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shéar ane decreased. Both of these results indicate, as previously
demonstrated, that changes in the acoustic rigidity of a sample can
be relatively predicted by changes in the level of signal attenuation.

| As in the two previous test series, the saturated compressional
wave velocities of the triaxial samples of this group were also found
to be related to sample fabric. As can be seen in Figure VII-7,
samples prepared by the moist tamped technique exhibited, on the
average a 15 m/sec faster velocity than the dry pluviated fabric,
when compared at the same relative density. The minimum acceptable
B-value for this series was 0.97. The saturated compressional wave
velocities can be seen to increase with increasing relative density,
as in previous compressional wave results. A1l velocities of this
test series were aiso corrected to 24°C by the Wilson (1960) formuia.

It is important to note that the compressional wave velocities
measured with the KB-GR transducers show fairly good agreement with
those determined with the R-283E devices, particularly with respect
to the relative differences in the velocity of two samples with the
same density, but with different fabrics.

A closer examination of Figures VII-7, VI-5, and V-6 reveals,
that on the average, the KB-GR transducers resulted in saturated
compressional wave velocities some 25 m/sec faster than those found
with the R-283E devices. This equates to approximately a 2.3 micro-
second difference in the time-of-flight, as measured with the two
different transducers. Since this value was within 0.2 microsecond
of one-half of the period of the 236 KHZ driving frequency used with
the R-283E device, it was felt that perhaps the first half cycle of

R-283E signal was not being properly detected.
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By re-examining the compressional wave arrivals recorded in
the R-283E time calibration study this hypothesis was confirmed. In
the deaired water the starting direction was opposite from that
observed in the analysis of the test samples. Since the calibration
study had resulted in excellent agreement with the predicted values
for the compressional wave velocity of the water, the observed negative
starting direction had to represent the correct acoustic system
response. As a result, the positive starting direction (which was
re-observed in a number of test records) used in the analysis of
R-283E signals produced a one-half wavelength error that would cause
the observed time-of-flights to be slower by one-half the period of
the pulse, as was observed. The better coupling of the R-283E in the
deaired water versus the soil-water mixture was probably most responsible
for this observed behavior.

Thus, it was concluded that the faster velocities found with
the KB-GR transducers more accurately represented the absolute compressional
wave velocities of the Dover 40-50 sand. Of course, the relative
differences in velocity caused by the difference in sample fabric
were unchanged by this systematic error. It should also be noted
that the same starting direction found in the calibration of the
KB-GR transducers was used in the analysis of the test sample results,
thereby eliminating the potential for the discrepancy described
above.

Once the shear wave velocity and density of a sample are
known the Shear Modulus, G, can be calculated as in Chapter V. From

Figure VII-8, as expected from the velocity results, the Shear Modulus

of the saturated samples can be seen to be strongly dependent on
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sample fabric. The moduli increase with increasing relative density,
ranging from approximately 5600 to 10,600 psi for the dry pluviated,
and from 11,400 to 13,100 psi for the moist tamped, determined at an
effective stress of 10 psi.

Hardin and Richart (1963) reported a Shear Modulus of approx-
imately 13,000 psi (based on the results of resonant column tests)
for an angular grain quartz sand at a similar confining pressure. As
noted in Chapter II, they also reported that the effective added mass
of water moving with the frame in a saturated granular material was
approximately only 40 percent of the total mass of water in the
voids. This behavior, although not singularly studied, could not be
adequately justified on the basis of the results of this test series.
Thus, rather than arbitrarily applying this correction, the full
weight of pore fluid was assumed in the computation of Shear Modulus.
This topic should be studied in greater detail in future testing.

Two other parameters, the ratio of saturated compressional
wave velocity to shear wave velocity, or Vp/vs’ and Poisson's ratio,
pu were also determined for the samples of this test series. As can
be seen in Table III, these computed results, which agree well with
those reported by Hamilton (1979) for similar in situ conditions,
also indicate the ability of the acoustic method to reliably identify
the fabric of a test sample. In fact, the differences in Vp/vs and p
are such that the relative density of the sample does not even have
to be known in order to correctly identify the sample fabric. This
observation is also true for the Shear Modulus results.

A number of tests were performed, just as in the previous

test series, to further document the effect of stress history on the




119

acoustic signature of the Dover 40-50 sand. The enly difference in
the two test series was that the R-283E transducers were replaced
with the KB-GR devices. This permitted both the saturated shear and
compressional wave velocities to be recorded at the end of each
pre-stress cycle.

Only very minor changes were found in the two acoustic velo-
cities, including both increases and unexplainable decreases from the
virgin values for the moist tamped and dry pluviated fabrics. Since
this result does not correlate with the known and observed effect of
stress history on the liquefaction resistance oY saturated sands,
which has been shown to be directly related to acoustic rigidity, the
most obvious explanation for this anomaly would have to be the KB-GR
transducers.

