
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


Undrained monotonie and cyclic shear behaviour of saturated sand under wide 
range of confining stresses

Le comportement non-drainée cyclique et monotonique du sable saturé sous une gamme grande de 
pression effective

M.Hyodû — Professor, Department of Civil Engineering, Yamaguchi University, Ube, Japan 
N.Aramaki -  Assistant Professor, Department of Civil Engineering, Sojo University, Kumamoto, Japan

ABSTRACT: Since for weak grained soils particle crushing occurs even at low stresses, the authors carried out tests on a hard grained 
sand over a wide range of stresses to distinguish non-crushing and crushing behaviours. Samples were therefore sieved not only be
fore and after but also at intermediate stages of undrained monotonie and cyclic shear tests at low and high confining stresses to estab
lish the degree of crushing that had occurred. In addition this series of tests can draw on the previous large volume of low stress lique
faction data on the same hard grained sands, and thus allow contrasts to be made between the cyclic strength characteristics in the 
crushing and non-crushing regions.

RÉSUMÉ: Cette récherche traite de l'éffet de la compressibilité et le concassage du sol sur la résistance non drainée cyclique et 
monotonique. D'après les recherches précédentes il est évident que la densité initiale et la pression effective étaient importantes pour 
le  comportement cyclique. Il y avait du concassage des particules pendant ces essais non drainés.Vu que le concassage des particules 
des sables avec les grains faibles se passe meme à effort bas, on a décidé d'essayer du sable avec des grains durs utilisant des efforts 
très divers pour distinguer entre le comportement avec concassage et sans concassage. Les échantillons ont été tamisées avant, après 
et à des phases intermédiaires des essais pour établir le  degré de concassage.

1 INTRODUCTION

In 1995 during the Great H an shin Earthquake serious damage 
occured to port and harbour facilities at Kobe Port Island and 
Rokko Island. Both of these areas were reclaimed land which 
were filled with a cmshable residual granite soil, Masado (Ina- 
gaki et al 1996; Hyodo et al 1997). In 1997 during the Kago- 
shima-ken Hokuseibu earthquake, the liquefaction of a crushable 
volcanic soil, Shirasu, was observed. Research until now has 
concentrated on hard grained soils tested at relatively low 
stresses outside the crushing region. Hyodo et al. (1998) have 
carried out monotonie and cyclic undrained biaxial tests to de
termine the liquefaction characteristics and cyclic strength of 
crushable soils. It was clear from the authors’ previous work that 
not only the initial density but also the initial effective confining 
pressure was important in governing the cyclic behaviour. It was 
also evident that some particle crushing was occurring during 
these undrained tests. Since for weak grained soils particle 
crushing occurs even at low stresses, the authors decided to 
carry out tests on a hard grained sand over a wide range of 
stresses to distinguish non-crushing and crushing behaviours.
Samples were therefore sieved not only before and after but also 
at intermediate stages o f undrained monotonie and cyclic shear 
tests at low and high confining stresses to establish the degree of 
crushing that had occurred.

2 MATERIAL AND TESTING METHODS

Aio sand (G, = 2.633; e ^  = 0.958; e ^  = 0.582; Uc = 2 .74 ), a 
beach sand from Yamaguchi prefecture, was prepared with a par
ticle size distribution of 2mm down to 74(im. Triaxial specimens 
of 50mm diameter and 10 0mm height were air pluviated to a 
relative density of 80% and an initial dry density Yd = 1-59 
Mg/m3. The sample was saturated under a back pressure of 
200kPa to a B value > 0.96. Samples were isotropically consoli
dated at mean normal effective stresses of 0.1 MPa, IM P a, 3 MPa 
and 5MPa. Monotonie biaxial shear tests were carried out at 
confining pressures o f O.IMPa, IM Pa, 3MPa and 5MPa while 
cyclic biaxial tests were carried out at confining pressures of
O.IMPa, 3MPa and 5MPa with a frequency of 0.05Hz. Samples 
were sieved before and after testing to determine the degree of 
particle breakage.

Range of confining stress 
applied in the present tests
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Figure 1. Isotropic compression curve for Aio sand.

The isotropic consolidation curve for these samples from 
0.02MPa to lOMPa is shown in Fig.l. The yield point, given by 
the point of maximum curvature, is marked on this diagram at 
about 3MPa. It is considered that at stresses greater than 3MPa, 
considerable particle crushing was initiated.

