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Abstract 27 

This contribution presents the results of an experimental investigation of the mechanical behaviour 28 

of granular materials with crushable grains under one-dimensional compression at medium to high 29 

stress. The material used for the experimental work is a Light Expanded Clay Aggregate (LECA) 30 

whose grains break at relatively low stress. Reconstituted samples were prepared with different 31 

initial grain size distributions and their evolution observed under one-dimensional compression. The 32 

grain size distributions before and after testing were used to calibrate a bimodal model obtained 33 

from the superposition of two Weibull functions. The observed evolution of the micro and macro 34 

diameters on loading are linked to the characteristics of the one-dimensional compressibility curve 35 

obtained under displacement controlled conditions, such as its shape and two characteristic stress 36 

values, namely the pre-consolidation stress and the stress corresponding to the point of inflection.   37 

38 



 3

Introduction 39 

Loading induced particle breakage has important effects on the mechanical behaviour and hydraulic 40 

conductivity of granular materials. Particle breakage has been observed from the relatively small 41 

scale of laboratory samples (e.g., Nakata et al., 2001; Casini et al., 2013; Bandini et al., 2016; 42 

Ziccarelli 2016) to the very large scale of real faults exhumed from seismogenic depths (Sammis & 43 

Ben-Zion, 2008). Grain crushing controls many engineering applications characterised by high 44 

stress concentration, such as near the tip of piles, with effects on their bearing capacity (see, e.g., 45 

Yasufuhu & Hide, 1995; Simonini, 1996; Lobo-Guerrero & Vallejo, 2005; Zhang et al., 2012) or in 46 

highly stressed soil masses adjacent to or located within geotechnical structures, for instance filters 47 

for large dams (Lee & Farhoomand, 1967) or rockfill dams (Alonso et al., 2012; Ovalle et al., 48 

2014). Okada et al. (2004) reported that grain crushing within the failure zone is responsible for the 49 

rapid long run-out of landslides, while, more recently, Marks & Einav (2015) examined the 50 

interplay between grain crushing and segregation, controlling the dynamics of dense granular flows.  51 

Whatever the engineering application, to identify the main factors controlling grain crushing, the 52 

evolution of the grain size distribution upon loading must be examined experimentally over a wide 53 

range of stress. The evolution of grading with loading depends on various factors at different scales. 54 

At the macro scale, crushing is controlled by initial grading, voids ratio, state of effective stress, and 55 

effective stress path; at the meso - micro scale, by the parameters of the constituent particles, such 56 

as, e.g., size, shape, strength, and mineral composition.  57 

The available experimental evidence (e.g. Hardin, 1985; Casini et al., 2013; Guida et al., 2016) 58 

indicates that well-graded soils do not break down as easily as uniform soils and that, as the relative 59 

density increases, the amount of particle breakage decreases. Both these observations are consistent 60 

with the fact that, with more particles surrounding each particle, the average contact stress tends to 61 

decrease. Several researchers have found that the amount of grain crushing under isotropic loading 62 

conditions is lower than under shearing (Nakata et al., 1999, Luzzani & Coop, 2002; Lackenby et 63 

al., 2007). As far as the characteristics of the constituent particles are concerned, it is well 64 
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established that (Lade, 1996): as the particle size increases, particle crushing increases, due to the 65 

fact that larger particles have a higher probability of containing defects or flaws; increasing the 66 

particle angularity increases particle breakage; increasing the mineral hardness decreases the 67 

amount of particle crushing. 68 

The amount of breakage induced by loading has been quantified in different ways (e.g. Hardin, 69 