In particular, it is felt that the flexible window of the
KB~GR transducers, unlike the rigid design of the R-283E devices,
when combined with the relatively compressible ajtiba;k pressure
system produced an end boundary condition in the sample unlike that
experienced in previous cyclic triaxial tests. Whether this resulted
in coupling problems, migration of pore water, changes in path length,
or some other unknown effect cannot be confidently stated. Perhaps
the use of a less compressible fluid, such as transducer o0il, in the
back pressure system would result in a better system performance.

One final observation with respect to stress history, in
particular static stress history, or overconsolidation, can be made
from the results of this test series. Increases in the dry shear
wave velocity, ranging from 5 to 10 m/sec, were observed in both the

dry pluviated and moist tamped samples when the confining stress was
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increased from 4 in. Hg to 15 in. and then decreased to 4 in. again.
This would indicate, as expected, an increase in acoustic rigidity,

due to the effect of stress history.

Discussion

With the development of the KB-GR transducer the acoustic
test method reached a new Tevel of sophistication. As expected, the
use of both compressional and shear wave transmissions provided the
necessary data to compute a number of parameters that were sensitive
to the fabric arrangement of the Dover 40-50 sand. These included
Shear Modulus, the ratio of Vp to VS and Poisson's Ratio. Anyone of
these parameters could be used to reliably identify sample fabric,
even without knowing the sample density.

Regardiess of the acoustic parameter chosen, the moist tamped
fabric was found to be more acoustically rigid than the dry pluviated,
confirming the results found in the previous test series. The effect

of pre-consolidation loads was also seen to result in an increase in

the acoustic rigidity of both sample fabrics.




CHAPTER VIII

SUMMARY AND CONCLUSIONS

Before discussing the more quantitative results of this

investigation, it seems appropriate to summarize a number of less

quantifiable, but equally significant findings. Since the majority

of these results are related to the development of the test method

and related equipment, these will be presented under the topic heading

of instrumentation. The experimental results will follow.

Instrumentation

1.

The cyclic triaxial test equipment, developed in

stages during this test program, performed as expected,
providing the necessary contro? of test conditions to
insure repeatability and standardization of the test
procedure. This control resulited in the ability of
the test program to simulate in-situ stress, saturation
and loading conditions heretofore not reported in the
literature of acoustic-based sediment studies.

The R-283E transducers were found to be extremely
dependable, rugged and accurate for use in determining
the compressional wave transmission characteristics

of the test sand and fabrics. The fact that these
devices are relatively inexpensive (less than $20)

and readily available, only adds to the strong recom-

mendation for their future use in similar or related

studies.
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3. A11 of the electronic components of the acoustic
portion of the test equipment performed adequately
throughout the majority of this investigation. Of
éourse, the most important element was the Nicolet
oscillescope. The ability of this component to
convert from analogue to digital record at a rate of
up to 20 MHZ permitted extremely accurate time mea-
surements to be made. It was this accuracy that
allowed the sometimes small differences in acoustic
behavior of the sand fabrics to be detected and
confidently reported. The storage capability of the
scope has provided a permanent and retrievable data
base, that can be further analyzed in future testing
programs.

4. The research and development of the KB-GR transducers
is certainly the most significant instrumentation
accomplishment of the testing program. The ability
of these devices to accurately provide both the shear
and compressional wave components of the acoustic
signature of a laboratory test sample from the same
acoustic device adds significantly to the validity of
the test method. To this author's knowledge only
Shirley (1978) has previously used a design that
incorporated both shear and compressional wave crystals

into the same acoustic transducer.
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Experimental Results

1. The three preparation techniques and accompanying
saturation process resulted in laboratory samples
vwith consistently different fabrics in which the
length, density and level of saturation were all
precisely known. This, when combined with the accurate
control and simulation of in situ stress conditions
discussed above, resulted in a non-destructive test
method that could truly isolate and identify the
effect of fabric on the acoustic transmission char-
acteristics of a saturated sand. This point cannot
be overemphasized, since all previously reported
studies seem to be lacking in at least one of these
test procedure areas.

