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STRENGTH AND DEFORMABILITY OF SANDS UNDER VARIOUS CONDITIONS
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SYNOPSIS,

Two extensive series of triaxial tests were carried out,

in order to study the in-

fluence of several parameters on the angle of friction and the critical strains of various
sands.The effects of relative density and grain size,as well as that of lateral pressure and

the size of the specimen have been investigated.Thus,

critical strains seem to increase with

the lateral pressures applied and the grain size, decreasing with larger specimens.Under so-

me conditions,

the angle of internal friction seems to decrease when determined by means of

larger specimens.Some theoretical interpretations of the experimental findings are proposed.

1.- INTRODUCTION

This research was initiated in the purpose to
examine some of the problems of relisbility,

related with stability analysis of structures
affected by passive earth pressure.Design of

a buried anchor-block, e.g., necessitates the
following information

How the angle of internal friction of the
surrounding sand is affected by the volume
of the loaded earth mass.

What percentage of the total passive pres-
sure can be mobilized at the 1limit state of
maximum allowable dispacement of the block.

How this mobilized pressure is influenced by
the transerval earth pressures at rest, the
rate of loading and other parameters.

This paper is intended to discuss some of
these points, on the basis of an extensive
'experimental work in the layoratory and by
ymeans of some theoretical mechanisms as well,.
Some secondary findings are occasionally re-
ported.

2.-EXPERIMENTAL WORK

The whole investigation comprised two se-
ries of triaxial tests carrigd out on se-
veral sands K ,Kz,Ks(Fig.l) ', of constant
uniformity coéfficient d60: d10=1,5,

(*) The 1st series comprised somewhat different

sands -k 2 silicious sand 0,15 : 0,40 mm
-X;2 Calcareous sand 0,40 ¢ 2,00 mm
-K32 calcareous sand 2,00 =+ 4,50 mm

4an

tested in specimens of various heights (H, =
=7,5 cm, H_= 15,0 ¢m ,H1=30,0 cm), their

diameter béing hal(X as Targe as their height.

Fig.1.- Grains of the sands tested in
2nd series.

- K1 2 silicious sand 0,15 2 0,40 mm

- K2 2 :calcareous sand 0,85 : 2,00 mm

- K3 2 calcareous sand 6,00 210,00 mm
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For each sand and each height of specimen,3
relative densities have been examined (D ,=
0,25, D 0,50, D,=0,95).Consequently,the
followinig experimental scheme has been in-
vestigated in each series
X; DiH,
Consequently, some 160 triaxial
been performed, for lateral stress values
equal to 0,5 , 1,5 and 2,5 kg cm2.
Additional tests were carried out, concer-
ning higher values of lateral pressure
(5,0 kg/cm2) and rates of logging gihers
than the u§gal value of 4.10 _lmin :
i.e. 20.10 and 0,6.10 min .

Some of the materials examined during the
first series of tests, have been reused
several times.Consequently, the main con-
clusions of this paper are based on re-
sults of the second series, in which no
reuse of materials has taken place.

all combinations i,j,1 =1 to 3

tests have

3.- ROUTINE RESULTS

Isostrain curves for various ¢y /0,=03
combinations have been drawn, usuful for
stress path calculations of settlements
A typical example is given in Fig.2.

— Oy (Kg £m?)

4 —— Q-OE(KMI’H’)

Fig.2.- Typical isostrain curves, under
triaxial loading (silicious sand
dm =1,4 mm, Dy 95 %).

The well known relations between the
angle of friction and the relative den-
sity of sand has been reconfirmed (see
e.g. Kirkpartick, 1965).An example is
given in Fig. 3.
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Fig. 3.- Frictional resistance of calcareous
sand as a function of its relative
density (second series of tests).
4.- STRESS INSTABILITY

When measured very frequently during the
test, the major stress 0, showes a characte-
ristic "instabilityw in cases of sands with
large maximum grain d , tested in small
diameter (d ) specimeﬂg¥ Fig.4 seems to
suggest that for d_: d values greater
than 20, the phenomenoR28f this instability
becomes negligible.
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Fig.4.- "Stress-instability interval, (S.-T.I1.)
at peak-point, for calcareous sand
d ='10 mm, as a function of the
max s
si1ze of the specimen.

Lateral stresses tend to increase the above
variations of gy - values during strain
trolled triaxial tests.

con-



If grain interlocking is supposed to be
risponsible for these phenomena, Fig. §
showes a rather oversimplified model for a
limit case of direct influence of grain
rotations on the bearing plates.This case
corresponds to a somewhat similar (d_:d

value.As a matter of fact, d max)
- ~ 253
H-st— 1.72ds+ 6.91dm;; 3 =~ 25
max

Odmax : cos 60°

dg - tan 60°

critical zone
of failure

Fig.5.- Limit case of critical zone of failu-
re, affecting directly the platens
of the loading machine (oversimplifi-
cation).

