment") ‘. This
emplrlcal equation is exXpressed in terms of ultimate shear strength
parameters and overburden loads as

By = [(A+B) (1-sing) .YH] [1 - —Y8 (1-sin¢) sing (1)
o '~ 2C cos¢ + sing (‘Y

H&-ﬁ—-—
N& M——

Where: E, tangent modulus of elasticity in pounds per square foot;

Il

ultimate cohesion parameter in pounds per square foot;

f

ultimate internal friction angle;in degrees;

C
¢
Y = density of soil in pounds per cubic foot;
H

|

depth of overburden load in feet;

=
i=N
li

Rankine's;éarth pressure coefficient ='tan2(45°“%)i

Dimensionless constants obtained from plots of initial
moduli and confining pressure.

L
o
]

Using the elastic méduli calculated from this eguation, the stress-
deformation behavior of the Jail Gulch embankment was analyzed using
the finite-element method. The calculated results agree reasonably
well with those obtained in the field.
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A more direct laboratory testing technigue to determine the elastic
constants of soil using the resonant-column apparatus has been
available for a number of years. With this method a cylindrical
column of the material is set into resonance by a variable

frequency exciter. The wave velocities and the corresponding
elastic properties are then computed from the dynamic response

of the sample. The equations for computing the elastic con?gi?ts
from the resonant-column tests were given by Pickett {1945) .

A resonant-column apparatus for measurin?lg}astic constants o%lﬁ?ils
was described by Hardin and Music (}33?) Drenevich (1267) ’

and Richart, Hall, and Woods {1970) +» A testing procedure using
this r?ig?ant—column apparatus has been recommended by Hardin
(1970) in an ASTM publication.

By laboratory testing of cohesionles?lg?ils in resonant-column
apparatus, Hardin and Richart (1963) were able to establish
empirical expressions relating shear modulus to void ratio and

confining pressure. For round-grained sands (o.3§e10.8), it was
suggested that,

2 i
2,630 (2.17-e) 2

¢ = 2£833 12 (ag) (2)

and for angular-grained sands (0.66<e<1.3, the empirical equation
was found to be, -

2 L
_ 1,230 (2.973-e) 2
G = 1 + e (GO) (3)
Where: G = shear moduﬁus of elasticity in pounds per square inch;
: 0o = confining pressure in pounds per square inch;
e = void ratio.

Hardin and Black (1968) (17) suggested that Equation (3) can also be
used to obtain a reasonable approximation of the shear modulus of a
normally consolidated(gi?y with low surface activity. Richart,

Hall and Woods (1970) reported that Poisson's ratio generally
varies from 0.25 to 0.35 for cohesionless soils and from 0.35 to
0.45 for cohesive soils. They suggested that, for ordinary design
purpose, no significant error is introduced if Poisson's ratio is
assured as 1/3 for cohesionless soils and as 0.4 for cohesive soils.
Once the shear modulus of elasticity and Poisson's ratio are
determined, Young's modulus of elasticity can be computed by
equation(4) derived from theory of elasticity,
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E=2(L+¥u) G, . (4)
Where: E = Young's modulus of elasticity:;
U = Poisson's ratio.

The in situ measurement of elastic properties of soils can be
accomplished by the wave propagation approach. In an infinite
elastic body a disturbaiice may be propagated by wave of volume
change, designated as the compression wave (or P-wave), and by
wave or distortion at constant volume designated as the shear
wave (or S-wave). In a semi-infinite, elastic, half space, a
third type of wave also develops at and near the surface.

This surface wave has be?§3?esignated as the Rayleigh wave or
R-wave (Rayleigh, 1885) - . The velo?igies of the P-wave and
S-wave have been given (Knopoff, 1952) as a function of
elastic constants, W and G, as follows:

v = ——-—G g = ..G_ . ‘

vV = 2{1-py) , (6

p Vs N 1—2]_1 ’r . : . ’ )
in which V_ = S-wave veiocity, V., = P-wave velocity, V_ = R-Wave

velocity, & is the shear modulustof elasticity, y is tRe unit
weight, g is the gravitational acceleration, and p is the T§§§
density of the elastic material. Table 1 (Knopoff, 1952)

gives the theoretical value of the ratio of the velocities of
P-wave and R-wave to S-wave velocity as a function of the Poisson's

ratio.
TABLE 1
Poisson's S .
e i
—.-—-...-H____ ' vs . VS
0 . 0.875 1.418
0.1 0.893 1.493
0.2 0.911 1.626
0.3 0.927 1.869
0.4 0.942 2.439
0.5 0.955 0

“Waves i?zgon-isotropic or lavered material are described by Leet
(1950) )and by Ewing, Jardetzky, and Press (1957) (12).
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Using the wave-propagation approach the following methods are
usually employed to measure the in-place modulus of elasticity
of soils:

(1) Seismic tests to determine the compression wave velocities
through the soil mass.

(2} Vibration tests to determine the shear and surface wave
velocities through the soil mass.

(3) A combination of the above tests to determine the natural
frequency of soils and attenuation characteristics.

When sustained vibrations are induced into a soil mass, con-
centric waves are propagated outward from the source. The
waves require a time to tr?gﬁ} a distance through the soils.

According to Jones (1958) ; i1f the waves are propagated at a
known freguency £, then ’

V = Af. : (7)

Where: V wave velocity;

A

wave length;

£ frequency of the vibrator in cycles.

This wave velocity depends upon the type of wave and ratio of

the elasticity of the medium to its mass density_P. The

relation of shear modulus of elasticity, G, to shear-wave velocity,
V.r 18 given by Equation 5. As shown by Table 1, the Poisson's
ratio is a function of the ratio of the compression waYgoyelocity
and shear wave velocity. According to Heiland (1963) the rela-
tion between the Poisson's ratio and ratio of compraession wave
velocity and shear wave velocity is

v -2
H = E
2(Vr2 - 1) (8)
v
Where: Vv = .C = Compression wave velocity
r VS shear wave velocity i

U = Poisson's ratio..

With the in situ shear modulus of elasticity, G, and the Poisson's
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ratio, u, known, the in-place Ybung's modulus of elasticity, E, can
be computed by Equation 4.

In summary, theories and experimental techniques and procedures

for determining both laboratory and in situ elastic properties

of soils are available. Because soil masses are usually not
homogeneous and isotropic in the field, and soil properties

vary significantly, long-range research is needed to establish
standardized procedures and to determine the elastic constants for
each group or any combination of soils at different compaction
efforts. The important factors which affect the determination

of elastic constants of soils require extensive laboratory and field
tests.,




March 1972
632304
F-4-27
Page 8

PERTINENT LITERATURE

ll

Abbott, P. A., (1967), Simmons, XK. B., Reiff, C. M., and
Mitchell, S., "Recent Soil Stress Gage Research," Proceedings,
Internaticnal Symposium on Wave Propagation and Dynamic
Properties of Earth Materials, University of New Mexico,

pPp. 221-238.

Afifi, S. S. and Woods, R. D., (1971), "Long-Term Pressure
Effects on Shear Modulus of Soils," Journal of Socil Mechanics

and Foundation Division, Proceedings of ASCE, Vol. 97, No.
SM 10.

Bamert, E,, Schmitter, 8., and Weber, M., (1967), "A Field
Method of Determining Soil Properties by Impact Loading,"
Proceedings, International Symposium on Wave Propagation and
Dynamic Properties of Earth Materials, University of New
Mexico, pp. 265-274.

Barkan, D. D., (1962), Dynamics of Bases and Foundations,
McGraw-Hill Book Co., Inc., New York.

Biot, M. A., (1956), "Theory of Propagation of Elastic Waves
in a Fluid Saturated Porous Solid," Journal, Accoustic
Soclety of America, Volume 28.

Chang, C. Y. and Duncan, J. M., (1970), "Nonlinear Analysis
of Stress and Strain in Soils," Journal of the Soil Mechaniecs

and Foundation Division, Proceedings of ASCE, Vol. 96, SM5,
Sept. 1970.

Chang, J. C. and Okasaki, D. K., (1971), "Stress and Deformations
in Jail Gulch Embankment," Materials and Research Department,
California Division of Highways, Report No. 632509-4.

