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Introduction

JN the recent past, some attention has been paid to study the behaviour
of soils under high confining stresses with the use of heavy compaction

equipment in the construction of earth and rockfill dams. Tropical soils
undergo considerable amount of degradation under high stresses resulting
complete change in their behaviour. Extrapolation of test results obtained
at low stresses for predicting the behaviour under high stresses becomes
intolerable and necessitates testing of soils under stress ranges anticipated
in design and construction of earth and rockfill dams for evaluating appro-
priate design data.

The various factors contributing to crushing, nature of crushing and
its occurrence have been presented elsewhere (Ramamurthy 1969). In the
present study two coarse, one medium and one fine Badarpur sands have
been tested in axisymmetrical stress conditions in triaxial under various
confining stresses ranging up to 127 kg/cma. In addition to the study of
stress-strain, axial and volumetric strains, strength and magnitude of
crushing, the influence of axial strain, tensile strength of particles, particle
size, strain rate on the magnitude of crushing have been presented.

Notations
a\& o'3 = Effective major and minor principal stresses

1 & v = Axial and volumetric strains during shear
emin & <W = Minimum and maximum void ratios

vc = Volumetric strain due to isotropic consolidation only
0'= Effective angle of shearing resistance

d50 — Diameter corresponding to 50 percent finer by weight
Cu = Coefficient of uniformity
To = Tensile strength of particle
K0 — Coefficient of earth pressure at rest .
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Literature Review
Soils ranging from boulders to clays have been tested by various

investigators to study their behaviour under high confining stresses. A
comprehensive review was made by Ramamurthy (1969) and Ramamurthy
and Lall (1970). Only the recent relevant literature on the behaviour ofcoarse-grained soils is presented briefly with special reference to shear
strength, axial and volumetric strains at failure, magnitude of crushing and
shape of Mohr rupture envelope on silts, sands, gravels and rockfills.
Silts

Hirschfeld and Poulos (1963) tested undisturbed specimens of silt
up to a maximum confining stress of about 42 kg/cm2. The triaxial com-
pression tests showed maximum compressional volumetric strain of the
order of 3 percent and maximum axial strain at failure of 12 percent.
Very little crushing was reported. The Mohr rupture envelope was curved
showing a total decrease of 9° in the effective angle of shearing resistance
( (p' ) from low to high stress range. The curved nature of the rupture
envelope was attributed to brake down of the initial particulate structure
of the undisturbed specimens.
Sands

Jh

Most investigators have tested sands under high cofining stresses
ranging up to 70 kg/cm2 (Hirschfeld and Poulos 1963, Hall and Gordon
1963, Marsal 1963, Bishop et al. 1965, Bishop 1966, Ramamurthy and Lall
1970), up to 281 kg/cm2 by Skinner (Bishop 1966 ) and up to 633 kg/cm2 by
Vesic and Barksdale (1963) and Vesic and Clough (1968). The maximum
compressional volumetric strains varied from 10 to 15 percent and the axial
strains at failure from 20 to 30 percent. Significant crushing was reported
during triaxial compression shear with major crushing occurring during
shear. Crushing was more in uniformly graded sands. Curved rupture
envelope was observed in all cases with the envelope becoming straight at
high stresses (Vesic and Clough 1968, Ramamurthy and Lall 1970). The
values of the effective angle of shearing resistance at high confining stresses
were lower by 10° to 20° than those obtained at low confining stresses. The
effects of initial porosity disappeared when sheared under high stresses.
Gravels

»

Hall and Gordon (1963) conducted tests on soils predominantly
gravels up to a maximum confining stress of 38*7 kg/cm2. Maximum
compressional volumetric strains varied from 2 to 4 percent and axial
strains at failure from 15 to 20 percent. Significant crushing was
mentioned. Curved rupture envelops were observed with effective angle
of shearing resistance at high stress 5° to 6° lower than that obtained at
low stresses.
Rockfills

Large scale triaxial tests (115 cm diameter x 250 cm height) up to
confining stress of 25 kg/cm2 were conducted by Marsal (1967) on three
different rockfill materials. The maximum compressional volumetric
strains varied from 6 to 10 percent when the axial strains at failure were
about 13 percent. The gradation curves before and after shear revealed
significant amount of crushing. This was predominant in uniformly graded
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rockfill materials. The rupture envelops were curved in all the cases. Theeffective angle of shearing resistance at high confining stresses decreased by5° to 6°.

