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ABSTRACT

The dynamic properties of clay deposits under seismic or
wave loading conditions must be  well understood to assure
dynamic stability of structures founded on such soil. The
dynamic shear modulus and damping appear to be a complex
function of many variables, and a wide range of values have
been reported in the literature, Consequently, considerable
uncertainty éxists in choosing the appropriate values of shear

modulus and damping for a particular problem.

This thesis presents a study of the influence of various
factors on the shear modulus and damping of a marine clay using
a resonant column/torsional shear device. In particular, the
influence of factors such as shear strain amplitude, effective
confining stress, stress history, frequency (strain rate), and
secondary time-dependent behaviour are examined. The pore

pressure response is also studied.

The shear modulus was found to degrade for shear strains
above 0.005%. The strain dependency was found to be well
represented by a single normalized modulus reduction curve
regardless of the confining pressure or overconsolidation
ratio. Slower strain rates resulted in smaller values of shear

modulus.
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0of the variables studied, the duration of sample
confinement was found to be the most imporant factor affecting
the material damping. Above 0.005% strain, the damping of the
marine clay increased with shearing strain amplitude. No
significant effect of confining pressure and stress history on
damping was observed at any strain 1level. As well, the
material damping was found to be relatively independent of

loading frequency.
Both the shear wave velocity and damping obtained in this

study were found to be consistent with the in situ values

determined using the seismic cone penetration test.
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1. INTRODUCTION

1.1 PURPOSE

It is generally recognized that local soil characteristics
affect the ground response when seismic waves propogate through
a soil profile. Advances in earthquake ground response
analyses have greatly surpassed‘ the knowledge of the basic
dynamic so0il properties which are required in order to

correctly predict the actual ground response.

In the 1985 Mexico City earthquake, areas underlain by
soft Mexico City clay greatly amplified the ground motions
causing severe damage (Sun et al., 1988). The low shear
modulus and damping values associated with Mexico city clay
were Kkey factors in producing the large ground motion
amplifications. More knowledge is required of the dynamic
properties of undisturbed soft clays and the factors affecting
themn. This thesis examines the dynamic characteristics of a
soft clay near Vancouver, B.C. - an area susceptible to large

magnitude earthquakes.

This research addresses the complex effect of various
factors upon the shear modulus and damping of an undisturbed

clay, including: the effect of shear strain amplitude;



effective confining stress; stress history; frequency (strain

rate); and secondary time-dependent behaviour.

To perform these studies a resonant column device was used
and later modified in order to perform torsional shear tests on
the same sample. The clay used in this research was obtained
from the Lower 232nd Street University of British Columbia in
situ research site along the Trans-Canada Highway about 40 km

east of downtown Vancouver.

1.2 ORGANIZATION

A brief literature review emphasizing the effects of
various factors on the shear modulus and damping for cohesive

soils is given in Chapter 2.

The resonant column/torsional shear apparatus is described
in Chapter 3 and the method of analysis for both types of tests

is given in Chapter 4.

Chapter 5 describes the research site, the geotechnical
aspects of the soil deposit, and the sampling methods used.
In Chapter 6 testing procedure considerations are discussed
while the test results themselves are presented in Chapters 7

and 8.



Lastly, Chapter 9 compares the shear modulus and damping
obtained in the laboratory with the in situ values as

determined from the seismic cone penetration test.



2. LITERATURE REVIEW: DYNAMIC PROPERTIES OF COHESIVE SOILS

Several researchers have published comprehensive reports
on dynamic soil properties of cohesive soils (Sun at al., 1988;
Kokusho et al., 1982; Hardin and Drnevich, 1972a and 1972b).
This chapter reviews their main findings and outlines the key
factors affecting dynamic shear modulus and damping of cohesive

soils.

2.1 SHEAR MODULUS

Hardin and Black (1968) concluded that shear modulus of

soils is a function of:

i/ effective octahedral normal stress
ii/ ambient stress and vibration history
iii/ degree of saturation
iv/ deviatoric component of ambient stress
v/ grain characteristics and mineralogy
vi/ amplitude of vibration
vii/ frequency of vibration
viii/ secondary time effects (aging) and magnitude of load
increment
ix/ soil structure, and

X/ temperature.



For sands, the modulus at small strains (10'3% or
less) is primarily a function of void ratio and effective
confining stress, with an additional small aging effect. For
clays, the findings are similar except that secondary time
effects (aging) and clay mineralogy also appear to be
important. The significant factors affecting the shear modulus

of cohesive soils are reviewed in the following sections.

