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Abstract 
This study systematically explores the effect of the shape of the particle size 
distribution on stress transmission in granular materials using three-dimensional 
discrete element method simulations. Extending prior studies that have focussed on 
bi-modal mixtures of coarser and finer grains, a broad range of isotropically 
compressed specimens with spherical particles and linear, fractal and gap-graded 
particle size distributions are considered. Considering isotropic stress conditions the  
nature of stress distribution was analysed by determining the mean effective particle 
stresses and considering the proportion of this stress transmitted by particles with 
different sizes.  For gap-graded materials a contact-based perspective was adopted to 
consider the stress transmission both within and between the different size fractions.  
A clear correlation emerged between the cumulative distribution of particle sizes by 
volume and the cumulative distribution of particle sizes by mean effective stress for 
specimens with continuous PSDs. This correlation does not hold universally for gap-
graded materials.  In gap-graded materials the distribution of effective stress between 
the different size fractions depends upon the size ratio and the percentage of finer 
grains in the specimen.  In contrast to specimens with continuous gradings, in the gap-
graded specimens the distribution of effective stress amongst the different size 
fractions exhibited a marked sensitivity to density.  Basic network analysis is shown to 
provide useful insight into effective stress transmission in the bimodal gap-graded 
materials. 
 
 



 

 2 

Introduction   1 
 2 
The particle size distribution (𝑃𝑆𝐷), typically considered as the cumulative distribution 3 
by particle mass of particle sizes in the material, is one of the most basic ways to 4 
characterize a soil in both geotechnical research and practice.  As acknowledged by 5 
Salgado et al. (2000), much of our understanding of soil behaviour has come through 6 
tests on “clean” sands and it is important to establish whether the frameworks 7 
established by studying these materials can be used to describe the mechanical 8 
behaviour of a broader range of sands.  Improved insight into the influence of grading 9 
upon the way stress is transmitted in granular materials can contribute to advancing 10 
this understanding. The particle size distribution has been termed an intrinsic material 11 
property (e.g. Been et al., 1991) and  a primary physical property (e.g. Miura et al. 12 
(1997)). Hight & Leroueil (2003) identified the complete grading as a factor that 13 
determines the character of geomaterials, while Cubrinovski & Ishihara (2002) say that 14 
the 𝑃𝑆𝐷 is one of the properties that describes the nature of a soil.  In short, a measure 15 
of gradation is universally accepted as a basic method to characterize soil from an 16 
engineering perspective. A comprehensive empirical understanding as to how 17 
gradation influences mechanical behaviour is emerging thanks to a number of 18 
research studies in recent decades. The advent of the discrete element method (DEM) 19 
enables us to establish the underlying mechanisms and significantly improve 20 
understanding. 21 
 22 
Grading clearly influences packing. Mitchell & Soga (2005) note that uniformly grained 23 
soils tend to have a narrower range of possible densities compared to well-graded soils.  24 
Mitchell & Soga (2005) cite the work of Youd (1973) who demonstrated a systematic 25 
relationship between 𝐶! and both the maximum and minimum void ratios, 𝑒"#$  and 26 
𝑒"%&, respectively. Cubrinovski & Ishihara (2002) concluded that the void ratio extent 27 
𝑒"#$ −	𝑒"%&	is indicative of the overall 𝑃𝑆𝐷, specifically the fines content, 𝐹𝐶. Miura et 28 
al. (1997) observe that the void ratio extent (𝑒"#$ −	𝑒"%&) is an index of the degree of 29 
possible change in the soil structure; for the specimens they considered with continous 30 
gradings there was no obvious link between 𝐶! and 𝑒"#$ −	𝑒"%&. 31 
 32 
Miura et al. (1997) stated that the mechanical properties of soil must be attibuted to its 33 
primary characterstics (which include 𝑃𝑆𝐷). The available data do not always indicate 34 
strong correlations,  e.g  Miura et al. (1997) found no correlation between the angle of 35 
repose and 𝐶!. However, data from a number of experimental studies that link the 𝑃𝑆𝐷 36 
to the mechanical behaviour have been documented in the literature. Considering 37 
large strain responses, recent studies on internal erosion and particle breakage 38 
acknowledge that if the grading of a soil changes then there is a change in the 39 
material’s mechanical behaviour. Of particular relevance are the contributions of Muir 40 
Wood et al. (2010) and Ciantia et al. (2019), who have demonstrated the dependancy 41 
of the critical state line on the 𝑃𝑆𝐷 shape and argued that use of the grading state 42 
index,	𝐼'( , enables definition of a critical state plane that empirically links the 𝑃𝑆𝐷 43 
shape and the slope and position of the critical state line. The 𝐼'(  quantity derived from 44 
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their study was defined a ratio of the area under the grading to the area under a limiting 1 
grading which acts as a scaling.  2 
 3 
Considering small strain and dynamic response, Rollins et al. (2020) used regression 4 
analysis to develop expressions for the damping ratio and modulus degradation curves 5 
for gravels that include 𝐶! , recognizing that as 𝐶!  increases, the 𝐺 𝐺"#$⁄  versus g 6 