5.- MOBILIZED EARTH PRESSURE

Fig. 6 summarizes the widely scattered rela
tion between axial strain e_and the respe-
ctive percentage of mobilized pressure o, re-
ported to the critical valueoycrin failure.
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ig.6.- Mobilized "earth pressure'' as a fun-

ction of the axial strain applied, for
several sands (dm= 0,2 to 7,0 mm),

tested in specimens 75x150mm and
150 ¥ 3INA mm,
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The results concern a large variety of sands
tested under various conditions of lateral
confinement and volumes of samples investiga-
ted, for an average relative density equal 50%

No significant distinction of particularcurves
has been possible.Nevertheless, the discussion
of the next chapter allow for some kind of
distinction of this character.
Previous investigations had proved that one
seventh of the critical strain is sufficient
to mobilize 50% of the maximum passive pres-
sure.
The results of Fig.6. seem to reconfirm this
rule, leading to a somewhat higher mean va-
lue of mobilized pressure (:360%).
A displacement equalto 2.10 of the length
of critical volume, behind an anchor block
is necessary in order to mobilize half the
peak-passive pressure.For a depth of such
a block equal to 2,50 m. and a material
havinge=38°, the corresponding absolute
displacement should be equal to 1 cm., appro
ximately.A factor of safety equal to 15 is
suggested for such a displacement-contro-
led design, due to the scattering encounte-
red.

6.- CRITICAL STRAINS

Coming back to the highly scattered values
of strains corresponding to a mobilization
of 95% of the strenghth, Fig. 7 is an
attemnt to separate the parameters affecting
the above critical strain.

Apparently, large grain sizes and large
lateral stresses result to an increase of
that critical strain.

Fig. 8 represents a special case of silicious
sand, with similar results.
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Fig. 8.- Critical strain (e,)95% at 0,

stress -level equa} 95% of the
strength.(silicious sand, d_= 0,25
mm, with several relative decnsities).
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Fig.7 Critical strain (Lj)QSq,at g, -stress -
level equal 95+.-0f the strength,(Calcareous
sand for rel.densities ranging from N,25 to
0,95).

It is worth to note the significant reduction
in critical strains in snecimens of larger

sizes.Nevertheless, it seems that tnis redu-
ction will not he effective in snecimens lar-
ger than 20x40 cm.

A les< distinct relation seems to exist bet-
ween {:1) 50% and lateral pressure, accordine
Fig. 9.

(£950%
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Fip,9.- Critical strain (Cl)ﬁﬂ%n o, stress -
level eoual 5N% of the strength, for
varjus sands, rel.densities and sizes
of samnles.

Among earlier exnmerimental evidcnce comfirming
the findings o6 this chaoter, the authors
would like to refer themselves tn the funda-
mental work carried out on artifiaal sphere
packings in ¥arlsruhe (Institute fur Rodenme-
chanik und Felsmechanik, Prof.H. lLeussink).

In fact, accordine to Waseloh, 1967, biaxial
comnression of steel snheres resulted to a
verv clear reduction of ultimate strain (un
to 50%), when the heirsht of the nackine was
doubled.
A less spectacular chanve of ultimate strain
has been renorted by Rrauns, 1967, (in the case
of triaxial loadin¢ of ocuartz snheres), as a
function of the lateral nressure 0,
Nn the hasis of the findings of Brauns, the
following emyirical exnression could he formu-
lated:
sf?’ =~ s&‘: [o.z(cg— x)n] ) 0, <20 Kg/cm?

©3) . Vs s 3

where Euu designates the ultimate axial strain

c] for the peak value of g, , under lateral

stre -
resses o, = 03<01

The experimental results of the nresent inve=
stigation seem to reconfirm quantitatively
the above formula in the case of the larger
samples examined (150 x 300 mm).
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A similar result of a more pronounced plasticity, the actualstrain when the coefficient of

in case of increased lateral pressures, is no-
ted as well by Marsal (1965,a) and by Schultze
(1965).

A tentative interpretation of the relation
between critical strain and the volume of
the asample, could be based on the theory of
stochastic processes of mechanical pheno-
mena at intergranular contacts.]t has been
shown (Marsal, 1965,b) that larger thicknes-
ses of soil layers manifest smaller strains,
within a constant period of loading, as com.
pared with strains of layers of small thick-
nesses, provided that the longzterm strain
is a constant characteristic.‘",,

Finally, for the well known relations between
critical strain and confining pressure,it
might be speculated that lateral compression
minimizes the effect of local leakages,
otherwise they would contribute to a more
rapid generalization of yielding (brittle
behaviour). :

