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Abstract. This work aims to investigate the effect of fines in different type of bi-disperse grain size distribu-

tions in terms of minimum/maximum density, compressibility and crushing. The material adopted is the Light
Expanded Clay Aggregate (LECA), an artificial granular material characterized by light, porous and crushable
grains. The bi-disperse grading are firstly analysed in terms of packing density, measuring experimentally the
minimum and the maximum porosity for different combination of sizes and volume proportions. Then, some
selected mixtures are subjected to one-dimensional compression tests up to high pressures. Evolution of grain
size due to grain crushing phenomena and compressibility are therefore measured and interpreted. Finally a
theoretical model is adopted in order to predict the mechanical material response accounting grain crushing and
granular microstructure.

1 Introduction
The state of density of a granular material rules its mechanical, thermal and hydraulic behaviour. The density
state can be expressed as inversely proportional to the
porosity index n, defined as the volume of voids over the
total reference volume. The minimum nmin and maximum
nmax porosity limits of a granular material are intrinsic
properties and can be practically evaluated by standard
procedures [1, 2]. The greater is the range of grain sizes,
the greater will be the density and the lower the minimum
and maximum porosity [3, 4]. Analogously, the more irregular is the shape of the grains the lower will be the density of the material, because irregularities hinders particle mobility and rearrangements [5, 6]. From a theoretical point of view [7], the variation of the state of density is mainly due to irreversible phenomena such as: rearrangement/dilation inducing a decrease/increase of the
material porosity [8]; grain crushing [9] that, increasing
the polydispersity of the grain size distribution, may lead
to a decrease of the porosity maximum and minimum intrinsic limits. In this work, the density state of bi-disperse
mixtures are investigated both experimentally and theoretically. The effects of the percentage of fines and of the ratio between the coarse and the fine particles are explored,
as well as the behaviour of some selected mixtures subjected to one-dimensional compression and grain crushing.

2 Packing density
Bi-disperse distributions are composed by grains of two
distinct sizes, coarse namely D and fine d, where D > d.
The quantitative proportion of the two volume fraction is
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expressed by the fine percentage in volume V = Vd /Vtot ,
where Vtot = Vd + VD and Vd , VD are the percentage by
volume of fractions d and D respectively. The choice to
express the fraction proportion by volume is due to the material adopted, the light expanded clay aggregate (LECA),
which has a unit weight that increases with decreasing particle diameter [10] due to the presence of intra-porosity
[11]. Figure 1 shows experimental measurements of maximum and minimum void ratios for different type of bidisperse grading, characterised by a ratio between diameters R = D/d and a percentage of fines V. The experimental evidences coming from Fig. 1 highlight how, especially
for grater R, the material reaches a greater packing density,
both for the maximum and minimum porosity measurements, in correspondence of V = 25 − 50%. This is in
accordance to several theoretical and experimental studies
[12, 13]. Note that in the case of monodisperse distribution, when V = 0 or V = 1, that means a mixture composed only by coarse or fine grains respectively, the porosity limits assume different values based on the size, higher
for fines grains. This is due to a different grain shape between the fine and the coarse fractions. Figure 2 shows the
outline morphology of a set of grains selected randomly
from the different fractions of untested LECA material,
to not have dependency on loading stages. Increasing the
size fraction, grains present smoother, more rounded and
circular outline, that enable a better rearrangement. An
increasing irregularity of grain morphology leads indeed
to less packing density and to greater values of maximum
and minimum porosity [14–16].

3 One-dimensional compression
Two bi-disperse mixtures among those reported in Fig. 1
are selected to be tested under one-dimensional compres-
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Figure 1. Measures of (a) minimum and (b) maximum void ratios for bi-disperse mixtures as a function of V, for different values of R.

sion: (1) with D = 2.00 mm, d = 0.43 mm, R = 4.7 and
V = 0.4 (Fig. 2a); (2) with D = 2.00 mm, d = 0.25 mm,
R = 8 and V = 0.4 (Fig. 2d). Those mixtures are dry pluviated into the oedometer with a diameter of 2.5 cm and an
height of 5 cm, and subjected to a maximum vertical pressure of 54 MPa. The same procedure is adopted on the
two monodisperse samples, MONOD and MONOd , characterised by the coarse and fine fractions respectively of
the bi-disperse mixture (Fig. 3b,e). Figures 3a,d and b,e
report the cumulative grain size distributions (CGSD) obtained by sieving of the bi-disperse and monodisperse mixtures respectively, that at different loading stages evolve
due to grain crushing. Note that the bi-disperse CGSD, at
high pressure, evolves similarly to MONOD for the coarse
fractions, and similarly to MONOd for the fine fractions.
Monodisperse CGSDs start crushing at lower pressures
compared to bi-disperse, with the tendency to assume a
fractal grain size distribution increasing the vertical stress
[17]. Figures 3c,f show the evolution of porosity n as a