curves shift downwards and to the left as the reference strain reduces. It is important 7 
to understand how the fabric of soil evolves with grading so as to be able to decide 8 
whether or not these empirical expressions can be applied to a particular material. 9 
Senetakis et al. (2012) and Payan et al. (2017) also studied the effect of grading on 10 
small strain stiffness and proposed empirical correlations to estimate the effect of 𝑃𝑆𝐷 11 
(i.e. 𝐶!; 𝑑)*) on shear stiffness, Young’s modulus, Poisson’s ratio and damping ratio. 12 
 13 
Miura et al. (1997) observed that crushability decreases slightly with increasing 𝐶! 14 
which they hypothesized indicates that a well-graded sand with a large 𝐶! forms a 15 
more stable structure with more contact points, reducing the contact forces.  A number 16 
of studies have considered the effect of scalping, where the larger size fraction is 17 
removed to enable mechanical tests, on the behaviour of rock fill materials (e.g. Xu et 18 
al., 2018). 19 
 20 
Particle size distribution also influences permeability and filtration properties (e.g. 21 
Hazen, 1892; Sherard & Dunnigan, 1989; Kenney et al., 1985).  However, these effects 22 
are a consequence of the influence of the 𝑃𝑆𝐷 on the void space topology and the 23 
constriction sizes in particular (e.g. Taylor et al., 2019). Consequently, correlations 24 
between permeability and 𝑃𝑆𝐷 are beyond the scope of this study. 25 
 26 
The idea of looking at the relative contribution of particles as a function of their size 27 
emerges from research on gap-graded soils; gap-graded soils are poorly graded soils 28 
which have a deficiency of certain particle sizes. A number of studies have considered 29 
gap-graded materials and their response to shear deformation (e.g. Carraro et al., 30 
2009), resistance to liquefaction (e.g. Thevanayagam et al., 2002), susceptibility to 31 
internal instability (e.g. Skempton & Brogan, 1994) and small-strain stiffness (e.g. Yang 32 
& Liu, 2016). Restricting consideration to non-plastic finer particles, a number of 33 
studies have classified behaviour of soil mixtures based on the proportion by mass of 34 
finer grains in the material,  𝐹+%&,-. Broadly speaking, researchers have concluded that 35 
the material behaviour is governed by the coarser grains when 𝐹+%&,- is relatively low, 36 
while the finer grains dominate the behaviour when 𝐹+%&,- exceeds a threshold value 37 
𝑆∗.  While conceptually useful this binary perspective is not entirely robust. Zuo & 38 
Baudet (2015) have showed that different, rational experimental techniques may give 39 
different 𝑆∗ values and Rahman et al. (2014) suggested that the concept of 𝑆∗ is an 40 
idealisation of a transition zone rather than having a unique value. Sufian et al. (2021) 41 
also showed that for a given 𝐹+%&,- , the proportion of the overall effective stress 42 
transmitted by the finer grains can evolve during shearing.   Also adopting the binary 43 
perspective where particles are considered stress transmitting or non-stress 44 
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transmitting, Liu et al. (2021) used DEM to show that even in the case of specimens 1 
with a continuous grading a measurable proportion of the particles may not transmit 2 
stress.  3 
 4 
However, this binary classification of particles as being stress transmitting or non stress 5 
transmitting provides only limited insight.  In their 2D DEM simulations, Voivret et al. 6 
(2009), considered  highly polydisperse packings with continuous gradings and noted 7 
that the strong force chains tend to pass through the larger particles, while the smaller 8 
particles act to support these strong force chains. These data suggest that the relative 9 
contribution of each fraction to the stress transmission for a mixture merits 10 
consideration.  11 
 12 
The fundamental mechanisms that underlie the link between the 𝑃𝑆𝐷 shape and the 13 
engineering behaviour are explored here by considering the distribution of stresses in 14 
the specimen. The data considered were generated by simulating isotropic 15 
compresison tests on assemblies of spheres using DEM. While particle shape has a 16 
significant effect on granular material packing this study used spherical particles to 17 
enable a large number of specimens with different 𝑃𝑆𝐷𝑠 to be considered; simulations 18 
with non-spherical particles are computationally more expensive. In line with Liu et al. 19 
(2021), continuous gradings (linear and fractal 𝑃𝑆𝐷𝑠) are firstly considered, prior to 20 
considering bimodal and trimodal gap-graded soils with a range of 𝐹+%&,- values. In all 21 
cases the influence of specimen density is considered. The analyses consider 22 
cumulative distributions of both the contribution of particles to the overall effective 23 
stress transmitted as well as distributions of the contribution of contact forces to the 24 
overall effective stress transmitted. 25 
 26 
Numerical Simulation Approach 27 
 28 
The simulation approach adopted has been described in Liu et al. (2021), however a 29 
summary overview of the approach is included here for completeness. The DEM 30 
simulations were conducted on cubic specimens using a modified version of the open-31 
source molecular dynamics code Granular LAMMPS (Plimpton, 1995). Periodic 32 
boundary conditions were employed to reduce boundary effects (e.g. Thornton, 2000; 33 
Shire et al., 2014) and so no gravitational body force was applied. A simplified Hertz-34 
Mindlin contact model was used with a particle shear modulus of 𝐺/ = 29.17 GPa and 35 
a particle Poisson’s ratio of 𝜈 = 0.2 following Huang et al. (2014).  The normal force is 36 
given as: 37 
 38 