41

Leps (1970) review of shear strength of rockfills showed an averagereduction of the effective angle of shearing resistance from 55° to 38° in therange of confining stresses of 0'07 kg/cm2 to 35 kg/cm2. Rockfill material(granite gneiss) which was initially proposed for Mica Dam (244 m) hadto be abandoned since it crushed extensively into micaceous sand andindicated very low effective angle of shearing resistance when tested underappropriate stress range anticipated during construction; the design of thedam had to be changed to a gravel-soil embankment (Thompson 1971).Marachi et al. (1972) suggested modelling of the rockfill material (i.e.,
adopting reduced grain size of the test material retaining the shape of the
grain size distribution curve. Even if shape, surface roughness and fissures
present in rockfill material are not reproduced in the modelling material,
the behaviour of the modelled material may not be significantly different
from the rockfill material due to crushing.

Available experimental data indicates that sands have been subjected
to much higher confining stresses than any other coarse grained soil.
Consequently, sands have exhibited larger volume contraction, large
strains at failure, larger crushing and larger reduction in the effective angle
of shearing resistance.

r axial

Literature reveals that very little is known of the influences of particle
size and particle strength on the magnitude of crushing, axial strain in
mobilizing shear strength and producing quality and quantity of crushing,
strain rate on the magnitude of crushing; magnitude of crushing and
particle strength on elastic and consolidation volumetric strains during
isotropic consolidation and also energy imparted during shear in changing
surface area of the material. These aspects have been investigated in the
persent study. Information on the influence of high stresses on elastic and
consolidation volumetric strains on four fractions of Badarpur sand which
experienced considerable crushing, were reported elsewhere (Ramamurthy
and Kanitkar 1972).

Material
White Badarpur sand, quarried from Fatepur, Delhi, was collected

from Badarpur site. It is a poorly graded coarse sand of weathered
quartzite. The grain size distribution curves for the portion of the sand
passing through B.S. sieve No. 7 and for the four fractions obtained for
this sand are shown in Figure 1. By sieving the original sand throughsuccessive sieves, samples having mean particle diameter (diameter at50 percent finer by weight) of 1-7 mm, 1-0 mm and 0 5 mm were obtained.By grinding the original sand, sample having mean particle diameter of0-096 mm was obtained. The ratio of the mean diameters of the coarserto the fine sand was about 17. The properties of these four fractions ofsand are given in Table I. Hardness of particles was determined byscratching test using Moh’s Scale of hardness. Individual particles of eachsize was seen under microscope to determine roundness and sphericity fromthe charts prepared by Wadell (1935) and Rittenhouse (1943) respectively.The particles of sand having l '7 mm and 10 mm mean diameter weremore angular than those of the other two sands.
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FIGURE 1 : Grain size distribution for sands.

TABLE I

Hard- Round- Sphericity
ness109% 100% Mean C„ Sp. Gr.

passing retained diameter
B.S.
sieve

ness
B.S.
sieve

mm

0690 161-7 1-3 2-66

10 1'2 2-66
0-5 1-2 2-66

0096 1-3 2-66

14Coarser sand 7

Coarse sand 14
Medium sand 25

Fine sand

0-650 1618
0790- 3636
0830-56200120

Experimental Investigations

More than 350 tests were conducted in conventional and high pres-
triaxial apparatuses for isotropic consolidation and drained shear

the four fractions of Badarpur sand. In addition, a total of 80 tests
tensile strength of individual particles of

sure
tests on
were
Badarpur sand.