2.1.1 Effect of Shear Strain Amplitude

It is clear that the shear modulus of soils reduces
rapidly with increasing strain amplitude as indicated by
Fig. 2.1. The modulus versus strain amplitude curves are
commonly expressed by a normalized modulus reduction curve in
which modulus values at any strain are normalized by the small
strain modulus, Gpay Or Go. The value of Gpay iS approximately
constant for strains below the order of 10”3 percent where the
deformations are linear elastic and recoverable. For higher
strains from about 10’2-1%, the so0il behaviour becomes
nonlinear elasto-plastic and results in irrecoverable permanent
deformations. Indeed, the shear modulus at 0.5% strain is
typically only one tenth of the initial small strain shear

modulus.

Unlike the modulus reduction curves for sands which show a

relatively small variation from one sand to another, the
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modulus reduction curves for cohesive soils have a much larger
scatter (Fig. 2.1). Therefore, certain factors affecting shear
modulus - strain relationships for clays must be considered to

obtain a more usable modulus reduction relationship.

Kokusho et al. (1982) and Sun et al. (1988) reported that
plasticity index, an indirect measure of clay mineralogy, has a
marked influence on the form of the normalized modulus
reduction curves (Fig. 2.2). Higher plasticity clays show a
slower rate of modulus reduction as well as a gradual shift of

the curve to the right.

2.1.2 Effect of Void Ratio

It is not possible to independently vary both the void
ratio and confining pressure for normally consolidated samples.
Hence, it is difficult to separately determine the effect of
these two parameters on the small-strain shear modulus.
However, a linear variation of shear wave velocity with void
ratio enables the void ratio effect to be examined (Hardin and
Richart, 1963). This observation allowed Hardin and Black
(1968) to show that a void ratio factor, F(e), can be used in

an equation of the form

Gmax = K*F(e) (Py) 1™ P(03¢’)D (2.1)
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Fig. 2.2 Effect of Plasticity Index (PI) on Normalized
Modulus Reduction Curves of Cohesive Soils
(from Zen et al., 1978)



in which K is a dimensionless constant, o3¢’ is the effective
isotropic confining pressure in the same units as the
atmospheric pressure (P,) and Gpay, and in which the void ratio

factor is
F(e) = (2.973 -~ e)2/(1 + e) (2.2)

Although widely used, Equation 2.2 is based on tests on
laboratory-prepared kaolinite and been found to be applicable
only for low plasticity clays or relatively stiff clays with

void ratio smaller than 1.5 (Ishihara, 1982).

For clays with high plasticity index, Marcuson and Wahls

(1972) defined the void ratio factor as
F(e) = (4.4 - e)2/(1 + e) (2.3)

Undisturbed alluvial clay samples are more compressible
than laboratory samples on which Egqns. 2.2 and 2.3 are based.
To evaluate such soils, Kokusho et al. (1982) performed tests
on undisturbed samples of soft alluvial clay from Teganuma,

Japan, and proposed the following formula:
F(e) = (7.32 - e)2/(1 + e) ‘ (2.4)

Equation 2.4 is based on tests using laboratory-prepared

bentonite clay in which time and overconsolidation effects were



not eliminated. It applies to clays with void ratios between
1.5 and 2.5. The PI of this clay varied from 40 to 100 and the

void ratio values ranged from 1.5 to 4.0.

Equations 2.2, 2.3, and 2.4 are all of the same form. The
different constants in each of the equations are derived from a
regression ana;ysis of the respective data sets which also
provides the value of K in Eq. 2.1. These equations are
plotted in Fig. 2.3 for three éifferent confining pressures.
The above three formulae give approximately the same shear
modulus for void ratios of about 1.5 but otherwise large
differences exist. Considerable Jjudgement 1is therefore

required in choosing the appropriate void ratio relationship.

2.1.3 Effect of Confining Stress

Increased confining stress results in higher shear
modulus. For equations employing a void ratio factor as in
Eg. 2.1, the modulus exponent, n, for a variety of clays ranges
from 0.5 to 0.6 (Kokusho et al., 1982, Marcuson and Wahls,
1978, Hardin and Black, 1968). To overcome the uncertainty in
choosing the correct void ratio factor, shear modulus is often

simply reported as

Cmax = K(Pa)1™M(o3c”)™ (2.5)
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in which K and n vary according to the type of clay. An
equation of the form of Eq. 2.5 may be convenient when the void
ratio of the clay is not accurately known. However, both the
modulus multiplier (K) and the modulus exponent (n) vary with

clay type.

Weiler (1988) gathered data found in the 1literature on
shear modulus-confining pPressure relationships for normally
consolidated, naturally-deposited clays. The shear modulus-
confining pressure equations for the respective data sets are
presented in table and graph form in Fig. 2.4. Also included
in Figqg. 2.4 is the shear modulus-confining pressure

relationship for Teganuma Clay (Kokusho et al., 1982).

