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Abstract. The widespread availability of soft rocks and their
increasing use as cheap rockfill material is adding more to
geotechnical hazards because time-dependent granular de-
composition causes significant damage to their mechanical
properties. An experimental study was conducted through
monotonic torsional shear tests on crushed soft rocks under
fully saturated and dry conditions and compared with anal-
ogous tests on standard Toyoura sand. Due to the sensitiv-
ity of material to disintegration upon submergence, saturated
conditions accelerated granular decomposition and, hence,
simulated loss of strength with time, whereas, dry test condi-
tion represented the response of the soil with intact grains. A
degradation index, in relation to gradation analyses after each
test, was defined to quantify the degree of granular decompo-
sition. Possible correlations of this index, with strength and
deformation characteristics of granular soils, were explored.
Enormous volumetric compression during consolidation and
monotonic loading of saturated specimens and drastic loss
of strength parameters upon submergence were revealed. It
is revealed that the observed soil behaviour can be critical
for embankments constructed with such rockfill materials.
Moreover, the enhanced ability of existing soil mechanics
models to predict time-dependent behaviour by incorporat-
ing water-induced granular decomposition can simplify sev-
eral in situ geotechnical problems.

1 Introduction

While dealing with a variety of non-conventional com-
plex geomaterials, engineering structures are exposed to in-
creased geohazards with intensive developments in hilly ar-
eas. Moreover, the economic constraints sometimes compel
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engineers to use cheap materials for the construction of vari-
ous geotechnical structures, e.g. using mudstone as a rockfill
material for embankments and placing foundations on such
soils. A typical example of geotechnical hazards, caused di-
rectly by the phenomenon of negative ageing mainly due to
water-induced granular decomposition of crushed rocks, is
reported by Asada (2005). He compared SPT-N values in
residential fills which were affected by earthquake and found
a drastic decrease in the mean value with years after the com-
pletion of filling. The fill materials were later found to be
affected by the phenomenon of water-induced disintegration
of grains.

The conditions under which soft rocks are degraded due
to physical or chemical decomposition are well established
(Hawkins et al., 1988) and efforts are also made towards con-
stitutive modelling of degradable geomaterials by Pinyol et
al. (2007), Yuan and Harrison (2008), and Castellanza and
Nova (2004). They concluded that granular decomposition
affects the mechanical behaviour due to progressive degra-
dation of bonding and loss of soil structure. It is important
to note that the term weathering implies mechanical, phys-
ical and/or chemical changes, whereas granular decomposi-
tion is a byproduct of weathering causing the loss of strength
and stiffness with time. The capabilities for a prediction of
time-dependent response of geomaterials to both engineer-
ing and geological time scales are still very poor (Simpson
and Tatsuoka, 2008). Hence, the gap between geology and
geotechnical engineering needs to be bridged for successful
realization of engineering problems faced in complex geol-
ogy, as well as for efficient use of cheap rockfill materials.

2 Focus of this study

The geological changes in soil composition and its engineer-
ing properties may require thousands of years, whereas, it
has been realised in the last few decades that there are also
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Figure 1. Time-dependent behaviour of granular soils. 3

Fig. 1. Time-dependent behaviour of granular soils.

changes in soil properties over a shorter period of time which
are more relevant to engineers. These changes are described
as ageing effects and are schematically explained in Fig. 1.
Conventionally, the ageing effects are believed to be positive,
that is, the increase in strength and stiffness of soils over time
under constant effective stresses after deposition. It is essen-
tially due to the lithification of conventional granular mate-
rials consisting of durable soil grains under working condi-
tions. However, naturally occurring sedimentary and residual
deposits, generally treated as granular soils in geotechnical
engineering, experience time-dependent granular decompo-
sition due to the weathering process. Such a phenomena is
associated with the loss of strength and stiffness parameters
with time, hereafter referred to as “negative ageing”. The de-
scription of such effects needs to be included in conventional
concepts of soil mechanics.