Casagrande, D. R., (1967), "Dynamic Soils Investigation for
Ground Radius Effects Study, Redstone Arsenal, Alabama,”

U. 5. Army Engineer Waterways Experiment Station, Report
No. 4-910.

DeRoock, B. and Cooper, A. W., (1967), "Relation Between
Propagation Velocity of Mechanical Waves Through Soil and
Soil Strength," Proceedings, Symposium on Wave Propagation
and Dynamic Properties of Earth Materials, University of
New Mexico, pp. 905-912.

A-9



10.

11.

12.

13.

14,

15.

1s.

17.

18.

19.

20.

March 1972
632304
F~-4-27
Page 9

Drenevich, V. P., (1967) , "Effect of Strain History on the

Dynamic Properties of Sand," Ph.d. Dissertation, University
of Michigan.

Drenevich, V. P., Hall, J. R., and Richart, F. E., (1967),
"Effect of Amplitude on Vibration of the Shear Modulus of
Sand,” Proceedings, Symposium on Wave Propagation and Dynamic
Properties of Earth Materials, University of New Mexico,

“pp. 189-200.

Ewing, W., Jaraetzky, W. S.; and Press, F., (1957), “"Elastic
Waves in Layered Media," McGraw-Hill Book Co., 380 PP.

Hadala, P. F., (1967), "The Effect of Placement Method on

The Response of Soil Stress Gages," Proceedings, Symposium

on Wave Propagation and Dynamic Properties of Earth Materials,
University of New Mexico, pp. 255-264.

Hardin, B. 0.,7(1965), "The Nature of Damping in Sands,"

Journal, Soil Mechanics and Foundations Division, ASCE,
Volume 91. _ . :

Hardin, B. 0.,f(1970), "Suggested Methods of Test for Shear
Modulus and Damping of Soils by the Resonant Column," ASTM,
Special Technical Publication No. 479,

Hardin,fB. 0. énd Black, W. L., (1966), "Sand Stiffness Under
Various Triaxial Stresses," Journal, Soil Mechanics and
Foundations Division, ASCE, Volume 92.

Hardin, B. 0. and Black, W. L., (1968), "Vibration Modulus of
Normally Consolidated Clay," Journal, Soil Mechanics and
Foundations Division, ASCE, Volume 94.

Hardin, B. 0. and Music, J., (1965), "Apparatus for Vibration
of Soil Specimens During Triaxial Test," Symposium on
Instruments and Apparatus for Soils and Rocks, STP-392,

ASTM, pp. 55-74.

Hardin, B. 0. and Richart, F. E., (1963), "Elastic Wave
Velocities in Granular Soils," Journal, Soil Mechanics and
Foundation Division, ASCE, Volume 89, SMl, pp. 33-65.

Heiland, C. A., (1963), "Geophysical Exploration," Hafner
Publishing Company, New York, N.Y.

A-10



21.

22.

23.

24.

25.

26.

27.

28.

29,

30.

31.

March 1972
632304
F-4-27
Page 10

Heller, L. W. and Weiss, R. A., (1967), "Ground Motiocn
Transmission from Surface Sources," Proceedings, Symposium

on Wave Propagation and Dynamic Properties of Earth Materials,
University of New Mexico, pp. 71-84.

Jones, R., (1958), "In-situ Méasurement of Dynamic Properties
of So0il by Vibration Methods," Geotechnique, Vol. 8,1-21.

Jones, R., (1962), "Surface Wave Technique for Measuring
Elastic Properties and Thickness of Roads, Theoretical

Development, " British Journal Applied Physics, V 13 (1),
pp. 21-29.

Jones, R., Thrower, E. N., and Garfield, E. N., (1967},
"Surface Wave Method," Proc. Second Internat. Symp. on the
Structural Design of Asphalt Pavements, pp. 404-421.

Knopoff, L., (1952), "On Rayleigh Wave Velocities,"

Seismological Society of America, Bulletin V. 42, pp. 207-308.

Ladd, C. C., (1964), "Stress-Strain Modulus of Clay from
Undrained Triaxial Tests," MIT, Department of Civil Engineering.
Paper alsc appears in "ASCE Technical Conference on Design of
Foundations for Control of Settlements," Northwestern University.

Leet, L. Don, (1950}, "Earth Waves," Harvard U. Press and
J. Wiley, p. 122,

Kennedy, T. E. and Hendron, A. J., Jr., (l1966), "The Dynamic
Stress-Strain Relation for a Sand as Deduced by Studying Its
Shock-Wave Propagation Characteristics in a Laboratory Device,"

Report No. 1-831, U. 8. Army Engineers Waterways Experiment
Station. '

Maxwell, A. A., and Fry, Z. B., (1967), "A Procedure for
Determining Elastic Moduli of In Situ Soils by Dynamic
Techniques," Proceedings, Symposium on Wave Propagation and
Dynamic Properties of Earth Materials, University of New
Mexico, pp. 913-920.

Olson, R. E. and Parcla, J. R., (1970), "Dynamic Shearing
Properties of Compacted Clay," Proceedings, Symposium on

Wave Propagation and Dynamic Properties of Earth Materials,
University of New Mexico, p. 170.

Pickett, G., (1945), "Equations for Computing Elastic Constants
from Flexural and Torsional Resonant Frequencies of Vibration
of Prisms and Cylinders," Proceedings, ASTM, V. 45, pp. 846-865.

A-11



32.

33.

34.

35.

36.

37.

March 1972
632304
F-4-27
Page 11

Rao, H. A. B., {(1966), "Wave Velocities Through Partially
Saturated Sand-Clay Mixtures," Research Report R66-13, Soils
Publication No. 194, Department of Civil Engineering, MIT.

Rayleigh, L., (1885), "On Wave Propagated Along the Plane
Surface of an Elastic Solid," Proceedings of the London
Mathematical Society, V. 17, pp. 4-11.

Richart, R. E., Jr., Hall, J. R., and Woods, R. E., (1970),
Vibrations of Soils and Foundations, Prentice-Hall, Englewocod
Cliffs, N. J. '

Timoshenko, S. P. and Goadier, J. N., (1951), Theory of
Elasticity, McGraw-Hill Book Co., New York.

Weaver, Robert J. and Rebull, Peter M. (1967) "Determination
of Embankment Density by the Seismic Method", Physical
Research Report No. RR67-5, New York State Department of
Public Works, 1967 pp. 62.

Wilson, S. D. and Dietrich, R. J., (1960), "Effect of
Consolidation Pressure on Elastic and Strength Properties
of Clay," Proceedings, ASCE Research Conference on Shear
Strength of Cohesive Soils, Boulder, Colorado, pp. 419-435.




March 1972
632304
F-4-27
Page 12

OBJECTIVES

The primary objective of this research project is to develop a
standard procedure to evaluate and directly control the quality
of a compacted fill in terms of its elastic properties. -This
will enable the advance tool of finite-element method of analysis
to be extensively utilized for design and analysis of embankments.
To achieve this objective, the present research project is
intended specifically:

(1). To develop or improve the existing laboratory testing
technique to evaluate the elastic properties of soil;

(2). To establish field testing techniques to evaluate in situ
elastic properties of soil for the purpose of construction
control;

(3) . To evaluate the performance and behavior of compacted fill
through measured elastic properties and by finite-element
analysis, and;

(4) . To develop the capability of evaluating the dynamic response
of embankment to earthquake shocks.
IMPLEMENTATION

Implementation of the results of this study will involve initiation
of changes in the present practice of embankment design and con-
struction. Embankment designs will be developed for both static
and dynamic loading conditions based upon the results of laboratory
dynamic tests of elastic properties of soils, in addition to the
presently employed triaxial shear tests.

Similarly, procedures will be initiated for specification and
construction control of embankments in the field primarily by

in situ seismic testing of elastic constants and the evaluation

of response of embankment to the induced vibrations.

BENEFITS ANTICIPATED

Improved techniques of laboratory and field testing to determine
elastic moduli of soils and the means of controlling construction
of the embankments to meet the required elastic properties
established by this study will initiate a new approach to highway
design and construction of highway embankments. By using the
tested elastic moduli of soils in the finite-element analysis, the
stress-deformation behavior of embankments and other structures
that interact with the soil (retaining walls, bridge abutments,
culverts, etc.) can be predicted under any static and dynamic

loadings. Thus, safer and more economical highway soil-structure
systems can be constructed.
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PROPOSED PROCEDURE (Work Plan)

1. Review of the Method of Analysis

Initially a comprehen51ve review of the technology concerning

- the dynamic approach in determining the elastic properties of
s0ils will be made. This will include theoretical consideration
of the problem and a review of current laboratory and field
testing apparatus and procedures. Data pertaining to the
elastic moduli of soils available in the literature and in the
previous M&R projects will be complled for possible correlation.