conducted to determine
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The procedure for the preparation of specimens for isotropic con-solidation and drained shear was similar for the tests conducted in theconventional and high pressure triaxial apparatuses. The test proceduredescribed by Bishop and Henkel (1957) was followed for consolidateddrained shear tests. The sands were washed with water to eliminate dustparticles and then boiled to remove trapped and dissolved air. The baseof the triaxial cell was deaired and a burrette filled with water was connectedto the base for measuring volume changes of a specimen during consolida-tion and shear. A thin rubber membrane was slipped on to the pedestal and
sealed with rubber 0-rings. After a sample former was fixed in position, the
membrane was filled with deaired water and saturated sand was deposited
under water with a spoon. To achieve as far as possible dense specimens,
uniform tamping of the former was adopted. To provide stability to the
specimen, suction of about 01 kg/cm2 was applied before removing the
sample former. Additional membranes whenever required were slipped over
the specimen and sealed with rubber 0-rings at the pedestal and cap. After
measuring the diameter and height of the specimen, it was subjected to
one of the following three series of tests :

Series I : Specimens were subjected to isotropic consolidation under vari-
ous confining stresses. After consolidation each specimen was
sieved by hand to determine changes in grain size distribution.

Series II: Specimens were isotropically consolidated and sheared continu-
ouslv under drained condition beyond failure or up to a maximum
axial strain of 30 percent and then sieved.

Series III: Specimens were isotropically consolidated and sheared under
drained condition up to various axial strains of 2, 4, 6, 8, 10, 15,
20, 25 and 30 percent and then sieved.

For all the tests conducted in conventional triaxial cell up to a con-
fining stress of about 1T5 kg/cm2, a strain rate of 0 254 mm/mt. was used
and beyond this stress in the high pressure triaxial apparatus a strain rate
of 0'127 mm/mt. was used since the faster rate was not available in the
high pressure machine. By using the faster rate in the conventional triaxial
apparatus the behaviour of sand would not have been different. For
studying the effect of rate of strain under high confining stresses on the
magnitude of crushing, strain rates of 0.127 xnro/mt. and 0 0127 mm/mt.
were adopted.

Individual particles of White Badarpur sand which were nearly spheri-
cal in shape having average diameters of 3 mm, 2-2 mm, 1-6 mm and
1*0 mm were selected and one particle at a time was tested in a loading
machine using a sensitive proving ring. Twenty similar tests were conduct-ed for each size. In the early stage of loading some flaking was observed
but the particles remained intact. At higher load particles shattered into
smaller particles with clear audible noise. The load corresponding to
shattering of particles was considered as the ultimate load causing crushing.
In spite of different initial particle sizes, the process of crushing was
similar.
Test Results and Discussions

Mostly, results of coarser and fine sands with mean particle diameters
of 1*7 mm and 0‘096 mm are presented for comparison, but the observations
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are based on the behaviour of all the four sands.
Particle Size Distribution

Changes in particle size distribution due to isotropic consolidation anddrained shear tests of coarser and fine sands tested at confining stressesranging from 1-4 kg/cm2 to 127 kg/cm2 are shown in Figures 2, 3 and 4.Original gradation curves for these sands are also given. All the four
sands were initially uniformly graded. Changes in uniformity coefficients
(Cu) for the four sands during consolidation and shear are presented in
Figure 5. Only coarser sand became well graded (C«>4) during isotropic
consolidation due to particle crushing for confining stress greater than
112'5 kg/cm2. When sheared under consolidated drained condition the
coarser sand became well graded under confining stresses (a'

3) greater
than 18 kg/cm2 ; the other coarse sand under a'

3> 30 kg/cm2 and medium
sand under a'3 > 85 kg/cm2. The fine sand remained uniformly graded

when sheared under CT'3=105-5 kg/cm2. The coarser sand attained
a uniformly coefficient greater than 10 when sheared in drained condition
at <J'3=105'5 kg/cm2 ; its original value was only T30. The uniformity
coefficient of fine sand changed from T3 to 3'0 when sheared under similar
confining stress.

even
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FIGL'RE 2 : Changes in gradation due to crushing in isotropic consolid itionfor I -7 ram size.
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FIGURE 5: Influence of crushing on uniformity coefficient in consolidation and
shear.