It appears that the modulus multiplier values shown in
Fig. 2.1 decrease with increasing plasticity index, while the
modulus exponent values increase. This is intuitively
satisfying since a more plastic clay would be expected to be
softer (lower modulus) than a lean clay, and should therefore
have a lower modulus multiplier. Since a higher plasticity
clay generally undergoes a more rapid void ratio reduction with
increasing confining pressure (higher compressibility), the
shear modulus increase (modulus exponent) would be expected to
be greater. The modulus exponent values for all natural clays
reported in the literature fall in the range 0.8-1.2. The
range in shear modulus values for the various clays shown in

Fig. 2.4 is almost an order of magnitude. However, the trend

12



Shear Modulus G, (kPa)

Confining Pressure (kPa)

100
$ CLAY PI
1 Gulf of Alaska 14-15
2 AGS.CL Clay 16-22
3 - Boston Blue Clay 19-23
4 San Fran. Bay Mud 43
5 AGS CH Clay 32-38
6 Leda Clay 37-44
7 Teganuma Clay 40-103

Gmax

436.3P,° 26 (05c7) -B40cR- 27
248.2P,* 14 (5507 -B60cR- 60
164.6P5° 95 (03¢*) - 950cr-51
126.2P3 =18 (4507) 1+ 18gcR- 69
97.4P5~* 08 (5507)1-08pcp. 69

53.6P,~ "8 (5507)1-08gcp. 59

500

REFERENCE
Weiler (1988)

Kokusho et al
(1982)

Fig. 2.4 Small Strain Shear Modulus Equations for Seven
Naturally Deposited Clays

13



in the curves is predictable based on the plasticity index of

the clay as suggested by the table in Fig. 2.4.

2.1.4 Consolidation Stress History

The effect of overconsolidation on the small strain shear
modulus of naturally deposited cohesive soils is to increase
the modulus as compared to the normally consolidated condition.
The shear modulus increase due to stress history is often
expressed by an overconsolidation ratio (OCR) term incorporated

into Eq. 2.5 such that

Gpax = K(Pa) 1™ (03¢’) POCRE (2.6)

The table in Fig. 2.4 presents equations of this form for six
natural clays. The influence of OCR on small-strain shear
modulus for five of the clays examined by Weiler (1988) is
illustrated in Fig. 2.5. The slope of this plot (m) is the OCR
exponent. Almost all of the data falls within a range of m of
0.3 to 0.7, with an average of about 0.6. Although there is
some variation between the various clays, no trend of OCR

exponent with clay plasticity is evident.

However, if an equation employing the void ratio factor is

used, then

14
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Fig. 2.5 Effect of Overconsolidation Ratio on the Small
Strain Shear Modulus of Five Naturally Deposited
Clays (from Weiler, 1988)
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Gpax = K*F(e) (Pa) 1™ M (03¢’ ) ocrK (2.7)

and k varies with plasticity index (PI) as shown in Table 2.1.

2.1.5 Frequency Effect

Aggour et al. (1987) applied random vibrations with
varying cut-off frequenéies to study the effect of 1loading
frequency on the shear modulus reduction curves for cohesive
soils. From these tests, it was found that random loading with
different frequency content affects the shear modulus reduction
curve (Fig. 2.6). The soil modili in the case of random
loading were found to increase with higher frequency content
and were lower than the moduli obtained from sinusoidal
testing. The differences increased with increasing strain
amplitude. However, the different frequency cut-off values are
higher than the frequencies in the 0.1 Hz to 30 Hz range of

interest for most earthquakes (Sun et al., 1988).

2.1.6 Secondary Time Effects

Several investigators have shown that time-dependency is a

significant parameter affecting the dynamic properties of soils

16



Table 2.1 Values of k

PI k
0 0
20 0.18
40 0.30
60 0.41
80 0.48
>100 0.50

17
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Fig. 2.6 Effect of Varying Frequency Content on the Shear
Modulus vs. Strain Curves for Cohesive Soils
(after Aggour et al., 1987)
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(Hardin and Black, 1968; Marcusson and Wahls, 1972; Anderson
and Woods, 1976; Anderson and Stokoe, 1978; Kokusho et al.,
1982). The results of these investigations confirm that small
strain dynamic shear. moduli of both sands and clays increase

with time of confinement under sustained pressures.

Results of these studies suggest that time-dependent
change in shear modulus can be separated into a period of
primary behaviour and a period of secondary behaviour. The
primary behaviour has been shown (Fig. 2.7) to coincide with
the period of primary consolidation (Kokusho et al., 1982;

Anderson and Stokoe, 1978).

During the 1long-term time effect the values of shear
modulus generally increase with the logarithm of time. Figure
2.7 indicates that this secondary increase is much larger than
that predicted from the secondary decrease in void ratio
estimated by Eq. 2.1. A time or thixotropic effect is

therefore seen as being responsible for this behaviour.