Extensive research work is published on the effects of the
particle breakage on mechanical behaviour of granular soils.
However, the main focus is always made more or less on the
effects of extremely high, overburdened stresses and exten-
sive shear strains. Only a few studies are known to exist like,
Neves and Pinto (1988) and Nakano et al. (1998), concern-
ing the effects of slaking-induced degradation of soil grains
on its engineering properties. Many researchers reported
negligible influence by the presence of water on mechani-
cal behaviour of standard sands like, Fioravante and Capo-
ferri (1997), Wichtmann et al. (2005), and Youn et al. (2008).
Such an approach is essentially true for most of the standard
laboratory sands consisting of durable grains. On the con-
trary, Mizuhashi et al. (2006) showed significant effects of
saturation on shear strength of weathered soils. Therefore,
stability of natural slopes and the design of foundations and
embankments in such soils will be strongly influenced due
to such phenomenon. Keeping this in view, the investiga-
tion of water-induced granular decomposition with respect
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Figure 2. General layout of specimen in torsional shear apparatus. 3

Fig. 2. General layout of specimen in torsional shear apparatus.

to its influence on strength and deformation characteristics
of crushed soft rocks was carried out in this study. Deteriora-
tion of soil grains upon submergence is focused on because
irrespective of the bonding nature of soft rocks, presence of
water is always a key source of initiation of the weakening
processes (Neves and Pinto, 1988).

3 Methodology

An experimental study was conducted through consolidated
drained monotonic torsional shear tests on hollow cylindri-
cal reconstituted specimens of crushed soft rocks under fully
saturated and dry conditions. The results were compared
with analogous tests on standard Toyoura sand. The tests
were performed in accordance with Japanese Geotechnical
Society standards for laboratory shear tests (JGS 0551-1998,
2000). A megatorque torsional shear device was used in
this study. This device had the capabilities of monotoni-
cally shearing isotropically and anisotropically consolidated
specimens to relatively large shear strain level. The effects
of water-induced granular decomposition of material on its
geotechnical properties were explored by shearing the spec-
imens at a constant mean effective principal stress under
drained conditions. The general layout of the specimen in
torsional shear apparatus is shown in Fig. 2.
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Figure 3. Initial grain size distribution of all crushed rocks and Toyoura sand. 3

Fig. 3. Initial grain size distribution of all crushed rocks and Toy-
oura sand.

The use of crushed soft rocks was intended to accelerate
the process of water-induced granular decomposition in a
laboratory which takes months or years to complete under
in situ conditions. Accordingly, saturated tests simulated the
loss of strength and the increase in deformation character-
istics with time, whereas, dry test represented the response
of soil with intact grains. A degradation index, in relation to
gradation analyses before, after saturation, and after shearing
was defined to quantify the degree of water-induced granu-
lar decomposition. The effects of confining stress and shear
strain level on particle breakage were investigated and pos-
sible correlations of the degradation index with geotechnical
properties of soils were then explored.

3.1 Sampling sites and material preparation

Naturally weathered soft rocks were obtained from differ-
ent parts of Japan and Pakistan. After air-drying the col-
lected material, it was crushed to a specific grain size of 2.0–
0.075 mm for preparation of 20 mm thick hollow cylindri-
cal specimens of 200 mm height, 100 mm outer diameter and
60 mm inner diameter. According to JGS 0550-1998 (2000),
maximum grain size,Dmax should be limited to 0.1 times the
wall thickness of the hollow specimen, therefore,Dmax of all
test materials was limited to 2 mm.

The grain size distribution (GSD) curves and physical
properties of the crushed rocks and Toyoura sand are pre-
sented in Fig. 3 and Table 1, respectively. Where,Gs is the
specific gravity of soil solids,emax andemin refer to the max-
imum and minimum void ratios,Dmax andD50 corresponds
to the maximum particle size and particle diameter at 50%
passing, respectively,Uc is the coefficient of uniformity de-
fined asD60/D10 andFC represents the fines content passing
sieve size 0.075 mm. Microscopic photographs of test mate-
rials (2.0–0.84 mm) are shown in Fig. 4 to provide a general
picture of particle shape and structure.

Table 1. Physical properties of the test materials.