1985; Einav, 2007; Wood & Maeda, 2008) based on the relative position of the current and initial 70 

cumulative grain size distributions. Hardin (1985) introduced relative breakage, Br based on the area 71 

between the final and initial grain size distributions above an arbitrary cut-off value of ‘silt’ particle 72 

size (of 0.074 mm). This implies that, in the fragmentation process, all particles, no matter what 73 

their original size is, will eventually become finer than this arbitrary cut-off value. Einav (2007) 74 

proposed to adjust the original definition of the relative breakage by Hardin (1985) to weigh from 75 

zero to one the relative proximity of the current grain size cumulative distribution from an initial 76 

cumulative distribution, and an ultimate cumulative distribution. Wood & Maeda (2008) proposed 77 

to use a single reference initial cumulative distribution as a vertical line through the maximum 78 

diameter, with the implication that the initial grading of any sample corresponds to a non-zero 79 

initial value of Br.  80 

As pointed out by Wood and Maeda (2008), in order to be able to predict the effects of a change in 81 

the grain size distribution there are three requirements: (i) the definition of some grading state index 82 

which can be used to describe the current grading of the soil; (ii) an evolution law which describes 83 

the way in which this grading state index changes with the state of stress; (iii) and some rules which 84 

describe the influence that the changing grading state index has on the mechanical properties of the 85 

soil. Casini et al. (2013) discussed the second of these requirements based on a wide set of 86 

experimental data on grading evolution of an artificial granular material, that break at relatively low 87 

stress. The grading evolution of the material after isotropic, one-dimensional and constant mean 88 

effective stress triaxial compression were studied with the mean effective stress ranging between 89 

0.175 and 1.400 MPa on samples reconstituted with different values of U (= d60/d10) = 3.5, 7, 14, 90 
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and 28 and two mean values of mean grain size d50 = 0.5 and 1 mm. The Authors linked the 91 

evolution of relative breakage, Br, defined following the approach proposed by Wood & Maeda 92 

(2008), with the total work input for unit of volume. They concluded that, for poorly graded 93 

samples (up to U = 14), the rate of breakage is independent of the initial uniformity while, for well-94 

graded samples (U = 28), the maximum rate of breakage is smaller and particle breakage results in a 95 

progressive increase of the fines and a reduction of the maximum diameter.  96 

In this work, the same granular material used by Casini et al. (2013) was tested in one-dimensional 97 

compression over a wide range of stress, v,max = 0.25 to 50.00 MPa. The grain size distributions 98 

before and after loading were described using a bimodal Weibull distribution calibrated using the 99 

experimental data.  100 

Grain crushing upon loading produces a progressive clockwise rotation of the cumulative grain size 101 

distribution around the point corresponding to the maximum diameter, with a tendency of the 102 

percentage of finer particles to increase and limited reduction of the maximum diameter. The paper 103 

examines the relationship between particle crushing and the observed S-shaped compressibility 104 

curve. Two characteristics stress, namely the yield stress, p, and the stress corresponding to point 105 

of inflection of the compressibility curve, s, mark the transition between different patterns of 106 

particle breakage.  107 

 108 

1. Experimental work 109 

1.1 Material 110 

The degradation processes associated with grain crushing affect the natural behaviour of many 111 

natural geotechnical materials such as pyroclastic weak rocks, carbonate sands, calcarenites and 112 

residual soils. However, systematic experimental investigation of grain crushing for natural 113 

materials is often difficult due to the relatively high stress required to crush the grains and the 114 

variability and heterogeneity of natural deposits, which makes it difficult to obtain repeatable 115 

results. For these reasons, the experimental work discussed in this paper was carried out on an 116 
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artificial granular material consisting of crushed expanded clay pellets, whose grains break at 117 

relatively low stress. The material, obtained machining a clay paste into pellets by means of a 118 

thermal process of clinkerization (Casini et al., 2013; Guida et al., 2016), is commercially available 119 

under the acronym LECA (Light Expanded Clay Aggregate). Due to its low unit weight, this 120 

material is used in many civil engineering applications to construct road embankments or slopes, 121 

create compensated foundations and as backfill of retaining structures. The advantages of using 122 

light materials may be in term of settlement reduction and improved seismic response (Di Prisco & 123 