The rate of secondary modulus increase has been quantified
by the ratio AG/Gyggg9 in which AG is the increase in shear
modulus per logarithmic cycle of time, and Gjggg is the modulus
measured 1000 minutes after the start of primary consolidation.
Generally, the rate of secondary modulus increase becomes
greater with decreasing mean grain size (Afifi and Richart,

1973). However, Kokusho et al. (1982) suggest that a

19



8 T T T
= BALL KAOQLINITE 450 ’;"
[ ’ <@
. -3 7 -
= 6 ~— Gyg00 4z 440 S
S A q—————"" 82
E 27 _ § P ==
e = I = Wy 7ty = & | /AG OUE TO CHANGE a <
S 2 IN VOIO RATIO 43052
BS 4L =6200 kNwl 55
w 3 wa
Sz I azx
2 Ng = =—— =15% =2F
wd -l
a. [+
T of by
1 o2
3 410
-
PRIMARY CONSOL!DATION LONG-TERM TIME
EFFECT
(a) SHEAR MODULUS
0 ¥ , ' g
3 To= 70 KN/N
=
o eg=1.1 195 ¢
[
s w
& [}
= =
= -
e o =4
= 41.0 8
- | et
ws x
s (L]
g =
= {ve)
= ¥ =
A N
% \\ G o 1.5
i \
(b) HEIGHT CHANGE
8 1 1 i 2.0
1 10! 102 109 104

OURATION OF CONFINEMENT, t'(MIN)

Fig. 2.7 Typical Time-Dependent Increase in Low Amplitude
Shear Modulus for Clay at Constant Confining
Pressure (after Anderson and Stokoe, 1978)

20



relationship involving Plasticity index (PI) may be more
logical since PI is a parameter which reflects the chemical
activity of clay minerals (Fig. 2.8). The rate of secondary
modulus increase becomes larger as PI increases, with values as
large as 25% per log cycle of time. Clearly, time effects must
be considered when conducting laboratory tests for shear
modulus or when extrapolating laboratory tests to field

conditions.

2.2 DAMPING RATIO

Damping exists in all vibrating systems. It serves to
remove energy from the oscillating system. The energy loss can
be determined from the vibrating system response. This loss in
energy results in the decay in amplitude during free vibration.
For steady state forced vibration, the energy loss is balanced

by the energy input of the driving force.

Damping is commonly distinguished as being either viscous
or hysteretic in nature. The damping is said to be viscous
when the dissipated energy per cycle increases proportionally
with frequency. This is the assumption in determination of
damping from the amplitude decay method in the resonant column
test. The damping is said to be hysteretic when the dissipated
energy per cycle 1is independent of the frequency of loading.

This is the assumption when the damping is determined from the
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stress strain response curves. Details on damping calculations

are given in Chapter 4.

The damping of a particular soil has been found to. depend

primarily on:

i/ the strain amplitude of vibration
ii/ the ambient state of effective stress
iii/ vibration frequency |
iv/ void ratio, and

v/ confining time

as well as other, less significant factors. These variables
are essentially the same as those affecting the shear modulus

(section 2.1) and are discussed in the following sections.

2.2.1 Effect of Shear Strain Amplitude

There is not an abundance of data reported in the
literature on the variation of damping ratio with shear strain
amplitude. The limited data suggest that the damping ratio
curves for cohesive scils have a wider range than those for
sands. Much of the early work during the 1960’s was summarized
by Seed and Idris (1970). Figure 2.9 shows the range in

damping values summarized by Seed and Idris as well as the
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range in damping curves identified by Kokusho et al. (1982)

from studies performed in the 1970’s and early 1980°’s.

It is quite likely that the smaller range in damping ratio
presented by Kokusho et al. (1982) reflects the improvement in
dynamic testing equipment and procedures since the early
studies in the 1960’s. Nevertheless, it can be seen that the
damping ratio for cohesive soils increases from a minimum value
less than 5% at a shear strain of about 0.01% to a value

greater than 8% at a shear strain of 1.0%.

It is well known that a strong correlation exists between
damping ratio and shear modulus; in particular, the damping
ratio decreases as shear modulus increases. Hardin and Drnevich
(1972b) suggested the following simple equation to relate

damping ratio (D) to shear modulus:

D = Dpax(1-G/Gpax) (2.8)

where Dppy is the maximum damping at large strain.

2.2.2 Secondary Time Effects
The effect of duration of confinement of cohesive soils is

to decrease the damping logarithmically as a function of time.

This behaviour has been observed in laboratory-prepared clays

25



(Marcusson and Wahls, 1978) as well as naturally deposited

clays (Kokusho et al., 1982; Hardin and Drnevich, 1972a).