Emplrlcal equations available in the literature may be evaluated
using these data.

2. Laboratory Determinations of Elastic Constants

It is proposed to conduct laboratory tests of elastic constants

in a triaxial cell using resonant-column apparatus. Both
longitudinal and torsional vibrations may be applied to evaluate the
elastic modull, the Poisson's ratio, and the damping constant of
soil specimen. The resonant-column test is especially useful in

the small elastic-strain range, where the finite-element-method

of analysis is considered most applicable. Undisturbed samples and
laboratory fabricated samples will be tested under various confining
pressures to study the effect of depth and confining pressures on

the elastic moduli of soil with different densities and moisture
content.

3. Field Determinations of Elastic Constants

Evaluatlons of dynamic soil properties from field tests are

required. Essentially this will involve two methods of
vibratory measurements.

i
a. Impact type Vlbratlon for measurement of P-wave ve1001ty.
This is the so- called seismic method commonly used in

refraction surveys. Only a simple seismic timer and its
accessories are required.

b. Steady-state type vibration for measurement of S-wave and
R-wave velocities. This requires a source of harmonic
vibration at the surface of soil and the determination of
wave length of the resulting surface waves at various
distances from the vibrating source. Electromagnetic
oscillator or rotating mass type oscillator may be used
as the source of vibration. An oscilloscope and its
accessories can be used to measure the vibration, or it
can be recorded with a standard seismograph. It is )
possible, using a computerx, to analyze the dispersed train
of surface waves (Rayleigh and Love) which follows the _
faster compressional wave to determine shear wave distribution
for simple two-layer systems. These surface waves will

pProperly delinedate shear wave velocities even if rlgldlty
decreases downwards.

A-14



March 1972
632304
F-4-27
Page 14

Using the measured wave velocities data the shear modulus

of elasticity, Young's modulus of elasticity, and Poisson's

ratio can be calculated. The attenuation characteristics of
vibration may also be studied for ewvaluation of the damping

constant of the soil. ‘

4, Correlation Study of Laboratory and Field Tests

The results of field dynamic tests and laboratory tests on
undisturbed or remolded samples will be analyzed for correlation
purposes. This study is expected to provide empirical equations
that will enable calculation of the elastic properties of soils.
In addition to resonant-column test results, conventional
laboratory test data from unconfined compression tests, triaxial
compression tests, consolidation tests, and compaction tests may
be used for this correlation study.

5. Study of the Relationship Between Compaction Effort
and Elastic Moduli

The elastic moduli of soil may vary, depending on the compaction
method and effort. The relationship between different compaction
methods and the elastic moduli of soil will be investigated. An
effort will be made to determine if a constant modulus of elasticity

for each type of soil can be established by a specified method and
effort of compaction.

6. Field Instrumentation

Test embankments will be selected for instrumentation to measure
the stress-strain-time characteristics within the soil mass.

This may include pressure cells to measure stress, piezometers

for measurements of pore water pressures, and strain device for
measurements of vertical and horizontal strains. The data observed

from field instrumentation will be used to compare with its predicted
behavior.

7. Finite-Element-Analysis

The stress-strain of the embankment will be analyzed by the
finite-element method using the field and laboratory elastic
constants of the soil mass. The calculated stress-strain data
will be compared to that obtained in the field to assess the
validity of the analysis. The behavior of embankments under
both static and dynamic loading conditions will be studied.

The proposed research procedure as discussed above will be
divided into three phases as follows:
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PHASE I - LABORATORY TESTS (FISCAL YEAR 1972-73)

Complete a literature search;

Acquire resonant-column apparatus and electronic
control system for laboratory tests;

Set-up and calibrate laboratory test facilities:

Collect typical éamples of clay, sand, gravel, or crushed
rock;

Conduct 1aboratofy pilot tests on soil samples; and

Analvyze 1aborato£y test data to determine the elastic
properties of each type of soil sample and evaluate the

f

results. f

PHASE II - FIELD TESTS (FISCAL YEAR 1973-74)

Continue laboratory tests;

Acquire field test equipment and electronic control
systems; :

Conduct field pilot tests to determine the in-place elastic

properties of each type of soil (elay, sand, gravel and
crushed rocks);

Analyze field test data to determine those variables which
most affect the elastic constants;

Study elastic properties of soils in relation to compaction
effort;

Correlate the laboratory and field test results; and

Prepare an interim report.

“A-16



1974-75)

1. Select test embankment sections from District's construction
projects;

2. Obtain soil samples of embankment material for laboratory
correlation tests; '

3. Acquisition and installation of field instrumentation to
measure stress-strain behavior in the embankment:

4, Accumulate embankment'stress—strain data during construction
and after completion of construction:

5. Conduct field seismic and vibration tests to determine the in-
place elastic properties of embankment material during and
after completion of construction:

6. Finite-element-analysis using the elastic properties obtained
from laboratory and field tests;

7. Correlate the study of the stress-strain data relative to
the measured and predicted results;

8. Prepare a standard procedure of field tests for embankment
construction control; and

9. Prepare the final report,

EQUIPMENT o -
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PHASE III - INSTRUMENTATION AND IN-PLACE TEST OF
CONSTRUCTION PROJECT (FISCAL YEAR

The major apparatus needed in this research project are described
as follows:

1.

Resonant Column Basic Unit. This is a laboratory test
apparatus for determining the elastic moduli, Piosson's
ratio, and the damping constant of a cylindrical soil
specimen (undisturbed or laboratory compacted) in a triaxial
chamber. The basic unit consists of a triaxial chamber, an
accelerometer, magnets, coils, a load cell, a specimen cap,
a pneumatic apparatus support for test set-up, connecting

wires, calibration charts, and computational aids for the test.

The apparatus is manufactured under patent by Soil Dynamic
Instruments, Inc., of Lexington, Kentucky.

A-17

S



March 1972
632304
F-4-27
Page 17

2, Resonant Column Electronic¢ Unit. This is an electronic
readout device for the resonant-column test apparatus. It
includes a bridge amplifier for the load cell, an AC meter
with maximum sensitivity range of 1 mv RMS full scale with
DC output, a digital DC voltmeter, and a Tektromix X-Y
oscilloscope. This electronic unit provides for digital
readout of all voltages, phase comparisons and observation
of the wave form. This unit can be obtained from Soil
Dynamic Instruments, Inc., of Lexington, Kentucky.

3. Seismograph and Accessories. This is a field-test device
commonly used for refraction survey. The compression wave
velocity and depth of layered soil deposits may be obtained.
The apparatus includes an electronic seismic timer, a hammer,
a vibration transducer, and wires. An oscilloscope may be

used in place of the electronic timer to display the wave
form. :

4, Oscillator. This device is used for a field test to produce
a steady-state ground vibration for evaluation of the dynamic
moduli of soil from the measurements of the vibration-induced
surface waves. This steady-state vibration can be produced
by either an electromagnetic oscillator or a rotating-mass
type mechanical oscillator. An electromagnetic oscillator
is used to produce high-frequency (small wave length)
vibrations while the rotating-mass type oscillator is used for
producing low frequency vibrations. 1In order to analyze
surface wave trains, it may be necessary to produce vibrations
over g range of frequencies. ‘It will, at least, be necessary
to have egquipment capable of producing steady state vibrations
at low and at high frequencies. .