Buscarnera, 2010). The grains have an external hard cortex and an internal extremely porous 124 

matrix. LECA pellets are commercially available in various sizes both intact and fragmented; while 125 

intact pellets are characterised by a round and isometric morphology, their fragments are extremely 126 

rough and irregular, partly because fragmentation exposes their internal porosity. 127 

The material is characterised by a double order of porosity: "inter-granular", i.e. voids existing 128 

between particles, and "intra-granular", i.e. closed voids existing within individual particles. The 129 

apparent unit weight can be defined as sa = Ps/Vsa, where Ps is the solid weight and Vsa = Vs + Vvi is 130 

the apparent volume, with Vs volume of solid and Vvi volume of closed voids. The apparent unit 131 

weight sa is related to the solid unit weight s by the following equation: sa=s/(1+ei) where 132 

ei=Vvi/Vs is the intra granular void ratio (see Fig. 1).  133 

The apparent unit weight, sa, increases significantly with decreasing grain size for d < 0.063 mm 134 

and tends to the unit weight of the constituent clay (s = 26.5 kN/m3), while, for d larger than about 135 

3.5 mm, it tends to a constant value of about 9 kN/m3. For d < 3.5 mm, of interest in the present 136 

work, the experimental values of as were fitted with the Equation (1). 137 

௦௔ሺ݀ሻߛ ൌ ܽ	 ቀ ௗ
ௗబ
ቁ
ି௕

 (1) 138 

with a = 12.64 kN/m3, b = 0.268, and d0 = 1 mm, for d ≥ 0.063 mm, and as = s, for d < 0.063 mm. 139 

Figure 1 shows also the trend of ei versus d. The intra void ratio ei increases with the particle 140 

diameter d assuming values larger than 1 for particles with d ≥ 0.84 mm, with the implication that 141 
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the intra void volume is larger than the solid volume of the particle; ei decreases for decreasing d 142 

and is equal to zero for d < 0.06 mm where the apparent unit weight sa=s. 143 

 144 

Figure 1. Apparent unit weight sa of crushed LECA and intra void ratio ei function of grain size. 145 

1.2 Initial grain size distribution 146 

The material was reconstituted at different initial grain size distributions by weight, characterised by 147 

four values of the coefficient of uniformity U (= d60/d10) = 3.5, 7, 14, and 28 and two values of 148 

mean grain size d50 = 0.5 mm and 1 mm (Figure 2a). For a material such as LECA, in which the 149 

apparent unit weight of particles depends on grain size, it is necessary to distinguish between the 150 

grain size distribution by weight and the grain size distribution by volume. The volume of particles 151 

retained in the i-th sieve is Vi = Wi/sa,i, where Wi is the weight retained by the single sieve and sa,i 152 

is the average apparent unit weight of the particles in the size range i-1 < d < i with i is the 153 

dimension of the sieve (Equation (2)).  154 

௦௔,௜ߛ ൌ
ଵ

∆೔ି∆೔షభ
׬	 d݀	ሺ݀ሻ	௦௔ߛ

∆೔
∆೔షభ

ൌ
௔	൫ሺ∆೔ሻభష್ିሺ∆೔షభሻభష್൯ሻ	

ሺௗబሻ್ሺ∆೔ି∆೔షభሻሺଵି௕ሻ
 (2) 155 

where sa(d) is given by Equation.(1). 156 

The cumulative grain size distribution by volume can be computed as shown in Equation. (3): 157 

ܸ൫ ௝݀൯ ൌ
ௐሺௗழ∆భሻ/ఊೞೌ,భା∑ ௏೔

ೕರಿ
೔సమ

௏೅
  (3) 158 
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in which sa,1 is the average unit weight of the material with dimensions smaller than 1 and 159 

்ܸ ൌ ܹሺ݀ ൏ ∆ଵሻ/ߛ௦௔,ଵ ൅ ∑ ௜ܸ
ே
௜ୀଶ , is the total (apparent) volume of the solids in the sample (after 160 