Soil Gs Dmax D50 Uc emax emin
type (mm) (mm)

HB 2.75 2.00 1.00 6.9 1.132 0.708
DS 2.73 2.00 0.69 7.7 1.114 0.586
GN 2.81 2.00 0.69 5.7 0.906 0.443
YK01 2.52 2.00 0.37 6.6 1.724 1.174
YK02 2.40 2.00 0.64 8.8 1.669 1.029
TS 2.65 0.42 0.22 1.3 0.980 0.610
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Figure 4. Microscopic view of all crushed rocks (2.0-0.84mm) and Toyoura sand grains. 3

Fig. 4. Microscopic view of all crushed rocks (2.0–0.84 mm) and
Toyoura sand grains.

3.2 General experimental procedure and stress paths

Air-dried, crushed material was thoroughly mixed before
sample preparation for uniformity in the soil specimen. The
use of air-dried samples can successfully minimize the com-
plex suction problems for preliminary estimates of the shear
strength parameters of unsaturated/dry soils (Vilar, 2006).
Initially, dry specimens were prepared at desired initial rel-
ative densities (DR) of about 70%.DR was kept higher to
simulate the field conditions of the construction of embank-
ments and to reduce the large volume changes as expected in
case of saturated rockfill materials.

www.nat-hazards-earth-syst-sci.net/10/1229/2010/ Nat. Hazards Earth Syst. Sci., 10, 1229–1238, 2010
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Figure 5. Stress paths during consolidation and monotonic torsional shear. 3

Fig. 5. Stress paths during consolidation and monotonic torsional shear.

Table 2. Consolidation conditions for each test material prior to
shearing.

p′ σ ′
z σ ′

r = σ ′
θ Ko Drainage conditions

(kPa) (kPa) (kPa)

50 50 50 1.0
i) Saturated test
ii) Dry test

75 75 75 1.0
i) Saturated test
ii) Dry test

100 100 100 1.0
i) Saturated test
ii) Dry test

50 75 37.5 0.5
i) Saturated test
ii) Dry test

75 112.5 56.25 0.5
i) Saturated test
ii) Dry test

100 150 75 0.5
i) Saturated test
ii) Dry test

The consolidation and shearing stress paths are shown
in Fig. 5. Keeping all the initial conditions similar for
two comparative tests, one specimen was consolidated and
sheared under dry conditions, whereas, the other was satu-
rated prior to consolidation and then sheared under drained
conditions. In addition, to study the possible effects of the
coefficient of lateral earth pressure at rest,Ko, and mean ef-
fective confining stress,p′, on the deformation and strength
response, specimens were consolidated atσ ′

h/σ
′
v=1.0 and 0.5

andp′=50, 75, and 100 kPa as described in Table 2. Drained
tests at a relatively slow shear strain rate of 0.018%/min were
performed to focus on long-term material response as well as
to avoid the errors of partial saturation and membrane pen-
etration. It was not possible to measure volumetric strain
(εvol) of dry specimens using a double cell due to limited
space between specimen and acrylic outer cell or using in-
ternal devices like clip gauge or LDTs due to the large shear
strain levels. Therefore, only vertical strains (εz) were mea-
sured during dry tests and compared withεz of analogous
saturated tests.

4 Experimental results and data analysis

To investigate the effects of water-induced granular de-
composition on deformation and strength characteristics of
crushed rocks, tests were performed on six different materi-
als (TS, HB, DS, GN, YK01, and YK02). Data analysis and
interpretation were carried out keeping in view the impor-
tance of soil-structure interaction, performance of founda-
tions on weak granular soils, and response of embankments
constructed by cheap rockfill. The effects of granular decom-
position on geotechnical properties of the materials were then
explored by comparing the experimental results between the
crushed soft rocks and Toyoura sand.

It is important to mention that all the comparisons between
deformation and strength characteristics of Toyoura sand and
crushed rocks have been made at the same effective stress
during consolidation and same shear strain during monotonic
torsional shear.

Nat. Hazards Earth Syst. Sci., 10, 1229–1238, 2010 www.nat-hazards-earth-syst-sci.net/10/1229/2010/
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Figure 6. Water-induced granular decomposition of crushed rocks. 3

Fig. 6. Water-induced granular decomposition of crushed rocks.