Due to the relationship between damping ratio and shear
modulus (Eq. 2.8), it is reasonable that the damping ratio
should decrease with duration of confinement since shear
modulus increases with confining time (see section 2.1.6).
Unlike the two time-dependent stages of behaviour (primary and
secondary) of shear modulus, a consistent linear logarithmic
decrease of the damping ratio exists with no kink apparent at

the completion of primary consolidation (Fig. 2.10).

The rate of damping ratio decrease has been found to be as
high as 25% per logarithmic cycle of time for bentonitic clay

(Marcusson and Wahls, 1978).

2.2.3 Frequency Effects

A series of random vibration tests with varying cut-off
frequencies were performed by Aggour et al. (1987) to study the
effect of loading frequency on dynamic properties of clay.
These tests suggest that higher frequencies are associated with
lower values of damping (Fig. 2.11), though the chosen cut-off
frequencies were well above the frequency range of interest for
most earthquakes (0.1-30 Hz). As well, the damping curve for

conventional sinusoidal loading does not appear to fit this
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trend since it lies below the damping curve with the highest

frequency content.

Hardin and Drnevich (1972a), in their tests on Lick Creek
Silt, suggested that frequencies above 0.1 Hz have only a minor
effect on damping. However, this finding requires more study

since it is based on only a few data points.

2.2.4 cConfining Pressure

The effect of confining pressure on damping in cohesive
soils has not been conclusively established in the literature.
Kokusho et al. (1982) presented data on small strain damping
for clay with PI ranging from 40 to 100 which, despite large
variations, appear to show only a slightly decreasing damping
with increasing confining pressure (Fig. 2.12). Furthermore,
the differences in the damping for OCR values up to 15 were

found to be insignificant, on the average.

Hardin and Drnevich (1972b) proposed that damping
decreases with the square root of confining stress, but the
large variation in damping values at low strain makes their

finding questionable.
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2.3 NEEDS FOR RESEARCH

It is well known that the shear strain amplitude affects
both the shear modulus and damping of cohesive soils. However,
since the dynamic properties appear to be a complex function of
many variables, there is considerable uncertainty in choosing
the correct wvalues of shear modulus and damping for a
particular problem. There is a need to establish more
thoroughly the manner in which shear modulus and damping vary
with factors such as confining pressure, stress history,
loading frequency, and aging. The plasticity index may offer a

guide since it is a reflection of the clay chemistry.

This research addresses some of the aforementioned

concerns.
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3. RESONANT COLUMN/TORSIONAL SHEAR APPARATUS

3.1 INTRODUCTION

The resonant column apparatus used in this study is known
as a Drnevich Long-Tor Resonant Column Apparatus. It was
purchased from Soil Dynamics Instruments Inc. in 1981 for use
in the Graduate Soil Mechanics Laboratory ‘at the civil
Engineering Department of UBC. The term Long-Tor denotes the
capability of the apparatus to vibrate specimens in either a
longitudinal or torsional mode of vibration. For this
research, however, only the torsional aspect of the equipment
was used since the focus of this study was primarily on shear
modulus and shear damping characteristics. Young’s modulus and
longitudinal damping are not examined herein as they are
usually of secondary importance in analyses of earthquake

response.
3.2 RESONANT COLUMN APPARATUS

Several modifications were made to the apparatus in order
to allow for testing of saturated samples and to enable

torsional shear tests to be performed. The basic theory

behind this equipment is introduced in Chapter 4.
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The resonant column apparatus is bolted securely to a
heavy steel base which stands 80 cm high. This is necessary to
ensure that the base of the sample is relatively free of
ambient vibration (Drnevich Long-Tor Resonant Column Apparatus
Operating Manual, 1981). The apparatus in position for either
resonant column or torsional shear testing is shown in
Fig. 3.1. Except for the bottom aluminum pedestal or platen,

all components are made of stainless steel.

3.2.1 Confining Chamber

The confining chamber encloses the soil sample and the
mechanical components of the resonant column device so that a
confining pressure can be applied to the soil sample. The
chamber, which is designed for a maximum safe working pressure
of 700 kPa, essentially consists of a cast acrylic tube which
is secured between the bottom base plate and top chamber 1id by
four long stainless steel bolts. The chamber 1id contains a
port connecting the chamber to a regulated air pressure supply
and also houses the connections which join the interior and
exterior electronic component cables. The sample pedestal,
which is attached to the rigid bottom chamber base plate, is

designed to accommodate 3.5 cm diameter samples.
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3.2.2 Drive Mechanisn

The 1.27 kg top drive platen consists of the top sample
cap, four permanent magnets, one horizontally and one
vertically oriented accelerometer, and a support rod which
allows a vertical displacement transducer core and suspending
spring to be attached. This counterbalancing spring is
suspended from a bracket at the top of a support stand, and is
necessary to counteract the weight of the top drive platen
which would otherwise be acting as an axial force on the
specimen. Isotropic confining pressures are thus maintained.
During resonant testing, the top drive platen is essentially
floating and able to rotate in the horizontal plane so that
forced torsional excitation can be applied at the top of the

specimen.