Casini et al., 2013) 161 

Figures 2a-b show the initial grain size distributions by weight and by volume tested under 1D 162 

compression. The initial GSDs can be described with the fractal equation P = (d/dmax)
where dmax is 163 

the maximum diameter and = 3- is the fractal dimension. The equation parameters can be 164 

computed as dmax = d50/0.51/and =logU6. The corresponding values of parameters p (by weight) 165 

and v (by volume) of the tested initial GSDs are reported in Figure 2c as a function of the initial 166 

uniformity U. As U increases, the values of  decrease, reaching an asymptotic horizontal value for 167 

U ≥ 40. In the range of interest (U = 3.5-28) p (by weight) assumes lower values than v (by 168 

volume).  represents the slope of GSDs curve, and the slope of the GSDs by weight is lower than 169 

the GSDs by volume because smaller diameters d have larger unit weight than bigger ones.  170 

 171 

Figure 2. a) initial GSDs by weight; b) initial GSDs by volume for U=3.5,7.0,14,28 and d50=0.5,1.0 mm; c)  versus 172 
uniformity coefficient U. 173 
 174 

1.3 Evolution of grain size distribution with loading  175 

The experimental programme consisted of 64 one-dimensional compression tests with a maximum 176 

vertical stress spanning from 0.25 MPa to 50 MPa (see Table 1). More in detail, three sets of 1-D 177 

compression tests were carried out, depending on the range of maximum vertical stress attained 178 

during the test: for  ≤ v,max ≤ MPa, standard incremental loading oedometer tests on samples 179 
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with diameter D = 71.36 mm and height H = 20 mm; for ≤ vmax ≤ MPa, displacement 180 

controlled 1D compression at a constant axial displacement rate of 1 mm/min, on samples with 181 

D = 100 mm and H = 40 mm, using a loading frame with maximum capacity of 100 kN, 182 

corresponding to a maximum vertical stress v,max = 12.6 MPa; for ≤ v,max ≤  MPa, 183 

displacement controlled 1D compression at a constant axial displacement rate of 1 mm/min, on 184 

samples with D = 50 mm and H = 80 mm, using the same loading frame whose capacity in this case 185 

corresponds to a maximum vertical stress vmax = 50 MPa. The dimensions of the samples for the 186 

last series of tests derives from a compromise between conflicting issues: reaching high level of 187 

stress, avoiding boundary effects and reducing lateral friction. For a given apparatus force capacity, 188 

an increasing vertical stress level is reachable reducing the diameter of the cell. Large values of 189 

stress v,max, inducing huge axial displacements, reduce the distance between the plates so far to 190 

give rise to boundary effects on state of stress. To avoid this kind of boundary effect, for the high 191 

stress tests, a taller sample is adopted, which however led to an increase of lateral friction not 192 

considered in this study (Guida et al., 2016). The procedure to reconstitute the samples consists of: 193 

(i) preparing the initial GSD by sieving, (ii) manual mixing, (iii) dry pluviation inside the cell.  194 

Figure 3 shows the deformation measured at the target vertical stress as function of the samples 195 

initial uniformity for d50 = 0.50 mm (Fig. 3a) and d50 = 1 mm (Fig. 3b). For U = 3.5 and 196 

d50 = 0.5 mm (Fig. 3a), the vertical deformation increases with vmax from a minimum of amin~ 0.1 197 

withvmax = 0.25 MPa, to a maximum of amax~0.62 at vmax = 50 MPa. Similar trends were 198 

obtained for other values of U and for d50 = 1.0 mm. At low stress levels (up to 1-2 MPa), the values 199 

of final vertical deformation are independent of U while at higher stress (≥ 2.0 MPa), the better 200 

graded samples, with higher values of U, show a stiffer response. This may be attributed to a more 201 

effective cushioning effect, taking place for the better-graded samples, due to a better packing and 202 

an increases in the coordination number. 203 
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 204 