Comparison of gradation curves obtained after isotropic consolidation
and drained shear suggested greater crushing occurring during shear. The
magnitude of crushing, defined by the percentage passing through the sieve on
which the original sample was 100 percent retained, was larger in coarser sand
than in fine sand. The magnitudes of crushing after consolidation and after
shear under CT'3=127 kg/cm2 in coarser sand were 48 percent and 90 percent
respectively. For fine sand the corresponding values were about 15 percent
and 45 percent. Incidentally, the gradation curves for all the sands after
isotropic consolidation at 105 5 kg/cm2 were identical with their gradations
after consolidated drained shear tests conducted under a'3 =17-6 kg/cm2.
For producing desired changes in gradation of a coarse grained soil, appli-cation of shear stresses will be more desirable than isotropic stresses. The
gradation achieved due to crushing after shear under any confining stress
is likely to be stable to a large extent since the fragments formed during
shear are likely to be harder and have experienced the possible stresses
during shear. If a specimen is prepared with a similar gradation withoutsubjecting the particles to prior crushing, it is likely that the grading ofthe sample may undergo some change.

Figure 6 shows that the magnitude of crushing increases with
particle size but the differences in crushing in the coarse sands are negligi-ble. The relation between tensile strength of particles and particle
is also shown. The tensile strength of particles was calculated using

*

size
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FIGURE 6 : Variation of tensile strength and magnitude of crushing with particle
size.

the expression

(Jaeger and Cook 1969)To =

where, K = constant varying from 0 25-0-4 ; lower value (0 25) was used
in the calculation of tensile strength (TO) of the particles.

W = load causing crushing.
r — radius of particle.

The tensile strength of particles decreased with the increasing size of particles
and consequently larger particles experienced greater crushing. Since the
original Badarpur sand is weathered, the coarser particles appear to havemore fissures and planes of weakness than finer fractions ; as a result

fractions indicated lower tensile strength and larger crushing duringcoarser
consolidation and shear.

Results of the magnitude of crushing in coarser and fine sandssheared for different axial strains up to confining stress of 127 kg/cm2 arepresented in Figures 7 and 8. The magnitude of crushing increases con-tinuously with axial strain. Up to about 10 percent axial strain crushingtakes place rapidly and becomes slower under larger strains. Figures 9and 10 show percentages passing through finer sieves for coarser sand afterit had been shear under various confining stresses. The fines formed duringconsolidation are considerably smaller than during shearing. During shearlarger particles appear to undergo continuous crushing producing finer and
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FIGURE 7 : Influence of axial strain on crushing for U7 mm size.

finer fraction indicating a change in the “quality” of crushing. Similar
variations were observed in other sands. In all the four sands crushing
during consolidation was found to be ranging between 35 to 48 percent ofthe total crushing; lower crushing was found in fine sand. Generally, coarserfractions were formed during consolidation and finer fractions were mostlythe results of shearing. The process of fragmentation appears to becontinuous with axial strain.

The changes in specific surface area produced during crushing will bethe result of the magnitude of energy involved in crushing. The total energyimparted to a specimen is utilized in producing shear at inter-particlecontacts, in crushing the particles and in changing the boundaries of the
specimen. The energy involved in changing the boundaries of the specimencould be easily separated but the estimation of energies involved in crushing
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FIGURE 8 : Influence of axial strain on crushing for 0-096 mm size.