The drive mechanism consists of four drive coils which are
encircled by the permanent magnets located at the four corners
of vthe top drive platen (Fig. 3.2). This configuration is
superior to that found in some other resonant column devices in
that it can accommodate fairly 1large torsional rotations
without mechanical interference between the magnets and coils.
Such a configuration allows testing at a much wider range of
strains (approximately' .0005-2%) than is possible for some
other device types. 1In addition, this configuration can allow
for approximately a 1.5 cm decrease in sample height during

consolidation or testing.
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The oscillating torsional rotation force is Created by the
interaction of magnetic fields; specifically, the interaction‘
of magnetic fields generated by the sinusoidally varying drive
coil input current with those caused by the permanent magnets

of the drive plate.

Complete coupling between the specimen and the end pPlatens
is ensured by using bronze porous discs with embedded
razorblade vanes which protrude about 1.5 mm. The discs
themselves are securely attached to the top and bottom platens

by means of machine screws.

3.2.3 Torsional Accelerometer

The torsional motion of the top platen is monitored by a
horizontally oriented accelerometer (Columbia Research Labs,
Model 200-1-H) bolted to the top platen. The accelerometer is
mounted at a distance of 3.16 cm from the axis of rotation. An
acceleration sensitivity range of 0.01 g-10k g is specified by

the manufacturer.
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3.2.4 Height-Change Measurement

Changes in specimen height during consolidation and
shearing are determined using a linear variable displacement
transducer (LVDT-Schaevitz 300-HR) which is mounted between the
top drive plate and the sﬁspending spring (Fig. 3.1). The LVDT
coil casing is mounted on the support stand which provides a
fixed reference for the relatiye displacements of the LVDT

core.

3.2.5 Volume-Change and Pore Pressure Monitoring Equipment

Provision for drainage and pore pressure measurement is
made by means of two drainage lines which connect to the bottom
pedestal; no drainage is provided through the top end of the
sample. The other ends of the drainage lines are attached to a
volume change device which consists of several valves and a
volume-calibrated pipette through which a back pressure can be
applied to the sample. This is precisely the same system

commonly used for triaxial tests.
Pore pressures are measured with a 150 psi capacity pore

pressure transducer (Data Sensors Inc. PB519A) mounted on the

volume change device.
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3.2.6 Air Pressure Transducer

The confining pressures applied to the sample are measured
with a 200 psi capacity air pressure transducer (Statham

TP-A-1064~EX) mounted on the confining chamber 1lid.

3.3 RESONANT COLUMN ELECTRONIC COMPONENTS

The electronic components used for resonant column testing
are described in this section, except for the pressure
transducers, accelerometers, and LVDT which are described in
the preceding section as part of the resonant column apparatus.
A wiring schematic is shown in Fig. 3.3. The switch and
control boxes enable the operator to switch between torsional
and longitudinal modes of vibration as well as channelling the
accelerometer output and drive coil input currents to the

oscilliscope.

3.3.1 Function Generator

The sinusoidal signal which is input to the drive coils is
generated by an EXACT Model 508 Fuhction Generator. It is
capable of generating a wide range of frequencies (0.001 Hz-
20,000 Hz). The logarithmic frequency scanning feature proved

to be convenient as it allowed for rapid 1location of the
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resonant frequency. For low amplitude tests, the output level
of the function generator was sufficient to power the drive
coils. High amplitude and torsional shear testing required an

amplifier to magnify the signal to the specified amplitude.

3.3.2 Signal Amplifier

For high amplitude resonant column testing, the sinusoidal
output signal from the function generator is amplified by a
power amplifier (Phase Linear 300 Series Two) before being
input to the drive coils. The frequency response of the
amplifier is from 10Hz~190kHz necessitating the use of a
different amplifier for torsional shear tests which are run at

much lower frequencies.

3.3.3 Charge Amplifier

The torsional accelerometer output signal is conditioned
by a charge amplifier (Columbia model 4102) prior to being
measured and recorded. A transducer sensitivity control
permits balancing of the amplifier to the accelerometer

sensitivity.
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3.3.4 Storage Oscilliscope

A two channel digital storage oscilliscope (Nicolet N 319)
is used to monitor the sinusoidal drive coil input and
accelerometer output. The X-Y feature of the oscilliscope
provides an on-screen display of one channel as the X-ordinate
and the other channel as the Y-ordinate. This yields an
ellipse - known as a Lissajous figure - when both channels have
sinusoidal signals. The resonant condition of the vibrating
column can be readily identified because the on-screen figure
rotates to a vertical position and stretches as the column

comes to resonance.