Figure 3. Maximum measured axial deformation, a, versus initial uniformity, U: a) d50=0.5 mm; b) d50=1 mm. 205 

 206 

Figure 4. Grain size distribution by volume at increasing vertical stress for samples with with d50=0.50 mm 207 

Figure 4 shows the evolution of the GSD by volume measured at different maximum vertical stress 208 

for samples with d50 = 0.50 mm. Between 0 and 5 MPa, an increase of the percentage of finer 209 

particle at constant dmax is observed. At 25 MPa the percentage of fines of the GSDs is further 210 

increased and all the GSDs converge for diameters d < 0.25 mm, while the upper part of the curves 211 

shows a slight rotation around dmax. This behaviour is related to a more pronounced increase of the 212 

fine particles for samples characterized by a lower initial uniformity. At 50 MPa a further increase 213 
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of the percentage of fine smaller particles is measured, with the tail of the GSDs moves further 214 

upwards. 215 

 216 

Figure 5. Grain size distribution by volume at increasing vertical stress for samples with d50=1.00 mm 217 

Figure 5 reports the evolution of the GSDs with loading for samples with d50= 1.0 mm. Between 0 218 

and 5 MPa the diameter of the intersection point dint of the curves moves rightwards and upwards 219 

due to a small increase of the particles with d < 0.75 mm.  220 

Figure 5 shows an overlapping of the tail of the GSD curves at 25 MPa for d < 0.425 mm, while the 221 

curves rotate around dmax. The percentage of particles with medium-small diameter increases 222 

between 5 and 25 MPa, especially for samples characterised by medium-low initial uniformity U.  223 

Moving from 25 MPa to 50 MPa the upper parts of the GSDs tend to overlap with a counter 224 

clockwise rotation around the intersection point (V = 0.70 and d = 0.65 mm), and a slight reduction 225 

of the maximum diameter, somewhat more pronounced for higher uniformities. The fact that this 226 

was not observed for samples with an initial d50 = 0.5 mm, where the position of the intersection 227 

point was not changing with loading, is probably due to the higher strength of smaller particles 228 

which inhibits reductions of dmax and the associated increase of the percentage of medium sized 229 

particles.  230 

V
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The final GSDs, corresponding to a maximum vertical stress vmax = 50 MPa, are very similar for all 231 

the samples tested (Figures 4 and 5), regardless of the initial values of U and d50, particularly for the 232 

small diameters. 233 

 234 

2. Modelling the GSD evolution with Weibull distribution 235 

2.1 Weibull equation 236 
 237 
The data illustrated above were fitted using a Weibull distribution. This is widely used in reliability 238 

engineering due its versatility and relative simplicity. The Weibull distribution is a flexible function 239 

used by different authors to describe the multi-scale features of granular materials with grain 240 

crushing (e.g. McDowell et al., 1997; Zhang et al., 2015; Zhang et al., 2016).  241 

The Weibull distribution is defined on positive and real numbers by the following repartition 242 

function: 243 

ሺܺሻܨ  ൌ 1 െ exp	ሾെሺܺ/ߣሻ௞ሿ	          (4) 244 

where ܨሺܺሻ is the cumulative probability that a variable is less or equal to X, ݇ ൐ 0 is a shape 245 

parameter and ߣ ൐ 0 is a scale parameter of the distribution. The probability density function ݂ is 246 

calculated from the derivative of the repartition function: 247 

 ݂ሺܺሻ ൌ ௞ߣ/݇ ∙ ܺ௞ିଵ ∙ exp	ሾെሺܺ/ߣሻ௞ሿ        (5) 248 

Within the framework of statistic, particle breakage can be considered as a probabilistic event. 249 

