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Introduction 

Knowledge of the shear modulus of a soil is essential for any study of 
dynamic amplification of earthquake effects, whether the analysis is per
formed by lumped mass shear beams, continuous shear beams, or finite ele
ments. It is also an important part of static and dynamic analyses of soil
structure interaction. In all of these studies most current methods require 
that the modulus be determined at very small strain levels; in some cases 
this is because these are the strain levels to be expected and in others 
because the nonlinear stress-strain relations require the engineer to specify 
the initial modulus. Consequently·, there has been since the middle of the 
1960's a sizable research effort to develop empirical formulas for obtaining 
the initial shear modulus and to develop field and laboratory methods for. 
measuring it directly. All of these techniques must contend with the fact 
that even small amounts of sample disturbance are sufficient to destroy ini
tial structure of the soil and to render measurement of the shear modulus by 
conventional axially loaded triaxial tests meaningless. 

As part of an overall study of optimal seismic protection, the authors 
undertook to determine the shear modulus and . the shear wave velocity of 
Boston Blue Clay. It is well known that the shear modulus and the shear 
wave velocity are related by the formula: 

(1) 

in which p is the mass density of the material, G is the shear modulus, and 
Cs is the shear wave velocity. Therefore, a direct measurement of either the 
shear modulus or the shear wave velocity conveys the same information. 
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The study was conducted on Boston Blue Clay to develop input for later 
soil amplification and soil structure tnteraction studies. This marine clay is 
one of the most widely studied soils and one for which a great deal of con
ventional laboratory data exists. This makes it an ideal material for which 
to try to apply the current state of the art. The study consisted of (a) direct 
in situ measurement of the shear wave velocities by seismic cross-hole tech
niques, (b) obtaining samples of the soil from which to measure the proper
ties necessary to calculate the modulus from empirical formulas, and (c) 
measurement of the shear modulus by torsional resonant column tests on 
undisturbed samples. These are all standard techniques in use in earth
quake engineering, but, so far as the authors know, they have never before 
been applied to the Boston Blue Clay. It was the objective of the study to 
evaluate the accuracy of each of these methods and, if possible, to reconcile 
the differences in the data provided by each. 

A similar program of in situ shear wave velocity measurements using the 
cross-hole technique, laboratory testing of undisturbed specimens in the 
Hardin Oscillator, and comparison of these values with those obtained from 
empirical correlations was undertaken by Stokoe (11). The materials ranged 
from a silty sand to a clayey silt. Based on the tests of the sandy silts and the 
clayey silt, Stokoe reported similar trends in the laboratory test data due to 
secondary time effects as are reported herein. Also, the results of Stokoe's 
test program indicated that laboratory tes( data underestimate in situ data, 
mainly because of the secondary time effects, as is later shown in the paper. 

Borings and in Situ Shear Wave Veloeity Measurements 

Four borings were made at the west end of the MIT campus in the pat
tern illustrated in Figure 1. All were advanced by standard wash boring 
techniques using drilling mud and were then cased with plastic casing. In 
boring B-1, 3-in. fixed-piston Shelby tube samples were taken continuously 
through the clay layers. The soil profile in the area is illustrated in Figure 
2, which includes simplified logs from borings B-103 and B-202 taken ear
lier near the site of the present boring program. 

The in situ shear wave velocities were measured by Weston Geophysical 
. Research, Inc., in May 1972, by the cross-hole method. This method mea
sures the time for a shear wave to travel a known distance between bore
holes. The shear waves are generated at various depths in one borehole 
while sensors at the same levels are placed in the other boreholes to await 
their arrival. From the travel time the shear wave velocity can be com
puted. 