5. Two-Channel Vibration Recorder. This device will be used in
the field to measure the wave form of the ground vibration
produced by the oscillators. The system should be able to
record two simultaneous vibrations on a common time basis.
A portable system is required for convenient transport in
the field. The system consists of a dual-channel recorder
with two velocity transducers. Some of the requirements in
this system is the sensitivity and chart speed of the recorder,

and the sensitivity and natural frequency of the velocity
transducers. :
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STAFF RESPONSIBILITY

This project will be performed in the Foundation Section under

the general direction of Mr. Travis Smith, Assistant Materials

and Research Engineer - Foundation. His co-investigators will

be Mr. Raymond A. Forsyth, Senior Materials and Research Engineer,
and Mr. Jerry C. Chang, Associate Materials and Research Engineer.
Coordinator for the Construction Department will be Mr. John C.
Obermuller, Supervising Highway Engineer. Dr. H. H. Su, Associate
Professor of Civil Engineering, Sacramento State College will be
contracted as a part-time consultant for this regearch project.
Dr. H. H. Su's gualifications are attached.
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PROJECTED WORK SCHEDULE

i 3

h Phase I
1972-73 F.Y. LITERATURE RESEARCH
(July 1972)

Y

| ' ¥

REVIEW DATA AND LARB PURCHASE LAB TEST
TEST METHOD FACILITIES

Y L

OBTAIN TYPICAL SOIL SAMPLES CALIBRATE LABORATORY
FROM SELECTED SITES i TEST EQUIFPMENT

Y

LAB TESTS OF ELASTIC
PROPERTIES OF SOIL SAMPLES

Y

ANALYZE AND EVALUATE
TESTS RESULTS (JUNE 1973)

S

A

Phase II ORDER FIELD TEST
1973-74 FACTLITIES -~

Y

FIELD PILOT TEST OF SELECTED SITES WHERE THE
TYPICAL SOIL SAMPLES WERE TAKENW

1

ANALYZE AND EVALUATE FIELD TEST RESULTS

\
CORRELATION STUDY OF LAB AND FIELD TEST RESULTS

Y

INTERIM REPORT
{JTune 1974)

&
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PROJECTED WORK SCHEDULE (CONTINUED)

PHASE IIIX
1274-75 and
1975-76 F.Y.

July, 1974

SELECT TEST EMBANKMENTS
FROM CONSTRUCTION PROJECTS

Y

1

7

PLAN AND ORDER

FIELD INSTRUMENTATION
FOR STRESS-STRAIN
MEASUREMENT

OBTAIN SOIL SAMPLE
FROM EMBANKMENT
TEST SECTION

FIELD VIBRATION
AND SEISMIC TESTS

r

Y

INSTALL FIELD

LAB RESONANT-COLUMN

ANALYZE FIELD TEST
DATA OF IN SITU

INSTRUMENTATION TESTING OF ELASTIC ELASTIC CONSTANTS
CONSTANTS OF SOILS OF SOILS
' Y ¥
OBSERVE FIELD CORRELATION STUDY
STRESS—-STRAIN DATA ANATLYZE LAB TEST ~ OF LAB AND FIELD

DURING CONSTRUCTION

RESULTS

TEST RESULTS

Y

FINITE ELEMENT ANALYSIS

k 4

CORRELATION STUDY OF EMBANKMENT
STRESS-STRAIN BEHAVIOR BETWEEN
MEASURED AND PREDICTED RESULTS

'

COMPREHENSIVE CORRELATION STUDY
OF ELASTIC CONSTANTS OF EACH TYPE
OF SOTL

June,y1975

FINAL REPORT
JUNE 1976

Y

PREPARE ST

CONSTRUCTI

ANDARD PROCEDURE OF

FIELD TESTS AND COMPACTION
CONTROL FOR EMBANKMENT

ON

June, 1974
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COST ESTIMATE

PHASE I

1972 - 1973

EQUIPMENT COST

Ttem
ﬁesonant Column BasicLUnit

Resonant Column Electronic Unit

Sub-Total _
LABOR CBST

Item .Man—Hours
Project Supervision | 100
Literature Search | 300
Laboratory test apparatus
set-up anq pilot tests ' 800
Analysis of test datav 300
Consultant serﬁiceé : | 800

Sub-Total ! | 2300

March 1972
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Cost
$ 1,000

3,000

8,000
3,000

8,000

$ 23,000

TOTAL $35,000
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PHASE IT
1973 - 1974
EQUIPMENT COST
Item Cost
Electromagnetic Oscillator - $ 2,000
Hydraulic Vibrator 4,000
Electric-power system 5,000
Seismic refraction equipment 5,000
Sub~Total $16,000
LABOR COST
Item Man~Hours Cost
Project Supervision 1060 $ 1,000
Continue laboratory tests 400 4,000
Field vibration tests 600 5,000
Data analysis (including
computer time) and interim )
reporting 400 4,000
Sub-Total 1800 $18,000
TOTAL $34,000
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Item

Pressure cells
Extensometer
Settlement Device

Sub-Total

PHASE III

1974 - 1975

FIELD INSTRUMENTATION

No Unit Cost
40 250
- 30 200
30 200
“PHASE III - LABOR COST

Item

Project Supervision

" Read field instrumentation

Travel expenses
: Laboratory tests
Expendable materials

Field vibration tests’

Man-Hours

150
300

550

Data analysis (including computer

time) and reporting

Sub-Total

350

1650

“A-24
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Cost

$10,000
6,000
6,000

$22,000

Cost
$ 1,500
3,000
1,000
3,000
500

5,500

3,500

$18,000

TOTAL $40,000
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. PHASE III
1975 - 1976
’ LABOR COST
) Item Man-Hours Cost
Project Supervision 200 $ 2,000
Read field instrumentation 400 4,000
" Travel expenses _ - - 1,000
Expendable materials - - 500
Data analysis, computef
services and reporting 1750 17,500
Sub-Total 2350 $25,000
_ TOTAL 8,400 $ 134,000

£
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BUDGET ESTIMATE

Approved Non-Participating This

Fiscal Year Man-Hours Funds . Overhead Request

1971-72 : ' .

(Proposal Preparation) 210 $ 1,000 $ 650 $ 2,100%*
1972-73 (Phase I) ) 2300 -0- 7,130 35,000

1973-74 (Phase II) 1800 -0- 5,580 34,000

1974—75.(Phase TII) 1650 ~0- 5,115 40,000

1975-76 (Phase ITI) 2350 -0- 7,285 25,000

TOTAL : 8,310 $1,000 $25,760 $136,100

*Estimated Expenditurés for 1971-72 F.Y.

Fiscal Year Salaries  Equipment Materials Travel Totals

1971-72 $ 2,100 § =-0- § -0- $ -0-  $ 2,100
1972-73 23,000 12,000 ~0- ~0- 35,000
1973-74 18,000 16,000 ~0- ~0- 34,000
1974-75 16,500 22,000 500 - 1,000 40,000
1975-76 23,500 -0- 500 1,000 25,000
TOTAL $83,100  $50,000 $ 1,000 $ 2,000 $136,100

A-26



APPENDIX B

Resonant Column Test Data

B-1



Résonant Column Test Data

Resonant column tests were carried out for the following
projects:

. Soil Cement

I[-15, San Diego

Dunsmuir, Reinforced Earthen Wall
Pasadena, 7-11 Interchange

I-5, 56th Avenue, Sacramento
State Capitol, Sacramento

=2 T4 TR R 5 R L L R

Resonant column test data for the above projects are re-
ported in the following figures showing the variation in
shear modulus and damping with shear strain.

The following notation shown in the figures is used:

Sp. G. - Specific Gravity
W. - Water Content
'S - Degree of Saturation
Yq - Dry Unit Weight
Yy - Wet Unit Weight

e - Void Ratio

G - Shear Modulus

Y - Shear Strain

D - Damping Ratio

0y, - Confining Pressure
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APPENDIX C

Plots of Embankment Stresses
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APPENDIX D

~Plots of Embankment Movements
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APPENDIX E

Instruction Manual for California Resonant
Footing Apparatus and Testing Procedures
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SURFACE PREPARATION

Remove the top unrepresentative soil and clear a level sur-
face somewhat larger (approximately 3 feet square) than the
12 inch diameter footing. There should be enocugh clearance
around the footing at all points such that during testing
the footing will at no time contact anything except the
soil directly beneath the vaned footing base.
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Fig. E.1.

VANE FOOTING PLATE ATTACHMENT
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“Fig. E.8. BEAM ADJUSTMENT FOR MAGNET
AND COIL ATTACHMENT







ASSEMBLY

Bolt the vaned footing plate to the footing mounting plate
and bottom beam as shown in Figure E.1. Set the bottom
beam on the vaned footing and bolt the torsional (2 inch
pipe) spring to the bottom beam as shown in Figure E.Z2.
(In assembly be sure to align the "FRONT" labels on the
bottom beam, torsional spring and top beam on the same
side.) Set the top beam on the torsional spring with the
milled slots in the end plates of the top beam facing up.
Rotate the top beam so that sufficient clearance is
provided at the ends to attach the magnet plates, magnets
and coils at each end as shown in Figﬁre E.3. Attach the
magnet plates, magnets and coils according to the "A" and
"B" codings on the magnets, coils and beam ends. Carefully
rotate the top beam into position such that the coils slide
into the magnet gaps. Adjust the coil-magnet alignment at
each end by moVing magnet, magnet plate and/or coil. Bolt
the top beam to the torsional spring as shown in Figure
E.4. Check magnet-coil alignment and tighten all boits.
Magnets and coils should not touch each other. Check this
condition before testing by the procedure outlined fin
FOOTING PLACEMENT. Lock the top and bottom beams together
with the locking latches as shown in Figure E.5.