When the stress or the strain has reached a sufficient level, some particles may break, depending on 250 

the contact forces applied on it and on its resistance. The breakage probability depends on:  251 

 macroscopic factors, such as stress level, average diameter, coordination number which 252 

affect the particle contact force; 253 

 microscopic factors, such as component minerals, particle shape, diameter and imperfections 254 

related to the particle resistance (Guida et al., 2016). 255 
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If X is the particle diameter, the Weibull distribution F represents the cumulative passing by 256 

volume. Figure 6 illustrates the effect of varying parameters k and  on the shape of the GSD. The 257 

scale parameter ߣ represents the diameter at which V = 0.63. Fixing ݇ and varying ߣ (Figure 6a) the 258 

Weibull distribution translates keeping its shape. The Weibull distribution is S-shaped with a 259 

maximum slope depending on the shape parameter k: as ݇increases, the distribution becomes 260 

steeper, while lower values of k result in a flatter shape of the distribution (Figure 6b). The 261 

derivative of F with respect to	logሺ݀ሻ: 262 

߲/ܨ߲ logሺ݀ሻ ൌ ݀௞ିଵ/ߣ௞ expሾെሺ݀/ߣሻ௞ሿ ߲݀/߲ logሺ݀ሻ      (6) 263 

has a characteristic “bell” shape attaining a the maximum proportional to the value of ݇ through 264 

coefficient ݇ ∙ lnሺ10ሻ /݁ ൌ 0.847	݇ for ݀ ൌ  265  (Figs. 6c and 6d) ߣ

 266 

 267 
Figure 6 – Weibull distribution function for different values of  (a) and ࢑ (b), and their derivatives by ࢍ࢕࢒ሺࢊሻ (c,d). 268 

 269 
The experimental GSDs were described using a bimodal Weibull distribution, that better fits the 270 

grain size distribution than the single Weibull distribution function, due to the different evolution of 271 
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larger and smaller particles as shown by the experimental results (Figures 7 and 8), weighted by w1 272 

and w2 (where w1+w2=1):  273 

ܸሺ݀ሻ ൌ ଵݓ ∙ ሺ1 െ expሾെሺ݀/ߣଵሻ௞భሿሻ ൅ ଶݓ ∙ ሺ1 െ expሾെሺ݀/ߣଶሻ௞మሿሻ     (7) 274 

where V is the cumulative passing by volume, ݇ଵ and ݇ଶ the shape parameters, ଵ and ଶthe scale 275 

parameters and ݀ the diameter. The curve with weight w1 and the curve with w2=1-w1 describe the 276 

GSD of larger particles and of smaller particles, respectively. The model parameters have been 277 

calibrated with the experimental results using the least square technique. 278 

2.2 Interpretation of the results 279 

Figure 7 (d50=0.50 mm) and Figure 8 (d50=1 mm) report the comparison between the data and their 280 

best fit through the bimodal Weibull distribution over the entire range of diameters, for the different 281 

uniformity and stress investigated.  282 

 283 

Figure 7. Comparison between model and experimental data with d50=0.50 mm 284 
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 285 

Figure 8. Comparison between model and experimental data with d50=1.00 mm 286 

Figure 9 shows the compressibility curves in the e-logv plane for all the samples taken to a 287 

maximum vertical stress v,max = 50 MPa. The initial voids ratio of the samples characterised by 288 

d50 = 0.50 mm are quite scattered, especially the most and the less uniform grading, probably due to 289 

the different configuration that particles assume during sample preparation, that are not vibrated in 290 

order to not cause grain crushing or asperities breakage. However, even if they start from different 291 

values of the initial voids ratio, all the curves tend to converge for v,max  10 MPa, (Figs. 9a and b) 292 

and, therefore, the mechanical behaviour is unique. 293 

The compressibility behaviour of a granular material with grain crushing is driven by two main 294 

mechanisms: particles rearrangement and grain crushing (including asperity breakage). Depending 295 

on the range of stress investigated, one or the other may prevail. The compressibility curve of 296 

LECA shows a typical S-shaped form. This can be divided in three ranges of vertical stress:  297 