2. Both the dry and saturated compressional wave velocity
provided a reliable acoustic indicator of sample
fabric as seeﬁ in Figures V-5, V-6, VI-5, and VII-7.
In the dry material the compression wave was transmitted
through the frame. Once a sufficiently continuous
pore fluid path was established the velocity increased
by approximately a factor of 4.5, to a velocity only
slightly faster than water alone. This indicated a
shift in transmission path from the relatively compres-
sible soil frame to the relatively incompressible,
and consequently higher velocity pore fluid. This
behavior was also confirmed by the fact that the dry

compressional wave velocity varied with approximately
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the 0.25 power of effective stress, as seen in Table
II, while the saturated velocity was essentially
unchanged by the changes in effective stress utilized
in the test program.
The saturated compressional wave acoustic signature
was found to be very sensitive to the B-value of the
test sample. This was particularly true for signal
attenuation. Once a minimum B-value had been achieved,
however, this portion of the acoustic signature also
provided a reliable indicator of sample fabric as
seen in Figures IV-6 and VI-6. Further study is
needed in this area, particularly with regard to the
effect the flexible window of the KB-GR transducers
has on the coupling of both the shear and compressional
wave transmissions.
Both the dry and saturated shear wave velocity provided
excellent indicators of sample fabric as seen in
Figure VII-5 and VII-6, respectively. For most
conditions, they were found to be even more sensitive,
on a percentage basis, than their compressional wave
counterparts. The resulting dynamic strength parameters
of Shear Modulus, Vp/VS and Poisson's Ratio, which
inherently contain information on both wave velocities
and the sample density, proved to also be sensitive
indicators of fabric as seen in Table III and Figure
VII-8. The values obtained throughout the test

program were in general agreement with those reported
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in a number of related studies. (Hardin and Richart
(1963), Hamilton (1979), Shirley (1978)).

5. The shear wave velocity and signal amplitude were
found to decrease with increasing moisture content,
with as 1ittle as 8 percent moisture producing a
decrease in velocity in excess of 25 percent. The
opposite trend was seen with respect to effective
stress. That is, the shear wave velocity and signal
amplitude increased with increases in effective
stress.

6. In consequence, the fabric of those samples of Dover
40-50 prepared by the moist tamped technique, was
found by all of the above parameters to be more
acoustically rigid than the dry pluviated. The dry
compressional wave results of Figure V-5 showed
differences ranging from 10 to 40 m/sec, but the use
of this parameter cannot be recommended unless an
acoustic sensor could be developed that would not
have to be placed in the interior of the sample. The
saturated compressional wave velocity component of
the acoustic signature, determined particularly with
the KB-GR transducer, has proven to be a very reliable
indicator of sample fabric. As long as a minimum
B-value of 0.97 is maintained, even the relatively
small differences of 15 m/sec observed in the Dover
4050 sand can be confidently reported. As seen in

VII-5 and VII-6, the dry and saturated shear wave
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velocity appear to be even more sensitive to differ-
ences in sample fabric, on a percentage basis. 0On

the average, the moist tamped fabric was found to
possess a saturated shear wave velocity approximately
15 percent faster than a similar density dry pluviated
sample at an effective stress of 10 psi. The computation
of the related dynamic strength parameters seen in
Table III and Figure VII-8 represent, in this author's
opinion, the most promising parameters for relating
acoustic signature to liquefaction resistance. If a
sufficient data base :ould be collected from future
laboratory tests so that an empirical relationship
between these parameters, and resistance to lique-
faction could be developed then the extension of the
test method to the in situ case would be greatly
simplified.

The same relative behavior observed with the acoustic
signature can also be seen in the liquefaction resistance
results of Figure VI-7. That is, the moist tamped
fabric was found to be significantly more rigid than
the dry pluviated when compared at the same number of
load cycles. Thus, an acoustic method has been
developed that accurately relates the fabric of a
saturated triaxial sand sample to its laboratory
resistance to liquefaction. The effect of stress
history, determined with the R-283E transducers, was
also-observed to produce similar increases in both

the acoustic and dynamic rigidity of the test samples.
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In summary, an acoustic technique has been developed which is
capable of accurately and reliably distinguishing between laboratory
samples of the same sand and density but with different fabrics.

This information can in turn be related to the relative differences
in liquefaction resistance of the same test specimens. Based on
these results, future testing can now proceed to extend this method

to the equally challenging in situ case.
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APPENDIX I




GLOSSARY OF GEOTECHNICAL TERMS

Liquefaction - a failure mechanism in sands denoted by a condition
where a soil will undergo continued deformation at a constant
low residual stress, or with no residual resistance, due to the
build-up and maintenance of high pore water pressures which
reduce the effactive confining pressure to a very low value.

Standard Penetration Resistance - The number of biows of a drop
weight required to drive a 2" diameter hollow steel sampling
spoon 12" into the soil layer. A weight of 140 1b. and a drop
height of 30 in. are considered standard.

Compressibility, B - as used by Hamilton (1971), is defined by the

following equation:

]
N
p p M
where Vp is the compressional wave velocity
p is the shear (rigidity) modulus
p is density

D.. Size - That screen opening at which 50 percent of the sample will

50
pass through.

Minimum and Maximum Dry Density - Represents the most loose and most

dense state of packing respectively, for a particular soil type.