The shear waves were generated by detonation of blasting caps in one of 
the boreholes. The. sensors consisted. of three velocf ty transducers sealed in 
a section of PVC pipe approximately 6 in. long x 21/s in. outside diameter, 
the assembly being referred to as a "jug". The transducers were mounted in 
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the jug in such a way that, when lowered into the holes, one measured verti
cal motions and other two measured horizontal motions. These jugs were 
lowered in three boreholes to the same elevation as the blasting cap in the 
fourth hole. The arrivals of the shear waves were recorded photographi-
cally. · 

Testing was begun at the bottom of the casing, and measurements were, 
taken at frequent intervals coming up the profile. This ',\'.as done because in 
some cases the blasting caps destroyed the plastic pipe, preventing the low
ering of subsequent charges to greater depths. Also, for this reason, Weston 
Geophysical Research, Inc., took many readings at the same elevation 
before moving up the boring. 

The in situ results reported by Weston Geophysical Research, Inc., are 
presented in Table I and are plotted by the solid line in Figure 3. Weston 
Geophysical reported that the values of shear wave velocity are valid to 
within ten percent. An average value of approximately 820 ft/sec is seen 
from Figure 3 to apply to almost the entire depth of Boston Blue Clay in 
this profile. 

Laboratory Test Program 

The laboratory test program included Hardin Oscillator tests (1) and 
index property tests on several samples from different depths in the clay 
layer. Standard triaxial specimens, with diameters of approximately 3.5 cm 

TABLE I 
SHEAR WAVE VELOCITY DATA FOR BOSTON BLUE CLAY 

I 2 3 4 5 6 7 8 
I 

9 

c, y Oz equiv. c\ c, c, secondary C c, c, 
measured max. c, atY= 10 b alY= 10- 6 !-fardin- time 20,000 modified Weston 

(lab.) (lab.) Black effects years Hardin- Geophys. 
Black (field) 

Test 

fps. xio-'' fps. fps. 
fps. per 
log cycle fps. fps. fps. 
of time 

T-3&4 535 2.5-5. 0.99 540 772 40* 820 890 805' 

C-1&2 564 I 0.99 570 747 41 857 859 810 

G-1 490 I 0.99 495 701 44 803 807 840 

L-1 510 I 0.99 515 675 39 788 777 875 

' 
S-2 480 7-10 0.97 495 732 40* 775 843 890 

S-1 436 5-7 0.98 445 732 40* 725 843 890 

AA-I 508 I 0.99 513 717 44 821 825 800 

*Assumed 
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and lengths of about 8.0 cm, were trimmed from the 3 in. diameter undis
turbed Shelby tube samples. Index property tests were performed on the 
trimmings, including .the determination of Atterberg Limits, specific grav
ity, natural water contents, and total unit weights. Additional information 
concerning in situ effective stresses and maximum past pressures was 
obtained from Ladd and Luscher (7) and the relationship of K0 versus Log 
Overconsolidation Ratio (OCR) for Boston Blue Clay from Ladd (8). 
These data were used to calculate the dynamic shear modulus, G, using the 
empirical equation proposed by Hardin and Black (2,3) for cohesive soils, 

G= 1230 (2·973 - e)
2 

OCRK 0: 112 (2) 
l+e 

0 

in which G is the dynamic shear modulus in psi, e is the void ratio, OCR is 
the overconsolidation ratio, and ifo is the mean principal effective stress in 
psi. The value of K depends on the plasticity index, PI. 

1 

Index property tests were performed by standard procedures except for 
the determination of the total unit weights and mass densities, which were 
found by measuring and weighing the Hardin Test specimens immediately 
after trimming. The Atterberg Limits gave a plasticity index of about 30, 
leading to K = 0.24 in Equation (2). The in situ void ratio was approxi
mately 1.0. These values are typical for Boston Blue Clay (7). 
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Equation (2) was then used to compute G for each specimen. The results 
are plotted in Figure 3 versus the depth from which the sample came. The 
variations of the index properties themselves versus depth are shown in 
Figure 4. 
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Hardin Oscillator Tests 
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The theory of the resonant column test and the details of the construction 
and use of the torsional oscillator have been presented in the literature (1, 
5, 6, 10). Therefore, the following brief description covers the general 
operation of the test and includes only the details particular to the present 
test program. 