FIGURE 9 : Comparison of fines formed during consolidation and shear.
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FIGURE 10 : Comparison of fi les farmed daring consolidation and sh?ar.

and shearing separately, could not be done with the present theories. The
energy absorbed (net) in shearing and crushing was calculated for relating
with the changes in diameter corresponding to 50 percent finer by weight
(</50) and with specific surface area. Figure 11(c) shows the variation of
d50 with the net energy imparted to the specimens of all the four sands.
This energy was calculated from the stresses and strains developed at the
end of the shear. When the sands were sheared under a net energy of
about 550 kg.-cm/cm2 (up to 30 percent axial strain ), di0 of the coarser sand
reduced to 27 percent of its original value, while that of the other coarse
sand to 40 percent, medium sand to 50 percent and fine sand to 83 percent
of their original d-a0. For similar energies adsorbed coarser sand experienced
considerable reduction in mean diameter than the fine sand. Lo (1969)
observed from his tests on materials of similar particle size but having
different particle strength that the geometric mean diameter reduced to
about $rd of the original values when the specimens were sheared under
a'? — 112 kg/cm2. Figure 11(6) shows the changes in specific surface area
with the net absorbed energy. For similar values of energy involved inshearing and crushing all the four sands undergo similar variations inspecific surface area. This would mean that coarser sands have to undergogreater crushing than fine sand. The specific surface area was calculatedassuming the particles to be spherical between successive sieves using thevalues given by Loudon (1952). The angularity factors which are likely tobe similar for all the four sands undergoing considerable crushing, were notconsidered.
Stress-Strain Curves

The stress-strain curves for coarser and fine sands are given in Figures12 and 13. The stress-strain curves become steeper with confining stresssuggesting increasing initial tangent modulus. The specimens which showedaxial strain at failure varying from 6 percent to 7 percent at <J'3=F4 kg/cm2did not reach failure even at 30 percent axial strain under confining stressof 105-5 kg/cm2. Figure 14 shows the variation of axial strain at failurewith confining stress. Points corresponding to axial strain at failure for
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CT'3=84'4 kg/cm2 and <j'3=105- 5 kg/cm2 were extrapolated from stress-strain

curves. The coarser sand showed lower failure strains than the other coarse
sand. Fine and medium sands failed at lower axial strains than coarse
sand since they experienced lower magnitude of crushing. The crushed
material, which by remaining at the inter-particle contacts behaves as a
weaker and more compressible material or may be displaced into voids
during shear, produced larger strain indicating increasing plastic nature of

failure with increasing crushing under higher confining stresses.

Volumetric Strain
results of volumetric strain during shear are presented in

Figures 15 and 16 for coarser and fine sands. The coarser sand exhibited
a net volume expansion of 4.5 percent at an axial strain of the order of
12 percent when the sand was sheared under a confining stress of 1-4
kg/cm2. When a specimen of this sand sheared under 105 5 kg/cm2 it
exhibited a net volume contraction of about 19 percent at an axial strain

The
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FIGURE 15 : Influence of crushing on volumetric strain during shear for 1-7 mm size,

of 30 percent. The specimen did not indicate any tendency to dilate. Thefine sand showed a net volume expansion of about 6 percent at an axial
strain of 12 percent when sheared under < j'3 = 1- 4 kg/cm2. A similar speci-men when sheared under <J\ = 105-5 kg/cm2 underwent 12 percent volumecontraction at 30 percent axial strain. The volume contraction in fine
sand under high confining stress was less than that experienced by thecoarser sand due to lower crushing. Due to crushing, the dilatant
behaviour of specimen tested at low confining stresses disappeared at high
stresses and significant volume contraction of specimens occurred during
shear. Negative Poisson’s ratio was observed for coarse sand during
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FIGURE 15: Influence of crushing on yolumetric strain during shear for 0'096 mm size.

early stages of shearing under confining stresses greater than about
60 kg/cm2.