3 UNDRAINED MONOTONIC SHEAR

Undrained compression and exteasion tests were carried out at 
each confining pressure. The stress strain plots for each test are 
shown in Fig. 2(a). The phase transformation points are indicated 
on both the compression and extension curves. The correspond
ing effective stress paths plotted in p ’-q space are shown in Fig. 
2(b). At the low confining stress of lOOkPa dilative behaviour 
was predominant and the sand behaved like a heavily overcon
solidated or dense material as the stress path moved rapidly to 
the right from the initial stages of the test and terminated on the 
steady state line as shown. As the initial confining pressure was 
increased the stress path could be characterised by three stages. 
Initially relatively low positive pore pressures are produced and 
the stress path moves to the right indicating a dilative tendency, 
in the second stage the compressive behaviour predominates and
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Figure 2. Stress-strain relationships and effective stress paths from 
monotonic tests under various confining stresses

the stress path moves to the left until it reaches a phase transfor
mation point. The strain at which the phase transformation point 
is reached increases with increasing confining pressure reflecting 
the increasing magnitude of the compressive phase seen in this 
figure. After the phase transformation point the third phase of the 
behaviour is characterised by a strengthening of the dilative be
haviour once again and the stress path moves towards a final 
steady state point. At confining pressures greater than 3MPa (the 
yield stress on the isotropic compression curve) the stress path 
terminates on the steady state line with large positive pore pres
sures and an effective p’ less than the initial confining pressure 
indicating net compressive behaviour as would be expected of a 
normally consolidated material. On the other hand the stress 
paths on the compression side for initial confining stresses of 
IM Pa or greater have compressive characteristics.

4 UNDRAINED CYCLIC SHEAR CHARACTERISTICS

Fig. 3 shows the relationship between cyclic devialor stress and 
axial strain for a confining pressure of O.IMPa. In this case most 
o f the axial strain occurred in extension which is characteristic of 
dense sands tested at low confining pressures. This type of be
haviour also indicates inherent anisotropy in the sand. Fig.4 
shows a similar plot for a cyclic test at 3MPa confining pressure. 
Here the development o f cyclic strains occurs in both compres
sion and extension. The behaviour is very reminiscent of that for 
days Examination of the cyclic stress paths for a ’j=100kPa in 
Fig.3 shows cyclic mobility occurring as the stress paths cycle 
through zero effective confining pressure. In the case of a '3 = 
3MPa the mean normal effective stress does not reach zero dur
ing each cycle. Defining cyclic failure as a strain double ampli
tude of 5%  (et)A=5%), cyclic strength curves have been drawn 
for each confining pressure and are shown in Flg.5. It can be 
sera  that the cyclic strength decreases as the confining pressure
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Figure 4. Typical cyclic stress and axial strain curve and effective stress 
path for a test at a c’=3MPa

is increased from O.IMPa to 5MPa. The cyclic strength curve is 
steep for a confining pressure of lOOkPa, which is typical o f 
dense sand. As the confining pressure increases to 5MPa, so the 
curves become flatter which is more like the behaviour of loose 
sand.
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Figure 3. Typical cyclic stress and axial strain curve and effective stress 
path for a test at a c’=0.1 MPa
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Figure 5. Cyclic strength curves for various confining stresses