NOTE: These locking latches should always be in ptlace
except when testing. The ballast weights are simply bolted
to the ends of the top beam as shown in Figure E.6, accord-
ing to the red-orange color code. Support the footing at
each end while adding the ballast weights.

E-9



FOOTING PLACEMENT

CAUTION: The 1oéking latches on the sides of the footing
should be bolted between the top and bottom beams at atll
times except when testing.

With the locking ‘latches in place, carefully place the
fopting on the p}epared surface. Check to make sure the
vanes on the foofing base have penetrated into the soil.

If the vanes have not penetrated into the soil, the ballast
weights must be bolted to each end of the footing. Support
the footing at each end to prevent tipping while adding the
weights. The weights are color coded and should always be
attached according to the color code. Without the ballast
weﬁgﬁts in place, the footing applies a bearing pressure of
2.64 psi (0.19 tsf) to the soil. With the ballast weights
in place, the footing applies a bearing pressure of

4,43 psi (0.32 tsf). Thus soils may be tested under two
different pressures, however, for stiff soils the ballast
weights should aTways be in place to insure coupling with
the soil and provide sufficient inertia for the top beam.

When the footing is in its final position for testing,
release the locking latches from the bottom beam and bolt
the Tatches securely to the sides of the top beam (see
Figure E.7). Chéck the coils for freedom of movemenit by
striking the top}beam with your fist and checking for
vibration by p1déing the thumb and forefinger on the coil
adjacent to'the'magnet. If no movement is detected, adjust
the coil-magnet alignment by locosening the mounting bolts
and moving the coils and/or magnets until they move freely.
If the coils and magnets touch, the electrical signals will
be distorted. The footing is now ready to be connected to
the electronic measuring system.
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Fig. E.7. LOCKING TEST POSITION
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ELECTRICAL CONNECTIONS

A simplified wirﬁng schematic is shown in Figure E.8.
Detai]ed'wiring of components is shown in Figure E.9. Re-
ferring to Figuré_E.Q, the wiring is as follows: Connect
the 204C Osci]lé;or to the 6824A DC Power Supply Amplifier
INPUT using a dohb]e banana to double banana patch cord
provided. (The ground or black wire side of the plugs
should always be inserted into the black or COM plug on the
instrument.) Connect the DC Power Supply Amplifier INPUT
to the Fluke 1900 A Multi Counter using a double banana to
BNC patch cord provided. (The double banana plug may be
plugged into the back of the double banana plug which was
placed in the DC Power Supply Amplifier INPUT in the pre-
vious step. Connect the DC Power Supply Amplifier OUTPUT
to the EXT TRIGGER OR X-INPUT on the 1220 A Oscilloscope
using a double banana to BNC patch cord provided. Connect
the DC Power Subp]y Amplifier OUTPUT to the footing drive
coils using the ‘15 foot double banana to double banana
patch cord provided. Plug one end of the patch cord into
the red and black terminals at the center of the footing on
the bottom beam. The other end may be plugged into the
back of the double banana plug already in the DC Power
Supply Amplifier QUTPUT from the previous step. Finally,
connect the A-Channel INPUT of the 1220 A Oscilloscope to
the velocity transducer on the footing using the BNC to
Audio Plug patch cord provided. The Audio Plug terminal is
located on the footing next to the banana plug terminals
for the drive coils.
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204C OSCILATOR
HEWLETT PACKARD

6824A DC POWER SUPPLY
AMPLIFIER

HEWLETT PACKARD

Q
Q Q
TO APPARATUS
COILS
1220A OSCILLOSCOPE
HEWLETT PACKARD
o FLUKE 1900A

MUL.TI COUNTER

A CHANNEL
X INPUT INPUT
o Q

TO APPARATUS

VELOCITY TRANSDUCER

Fig. E.8. WIRING SCHEMATIC
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204C OSCILLATOR O ' . 6824A DC PO@\MPUFIER MODE
(STACK 2 DOUBLE BANANA

PLUGS AT BOTH
INPFUT & QUTPUT)

O SYne 6009 O | : INPUT COM OUT COM :
@)

RED WIRE | ‘ 00 OO0

RED WIRES v BLACK WIRES
Y ) DOUBLE
INPUT POWER e BANANA
SIGNAL PLUG 3
: POWER TO COILS —
OUTPUT POWER
SIGNAL 1220 A OSCILLOSCOPE
~ o Qo
o
o
o O O
Q
o
o
T s OO
& BNC \ | X NPUT OO 0000
INPUT neyT ML
. OO0 OO0
FLUKE [900A MULTIFCOUNTER BNC BNC
- o K/_/ SIGNAL FROM
. TRANSDUCER
NOTES: - _ 3 PRONG
PLUG RED & BLACK BANANA PLUGS AUDIO PLUG

FROM POWER SUPPLY AMPLIFIER
OQUTPUT INTO RED & BLACK BANANA
PLUGS RESPECTIVELY ON FOOTING.

PLUG 3 PRONG AUDIO PLUG INTO
RECEPTACLE ON FOOTING. :

Fig. E.9. DETAILED WIRING DIAGRAM
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ELECTRONIC INSTRUMENT SETTINGS

204 C Oscillator
Range - X10
Frequency - is variable and must be adjusted te pro-
duce resonance. This may be done by the coarse
(center) or fine {(upper right) adjustment knobs.
Amplitude - is variable and can be adjusted to produce
a desired rotational amplitude. (See TESTING PROCE-
DURE AND DATA REDUCTION)

6824A DC Power Supply Amplifier
Mode - Amplifier
Meter - AC Volts

Volts ° Gain - Turn the outer knob fully clockwise.
Do not adjust the inner knob.

Fluke 1900A Multi Counter

ATTEN - IN
FILT - IN
FREQ - OUT
PER - IN
TOT - OUT
CHK - oUT
AUTO - OUT
100 Hz - IN
10 Hz - OUT
1 Hz - OUT

0.1 Hz - QUT
RESET - 0OUT
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1220

If signal is too weak to register on the meter (that
js at low amplitudes) set the ATTEN button QUT.

If it is desired to measure frequency in KHz instead
of period in miTliseconds, set the FREQ botten IN, PER
button OUT, 100 Hz button QOUT and 0.1 Hz button IN.

A Osci1105c0pe

Referring to Figure E.10 and using the numbering sys-
tem shown, position the switches as follows:

1 - IN (ON)

2 - Approximately mid-position.

3 - Adjust as needed to sharpen trace.

4 - Push to bring picture to screen and hold in while
adjusting 5 and/or 18 to center picture on
screen,

5 - Horizontal postion adjustment for picture.

6 - Not needed.

7 - Fine adjustment for horizontal width of picture.

8 - Not neeﬂed.

9 - n

10 - "

11 - u

12 - "

13 - "

14 - "

15 - IN

16 - Coarse adjustmenf for picture width, Adjust this
and No. 7 to maintain picture width of approxi-
mately 2 divisions.

17 - Input from DC Power Supply Amplifier QUTPUT.
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ELECTRONIC INSTRUMENT SETTINGS

204 C Oscillator

Range - X10

Frequency - is variable and must be adjusted to pro-
duce resonance., This may be done by the coarse
(center) oy fine (upper right) adjustment knobs.

Amplitude - is variable and can be adjusted to produce
a desired rotational amplitude. (See TESTING PROCE-
DURE AND DATA REDUCTION)

6824A DC Power Supply Amplifier

Mode - Amplifier
Meter - AC Yolts

Volts ° Gain - Turn the outer knob fully clockwise.
Do not adjust the inner knob.

Fluke 1900A Multi Counter

ATTEN - IN
FILT - IN
FREQ - OUT
PER - IN

TOT - OUT
CHK - OUT
AUTO - OUT
100 Hz - IN
10 Hz - OUT
1 Hz - OUT
0.1 Hz - OUT
RESET - OUT
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If signal is too weak to register on the meter (that
is at low amplitudes} set the ATTEN button OUT.

If it is desired to measure fregquency in KHz instead
of peried in milliseconds, set the FREQ botton IN, PER
button OUT, 100 Hz buytton GUT and 0.1 Hz button IN.