The storage capability of the oscilliscope was used
primarily to capture the decay in accelerometer response during

free vibration from which damping was determined.

3.3.5 Frequency Counter

Resonance frequencies are read from the frequency counter
(FLUKE 1900A) when the column comes to resonance - as
determined from the Lissajous figure on the oscilliscope
screen. The frequency counter displays frequency values to

0.1 Hz accuracy.
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3.3.6 Digital Multimeter

At resonance, a digital multimeter (Fluke 8000A) is used
to read the rms voltages associated with the drive coil input
current and the conditioned accelerometer output current. The
multimeter is also useful in checking that the maximum current
capacity of the drive coils (about 1 amp) is not exceeded

during high amplitude testing.

3.3.7 LVDT Readout Unit

An LVDT readout unit (Schaevitz LPM-210) converts the LVDT
output signal directly into a relative displacement
(millimeters) if the LVDT is zeroed prior to testing. Seperate
phase and gain adjustments on the readout unit enable the unit

to be calibrated.

3.3.8 Strain Indicator

The pore pressure and air pressure transducer outputs are
read with a strain indicator box (Budd P-350). This device
requires manual balancing with a dial in order to obtain a
reading. The output readings are given in units of microstrain

and must be multiplied by the respective pore pressure or air
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pressure transducer calibration factors for a conversion to

units of pressure.

The manual balancing procedure was simple for setting cell
pressures and back pressures for consolidation. However,
during high amplitude testing in which pore pressure changes
can be rapid, the manual balancing and recording procedure
required considerable skill sincg simultaneous adjustments of
the inéut current frequency were necessary to keep the column

in resonance.

3.4 TORSIONAL SIMPLE SHEAR EQUIPMENT

Torsional shear testing employed essentially the same
equipment used for resonant tests (section 3.2, 3.3) although
some apparatus modifications and additional electronic
equipment were required. In these tests, the torsional
accelerometer and charge amplifier were not required. However,
since resonant column testing was always run in conjunction
with the torsional shear tests, the full complement of
equipment was needed. A description of the required additional

equipment follows.
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3.4.1 Rotary Transducer

A rotary differential displacement transducer (RVDT,
Pickering & Co., Inc., Model 23384) 1is used for measuring
rotational displacements during torsional shear tests. Since
the angular acceleration during these lower-frequency tests is
below the sensitivity of the torsional accelerometer, the
accelerometer could not be used to calculate torsional

displacements.

The RVDT has a range of motion of +10° and a maximum non-
linearity of 0.01%. By using a digital low-pass filter to
eliminate high frequency noise from the recorded RVDT signal,
it was found that angles as small as 0.018 degrees (typically
0.005% strain) could be accurately and repeatably measured.
Calibration of the RVDT for such small rotations was done by
mounting the RVDT on the axis of rotation of a highly accurate

theodolite.

A special guide bracket and RVDT casing (Fig. 3.1) were
needed to allow the RVDT to move down with the top platen
during specimen consolidation. This was achieved by using a
fixed cross-beam with a carefully machined cylindrical bore
containing two vertical guide slots in which the guide pins of
the RVDT casing could descend as the sample consolidated. The
guide slots and pins enabled the RVDT to remain aligned with

the sample axis and at the same time constrained the RVDT
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casing from rotating thereby providing a fixed reference for

the rotating RVDT core.

A RVDT was used instead of proximity sensors since the
RVDT is able to measure a larger range of motion (0 to +10°)

and does not require such a careful setup procedure.

3.4.3 DC Power Supply

The regulated ;6 volt excitation required by the RVDT was

supplied by a DC tracking power supply (Leader model LPS-151).

3.4.5 Power Amplifier

In order to supply the high voltage and driving current
needed during torsional shear tests, a DC to 20 KHz power
amplifier with a 50 volt, 1.0 amp peak output was employed (HP
Model 6824A). The maximum 1.0 amp output is precisely the

limiting current of the torsional drive coils.

The sinusoidal driving signal was produced by the Exact
Model 508 Function Generator which was then amplified and
adjusted by means of a variable gain control on the power
amplifier. The amplified output signal has virtually no phase

shift.
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3.4.6 Storage Oscilliscope

In addition to the storage oscilliscope used for resonant
column tests, a second digital oscilliscope was used for
torsional shear tests. This second oscilliscope (Nicolet 4094)
is equipped with two disk drives which allow storage of
recorded signals on computer disks for subsequent conditioning
and analysis. This feature was used for recording the drive
coil input and RVDT output signals from which stress-strain
loops are determined. Also, the second storage oscilliscope
was used occassionally during resonant column tests to check
and compare strains calculated from the torsional accelerometer

response with those determined from the RVDT.
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4. THEORETICAL BACKGROUND

The dynamic shear modulus and damping can be determined
either from resonant testing or from slow torsional testing.
The specific methods and theory for each type of test are

presented in this chapter.