function of vertical stress σv . Bi-disperse mixtures, both
(1) and (2), in accordance to what observed in Fig. 1, assume a lower initial porosity than monodisperse samples
due to an higher polydispersity that allows the grains to
rearrange more efficiently. The greater packing density of
the bi-disperse mixtures increases the grains confinement
and inhibits crushing. Indeed, bi-disperse samples yield
for greater vertical stresses and explicate less compressibility than monodisperse samples.
The model developed by [7] is here applied in order
to predict the compressibility response of the mixture. In
particular the model links the variation of porosity ṅ to
the variation of the maximum and the minimum limits of
porosity due to grain crushing, and to the variation of the
index τn (equal to 1 when n = nmax and to 0 for n = nmin ),
[18]) due to irreversible rearrangement:
ṅ = τn ṅmax + (1 − τn )ṅmin + τ̇n (nmax − nmin ).

(1)

For a sake of simplicity, in this work the index τn has assumed to be constant and equal to 1 for the whole test.
This means that the variation of porosity can only be due
to phenomena related to grain crushing. The intrinsic values of nmax/min are defined as a function of grainsize polydispersity, quantified by the index of grading IGr :
MONO −α
nmax/min = nmax/min
IGr ,

(2)

MONO
where nmax/min
is the minimum and maximum porosity at
zero stress of a mono-disperse grading and α is a dimensionless model parameter. The index of grading IGr is defined by [7] as the geometrical standard deviation of the
particle size distribution, it is dimensionless and describes
the spread of grain size distribution about its geometrical
mean. Figure 4 shows the evolution of the index of grading
IGr with stress for the sample tested. All the monodisperse
samples begin from an unitary value at zero stress and then
grow up as fast as crushing phenomena occurred. A comparison between experimental data and model prediction
is reported in Fig. 3c,f in terms of evolution of porosity as
a function of vertical stress. The model aims reasonably
well to catch the compressibility features, especially in the

Figure 2. Quantitative comparison of LECA grain shape outline
for different size fractions.
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Figure 3. (a-b,d-e) CGSD evolution under 1D compression for the bi-disperse grading mixture 1(a) and 2(d), compared to the grading
evolution of their relative mono-disperse ones: (b) MONO0.425mm , MONO2.0mm and (e) MONO0.25mm , MONO2.0mm . (c,f) Experimental
and model prediction compressibility curves.

monodisperse cases, in which porosity variation are effectively strongly linked to the phenomenon of grain crushing. Table 1 reports the model parameters adopted. The
model predictions reported in Fig. 3c,f are not smooth be-

cause they are related to the polydispersity of the grain size
distribution (IGr ) which was measured just for fixed values
of load applied. Since τn = 1, the variation of n depends
MONO
only by nmax
, that is defined in accordance to the measurements reported in Fig. 1. The model parameter α was
calibrated by trial, and for the bi-disperse mixtures it assumes values in between those of the monodisperse of the
coarse and fine constitutive fractions.
Table 1. Model parameters.

MONO0.25mm
MONO0.43mm
MONO2.0mm
bi-disperse0.43−2.0mm
bi-disperse0.25−2.0mm

MONO
nmax
0.67
0.59
0.57
0.59
0.67

α
0.65
0.33
0.20
0.22
0.4

τn
1
1
1
1
1

4 Conclusions
This paper reports the main results of an experimental and
theoretical investigation on bi-disperse mixtures of LECA
material. As expected bi-disperse mixtures explicate a
greater packing density compared mono-disperse grading,

Figure 4. Evolution of the grain size distribution polydispersity, by the index of grading, with vertical stress along the onedimensional compression.
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with a tendency to reach a maximum value for a percentage of fine ranging between 25-50%. However, not only
the grain size distribution affected the packing density, also
particles morphology: the more irregular outline of the
fine fractions determined less dense configurations. Two
bi-disperse mixture with a 40% of fines are then selected to
be tested under one-dimensional compression up to a vertical pressure of 54 MPa. The comparisons between the results of the bi-disperse mixtures and those of two monodisperse grading composed by only the fine and the coarse
fraction respectively let emerge some interesting features:
(i) the evolution of the cumulative grain size distribution
due to crushing follows, especially at high pressures, a behaviour in between the two mono-disperses; (ii) the bidisperse mixture leads to an initial denser configuration,
to a greater resistance to grain crushing phenomena and to
a less compressibility response. This behaviour tendency
seems to be as more enhance increasing the ratio R between coarse and fine fractions. Finally, the experimental
evidences gathered are used to validate a compressibility
model for granular material with crushable grains recently
developed.
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