Volumetric strain during isotropic consolidation for all the four sands
after separating the elastic compression of sand and membrane penetration
(Ramamurthy and Kanitkar, 1972) are shown in Figure 17. The fine sand
which showed lower crushing during isotropic consolidation showed
volumetric contraction of 0‘3 percent and 4'5 percent for confining stress
of l -4 kg/cm2 and 84-4 kg/cm2 respectively. The corresponding values for
coarser sand were 0‘8 percent and 16 percent.

Shear Strength

Mohr rupture envelops and envelops to stress circles for various
axial strains for coarser and fine sands are presented in Figures 18 and 19.
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FIGURE 19 : Mohr rupture envelope for 0*096 mm size.

The envelops corresponding to 2, 5, 10 and 15 percent axial strains are
curved throughout. By comparing these curves, it was observed that in
fine sand shear strength was generated at a faster rate with strain than in
coarser sand. The rupture envelops are curved up to 28 0 kg/cm2 confining
stress and become straight afterwards. The values of the effective angle of
shearing resistance (#') mobilized at 2 and 5 percent axial strain
for coarser sand during shear under 105*5 kg/cm2 confining stress were
only 10° and 16° respectively. Similar values for fine sand were 16*6° and
23°. However, at larger axial strains, these differences were small. For
example, the values of 0' for coarser sand at 10 and 15 percent
axial strain for a'3 = 105*5 kg/cm2 were 23*3° and 28*6°. The correspond-
ing values of 0' for fine sand were 21.T and 29.3°. But at failure, all the
four sands indicated very nearly similar values of 0' for o' z greater than
28*0 km/cm2, even though these sands had different particle strength and
size. Results of Hirschfeld and Poulos (1963), Hall and Gordon (1963),
Bishop, Webb and Skinner (1965) suggested curved rupture envelops
throughout the stress range investigated. The curved rupture envelopswere observed by Vesic and Barksdale (1963) up to <T'3=63*3 kg/cm2. Thefour fractions of Badarpur sand seem to have lower particle strength thanthose tested by Vesic and Barksdale and underwent significant crushingup to a confining stress of 28.0 kg/cm2 and as a consequence of this theyhave exhibited marked reduction in effective angle of shearing resistance.The values of 0' at failure under <s'3=1.4 kg/cm2 dropped from a value of473 to 34° under <r'3=28.0 kg/cm2. The maximum reduction in 0' between28-0 kg/cm2 and 105* 5 kg/cm2 was only of the order of 2°. The particle
size distribution of the sands sheared under a'3=28* l kg/cm2 suggested thatthe formation of about 2 percent fines (passing through 200 mesh) for
sands, about 4 percent fines in medium sand and about 8 percent fines in finesand was sufficient to bring about marked changes in the angle of shearing
resistance. Formation of more fines for confining stresses greater than

coarse
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28 0 kg/cm2 did not contribute in decreasing 0'. The values of 0' for thefour sands were between 44° and 46°, at low confining stresses but underhigh stresses these values were between 32-4 to 33°, in spite of the initialdifferences in particle strength, particle size and the magnitude of crushing.Even the differences in initial porosities of these sands did not influencethe values of 0' for o'

3 greater than 28.0 kg/cm2.
Stress-Ratio and Void Ratio Relations

The variations of average void ratio of specimens during shear arerepresented with effective stress ratio for coarser and fine sands in Figures20 and 21. The behaviour is unlike that observed at low confining stresses.Specimens tested at minimum void ratio (em/«) at low confining stressesexpand during shear and the curves shift to the right whereas the specimenstested at maximum void ratio (emax) move towards the left. The peakeffective stress ratio decreases as void ratio increases from emm to emax asshown by AB in Figure 20(a). When a dense specimen tested at emmunder high confining stress would contract due to crushing and the effective
stress ratio-void ratio curve shifts to left similar to that of a loose
specimen and the envelop under high stress would be as shown by BC in
Figure 20(a). The envelop of effective stress ratio and void ratio for low
to high confining stresses for a granular soil undergoing crushing may be
as indicated by ABC in Figure 20(b). In the calculation of average void
ratio during shear, it was assumed that the specimens deformed as right
cylinders. The effective stress ratios at failure for tbe four sands were
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FIGURE 20 : Void ratio-stress ratio relationship for 1-7 mm size.
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Void Ratio, e