5 PARTICLE CRUSHING UNDER MONOTONIC AND  
CYCLIC SHEAR STRESSES

In this study a m ethod  o f  evaluating  partic le  crushing 
originally  p roposed  by M iura and  Y am anouchi (1971) w as 
used. T he  m ethod involves the quantification  o f  the sur
face area o f  the particles. T he specific surface o f the parti
cles w as m easured  by firs t sieving the soil using  840jim , 
4 2 0 (im , 250(jm , 105jim  and  7 4 |im  sieve sizes.
Sieving tests w ere carried  out: 1) on the virgin sam ples; 2) 
a fter the end  o f  consolidation; 3) after the phase transfor
m ation point; and  4) finally  after the steady state po in t w as 
reached. A dditional sieving tests w ere also  carried  ou t at 
10% and  15% axial strains. T he  partic le  surface area w as 
then  evaluated  using the m ethod  described  above. Thus 
F ig .6  w hich show s data  fo r the fu ll range  o f tests on the 
iso trop ically  conso lidated  sam ples indicates an increase in 
surface area at the phase transform ation state particularly  
at h igh effective confin ing  stresses. A fter the phase trans
form ation  po in t the degree o f  partic le  crushing accelerated  
and  continued  to  increase up to  the steady state. In Fig.7 
th e  contours o f  ax ia l strain  have been  draw n fo r  the shear 
tests. U p to  the phase transform ation line (PTL) these are 
initially  quite cu rved  and  w idely  spaced  bu t a fte r the PTL 
they becom e straigh ter and  as m ight b e  expected  m ore 
closely  spaced. U p to  0 .5%  strain the stress paths are  d ila
tive and  only  very sm all am ounts o f  crushing occu r in  this 
region. U p to th is po in t there  is little b reaking o f  asperites 
and  the m agnitude o f  the strain  can  be  accounted  fo r by 
partic le  rearrangem ents w ith m ovem ents o f  the sam e order 
as sm all asperites. I t should  a lso  be no ted  that th e  degree 
o f  d ilatancy increased  w ith effective conso lidation  stress 
and  hence density. F rom  0.5%  to the PT L  a t 3%  to 4%  
strain the stress paths becam e com pressive. O ver this re
g ion it is postu lated  tha t there w as som e breaking o f  sm all 
asperites. F rom  the PT L  line to the steady state the direc
tion o f  the  stress paths becam e dilative and  ax ia l strains 
greater than  10% w ere m easured. It is thought that this 
th ird  phase w as accom panied  by m ajor partic le  breakage 
and  rearrangem ent, particu larly  a t h igher confining 
stresses.
In order to  observe the developm ent o f  partic le  crushing 
during a  cyclic loading test, a  num ber o f  tests w ere carried 
ou t w hich w ere term inated  either a fter a  g iven num ber of 
cycles o r w hen certain  critical stages w ere reached  such as 
the phase  transform ation  line o r a 5%  double am plitude 
strain  as show n in Fig. 8  w hich show s th e  term ination 
po in t fo r each te s t  T his figure also includes th e  line show 
ing  the relationsh ip  betw een cyclic dev ia to r stress ratio  
and  the num ber o f  cycles to  reach  a  EdA =5%  . T hese tests 
w ere carried  ou t a t an  effective confin ing  pressure o f 
5M Pa w hich is w ell above the soils y ield  stress. Fig.9 
show s the cyclic stress paths fo r tests te rm inated  after 1 
cycle, phase transform ation and liquefaction  together w ith

Figure 6. Increase of surface area during undrained shear with various 
confining stresses
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Figure 7. Contours of axial strain for undrained shear tests wife various 
confining stresses

b

Figure 8. Relationship between cyclic deviator stress ratio and number of 
cycles to reach £ and die points at which the separate tests were

terminated to measure particle crushing

the  developm ent o f  the surface area S fo r a ll the  d ifferent 
tests show n in  F ig .8 . T he  stress paths fo r tests 1,2 and  3 at 
a relatively h igh cyclic deviator stress ratio  0.285
contrast w ith  those  fo r tests 4, 6  and  7 w here a d/2<j'c= 
0.203 and  the developm ent o f  the phase transform ation 
and  liquefaction  w as m ore g rad u a l In  this figure the de
velopm ent o f  the phase transform ation  and  Eda =  5%  
states are show n on the surface area p lo t by dotted T he 
degree o f  partic le  crushing as m igh t be expected  increased 
w ith increasing cyclic stress ratio . It can  also be  seen that 
a fter the phase  transform ation state w as reached the parti
c le surface area increased  rapidly. T his w as because after 
the phase transform ation po in t large strains occurred  w ith 
associated  translation  and  ro tation  o f  particles causing the 
h igher degree o f  crushing.
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Figure 9. Relationship between grain surface area and number of cycles during undrained cyclic shear tests

6 CONCLUSIONS

The monotonic and cyclic triaxial tests have been carried out on
a silica sand at low and high confining stressses. The following
conclusions were derived from the present study.
1) Samples consolidated to O.IMPa demonstrated strong dila

tive behaviour under monotonic loading for both isotropic 
and anisotropic consolidation. At stresses of 3M Pa and 
5MPa the dilative behaviour was largely suppressed and net 
compressive behaviour was observed. The strain at which 
the phase transformation point was reached increased with 
increasing confining pressure

2) For the high isotropic confining stresses the cyclic strength 
decreases with increasing confining stress as the sand be
haviour becomes more like that of a loose material.

3) Under isotropic compression the particle surface area in
creased rapidly after the yield stress was exceeded. Shear
ing caused a marked increase in the degree of particle 
crushing relative to isotropic compression.

4) Surface area measurements were also carried out on several 
samples where the tests were terminated after one cycle, af
ter the phase transformation line and w hm  a double ampli
tude strain eDA = 5% was reached. The surface area and 
hence crushing was seen to increase rapidly for tests taken 
past the phase transformation state.
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