1220 A Oscilloscope

Referring to Figure E.10 and using the numbering sys-
tem shown, position the switches as follows:

I - IN (ON) -

2 - Approximately mid-position.

3 - Adjust és needed to sharpen trace.

4 - Push to bring picture to screen and hold in while

adjusting 5 and/or 18 to center picture on
screen.

5 - Horizonia] postion adjustment for picture.
6 - Not needed.
7 - Fine adjustment for horizontal width of picture,.

8 - Not needed.

10 - "

11 - "
12 - "
13 - "

15 - IN

16 - Coarse adjustment for picture width. Adjust this
and No., 7 to maintain picture width of approxi-
mately 2 divisions,.

17 Input from DC Power Supply Amplifier OUTPUT.
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Fig. E.10. OSCILLOSCOPE- SETTINGS
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18
19

20
21
22
23
24
-25
26
27
28
29
30

Position adjustment for vertical position of
picture.

VYertical scale adjustment., Adjust so that
picture covers more than 1/2 height of screen.

Fully clockwise.

ot

IN

Input from velocity transducer on apparatus.

Not neéded

Button A - IN  Button B - OUT

E-18



7

. TESTING PROCEDURE

Once all connections have been made and all electronic
instruments have been turned on, turn the amplitude knob on
the 204C Oscillator clockwise to mid-position. (This may
be subsequently adjusted to vary rotational amplitude. See
DATA REDUCTION). Locate trace with the beam finder (Button
4 on the 1220 A Oscilloscope) and center the trace on the
screen. Adjust the frequency starting at 32 Hz (3.2 on the
204C Oscillator large dial) and gradually increase the fre-
quency until resonance is obtained. (Resonance is denoted
by a trace forming a single sloping line.) Adjustments of
switches 7, 16 and 19 on the 1220A Oscilloscope may be
necessary to keep the trace at least 2 divisions wide and 4
divisions high. If the Fluke 1900A Multi Counter is
measuring frequency, wait at least 10 seconds and record
the frequency in Hz. (Reading times 1000.) If the Multi
Counter 1is measuring period in milliseconds, record the
value directly.

If rotational amplitude is needed, record the trace height
in divisions and fractions of a division fop to bottom.
Multiply this value (peak to peak amplitude) by the volts/
div factor shown on knob 19 of the 1220A Oscilloscope and
record the result in peak to peak volts. If using a RMS
Voltmeter to record the velgcity transducer output voltage,
multiply this value by v2 to get the peak to peak voltage.
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FOOTING REMOVAL

When testing is completed, turn the power to the footing
off by turning the AMPLITUDE knob on the 204C Oscillator
fully counterclbtkwise. Disconnect the double banana plug
and audio piug from the footing. Replace the locking
latches such that the top ‘and bottom beams are bolted
firmly together by the locking ‘Tatches. If in place,
remove the ballast weights. The footing is now ready for
transport to the next test site.
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DATA REDUCTION

Amplitude

To obtain the peak to peak rotational amplitude, 6, enter
Figure E.11 with the peak to peak voltage reading obtained
in TESTING PROCEDURE and read © for the appropriate system
resonant frequency, fp, curve or interpolate between
curves. Alternateiy rotational amplitude, ©, may be
obtained from the equation:

o-19.89TW o _19.89V
fn

where © = peak to peak rotational amplitude (Radians X 10‘3)

V = peak to peak transducer voltage reading {(Volts)
T = System resonant period (mi]]iseco?ggg
f, = System resonant frequency (Hz) = ==

Shear Modulus

The expression for the apparent shear modulus, Gg, as
measured by the footing assuming no slippage is given by:

2
6e =3 Kapp  _fn_ -1

3
16 ro fapp

where Kapp = the spring constant of the apparatus
(in-1b/rad)
fapp = %Ee)resonant frequency of the apparatus
z
= the system resonant frequency (i.e., the
resonant frequency as determined in TESTING
PROCEDURE} (Hz)
ro = the radius of the footing (inches)

~h
=
|

Development of this equation is given by Pang (1).

1, Pang, D., "Resonant Footing Test," Thesis submitted to
the University of Kentucky in partial fulfillment of
the requirements for the degree of Doctor of Philoso-
phy, November 1972.
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Fig. E.11. HARDIN RESONANT FOOTING APPARATUS FOR
CALIFORNIA DEPARTMENT OF TRANSPORTATION
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For this resonant footing apparatus:

Kapp = 2.315 x 108 in-1b/rad
fapp = 32.3 Hz
ro = 6.0 inches

The complete calibration is shown in Appendix 1.

- The slippage factor, és defined by Pang is given by:
E

sp = B8F s where Gpa,7 1s the actual in situ shear modulus.
Grea]
. . . - @
Rearranging the equation yields: Gpgy7 = _%

For cohesive soils, the slippage factor, SF = 0.50. To
obtain the shear modulus, G.g57, enter Figure E.12 with the
system resonant frequency, fhs and read Greal in psi from
the cohesive soil curve or use the equation:

Kapp  _fn_
3

_ 3
Greal = =
8_ ro

For cohesionless sofls, the slippage factor SF, is
given by:

1 . 0.5 06GF
ptan ¢

SF =

where © = the peak to peak rotational amplitude for the
particular test as obtained previously in DATA
REBUCTION. (Radians)

P = the bearing pressure exerted by the footing on
the soil (psi) (w/o ballast weights P=2.64 psi
w/ballast weights P=4.43 psi)

$ = the angle of internal friction of the soil
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0.5 ©
The term Dtand

Factor, RSF.

is defined herein as the Rotaticnal Slippage

The shear modulus, Grea1’ may be obtained for cohesive
soils as follows:

1. Determine the Rotational Slippage Factor, RSF, from the
curves in Figure E.13 or use the equation:

o)

_ _0.5
RSF ptané

2. With the system resonant frequency, f,, enter Figure

E.12 and read Gg from the curve labeled Gp or use the

equation:

2

3 K 1

Gp = . app
3
16 vro

i

Fapp

3. Calculate Gpg,;7 from the equatioh:

Gpoal = G/ (1-RSF Gf)

Note that in any case, the lower limit for shear modulus is
GFo
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APPENDIX F

California Resonant Column Apparatus
and Testing Procedures
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IT.

PROCEDURES %UR TESTIﬂG SHEAR MODULUS AND DAMPING

CONSTANTS OF SOIL BY RESONANT COLUMN APPARATUS

Major Components of the Test System

TS OWm>

Hardin Oscillator

Audio Oscillator, Hewlett Packard 200 AB
Oscilloscope, Tektronix 5103N

Switch Box

A.C. Voltmeter, Hewlett Packard 400E

Bridge. Amplifier, Statham SC1103

Digital Multimeter, Systron Donner 7050
Frequency Measuring Counter, Hewlett Packard
5300/5304A

General De%cription of Each Instrument

A.

Hardin: Oscillator - The Hardin Oscillator is a
device for applying a forcing torque to the vi-
bration end of the soil specimen about its axis.
It consists of a center mass which connects to an
outer ring by four leaf springs. A force is
produced between the center mass and outer ring
by the coils and permanent magnets that rotate to
produce a torque about the axis of the specimen.

A Columbia Research Labs accelerometer is
attached to and. becomes a part of the specimen
top cap of the Hardin Oscillator which will pro-
duce a calibrated electrical output that is a
measure of the angular acceleration of the vibra-
tion end of the specimen. The output of the
accelerometer is amplified by the charge ampli-
fiers ‘and converted to voltage reading with the
Hewlett Packard A.C. Voltmeter. A summary of the
calibration data for the accelerometer is listed
below: :

Acceleration Range: 0.01 to 10kg
Voltage Sensitivity: 59.3 pk mv/pk-g
Charge Sensitivity: 22.2 pk pcmb/pk-g
Resonant Frequency: 30 KC

Frequency Range: 1 c¢ps to 5kc
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Audio Oscillator, Hewiett Packard 200 AB - This
instrument is capable of producing a sinusoidal
voltage with means of varying the voltage
amplitude and its frequency. This instrument is
used to drive the forcing coils of the Hardin
Oscillator.

Oscilloscope - The oscilloscope is an instrument
used for voltage measurement and analysis of wave
forms, The oscilloscope 1is used as a means to
determine the resonant frequency of the

B.0. Hardin Oscillating System. The voltage drop
across a precision resistor in series with the
driving coils and is connected to the horizontal
input displayed on the X-axis. This voltage is
in phase with and has the same frequency as the
forcing torque applied to the system. The output
of the accelerometer is connected to vertical
input and displayed on the Y-axis.

