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Abstract

The shear modulus of soils at a small strain level (0.0001 — 0.001%) is normally a required parameter in many
geotechnical aspects such as when evaluating dynamic soil response, when modeling the non-linear stress-strain
relationship and in soil-structure interaction analyses. It has become common practice in laboratory testing to evaluate
the soil stiffness at small strain level by bender element test and cyclic triaxial test with strain-controlled type
equipment. The bender element test is a simple technique and is noted as effective tool to determine the small strain
shear modulus of soil by measuring the velocity of propagation of a shear wave through a soil specimen. This may be
due to the simplicity of the test procedure and its non-destructive nature, which allow us to measure the small strain
shear modulus at any stress state. Many researches on the small strain shear modulus of cohesive soils and sands with
the implemented bender element measurement in triaxial cell and oedometer have been performed. However, the shear
modulus of volcanic coarse-grained soils with particle breakage evaluated by bender element test has not been fully
investigated.

Volcanic coarse-grained soils, distributed widely in all regions of Japan, are one of the problematic soils in
geotechnical engineering. This is because their origin and formation process are very different from those cohesive soils
and sands. Sedimentary structure, distributional area and degrees of the weathering greatly differ with the depositional
environment. Therefore, it is anticipated that the mechanical property of volcanic soil grounds will be diverged. For
many years, liquefaction related phenomena were thought to be limited to sands. However, according to the earthquake
observations in Japan, for example, the 1993 Hokkaido Nansei-Oki, the 1994 Hokkaido Toho-Oki and the 2003
Tokachi-Oki earthquakes, the liquefaction also occurred in volcanic soil grounds. The earthquake generated serious
damage to the ground composed of volcanic soils, embankment structures, road pavement, port structures, and many
other facilities. Because volcanic soils have been widely used as a construction and fill materials, in order to prevent
damage arising from the earthquake and to determine the appropriate geotechnical engineering routine design for
volcanic soils ground, the research on deformation-strength behavior of volcanic coarse-grained soils with particle
* breakage has to be made. This dissertation composes of seven chapters as follows:

Chapter 1 provides the general introduction and objective of this research.

Chapter 2 contains a literature review of previous research on the small strain shear modulus of soils, determination
of travel time of shear wave in the bender element test, variables effect on the small strain shear modulus, and a brief
review of the recent earthquake damages in volcanic soil grounds in Hokkaido, Japan.

Chapter 3 describes geological aspects of volcanic coarse-grained soils in Hokkaido, location of the sampling sites
and physical properties of the volcanic coarse-grained soils used in this research. These volcanic soils are Mdhi,
Sapporo, Tomikawa, Touhoro and Kitami volcanic soils with widely different potential for particle breakage. In addition,
some tests on Toyoura sand with no particle breakage were also performed for comparison. Particle breakage is an
important phenomenon of the mechanical behavior of volcanic coarse-grained soils, since their particles contain porous
and fragile materials, which start breakage at a low stress level. In this research, the amount of particle breakage or



particle crushability for volcanic coarse-grained soils was measured by the increment of fines content, which was
estimated by performing sieve analysis before and after tests.

Chapter 4 describes the laboratory testing program, test apparatus and test procedures. The shear moduli of volcanic
coarse-grained soils were investigated in bender element test and cyclic triaxial test (strain-controlled type equipment).
The preparation of soil specimen, saturation and consolidation process and test procedure were performed according to
the Yapanese Geotechnical Society (JGS) standards. In bender element test, the travel time of shear wave was taken as
the average value obtained by start-to-start and cross-correlation methods as described in the chapter 2.

In Chapter 5, the small strain shear moduli obtained from bender element tests were compared with those obtained
from the cyclic triaxial tests in order to reveal the difference between test methods. The shear modulus was measured
under different effective confining pressures for various states of packing, represented by different void ratios after
consolidation. The use of bender elements in triaxial test, made it possible to evaluate the small strain shear modulus of
volcanic coarse-grained soils. A reasonable agreement between the shear modulus obtained from the bender element
and the strain-controlled cyclic triaxial tests can be observed. It can be concluded that for a given volcanic soil, the
different testing methods have no significant effect on the measurement of the shear modulus. The effects of strain
dependency, particle breakage, effective confining pressure, void ratio and fines content on small strain shear modulus
are examined and discussed in this chapter. The test result showed that the shear modulus of volcanic coarse-grained
soils with crushable particles is lower than that of Toyoura sand with no particle breakage. The shear modulus of
volcanic coarse-grained soils depends strongly on the crushability of their particles. The lower particle crushability
shows a higher shear modulus for a given stress. The dependency of shear modulus ratio, G./G, on shear strain level
for volcanic coarse-grained soils is usually lower than that of Toyoura sand. This behavior could be attributed to the fact
that the damping ratio, A for volcanic soils is lower in comparison with Toyoura sand.