4.1 Quantification of water-induced granular
decomposition

The crushed rocks used in this study were highly susceptible
to disintegrate upon wetting as shown in Fig. 6. The engi-
neering properties (e.g. stress-strain behaviour and volume-
change response, etc.) of granular materials are strongly
dependent on GSD under in situ conditions. Therefore, it
was necessary to identify and quantify the time-dependent,
water-induced granular decomposition of all test materials.
Although, the amount of fines (1FC) at the end of each test
indicated the extent of disintegration, but it did not exclu-
sively describe the change in overall grain sizes. On the basis
of maximum evolution potential of the initial GSD of a mate-
rial, a degradation index,ID, was defined, as shown in Fig. 7,
to quantify the accelerated negative ageing of crushed rocks
mainly due to water-induced granular decomposition. Such
an index was perceived from grading index (IG), defined by
Wood and Maeda (2008), and relative breakage index (Br)
by Hardin (1985). They used such indices for quantifying
particle crushing due to very high confining pressures and/or
large shear strain levels.

Figure 8 presentsID values summarized from all the ex-
periments. Material YK01 showed the highest water-induced
disintegration with an averageID of 0.49 after saturated tests,
whereas, material GN consisting of relatively durable grains,
showed the least effects of saturation with an average degra-
dation index of 0.04. The small amount of particle crushing
of relatively weak grains was also observed in dry tests. It
can be observed in this figure that water-induced disintegra-
tion completes during full saturation and is essentially inde-
pendent of maximum confining stress of 100 kPa and a shear
strain level of 40% employed in this study.
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Figure 7. Definition of degradation index, ID (after Hardin, 1985). 3

Fig. 7. Definition of degradation index,ID (after Hardin, 1985).
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Figure 8. Effects of confining stress on water-induced granular decomposition. 3

Fig. 8. Effects of confining stress on water-induced granular de-
composition.

4.2 Effects on consolidation characteristics

Typical p′-εz relationships of crushed rocks and Toyoura
sand atKo=0.5 and 1.0 andp′=100k Pa under saturated and
dry conditions are presented in Fig. 9. Here, the positive
values ofεz are denoted for vertical compression. The rate
of increase in the cell pressure during consolidation was kept
similar for all the test specimens at 3.0 kPa/min. It can be ob-
served that there is an increase in vertical compression of TS
and GN specimens with an increase inp′, while the differ-
ence between the saturated and dry conditions being insignif-
icant. On the contrary, crushed mudstones show enormous
effects of saturation on the accumulation of vertical compres-
sion. Moreover, the volume-change in TS and GN specimens
comes to an end after completion of primary compression.
It is certainly due to a durable nature of grains unaffected
by the presence of water. On the contrary, volume-change

www.nat-hazards-earth-syst-sci.net/10/1229/2010/ Nat. Hazards Earth Syst. Sci., 10, 1229–1238, 2010
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Figure 9. Typical dry and saturated consolidation response of all materials at p’=100kPa. 3

Fig. 9. Typical dry and saturated consolidation response of all materials atp′=100 kPa.
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Figure 10. Comparison of total vertical compression during consolidation under dry and 3

saturated conditions. 4

Fig. 10. Comparison of the total vertical compression during con-
solidation under dry and saturated conditions.

in saturated crushed mudstones does not cease at maximum
confining stress. Such progressive compression under con-
stant stress is referred to as secondary compression and is
also reported by Nakano et al. (1998) and Mesri and Vard-
hanabhuti (2009). Such a phenomena is certainly due to

water-induced disintegration and relatively loose intrinsic
soil structure of the material. The effects ofKo on accumu-
lation of vertical strains are also quite large as the specimens
show a drastic increase in primary and secondary compres-
sion under anisotropic conditions atKo=0.5.

εz(dry)-εz(saturated) relationships derived from consolidation
data of all materials are given in Fig. 10. A remarkable differ-
ence between deformation characteristics of TS and crushed
rock specimens can be observed. Moreover, entire volume
change,εvol, during anisotropic consolidation atKo=0.5 is
caused by the vertical compression of the specimens with in-
significant radial,εr and circumference strains,εθ . Such a
behaviour is similar to 1-D compression response of soils.
Therefore, it is inferred that for saturated, crushed rocks un-
der anisotropic conditions atKo=0.5, change inεz can repre-
sent the overall volume change of the material.