The figure traced on the screen is a measure of
the phase between the two voltages. The fre-
quency of the audio oscillator should be adjusted
until a vertical axis ellipse or circle is ’
displayed on the oscilloscope. The vertical and
horizontal settings on the oscilloscope may have
to be adjusted to achieve the ellipse.

A.C. Voltmeter, Hewlett Packard 400E - The A.C.
Voltmeter is used to read the voltage drop across
precision resistor and the output of the charge
amplifier. Selection of the voltage to be read

by the meter is made by the toggle switch on the
switch box.

Bridge Amplifier - The Bridge Amplifier is a
signal conditioning unit for the load cell that
supports the mass of the Hardin Oscillator. This
unit provides the circuit to "null out or zero"
any output voltage of a transducer due to unbal-
anced resistance of the bridge circuit. It also
has a sensitivity adjustment to allow the output
voltage to correspond to definite load applied to
the transducer, The Bridge Amplifier unit is
used here to show the amount of vertical force
exerted on the soil sample test.
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111.

Cabl

Frequency Measuring System - The Hewlett-Packard
model 5304A/Time Counter, when plugged onto an HP
model 5300A Measuring System, is capable of:
measuring frequencies up to 10 MHz, Time Interval
Measurements from 500 NSEC to 10,000 seconds
period average over a range of 10 Hz to 1 MHz,
and totalizing.

This unit provides an accurate reading of the
generating frequencies from the audio oscillator
applied to the torque generating coils of the
Hardin Oscillator Resonant Column.

F.1)
1.

e Connection {See Interconnection Diagram Figure

Connect cable No. 1 between the output terminals
of the Hewlett Packard 200 AB audioc oscillator
and the power terminal of the Hardin

Oscillator.

Connect cable No., 2 between the torque voltage
terminals of the Hardin Oscillator and the
horizontal input of the Tektronix Oscilloscope.

Connect cable No. 3 between the accelerometer of
the Hardin Oscillator and the input terminals of
the Columbia Research Labs Charge Amplifier.

Connect cable No. 4 between the output terminals
of the Columbia Research Labs Charge Amplifier
and the vertical input of the Tektronix
Oscilloscope.

Connect cable No. 5 between the output terminal
of the Columbia Research Labs Charge Amplifier
and .the side of the switch box marked
"accelerometer",

Connect cable No. 6 between the load cell termi-
nal on the steel plate of the Hardin Oscillator
and the connector Hl in the top plate of the
Hardin Cell.

Connect cable No. 7 between connector HZ on the
wire from the top of the Hardin Cell and Statham
Bridge Amplifier (connection at Bridge Amplifier
has been made permanent).
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" 1o,

11.

Connect cable No. 8 between the Bridge Amplifier
output terminals and the Systron Donner 7050
Digital Multimeter.

Connect cable No. 9 from the side of the switch
box marked torque voltage mode to the same
horizontal input terminal of the oscilloscope to
which cable No. 2 is connected.

Connect cable No. 10 between the "A" input
terminal of the Hewlett-Packard 5300A frequency
measuring system and the output terminal of the
Hewlett-Packard 200 AB Audio Oscillator.

Connect cable No. 11 from the switch box to the
input terminal of the Hewlett-Packard A.C.
Voltmeter.

Instrument Range Settings

A,

Audio Qsci]]ator

1.

Set frequency to 160 Hz.

2. Set voltage amplitude to near zero.
B. Tektronik 5103N Oscilloscope |
1. The 5B13N Time Base, depress the following
buttons:
a. Auto trig
b. EXT .
¢c. 100 mV
2. The 5A23N Vertical Amplifier
Depress the 100 mV button
C. Switch Box '
' - Set toggle switch of box to torque voltage
position '
D. A.C. Voltmeter, Hp 400E
SeF‘range-se1ector switch to 0.03 positian.
E. D.C. Dﬁgita1 Multimeter, Systron Donner 7050
Set D.C. range switch to 1.5 volt position.
F. Chargé_Amp1ifier _

1. Set "Transducer Sensitivity Dial" to
accelerometer charge sensitivity of 22.2
pk-pcmb/pk-g.

2. Depress left button.

G} Frequency counter, Hp 5300A

Set switches on the front panel of the’
frequency counter as shown: Set "ATTEN" to
wyln :
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SAMPLE RATE

@,

T —
AC + TL AlJoB FREC. A
X 10 . ~ @ ‘
coM X 100 |
NpUT  ATTEN SLOPE | pvEL |
' X ~ 105
CHK
&9 ® "
INPUT—--—@ ' @
X 100 bC -
V. Power Setting

A. Plug the “Master power plug" to 115 V. AC.
sources from the wall outlets.,

B. Turn all instruments of the test system “on".

C. Warm-up Time
Allow approximately 15 minutes warm-up time for
all the instruments except the Bridge Amplifier
which takes longer period for it to stabilize,
therefore, it is essential for the operator to
have the bridge amplifier energized maybe one or
two hours ahead of the test.

VI, Axial Load Calibration and Measurement

A. Calibration

1. Suspend the Hardin Oscillator from the axial
loading piston (top cap must be in place but
it must not touch anything). Adjust the
"Halance knob" of the Bridge Amplifier until
the D.C. Voltmeter display "0.000",

2. Insert 14.88K calibration resistor into the
red and black terminals of the Statham Bridge
Amplifier,

3. Adjust the sensitivity of the Statham Bridge

Amplifier until + 1,000 volt display on the
Digital Voltmeter.
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4. Remove the "14.88K Calibration Resistor" from
the Bridge Amplifier and check the D.C. Volt-
meter for "0.000" display. If display of the
D.C. Voltmeter is other than "0.000", repeat
steps 1 to 3 until the values are obtained.
The'calibration factor is then 100 1b/volt.

VII. Oscilloscope Operational Procedure

A. General Setup and Precaution

1. Pull power button out.
2. Adjust intensity to mid-range.
3. Use focus knob to clear trace as necessary.

B. The 5A23N Vertical Amplifier

1. Depress display and GND buttons if they are
not already depressed.

2. Position the electronic beam to the center

position of the oscilloscope screen by turn-

ing the vertical position switch (Adjust

"Intensity" control to prevent screen damage

caused by electron beam).

Release the GND button.

Depress the A.C., button.

Depress the 100 mV button for the signal from

the charge amplifier to be displayed.

[2) B - XY
- . .

C. The 5813N Time Base

1. Depress the 50 mV EXT button of the SEC/DIV
or VOLTS/DIV switch.

2. Depress the AUTO TRIG button.

3. Depress the EXT button,

VIII. Specimen Preparation Procedures

Specimen preparation procedures are identical to those used
for conventional triaxial specimen preparation. Specimen
weight in grams, specimen diameter and specimen length,
both in centimeters must be determined. For soils that
aren't too soft, filter paper strips may be used to de-
crease consolidation times.

XI1. Placement of the Specimens in the Apparatus

For tests where volume changes of the specimen are to be
made by observing burette volume changes or where the
specimen is to be saturated by use of back pressures, it is
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important that the pore water lines and porous stone in the
base pedestal be saturated with deaired water in the
conventional manner. After doing this, close the pore
valve at the base of the specimen. The sides of the base
pedestal and top cap should have a light coating of vacuum
grease. '

Place a trimmed, weighed and measured specimen on the base
pedestal. Place the top cap on the specimen. Place the
membrane over the specimen and end caps with a membrane
expander. Use the membrane expander to put two O-rings
over the membrane at the base pedestal.

It is sometimes convenient to remove the air entrapped
between the membrane and the sample by inserting a very
small diameter tube into the space between the top cap and
the membrane. The other end of the tube is connected to a
vacuum source. Vacuum grease can be used to form a seal
between the tube, top cap, and membrane., It takes just a
few seconds to have the vacuum pull the membrane to the
specimen. The small diameter tube is then gently with-
drawn, Complete the sealing process by using the membrane
expander to place two O-rings over the membrane at the top
cap.

x. Assembly of the Apparatus for the Test

P]ace'and Tevel the Tower half of the pneumatic cylinder
support device on the triaxial chamber base, surrounding
the specimen and connect the pneumatic cylinders to the
outlet in the base. Apply an air pressure of at Teast
50 psi to the pneumatic cylinders causing the pistons to
extend approximately 1/2 inch.