4.1 SHEAR STRES88 AND S8TRAIN DISTRIBUTION

The variation of shear displacement in the soil specimen
as a result of forced torsional rotation of the top cap is
shown in Fig. 4.1. The torsional displacement varies from zero
at the fixed base to a maximum of rpay at the top of the
sample. A linear variation of displacement from the top to the
bottom of the sample implies that there is no vertical
variation in shear strain. This has been experimentally
verified (Drnevich, 1972a). Radially, displacements vary from
zero along the longitudinal axis of the specimen to a maximum
at the sample radius. Therefore, there exists a radial strain
gradient since the shear strain (y) at any point depends on the

distance, r, from the center of rotation according to:
v =19/l (4.1)
where 1 is the sample length
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Fig. 4.1 Shear Strain in Sample
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¢ is the angular displacement

The fact'that stress and strain vary with radius in such a
specimen does not create a serious error. Hardin and Drnevich
(1972a) reported no significant differences in the behaviour of
hollow and solid cylindrical samples when compared on the basis
of average strain (yay) 1in the specimen. It can be easily

shown that the average strain is given by

Yav = 2/3*(rmax0max/l) (4.2)

In order to avoid the confusion arising from inadequately
defined shear strains found in the 1literature, it should be
noted that all resonant column and torsional shear strains
reported herein are based on the average shear strain defined
by Eq. 4.2. Shear strains are reported as single amplitude
values. These are the average strains determined at peak
rotational displacement with respect to the original null
position. Although Eq. 4.2 is strictly applicable only in the
elastic range where a linear relationship exists between stress
and strain, no attempt has been made in this research to
determine a nohlinear equivalent radius. Ni (1987) reported
that an equivalent radius of 3/4*rpay may be appropriate for

shear strains up to 0.1 percent.
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4.2 RESONANT COLUMN TEST

The determination of dynamic soil properties from the
resonant column test is based on linear vibration theory. The
fundamental aspects of the theory and the equations used to
calculate shear modulus and damping are outlined in the

following sections.

4.2.1 Linear Vibration Theory

The analysis of the resonant column test in terms of
linear vibration theory was given by Hardin (1965), Drnevich
(1967), and Ni (1987). The analytical solution assumes a
Kelvin-Voigt so0il model having constant stiffness, G, and
constant viscous damping, c¢ (amplitude independent). Also,
it is assumed that the shear strain does not vary with height
in the specimen. The equation of motion for torsional

vibration of the rescnant column is:

3%0/3t> = G/p (3%8/0%x%) + c/p (3°8/3x%%3t) (4.3)

where Vg = shear wave velocity = (G/p)0:3

§ = angle of twist, p, = mass density of soil
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v = dynamic viscosity = c/p

with subscripts x and t corresponding to derivatives with

respect to length and time, respectively.

Using the separation of variables procedure, and by
applying the appropriate boundary conditions, the frequency

equation of motion is obtained:

I/Io = (wl/Vg)tan (wl/Vg) (4.4)

where I, represents the mass moment of inertia of the top cap
and drive plate, I is the mass moment of inertia of the

assembled soil column, and » is the undamped natural frequency.

The frequency equation (Eq. 4.4) can be routinely used to
calculate the shear wave velocity of the elastic homogeneous
soil column. The equation applies to the case of steady-state
vibration and is also valid for the case of decaying free
vibration. While Eq. 4.4 is rigorously correct only for soil
exhibiting linear visco-elastic behaviour (strains less than
about 0.001%), much of the non-linear behaviour can be
described by performing the linear dynamic analysis
incrementally at various strains thereby approximately
establishing the non-linear strain amplitude dependent dynamic

soil properties.
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4.2.2 Shear Modulus

The methods of dynamic modulus and damping determination
are covered by Drnevich et al. (1978) and the details of the
apparatus calibration procedure are given in the resonant

column operating manual (Soil Dynamics Instruments Inc., 1981).

Knowing the resonant frequency of the soil column, sample
length, and mass moment of inertia of the sample, the shear
wave velocity can be calculated from the frequency equation
(Eq. 4.4). A system calibration procedure gives the value of

the mass moment of inertia (I,) of the top cap and drive plate.

Solution of Eq. 4.4 was facilitated through the use of a
Fortran data reduction computer program modified from Drnevich
et al. (1978). Nomographs for solving Eq. 4.4 are also

available and were used to check the computer generated values.
Shear modulus (Gpay) can be obtained from the shear wave
velocity (Vg) since they are related through the theory of

elasticity:

Gmax = PV52 (4.5)
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