These values were determined in accordance with ASTM D2049-69.

Relative Density - Defined by the following equation:

1/y
DR(%) = 1/y

- 1/y
- 1/y

min

min max

135




136

Ymin -~ Minimum Dry Unit Weight
Ypax = Maximum Dry Unit Weight
Y = Unit Weight of Sample Being Tested

Porewater Pressure - The level of stress acting in the solid and in
the water in every direction with equal intensity.
B-Value - The ratio of the increase in porewater pressure to an
increase in cell pressure, in an undrained sample.
Back pressure - A term referring tc the levei of stress applied to
the porewater of a soil specimen to promote more complete saturation.
Pore Pressure Ratio - The ratio of built-up pore water pressure in a
soil sample to the initial effective stress present at the start
of the test.
Wilson Equation - The following empirical equation for the compressional
wave velocity of water, with temperature correction, was reported
by Wilson (1960):
V=1449.2 + AV

T
where
AV = 4.6233T - 5.485 x 1072 7% +
2.822 x 1004 13 - 5.07 x 1077 1*
T = Water Temperature in °C
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TWX,. 710-348.6932
TEL. (817) 749.4800

/AL /A
4 “ 74 . | Massa Products Corporation
! Bl 280 Lincoln Street, Hingham, Mass, 02043

IN REPLY REFER TO:
PROGUCT BULLETIN NO. 15

R-283E
Data Sheet

SPECIFICATIONS
Housing Material .......... ABS Plastic
Sensitivity
Recelving (dB vu 1V/microbar) --16.5

Transmitting (d8 vs § ml:wbar/yd/v;a“tt) C4 91.5

Totzl Beam Width (conical)

at ~3dB points ...
at —8dB points .
at — 10 d3 points

.13°
. 180
.22°

Resonant Frequency (series) ... ... 200 kHz

Resistance at Resonance
(tuned with 0.8 mh choke) ... ... 2000 ohms

Power Handling Capacity

(Maximum peak watts) .................ccceeueese 100
Di b e et 1%, dia x
3" long
Waeight ... .. 7 oz,

Cable ..o e Coax, 10 ft,

" Over a Generation of Outstanding Leadership in Electroacoustics
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Housing

Spring

Mass

Piezoelectric

Discs '

—Qutput
Terminal

Base

Calibration Chart for

Briiel & Kjaor
Accelerometer Type 4367 =

Serial no. 1%39\1‘& ........

Reference Sensitivity at .~2.0..... Hzat .24 oc
Cable Capacitance of ......... .\ 1.O........ pF

Charge Sensitivity**

......... '2.10 % pC/ms—32, Q» 04\‘\ . pC/g*
Voltage Sensitivity**

.......... V38 mvms—tor . MM mvsg
Capacitance (including cable) ...... Y.L 3% ... pF
Maximum Transverse Sensmvny at 30Hz \(.l) %
Wel—gl-n‘ “ ................. '3 grams

Undamped natural frequency .....................s 1, kHz

For mounted Resonant Frequency and for Frequency
Response relative to Reference Sensitivity, see at-
tached individual Frequency Response Curve

Polarity is positive on the center of the connector for
an acceleration directed from the mounting surface
into the body of the accelerometer.

Resistance minimum 20000 M) at room temperature.

Date TJ:H.:‘.?.Q.. ....... Signature 3@ ....................

*19=9807ms—?

** This calibration is traceable to the Nanonal Bureau
of Standards Washington D.C.

e i

740063

Typical Temperature Sensitivity Error
in dB rel. the Reference Values
Individual deviation max. £ 1dB

i )
C i e |
Charge sensitivity «— = =

NOUNDWNQOANWLONON®
[

] Voitage sensitivity O
—dB | ]
[] 50 100 150 200 260 300°C
a2 122 212 302 392 482 672°F
75107
Physical:

Material: Titanium

]
15mn;-d5]'
Mounting Yhread: 10—32 UNF-2B

- —altmm-055*

Environmentat:
Humidity: Sealed
Max. Temperature: 177°C or 350°F
Max. Continuous Sinusoidal Acc. (peak):
30000 ms-2 or 3000g
Max. Shock Accelaranon 100000 ms—2? or|10000g

Electrical Zonnector: Coaxial
10—32 'UNE-2A thread

. Typical Magnetic Sensitivity (50 Hz): 6 ms—2/T or

0,06 g/kgauss
Typical Temperature Transient Sensitivity:

{Low. Lim. Freq.: 3 Hz) 0,4 ms—2/°C or 0,04 g/°C
Typical Base Strain Sensitivity:

0,008 ms—2/ustrain or 0,0008 g/ustrain

+ 4C

dB

+ 30

+ 20

+10

—10
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