Place the upper part of the pneumatic support device on the
lower half and adjust the three cylindrical nuts until the
top of the platform is level and at an elevation 1 cm
(3/8") above the top of the top cap.

Place the Hardin Oscillator on the support piatform and
align the clamping collar with the top cap. Gently Jower
the Hardin Oscillator onto the top cap by adjusting the
three cylindrical nuts. Tighten the two cap screws on the
Hardin Oscillator specimen cap clamp equally, thus attach-
ing the vibration excitation device rigidly to the specimen
cap, with its weight being supported by the pneumatic
cylinders.



Place the cast acrylic cylinder of the triaxial chamber
over the Hardin Oscillator, Make sure that it is centered
with respect to the base and that the 0- ring is in the
groove.

Hold the triaxial chamber 1id above the triaxial cell and
connect the accelerometer, load cell and power cables.
(The power cable can be distinguished from the load cell
cable by the fact that it has only two pins in the
connector.)

Check to see that the O- r1ng is in place in the triaxial
chamber 1id and with the air inlet facing forward gently
Tower it onto the chamber. Be careful to arrange the wires
connecting the Hardin Oscillator to the chamber 1id so that
they do not obstruct the 1id from seating or cause stress
on the Hardin Osciliator. Complete the seal by firmly
tightening the three knurled nuts atop the chamber 1id.

Clean and lubricate the piston and insert it into the top
of the chamber. Screw it into the Toad cell located in the
top of the Hardin Oscillator. Put the length measuring
dial gage into place and adJust it to read 0.100 inch,

Fasten the counterba]ance system to the piston and abply
about 17 1bs. of weight (including hanger weight) to
counterbalance the weight of the oscillator. The entire
chamber may have to be moved to align it with the counter-
balance system. The output of the Systron Donner Multi-
meter should read near "0.000" when the proper amount of
weight is added.

Remove the pressure to the Hardin Oscillator support sys-
tem. The system should retract and the load cell reading
(Systron Donner Multimeter) should read zero. If it does
not, add counterba]ance we1ghts to reduce the reading or
vice versa.

If a liquid confining media is desired, introduce it into
the chamber through the valve port on the chamber base that
is located closest to the cast acrylic tube. ONLY FILL THE
LIQUID TO COVER THE O-RINGS ON THE SPECIMEN TOP CAP.
LIQUIDS CONTACTING THE HARDIN OSCILLATOR COULD DAMAGE IT.
Close the valved port after filling.

Connect the regulated air supply to the top of the chamber
by use of the quick disconnect fitting. Complete the
assembly by connecting any of the electrical cables to the
chamber top that might have been disconnected.
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Xi. Consolidation of Test Specimens

The procedure for back pressuring and consolidating test
specimens is identical to the procedure used in convention-
al triaxial testing except that slight adjustment must be
made to the counterbalance weights to account for pressure
in the chamber acting on the loading pistons. For isotro-
pic stresses, adjust the weights to maintain the load cell
reading (Systron Donner Multimeter) at 0.00 +0.005 volt.

For anisotropic stresses, the load cell reading should be
maintained at the value calculated from the following
equation:

Force (1b)

Load Cell Reg. (volts) = LCF (1h/vo1t)

Where: LCF = Load Calibration Factor
= 100 Tb/volt
Force = O3 w2 /4 (PSR-1)
03 = cell pressure (psi)
D = specimen dia. (in) .
PSR = principal stress ratio, E;

XIT1. Measurements of Low Amplitude Shear Modulus, Gmax,
and Low Amplitude Damping

A. Set the switch to Torque Voltage

B. Set the Hewlett-Packard 400€ to the .03 scale (30
mVRMS full scale)

C. Adjust the amplitude control on the Hewlett-
Packard 200 AB to get a Torque Voltage reading
between 20 mVRMS and 30 mVRMS.

D. Adjust the freguency control on the Hewlett-
Packard 200 AB to establish rescnance. Resonance
occurs when the ellipse on the oscilloscope has
its major and minor axes vertical and horizontal
(X and Y gains on the oscilloscope may have to be
adjusted to obtain an eliipse that fills the
screen vertically and looks as follows:
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E. With re§dnance established, read and record the
following items:

Elapsed time in minutes

Cell pressure in psi

Back pressure or pore pressure in psi

Axial load reading in volts

Length reading in 1inches

Burette reading in cubic centimeters and torque
reading in mVRMS

F. Switch the toggle switch on the switch box to
“"Accelerometer Voltage", check oscilloscope to
see that resonance is being maintained (adjust
frequency on HP 200 AB if necessary) and read and
record accelerometer voltage from HP 400 E.

(Left button on CRL Charge Amplifier should
remain depressed for all of these readings.)

G. Read and record‘the resonant frequency from the
HP 5300 A Frequency Monitoring Center.

XIII. Check on Vibratory System Calibrations

It is good practice to make this check before and after a
series of resonance measurements are made at each confining
pressure.
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A. Determine the resonant frequency for low ampli-
tude vibration using the method just previously
outlined.

B. Multiply the value of resonant frequency by 1.414
and set the resulting value on the frequency dial
of the HP 200 AB.

C. Set the switch on the switch box to "Torque
Voltage" and set the HP 400 E to the 0.10 scale.

D. Adjust the "Amplitude" control on the HP 200 AB
until the needle on the HP 400 E points to 1=
(Full Scale).

E. Position the switch on the switch box to
"Accelerometer Voltage". The needle on the
HP 400 E should move from one to 0.6 (60 mVRMS)
pius or minus 0.05 unit (+ 5 mVRMS). If it does
not, the system is out of calibration and needs
to be checked. Be sure to note the value of
Accelerometer Voltage reading at /72 X resonant
frequency in the "Remarks" area at the bottom of
the data sheet.

XIV., Measurement of Shear Modulus and Shear Damping as a
Function of Shear Strain Amplitude

The procedure is guite similar to that for measurement at
low strain amplitude that was outlined earlier except that
the Torque Voltage Readings are increased over the previous
value. Resonance should be established and a set of read-
ings (time, cell press, back press, etc.) should be taken
at the following Torque Voltage settings; 25, 50, 100, 200,
400, 800, and 1500 mVYRMS. If more data points are desired,
the torque voltage settings can be made at closer spaced
values, For the larger values, the associated Accelerom-
eter Voltage readings may exceed 3000 mVRMS, in which case
the center button on the CRL Charge Amplifier must be
depressed and the readings of Acceleration Voltage from the
HP 400 E must then be multiplied by a factor of 10.

After making the above readings, it is good practice to
make several Tow amplitude readings to evaluate the effect

of high amplitude straining on specimen modulus and damp-
ing (see Section XII).
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XV. Measurement of Damping by the Amplitude Decay Method

This method is not ordinarily used because it is somewhat
, more cumbersome than the magnification factor method. 1t

(v may be used occasionally to check the system operation and
. thHe damping calculations.
| .

. The system must be vibrating at the resonant frequency.
Qutput from the CRL Charge Amplifier is connected fo an
oscilloscope having a single sweep control and a method of
trace recording (Storage and/or camera). Triggering is

3adjustéd to have continuous sweeping and the Y-gain is
adjusted so that the wave form fills at least half of the
screen. (The value of the gain setting is unimportant.)
The sweep rate should be set so that at least 20 cycles
appear on the screen. Reset the trigger for single sweep
and prepare to record the single sweep (on Tektronix 564,
set both storage switches to "ERASE"™ then to "STORE").
Simultaneously, start the sweep and cut the power to the

drive coils by pulling the double banana plug on cable #1
from the front of the HP 200 AB Audio Oscillator. Check

', the recorded trace to see that the power cut off occurred

: durind the sweep and at least 10 cycles of decaying vibra-

tion were recorded. Label the photograph* with the date,

i  test name and the elapsed time and put it with the data
records for the test.

o
§

b

.*If a P01arbid camera with film having an ASA rating of
3000 is used, the camera settings should be f-stop = 5.6,
shutter speed - 1/10 second.

XVI. Switch "OFF" the Following Apparatus Components if no
Additional Tests are to be Performed

Audio Oscillator

Oscilloscope

A.C. Voltmeter

Charge Ampiifier

D.C. Voltmeter

Bridge. Amplifier

Frequency Measuring Counter HP 5300

Remove the "master power plug" from wall socket.
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