1) rearrangement of the particles in the form of sliding and rotation occurs with negligible 298 

grain crushing up to the initial crushing point stress p;  299 

2) most grain crushing occurs between the yielding point stress �p, corresponding to the stress 300 

of the big amount of crushing, and the stress corresponding to the point of  inflection s. In 301 
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this stress range the compressibility curve is steeper due to the particle crushing and 302 

rearrangement under medium-high stress; 303 

3) for stress larger than that corresponding to the point of  inflection, s, particle crushing is no 304 

longer the main deformation mechanisms, even if some crushing still occurs, and the curve 305 

becomes flatter.   306 

Figure 9 also reports the ranges of crushing point yielding stress and inflection point stress obtained 307 

from the experimental data. They are p = 0.5 - 2 MPa and s = 6-15 MPa with d50 = 0.50 mm and 308 

p = 0.7-2.8 MPa and s = 7 - 20 MPa with d50 = 1mm. 309 

 310 

Figure 9. Compressibility curves in the logv-e plane: a) d50=0.50 mm; b) d50= 1 mm. 311 

 312 

Figure 10 shows the evolution of the fitting parameters ଵ, ݇ଵ, ଶ,	and ݇ଶ, obtained fitting the data 313 

with equation (7), as a function of the applied stress for all the samples with an initial d50 = 0.5 mm. 314 

As a first approximation, the evolution of the Weibull parameters may be taken as an indication of 315 

the evolution of grain crushing with applied stress. Parameters 1 and k1, and 2 and k2 represent the 316 

diameter at which the cumulative passing by volume is 0.63, and the maximum slope of the larger 317 

and smaller GSDs, respectively (see Figure 6).  318 
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 319 

Figure 10. Weibull parameters for all samples with d50=0.50 mm 320 

Parameter 1 (macro diameters) exhibits a slightly decreasing trend for all the tested samples 321 

(Figure 10a) and an increasing slope in the range of stress corresponding to the inflection point; this 322 

is more pronounced for U = 28 (sample 2d). This shows that the larger particles start to break only 323 

as they cross the inflection stress. The macro GSD becomes flatter with increasing vertical stress, as 324 

k1 decreases, with an increasing rate in the range of stress corresponding to the inflection point 325 

(Figure 10c).  326 

For all the samples, parameter 2 starts to decrease well before parameter 1, at an applied vertical 327 

stress corresponding to the yielding point stress (Fig. 10b), with the implication that the smaller 328 

GSD shifts significantly to the left. The smaller GSDs become flatter as parameter k2 decreases. As 329 

the stress approaches the range of s, 2 decreases with a nearly linear rate in the semi-log plane. It 330 

is interesting that, at high stress, k2 and 2 tend to unique values of 2 ≈ 0.10 and k2 ≈ 0.62 331 

independently of the initial uniformity U. This indicates that, upon loading, the GSDs of the 332 

smaller-diameters tend to become the same, irrespectively of their initial distribution. The data in 333 

Figure 10 suggest that the shape of the compressibility curve and the evolution of the GSD 334 
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(represented by the evolution of  and k) are linked to one another. As most crushing takes places at 335 

stresses between p and s, it is in this range that the compressibility curve is steepest, and this is 336 

particularly true for samples characterised by a lower initial uniformity (less graded). The 337 

compressibility curves overlap when the applied vertical stress is larger than the stress at the point 338 

of inflection and their slope after the point of inflection is the same independently of the initial 339 

voids ratio and uniformity.  340 

 341 

Figure 11. Weibull parameters for samples with d50=1.00 mm 342 

Figure 11 shows the evolution of Weibull parameters for all the samples with an initial d50 = 1 mm. 343 

1 and k1 (larger diameters) are essentially constant up to  stresses in the range between p and s, 344 

and then start to decrease, possibly with the only exception of sample characterised by an initial 345 