The relationships between degradation index and vertical
strains of all test materials are given in Fig. 11. It is observed
thatID has a clear relationship with deformation characteris-
tics of crushed rocks. It can also be seen that with increase in
ID value beyond some threshold (about 0.5), there is a little
increase in volume change. It is essentially due to the rea-
son that relatively denser packing is achieved in specimens
after undergoing enormous water-induced granular decom-
position.

Nat. Hazards Earth Syst. Sci., 10, 1229–1238, 2010 www.nat-hazards-earth-syst-sci.net/10/1229/2010/
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Fig. 11. ID-εz relationships forKo=1.0 and 0.5 from consolidation data.
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Figure 12. CD monotonic torsional shear response of Toyoura sand and a typical crushed rock 3

under saturated and dry conditions. 4

Fig. 12. CD monotonic torsional shear response of Toyoura sand and a typical crushed rock under saturated and dry conditions.

4.3 Effects on stress-strain behaviour and strength
parameters

Consolidated drained monotonic torsional shear response of
TS and a typical crushed rock (HB) under saturated and
dry conditions is presented in Fig. 12. It is found that the
stress-strain response of TS (soil with durable grains) be-
comes stiffer under both saturated and dry conditions with
an increase in mean effective principal stress without show-
ing any considerable difference between saturated and dry
conditions. Clear peak and residual stress states are also ob-

served at relatively higherp′. Although, shearing behaviour
of dry and saturated crushed rocks demonstrate stiffer stress-
strain response with an increase in mean effective principal
stress, but at the same time showing a substantial difference
between saturated and dry conditions. In spite of the fact
that all specimens were prepared at high relative densities,
saturated tests showed very weak stress-strain response like
loose soils. Such phenomena is again attributed to water-
induced granular decomposition of the material. On the con-
trary, GN specimens were unaffected by dry/saturated condi-
tions mainly due to the durable nature of soil grains.

www.nat-hazards-earth-syst-sci.net/10/1229/2010/ Nat. Hazards Earth Syst. Sci., 10, 1229–1238, 2010
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Figure 13. Proposed relationship for assessment of time-dependent strength reduction of 3
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Fig. 13. Proposed relationship for assessment of time-dependent strength reduction of crushed rocks due to water-induced granular decom-
position.

Figure 13 presents the effects of water-submergence on
shear strength parameter (φ) of crushed rocks and Toyoura
sand. The reduction of the friction angle between saturated
and dry conditions is defined as follows:

1(φ) =
{
tanφdry− tanφsaturated

}
/tanφdry (1)

where,φ=asin
[(

σ ′

1−σ ′

3

)
/
(
σ ′

1+σ ′

3

)]
.

Such a definition of the loss of strength parameter is
adopted from a study by Mizuhashi et al. (2006) on drained
triaxial compression tests on residual soils. FromID −1φ′

correlations presented in Fig. 13, it is quite clear that with the
increase inID, there is a tremendous reduction in geotech-
nical properties of crushed rocks. Such a phenomenon can
be quite crucial for various geotechnical hazards like; exces-
sive settlements and failure of embankments, bearing capac-
ity of foundations placed on such soils and slope stability
problems. It can also be seen that peak strength parameters
are relatively more vulnerable to reduce under saturated con-
ditions as compared with residual strengths. The effects of
ID on reduction of mechanical properties of crushed rocks
appear to be decreasing/stabilizing with the increase inID
beyond some threshold. It is due to the fact that atID≥0.5, a
granular soil is essentially transformed into a relatively fine-
grained soil. Therefore, with the introduction of apparent
cohesion, governing strength parameters exclusively defined
for coarse grained soils are no longer valid. It is important to
mention here that the reduction of strength parameters due to
water-induced granular decomposition seems to be indepen-
dent ofp′ because, as discussed earlier,ID is unaffected by
p′ of 50, 75, and 100 kPa employed in this study.