The small strain shear modulus of volcanic soils increases with an increase in the effective confining pressure but
tends to decrease with an increase in the void ratio. The dependency of shear modulus on void ratio for Tomikawa and
Touhoro volcanic soils is less significant than that of Mori, Kitami and Sapporo volcanic soils. This is due to the
existence of many intra-particle voids in Tomikawa and Touhoro volcanic soils. The shear modulus of volcanic soils
decreases as the amounts of non-plastic fines content increase. At fines content less than 15%-20% the fines can be
accommodated in the voids of the parent material so the effect of the shear modulus may be minimal if intergranular
void ratios remain intact. As the fines content increases to more than 40% the parent material flows with the fines
matrix and the fines begin to play a rather important role so the effect of the shear modulus increases. From the test
results, the shear modulus decreased to about a haft of the initial value at a fines content of 100%.

In Chapter 6, time-dependency behavior of small strain shear modulus of volcanic coarse-grained soils was
investigated. In general, the small strain shear modulus of volcanic coarse-grained soils depends on particle crushability,
confining pressure, void ratio and amount of fines as explained already in the chapter 5. Although the influence of
variables on the shear modulus can be readily obtained in laboratory testing, it is time consuming to investigate the
time-dependent behavior of the shear modulus. Therefore, the minimum testing period required to predict the long-term
values of shear modulus in the laboratory, and the developed correlations between shear modulus and consolidation
period have to be established. In order to gain an understanding of the time-dependency of shear modulus in volcanic
coarse-grained soils with particle breakage, a series of bender element and cyclic triaxial tests was performed on
volcanic coarse-grained soils with different degrees of particle breakage. The bender element test, a non-destructive test,
allows the variation between shear modulus and consolidation time to be monitored during consolidation. Because the
cyclic triaxial test is a destructive test which means that the specimen will be damaged due to liquefaction, in order to
clarify the effect of consolidation time on small strain shear modulus, it is necessary to perform the test on many soil
specimens at various consolidation times. Therefore, some test techniques have to be developed in order to minimize
time consumption in laboratory testing. In this research, the simplified method of cyclic triaxial test was proposed in
order to investigate the effect of consolidation time on the shear modulus.

From test results, it is possible to investigate the time-dependency behavior of small strain shear modulus in
volcanic coarse-grained soils from the simplified cyclic triaxial test. An essentially good agreement among the test
results obtained from the simplified cyclic triaxial test, conventional cyclic triaxial test and bender element test can be
observed. The small strain shear modulus of volcanic coarse-grained soil gradually increases with the consolidation
time and overconsolidation ratio, the increase rate of small strain shear modulus depends strongly on the degree of
particle breakage. A lower degree of particle breakage shows a lower increase rate in small strain shear modulus. In
addition, the increase rate of small strain shear modulus also depends on the stress level, the increase rate of small strain
shear modulus tends to increase with stress level.

Finally, the significant findings in this research are summarized in Chapter 7, along with recommendations for
future research. The bender element test results show a good repeatability, and reasonable agreement of the small strain
shear modulus can be recognized between the bender element and the strain-controlled cyclic triaxial tests, implying
that it is possible to evaluate the small strain shear modulus of volcanic coarse-grained soils using the bender element



technique. The crushability of soil particles has large effects on the mechanical behavior of granular material with
pumice particles. Larger size particles are more likely to break because the probability of intra-particle voids in a given
particle increases with its size. The amount of particle breakage tends to increase with stress level, and under constant
states of stress, the amount of particle breakage tends to increase with time. The proposed equations as the function of
effective confining pressure and void ratio based on the experimental results of the current research can be used for the
small strain shear modulus evaluation in geotechnical engineering routine design. In addition, the shear modulus under
a constant effective confining pressure for a long-term period can be predicted using the proposed empirical equations
obtained from the present research.
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