The Hardin apparatus applies a torsional vibration to one end of a speci
men within a triaxial cell. A load cell is included within the apparatus so 
that anisotropic states of stress similar to estimated in situ stresses can be 
applied to the specimen within the triaxial cell during the dynamic test. The 
electromagnets in the driving oscillator are excited by an AC current from 
the audio oscillator, producing a sinusoidally varying torque at the top of 
the specimen. The base of the specimen rests upon a rigid pedestal which 
has sufficient inertia to make the motion of the attached end of the speci
men essentially zero during vibration of the specimen (1). 

An accelerometer is attached to the oscillator to monitor the movement 
of the top of the specimen. The frequency of oscillation is varied until the 
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maximum output of the accelerometer is obtained. This output is monitored 
with an oscilloscope or can be measured with an AC voltmeter. The reso
nant frequency of the system and specimen occurs when the maximum out
put of the accelerometer is ·achieved.· From the calibration of the 
accelerometer, the test can be run at a given level of shear strain by varying 
the input voltage and the frequency such that the desired output of the ac
celerometer is obtained. The theory presented by Hardin (1,6) uses this 
resonant frequency to determine the dynamic shear modulus: Equation (1) 
is then used to obtain the shear wave velocity. 

Hardin (1) recommends using an average shear strain of2.5 x 10-5 in.fin., 
and the shear strains in these tests are close to that value. Two different sets 
of strain levels were used for the Hardin Oscillator tests. The first group of 
tests was run at three different levels of input voltage of the audio oscilla
tor, corresponding to maximum shear strains, at any point of the specimen, 
of about 2.5, 5, and 10 x 10-5 in.fin. This strain refers to the maximum 
movement at the circumference of the solid sample. For solid samples Har
din and Drnevich (4) define average shear strains as equal to the integral of 
the strain over the cross-sectional area divided by the area, which leads to 
an average shear strain equal to 2/2 of the maximum shear strain. The later 
tests were run at a maximum shear strain of approximately 1 x 10-5 in.fin. 
in an attempt to obtain the maximum value of the dynamic shear modulus. 
The dynamic shear modulus decreases with increasing strain, and 1 x 10-5 

in.fin. is the lowest strain at which satisfactory measurements can be made 
due to random AC noise in the cathode follower used to couple the output 
of the accelerometer to the measuring devices. 

A major problem arises from the electrical connections within the triax
ial cell. The connections must not be submerged in a fluid that conducts 
electricity; therefore, the cell can only be filled with a fluid up to the base 
of the oscillator. The cell pressure is then applied by air pressure acting on 
the fluid within the cell. The use of water or silicone oil as a cell fluid does 
not provide adequate protection from the diffusion of air through the cell 
fluid and the membrane to the sample, where it comes out of solution thus 
interfering with volume change readings. This is especially true for applied 
air pressures greater than 30 psi. An attempt was made to use silicone oil as 
a cell fluid completely filling the cell and mercury pots to apply the c.ell 
pressure. However, the 5 centistoke silicone oil was too viscous and the 
movement· of the magnets indu~ed motion in a certain mass of the oil thus 
interfering with the measured r~sonant frequency of the sample. Therefore, 
the tests were run with silicone oil covering only the sample, and air pres
sure was applied to the top of the cell. (Silicone oil was used instead of 
water because water corrodes the air pistons and aluminum of the support 
device for the Hardin apparatus during the set-up of the test.) 

