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Introduction
Evaluation of minimum and maximum
density of a granular assembly is
useful in understanding its ab ility 10

achieve desired strength and stiffness
characte ristics . BS 1377:Part4
describe s methods to evaluate the
minimum and maximum density of a
sand experimentally. In this study. the
behaviour of an assemblage of
granular particles under simulated
conditions of above test procedures is
investigated in relation to particle size
distribution us ing a 2D discrete
element method (DEM) (Cunda ll and
Strack . 1979) uti lizing the software
PFC.!/I (Itasca. 20(4). The eva luat ion
of the minimum density was simulated
by allowin g gravitational forces to act
on an assemb lage of particles in
alternating d irections for seve ral
cycles . '111e assem bly thus obtained
was subjected to an isotropic confining
pressure in determining the maximum
density. The influence of the confin ing
pressure and the friction coefficient a ll

the maximum density of a particle
assembly is a lso studied in relation to
the particle sire distribution. The
num er ical results are compared with a
limited number of laboratory
experiments performed on sand.

Methodoloc'
Initially. sand samples (Gs=2.66) were
selected for laboratory testing to
con sist mostly of rounded particle s.
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The laboratory dete rmination of the
mnumum density was performed
according to BS 1377: Part 4. The
numerical simulation of the above
laboratory experiment was carried out
by first dividin g the particle size
distr ibution curve of the laboratory test
sample into 13 classes of particle size
and evaluating the weight of sand
particles corresponding to each class.
Therefore. it is possible to compute the
number of particles corresponding 10
each class of particle size, which
enab les to generate an assembly of
cylindrical particles that corresponds
with any given particle size
distribution curve. Two well graded
sand samples (PSD I and PSD6) were
se lected for carrying out laboratory
tests and four particle size distribution
curv es (PSD2 to PSD5) were selected
for the numer ical analyses \...'here
PSD 2 was selected to represen t
particl e size distribution curve of the
sand sample (PSD I) used for
laboratory tests. The nume rical
simulation of the above test procedure
was run by initially gene rating the
part icles within a container of
dimensions 1000 mm x 65 mm x
385 mm and allowing the grav itat ional
forces to act on the particles. The
laboratory procedu re of inverting the
cy linde r was simulated by allowing the
gravitational forces to act in the
upward direction thereby making the
particles to move in the opposite
direction . The above procedure was
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repeated four times until all the
particles have come to a stable
position. thus making it possible to
obta in a value for the minimu m
density.
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Table 1. Minimum density
(Experimental)

Figure 1. Particle size distribution
curves used in numer ical and
experi mental analyses

16 12.9PSD6

Figure 2 shows the intermediate
config urations of the pa ni cle assembly
du ring the simulation of the la borato ry
procedure of the above. The minimum
dens ity valu es ob tained from the
numerical simulat ion is shown in
Table 2.

The experimenta l and numerical
eval uat ion of maxi mum density was
carr ied o ut by app ly ing a stat ic load.
The sa nd sa mple was placed in a
compaction mould to a thickness of
about 1/3'dof its height and the desired
stat ic load was applied through a steel
p late using a Bellofram cy linder. TIle
procedure was repeated three t imes to
enab le uniform co mpactio n of the
sample. The numer ica l simulation of
the above procedure was carried o ut
by app lyin g a uniform pressure to act
on the wa lls of the conta iner so that
the wall s will move inwards until the
pressure developed along the wall
becomes equal to the spec ified
confining pre ssure. The frict ion
coeffic ient was OA fo r all the analyses.

Figure 2. N ume rica l simula tion of
minimum density

M in.Lknsity IkglmJ)

Resul ts
The part icle size distribution curves of
the sa nd sa mp les used for labo ratory
ex periments and numerica l ana lyses
are shown in Figure I . It is noted that
the PSD 2 curv e ut ilised fo r numeri cal
a nalyses was se lected to co inc ide wit h
that or a sa nd sample used for
laborato ry tests (PSD 1-Labl curve) .
The min imum dens ity obtained from
laboratory te sts arc given in Tab le 1,

Table 2.
(Nu merical)

Assembly
PSD2
PSD3
PSD4
" S05

Minimum

2 16 1.44

2 152.9 4

2135 .89
20 18 .0 6

density

The maximum density values of the
sa nd sa mples obtained experimentally
are g iven in Figure 3. The maximum
dens ity values o bta ined by numerica l
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simulation of the fou r part icle
assemblies are shown in Figure 4.
figu re 5 shows the influence of
frict ion coe ffic ie nt on the maxrrnurn
density for the assembly having a
particle size d istribution given by
PSD3 curve .
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Figure J. Maximum density
obta ined from laboratory tests

Figure 4. Maximum densitv
obta ined from numerical analyses

friction and [ 0 some exten t on the K,
conditions applicabl e for laboratory
tests co uld lead to over-prediction of
maximum density . Ta ble 2 and Figu re
4 agree with the fact that well graded
part icle asse mblies (PSD2 and PS(3)
are easily compactable than the
uniformly graded part icle assembli es
(PSD4 and PSD5). Figure 5 infers thai.
for a part icle assembly of greater
friction coe fficie nt. sl id ing of particles
is being inhibited in achieving a higher
density.

Conclusions
( I) Num erical lest proced ures

adopted in I'FCl/) to eva luate the
minimum and max imum dens it ies
of a sand using DEM can be used
to desc ribe the influence of
particle size distribution 0 11 the
minimu m and r naxrmum
den sities.
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(2) A thresho ld va lue of the inter
panicle frict ion coe ffic ient can be
found beyond which the
maximum density is inde pendent
of the co nfining pressure.

Figure 5. Variation of maximum
density with fr iction coefficien t

Discussion
In the co ntext of a 20 numerica l
sim ulation of an otherwise 3D
laboratory ex perime nt, some de gree of
quant itative mismatch of minim um
and maximum density val ues between
the ex perimental a nd numerical resu lts
ca n be expected . In addition. the
effects o f the value used for parti cle
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