4.4 Effects on deformation response during monotonic
torsional shear

The deformation response of typical test materials during
monotonic torsional shear is presented in Figs. 14 and 15.
For the comparison between saturated and dry tests, volume-
change response (γzθ − εz andγzθ − εvol − εz relationships)
are mainly characterised by the change in specimen height
(vertical strains,εz) before the formation of shear band.
+εvol denotes volumetric compression (negative dilatancy)
and−εvol refers to volumetric expansion (positive dilatancy),
whereas,±εz represents the decrease/increase in the speci-
men height during shearing.

The specimens were prepared at highDRi, therefore, volu-
metric expansion (positive dilatancy) during shearing for TS
specimens is observed. It can be seen that before the forma-
tion of shear band,εvol of saturated specimens remains nega-
tive underKo=1.0 and 0.5. On the other hand, irrespective of
drainage conditions,εz is always negative underKo=1.0 and
positive underKo=0.5 before the formation of shear band.
γzθ − εvol − εz relationships of TS specimens show thatεz
is approximately equal toεvol of the specimen before shear
banding underKo=1.0 condition. It is concluded that apart
from effects ofDR, p′ andKo, deformation characteristic of
durable granular soils are unaffected by the presence of wa-
ter.

On the contrary, for saturated tests on crushed rocks (ex-
cept GN, a crushed rock with relatively durable grains),εvol
is always positive (volumetric contraction) during shearing
underKo=1.0 and 0.5. Moreover,εz is negative (vertical
expansion) underKo=1.0 and positive (vertical compres-
sion) underKo=0.5 for dry tests, whereas, it always remains

Nat. Hazards Earth Syst. Sci., 10, 1229–1238, 2010 www.nat-hazards-earth-syst-sci.net/10/1229/2010/
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Figure 14. Shear strain and vertical strain relationships during torsional shear. 3

Fig. 14. Shear strain and vertical strain relationships during torsional shear.
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Figure 15. Comparison between volumetric and vertical strains during torsional shear. 3

Fig. 15. Comparison between volumetric and vertical strains during torsional shear.

positive for saturated specimens, irrespective ofKo. Al-
though in some cases, soil with a higherID showed rela-
tively less compressive behaviour during shearing, neverthe-
less, the difference between the volume change characteris-

tics under saturated and dry conditions seems to be highly de-
pendent on the amount of water-induced granular decompo-
sition, i.e.ID value. Quite similar to consolidation behaviour,
it is observed again that the overall volume change of rockfill
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material underKo=0.5 conditions can be fairly assessed by
vertical strains. These results are in good agreement with the
findings of Yoshida and Hosokawa (2004) on compression
and shear behaviour of mudstone aggregates.

5 Conclusions

As hypothesized, the strength and deformation character-
istics of crushed rocks under saturated and dry conditions
are not in agreement with our conventional geotechnical ap-
proach towards various standard granular soils. A degrada-
tion index,ID, is defined, for a quantitative approach, to sig-
nify the degree of granular decomposition and its effects on
engineering properties of crushed rocks. Apart from the ev-
ident effects of saturation and material type, it is found that
ID for saturated tests is more or less unaffected by the range
of mean effective confining stress of 50–100 kPa and max.
shear strain of 40% employed in this study.

For a given effective stress level,Ko value, and relative
density, the degradation index shows clear relationships with
maximum vertical and volumetric strains during consolida-
tion. It is inferred that in situ collapse settlement of embank-
ments can be reasonably assessed from these relationships by
knowingID of material.

The analyses of monotonic torsional shear tests reveal that
crushed rocks, under dry conditions, exhibit stiffer stress-
strain behaviour, higher peak stress ratios and strain soften-
ing response. On the contrary, saturated crushed rocks ex-
perience an enormous loss of strength due to water-induced
granular decomposition. Large effects of such a degradation
on effective angle of internal friction are observed, whereas,
effects of Ko on the strength parameters seem to be in-
significant. With the increase inID beyond some thresh-
old, reduction in mechanical properties appears to be de-
creasing/stabilizing. Likewise, deformation characteristics
are also highly dependent on the degree of granular decom-
position of crushed rocks.