Volume change readings were not made after the results of the first few 
tests indicated that they were no good. During subsequent tests, the sample 
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was kept wet by flushing water through the porous stone at the base of the 
specimen. It was found that consistent results for resonant frequency could 
be obtained by this procedure as long as the filter strips surrounding the 
specimen remained wet. That is, measuring the shear wave velocity imme
diately before pumping water through the porous stone and into the filter 
paper and measuring the shear wave velocity immediately after this wetting 
the sample indicated that the shear wave velocity had not changed. How
ever, if the specimen was allowed to stand under a confining pressure for 
several days this procedure yielded a change in the shear wave velocity 
measured before and after wetting. Therefore, since the shear wave velocity 
did not change as a result of pumping water into the porous stone at the 
base it was assumed that the air permeating through the membrane did not 
affect the results if it was removed by flushing every day. Consolidation 
was obtained by allowing approximately 24 hours to pass before running 
the dynamic test. From past testing on Boston Blue Clay, this is more that 
adequate time for primary consolidation. 

The samples in the initial tests, T-3, T-4, S-1, and S-2, were is tropically 
consolidated to the estimated in situ horizontal effective stress, at which 
point the resonant frequency was determined. Then the cell pressure was 
increased to the estimated in situ vertical effective stress, again the speci
men was consolidated, and the dynamic test was run. The specimens were 
then consolidated to higher cell pressures in approximately 20 psi incre
ments, up to a maximum cell pressure of 100 psi. After the dynamic test 
was run at the maximum confining pressure, the samples were unloaded in 
20 to 40 psi steps, allowed time to rebound, and the dynamic tests were run 
again. 

The results of the laboratory tests that were run at different confining 
pressures are presented as plots of the shear wave velocity versus the square 
root of the effective isotropic confining pressure in Figures 5 through 8. 
The shear wave velocities that are plotted are the values of Cs that were 
measured and corrected for strain amplitude. Also shown on these plots are 
the values of C8 as predicted by Hardin-Black (Equation 2). The values of · 
C8 ;at the effective in situ octahedral stresses were then interpolated from 
these results to obtain the values of Cs in column 4 on Table I. 

The later tests, C-1, C-2, G-1, L-1, and AA-1, were run at a maximum 
shear strain of about 1 x 10-5 in./in. These tests were loaded isotropically 
to the in situ effective octahedral stress as computed using the values of 
vertical effective stress and maximum past pressure as shown in Figure 4, 
and the values of Ko as determined by Ladd (8) for Boston Blue Clay. 

Resonant column tests, which can be carried out very quickly, were run 
at frequent intervals during both primary and secondary consolidation up to 
times of about one week. Running the test in this manner allowed observa
tion of the results while the specimen wa_s consolidating under each incre
ment of load. 
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The value of the shear wave velocity, Cs, is plotted versus the logarithm 
of time in Figures 9 and 10. Note in Figures 9 and 10 that after primary 
consolidation had been completed there was an increase in Cs versus time. 
This increase is linear on the Cs versus log time plot and is similar to 
increases observed by others (2, 9, 11). It amounts to approximately 40 
ft/sec/log cycle of time. 

Discussion of Results 

Table I is a summary of the results of this study for the specimens at the 
in situ effective octahedral stresses. The value of Csmeas (column 1) is the 
value of the shear wave velocity measured using the Hardin Oscillator at an 
elapsed time of approximately 1,000 minutes and at a cell pressure equal to 
the estimated in situ effective octahedral stresses. These values were 
obtained at the maximum shear strains indicated in column 2. In order to 
compare results for the same strains, the Cs meas , are divided by Column 3, 
the equivalent Cs/Cs max , which is the square root of the values given by 
Hardin and Drnevich ( 4) for G/Gmax as a function of strain. There is little 
difference in Csmax (column 4) and Csmeas (Column 1) using the Hardin 
apparatus due to the small strains at which measurements were made. 

The computed values of Cs using the Hardin-Black equation (Equation 
2) are indicated in column 5. These results are greater than the measured 
value by approximately 200 ft/sec. 