FIGURE 21 : Void ratio-stress ratio relationship for 0 096 mm size.

between 5-6 and 6-3 for confining stress of 14 kg/cm2 but these values
decreased to lie between 3'3 and 3- 4 when sheared under 105'5 kg/cm2

confining stress.
Dilatancy Rate and K0

The dilatancy rate, ( 1 -f -— \ which was about 18 at failure for
\ SSj/

o' 3 — 1'4 kg/cm2 decreased rapidly up to a confining stress of 28 kg/cm2 and
thereafter remained almost constant having a value between 0'7 and 0 85
for all the four sands. In spite of the initial differences in size and particle
strength these sands have not shown any significant differences in their
behaviour of particulate structure. Possibly the particles formed due to
crushing in coarse sands were stronger than the parent particles and the
fractions common to both coarse and fine sands appear to control the
overall behaviour of the sands.
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The coefficient of earth pressureat rest (Ka) was calculated using the
effective angle of shearing resistance at failure for all the sands from Jaky’sexpression (1944). Its values increased rapidly from a'3 = 1-4 kg/cm2 toa’a = 28 kg/cm2 and beyond this stress they did not vary significantly.At <J'3 = 1-4 kg ^cm2 the values of Ko for all the four sands varied from
0 25 to 0.28 but at a'a =105 5 kg/cm2 they were between CHI to 0-42.
Strain Rate

A limited number of experiments conducted to study the influence of
rate of strain suggested that crushing increased with increasing rate of strain.
Figure 22 shows the results of the magnitude of crushing for two rates of
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FIGURE 22 : Influ;nc; of strain rate on crushing.

strains, namely, 0T25 mm/mt. and 0 0125 mm/mt. for axial strains of
2 percent in coarser sand. One would infer that under sudden application
of stresses the magnitude of crushing is likely to be larger than due to the
slow application of static stresses. During rolling /arger amount of crushing
is likely to occur than due to the embankment load which generally increases
at comparatively slower rate. To simulate field crushing in the laboratory
shear tests, rate of strain may have to be suitably choosen to obtain relevant
design data.
Conclusions

10

0

Isotropic consolidation and consolidated drained shear tests on fourfractions of Badarpur sand having different particle sizes and particle
strengths when tested up to confining stress of 127 kg/cm2 have revealed that
the coarser fractions crush more than the finer fractions. To convert a unifor-mly graded sand into a well graded one, shearing would bring about greater
changes in grading than the application of isotropic stresses. Degradation
continues to occur with axial strain. During shear mostly the quality of
crushing undergoes change by producing more and more finer fractions.
The magnitude of crushing is not only a function of confining stress but
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also of tensile strength of particles, axial strain and the rate at which the
soil is loaded. For similar magnitudes of energies absorbed by specimens
coarser sands undergo greater reduction in mean diameter and crush more
than fine sand such that the changes in the specific surface area are similar.
Due to large magnitude of particle crushing coarser sand mobilizes strengthat a slower rate with axial strain than fine sand. But at large axial strainswhen sufficient degradation has occurred, the strength of all the four sandsare almost same, in spite of their initial differences in porosity, particle
size and particle strength. Because of particle crushing the stress-strain
relationship, mode of failure, dilatancy rate, coefficient of earth pressure
at rest, and effective stress ratio at failure undergo considerable change.
The Mohr rupture envelope is curved up to a confining stress of 28 kg/cm2

when significant crushing occurred and beyond this stress the rupture
envelope is straight line although crushing was continuous. But the Mohr
envelopes drawn for lower axial strains show marked curvature throughout
and axial strain influences the shapes of the envelopes.

In the design of filters and earth dams a study of the influence of
crushing on the behaviour of granular soils should be a consideration.
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