U = 3.5. At the maximum applied vertical stress, 1 takes a unique value of 1 ≈ 0.95, and this is 346 

reflected in the fact that, at 50 MPa, the GSD of samples with an initial d50 = 1.0 mm, tend to 347 

overlap (see Fig. 5). Parameter 2 (Fig. 11b) shows a drastic reduction, starting at stress levels in the 348 

range of the crushing point stress, indicating a substantial shift to the left of the GSD associated to 349 

the micro-diameters. Parameter k2 shows a decrease with applied stress after the crushing point 350 
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stress, p, indicating that as the GSD associated to the smaller-diameters shifts to the left, it also 351 

becomes flatter. For samples with initial d50 = 1.0 mm, at large vertical stress, parameters 2 and k2 352 

tend to unique values of 2 ≈ 0.05 and k2 ≈ 0.60. The tendency of the parameters k2 and 2 to 353 

become the same independently by the initial GSD is consistent with the existence of an ultimate 354 

GSD, anyway further crushing of the larger diameter is expected in order to describe the ultimate 355 

GSD with a unique fractal curve. The value of w2 for the tested samples at higher vertical stress 356 

ranging between 0.4 (GSD with initial d50=0.5 mm) to 0.6 (GSD with initial d50=1.0 mm). 357 

 358 

Conclusions  359 

The paper reports the results of an extensive laboratory investigation of grain crushing under one-360 

dimensional compression, conducted on an artificial material with crushable grains. The samples 361 

were prepared by dry pluviation, in reduced diameter cells in order to reach higher stresses. The 362 

long-term objective of the study is to gain a deeper understanding of the behaviour of granular 363 

materials with crushable grains from moderate to high stress, and to develop constitutive equations 364 

that incorporate the effects of an evolving grain size distribution.  365 

The material used for the experimental work is a Light Expanded Clay Aggregate (LECA) whose 366 

grains break at relatively low stress. Reconstituted samples were prepared with different initial grain 367 

size distributions and their evolution observed under one-dimensional compression. The grain size 368 

distributions before and after loading were described using a bimodal Weibull function, resulting 369 

from the superposition of two curves with weights w1 (referred to the upper part of the grain size 370 

curve, bigger diameter) and w2=1-w1 (referred to the lower part of the grain size curve, smaller 371 

diameter). The evolution of the best-fit Weibull parameters with applied stress carries information 372 

on the mechanisms of grain crushing and can be linked to the compressibility of the material.  373 

The observed compressibility curves show a typical S-shape characterized by two point of changing 374 

of slope, yielding stress point and the stress at the point of inflection respectively, dividing the 375 

investigated stress range into three regions. For stresses lower than the yielding stress, particle 376 
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rearrangement occurs in the form of sliding and rotation.  For stresses between the yielding stress 377 

and the stress corresponding to the point of inflection, significant particle crushing superimposes to 378 

particle rearrangement, causing a marked increase of compressibility. For stresses larger than the 379 

stress corresponding to the point of inflection, particle crushing is no longer the main deformation 380 

mechanism, and, although some breakage still occurs, the compressibility decreases.  381 

This is demonstrated by the evolution of the best-fit Weibull parameters. Specifically, the best-fit 382 

parameters describing the micro diameters start to decrease as the applied vertical stress reaches the 383 

yielding point stress, while larger stresses are required to modify the parameters describing the 384 

macro diameters, which start decreasing at the stress corresponding to the inflection point stress. 385 

 386 
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 461 
List of Tables 462 

Table 1. Samples tested  463 
 464 

identifier 
d50,P 

[mm] 
UP   

[-] 
d50,V 

[mm] 
UV  
[-] 

v,max [MPa] 

0.25 0.5 1.0 2.0 5.0 12.6 25 50 
2a 0.5 3.5 0.5 2.9        
2b 0.5 7.0 0.6 4.3        
2c 0.5 14 0.7 6.7        
2d 0.5 28 0.8 8.7        
3a 1 3.5 1.1 2.9        
3b 1 7.0 1.2 4.4        
3c 1 14 1.3 6.7        
3d 1 28 1.5 9.2        

 465 