Enormous volumetric compression during saturation, con-
solidation and loading of rockfill materials are observed in
this study. It is concluded that the observed soil behaviour
can be critical for embankments constructed with similar ma-
terials and the bearing capacity of foundations placed on such
soils. The ability of existing soil mechanics models for risk
assessment of geotechnical hazards can be improved by in-
corporating water-induced granular decomposition of rock-
fill materials.

Acknowledgements.The University of Tokyo and Ministry of
Education, Culture, Sports, Science & Technology (MEXT:
Government of Japan) are gratefully acknowledged for research
facilities and financial assistance.

Edited by: J. Huebl
Reviewed by: two anonymous referees

References

Asada, A.: Assessment of seismic risk in residential areas under fu-
ture Miyagi-ken-Oki earthquake and its mitigation, Draft report
No. 112, 2005.

Castellanza, R. and Nova, R.: Oedometric tests on artificially
weathered carbonatic soft rocks, J. Geotech. Geoenviron.,
130(7), 728–739, 2004.

Fioravante, V. and Capoferri, R.: Automatic volume measuring de-
vice for testing dry soils: Martina, Geotech. Test. J., 20(4), 423–
432, 1997.

Hardin, B. O.: Crushing of soil particles, J. Geotech. Eng.-ASCE,
111(10), 1177–1192, 1985.

Hawkins, A. B., Lawrence, M. S., and Privett, K. D.: Implications
of weathering on the engineering properties of the Fuller’s Earth
formation, Geotechnique, 38, 517–532, 1988.

JGS 0550-1998 and 0551-1998: Standards of Japanese Geotechni-
cal Society for laboratory shear tests, 82–96, 2000.

Mesri, G. and Vardhanabhuti, B.: Compression of granular materi-
als, Can. Geotech. J., 46, 369–392, 2009.

Mizuhashi, M., Towhata, I., Sato, J., and Tsujimura, T.: Exam-
ination of slope hazard assessment by using case studies of
earthquake- and rainfall-induced landslides, Soils Found., 46(6),
843–853, 2006.

Nakano, M., Asaoka, A., and Constantinescu, D. T.: Delayed com-
pression and progressive failure of the assembly of crushed mud-
stones due to slaking, Soils Found., 38(4), 183–194, 1998.

Neves, E. M. D. and Pinto, A. V.: Modeling collapse on rockfill
dams, Comput. Geotech., 6, 131–153, 1988.

Pinyol, N., Vaunat, J., and Alonso, E. E.: A constitutive model for
soft clayey rocks that includes weathering effects, Geotechnique,
57(2), 137–151, 2007.

Simpson, B. and Tatsuoka, F.: Geotechnics – The next 60 years,
Geotechnique, 58(5), 357–368, 2008.

Vilar, O. M.: A simplified procedure to estimate the shear strength
envelope of unsaturated soils, Can. Geotech. J., 43(10), 1088–
1095, 2006.

Wichtmann, T., Niemunis, A., and Triantafyllidis, T.: Strain accu-
mulation in sand due to cyclic loading: drained triaxial tests, Soil
Dyn. Earthq. Eng., 25(12), 967–979, 2005.

Wood, D. M. and Maeda, K.: Changing grading of soil: Effect on
critical states, Acta Geotechnica, 3, 3–14, 2008.

Yoshida, N. and Hosokawa, K.: Compression and shear behaviour
of mudstone aggregates, Geotech. Geoenviron., 130(5), 519–
525, 2004.

Youn, J., Choo, J., and Kim, D.: Measurement of small-strain shear
modulus Gmax of dry and saturated sands by bender element,
resonant column, and torsional shear tests, Can. Geotech. J.,
45(10), 1426–1438, 2008.

Yuan, S. C. and Harrison, J. P.: Development of a hydro-mechanical
local degradation approach and its application to modeling fluid
flow during progressive fracturing of heterogeneous rocks, Int. J.
Rock Mech. Min., 42, 961–984, 2008.

Nat. Hazards Earth Syst. Sci., 10, 1229–1238, 2010 www.nat-hazards-earth-syst-sci.net/10/1229/2010/