The laboratory measurements (Columns 1 and 4) were made after an 
elapsed consolidation time of 1,000 minutes. Figures 9 and lO show that 
there exists a nearly linear increase in Cs versus log time during secondary 
compression, and the increase is about 40 ft/sec/log cycle of time. Consider
ing this increase to continue for a length of time equal to the age of the clay 
(about 20,000 years) yields the values of C820,000 in column 7. These val
ues are very close to the results obtained using Equation 3 (column 8) and 
the in situ results by Weston Geophysical Research, Inc., (column 9). 

Hardin and Black (2) examined this effect and also the effect of different 
load increments. T.hey concluded that there is a secondary increase of the 
vibration shear modulus with time at a constant effective stress that is not 
accounted for by changes in void ratio. Furthetmore, this increase can be 
destroyed by changes in effective stress and, consequently, this effect may 
be quite important with soils in situ, for the laboratory values of shear mod
ulus (shear wave velocity) depend on the loading scheme used. Tests that 
Hardin and Black ran on a Kaolin clay using small load increments (about 
1 psi) yielded values of shear modulus which were about 20 percent greater 
than those predicted by their equation. These data fit the equation 

G = 1630 (2·973 - e)Z OCRK cfc, 112 
(
3). 

l+e 
Using Equation (3) together with the parameters for the specimens of 

Boston Blue Clay tested yields the values in column 8 of Table I. These 
values are in better agreement with the laboratory values extrapolated to 
20,000 years and with the in situ values by Weston Geophysical Research, 
Inc., than are those calculated using Equation (2). This agreement is more 
easily seen in Figure 3 which is a plot of the data in Table I. 
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Conclusions 

Insofar as the extrapolated laboratory test results, the calculated results 
using Equation 3, and the in situ results are in close agreement, the authors 
conclude that the shear wave velocity of Boston Blue Clay is approximately 
800 feet per second, which corresponds to a shear modulus of 17,000 psi. 
Figure 3 indicates that Equation 3 provides a good approximation for the 
determination of the shear modulus of Boston Blue Clay, and the authors 
propose that it be used rather than Equatio:n 2 in the absence of field or 
laboratory test data. 

The three techniques for measuring shear wave velocity or shear modu
lus of the- Boston Blue Clay - Hardin's and Black's formula (Equation 3), 
resonant torsional column tests, and in situ velocity measurements - agree 
on an average value between 750 and 900 fps. To obtain this agreement it 
is necessary to recognize that present sampling procedures cause inevitable 
sample disturbance and that this must be taken into account in evaluating 
the results of laboratory tests. 

The most important effect is. that of secondary compression, which 
increased the shear modulus 40 fps per log cycle of time. This is lost when 
samples are taken from the ground. The laboratory test data indicate that 
the ground shear wave velocity increases linearly with the logarithm of time 
and this fact can be used to extrapolate the correct value of shear wave 
velocity back to the age of the soil deposit. In the present case this is 
approximately 20,000 years. 

It is recognized that there exist problems due to air permeating through 
the membrane and perhaps dessicating the specimen. Since the secondary 
time effects are so important it is clear that the effect should be investi
gated. A possible means of doing the additional work would be provided by 
modifying the triaxial cell so that a mercury bath could be used to surround 
the specimen as was done by Marcuson and Wahls (9). It was not possible 
in this testing program to investigate this effect, but since the shear wave 
velocity did not change due to pumping water through the porous stone 
(thus forcing most of the air out), and since the· results obtained extrapo
lated to a time equivalent to the age of the clay agreed well with the in situ 

. results and Equation 3, it is believed that the air had no appreciable effect 
on the specimen. 

Failure to incorporate the effects of secondary compression can seriously 
affect the accuracy of laboratory evaluations of in situ moduli. When prop
er consideration is given to\ these effects, all three methods used here give 
consistent results. 
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Notation 

Cs Shear wave velocity 
e Void ratio 
G Shear Modulus 
K Exponent in Equations 2 and 3 
K0 Coefficient of lateral earth pressure at rest 
OCR Overconsolidation. Ratio 
'Yoz Shear Strain in torsional test 
p Mass density 
u

0 
Octahedral or average effective stress 
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