It is worth to note that after several times

of repetitive loadings of a sand to failure
and reuse of it, its ultimat strain becomes

larger, in as much as the confining pnressure
is higher (Fig.10).
(E4) ( Dr=025)
100
006"
0.04
1
5 T ¥
0.02 - TeaT T |
'Z H]."smm
T
0 5 .49 15.-20 .25
—s=n=times of aplications
of critical loadings
Fig.10.- HUltimatec strain (e,) 0edt peak-

point after repetitive critical
loadings and rcuse of a calcareous
sand. d = 3,4 mnm.

max

d

In this casc, softening of the interfaces re-

sults in grcatcr steps performed hv the grains,

contributing to higher values of cocfficient
of diffusion of the solid phase (sec Marsal

1965,b/page 305).The stockastic theory alrea-
dvy mentioned foresces an exnlieitincreasc of

(*)A somewhat similar interpretation could
be ventared for the role of larger grain
sizes in the incrcased critical strains ob-
served.By virtu of similitude, a given layer

of large prains, corresnonds to a thinner

laver of fine grainms,which ip turn maniftests

greater strains.
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diffusion is higher.

7.~ VARIATION OF FRICTIONAL RESISTANCE AS
A FUNCTION OF THE SPECIMCEN SIZE.

Wide scattering of ¢-values in both series

of this investigation is attributed to the
usual causes, plus the poorly controled reuse
of materials in the first series.Additional
scattering is particularly related to the
smallest specimen's size, its results should
be considered as less consistent.

However, for a ratio d_:d (of specimen's
diameter ds to the maximum grain size d )
higher than 10, Fig.11 offers a statistleAl
evidence of decrease of the angle of internal
friction as the volume of the specimen in-
creases.

A remarkable exception of this rule is appa-
rent in the results of the 2nd series concer-
ning the smallest specimen size, where d

d ax " 37,5:10,0= 4.1t is interesting to flote
tR3¥ this exception did not appeared in the
Ist series, wheref%he smallest specimen and

the Jarger grain size, it was d_: d =37.5
4,858. R
& (%) ( 18Y Sevries )
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Fig. 11.- Angle of internal friction versus

the volume of the specimen, investi-
gated in triaxial loading (04205

to 2,5 kg /em2).For K. and D, nota-
tions, sec para.2. t 1
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Among earlier investigations on this subject
we are refering to Schultze (1965) and
Marsal(1965,a), their results on several
granular materials being retaken on Fig.

12.
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10" kot 0% 6% 0%
—_— Specimen's volume
Fig. 12.- Angle of friction versus specimen’s

volume, according to earlier in-
vestigations (Schultze, 1965 and
Marsal, 1965,a).

Small differences in porosity reported on
this figure, are probably not fully respon-
sible for the observed variations in g-values.
On the other hand, a discrepancy related to
the smaller sample with n=0,45 reminds the
similar discrepancies of the present investi-
gation (Fig.11), for small specimen sizes.
To this context, Fukuoka (1965) attributes
the smaller strength of small-scale tests to
the magnitude of the maximum size of the
soil grain, as compared with the dimension
of the samnle.

The authors of this paper are aware of
the arguments of Prof.Leussink (1965) against
the postulated decrease of shear strength
as measured in larger specimens.However,
they wish to observe that the tests mentioned

by Dr.Leussink were not carried out on ths snme

material.In fact, for the sake of common

d : d ratio, larger specimens contained
lirge?aérains (d =10cm for d_= 100cm, )
instead of d s 75 cm.for d_="5cm).To this

regard, it cbdfd be argued thit natural or
artificial fvagmentation proecess of one and

416

the same material, leaves larger grains with
relatively sharper edges and higher modulus of
deformability,
Therefore, in this case uniform materials con-
taining larger grains could have higher angle
of internal friction.This is probably a coun-
teracting cause to the decrease of g-values
expected in larger samnles.

As far as the present investigation is concer-
ned, a quite high value of d_: d ratio was
secured (d_: d = 10 to 350?, iR2¥he hope
that this garamgter will not affect
of the samples tested.Furtheron, comparisons
are made between results taken on exactlythe
same granular material.Unfortunately, wide
scattering and relatively poor control of
these tests, do not allow for final conclu-
sions on the subject exposed.

Nevertheless, as it is the case for other
materials too, several theoretical approa-
ches are offered to interpret zuch an in-
verse relation between strength and volume
of a sample;Statistical theory of distri-
bution of defective points, mechanism of
end restrajns in small specimens etc, or

a combination of them.

Further, very carefully designed, research
is needed in order to separate the parame-
ters involved and make a more clear state-
ment on this problem.

8.- CONCLUSIONS

a) Stress instability in strain controled
tests, near the peak-point (for large
grain sizes tested in relatively small
specimens), tends to decrease with
specimen dimensions.

Critical strains are increased with
smallerloaded masses, larger grain
sizes, higher confining pressures and
gradual breakage due to repetitive
loadings.

b)

c) For large ratios between specimen's
diameter and the maximum grain size,
there is some experimental evidence
for a decrease in strength of granular

soils, when tested in larger specimens.
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