 39 
where 𝛿& is the contact overlap, 𝑅∗ = (1 𝑅0⁄ + 1 𝑅1⁄ )20, (𝑅0 and 𝑅1 are the radii of the 40 
contacting particles). For these simulations with a uniform particle stiffness, 𝐸∗, is given 41 

by 	𝐸∗ = $2 "#$
!

%
&
#"

,  where E	 is the particle Young’s modulus.  42 

	 	𝐹& =
4
3𝑅

∗'.)𝐸∗𝛿*
+ ,⁄ 	 (1) 
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 1 
The tangential force is a summation and, for a given time step the incremental 2 
tangential force is given by 3 
 4 

where Δ𝛿.  is the incremental tangential displacement, for uniform particle elastic 5 

parameters 𝐺∗ = 82 2−𝜐
𝐺
9
−1

. 6 

 7 
The grains were initially placed randomly in diffuse (non-contacting) positions by 8 
means of an in-house placement code, and then subjected to periodic isotropic 9 
compression to a mean effective stress of 𝑝3 = 500	𝑘𝑃𝑎  following Cundall (1988). It 10 
was confirmed that the coordination number, 𝑍 (the average number of contacts per 11 
grain) remained stable (i.e. any variation was less than 0.001) for approximately 12 
500,000 simulation cycles prior to terminating the simulations.  A second check was 13 
performed to confirm that the unbalanced force ratio was lower than 0.001 at the end 14 
of each simulation (Liu et al., 2021). At this point data were extracted for the analyses 15 
outlined below. 16 
 17 
Following Shire et al. (2014), to investigate density effects, three inter-particle friction 18 
coefficients (µ)		were used during isotropic compression: (1) “dense” specimens were 19 
generated using  µ = 0.001; (2) “medium-dense specimens” were generated using µ = 20 
0.1; (3) “loose” specimens		were generated using	µ = 0.3. This approach to specimen 21 
generation allows for a consistent generation of different packing configurations. 22 
However, the loose and dense specimens generated are not directly equivalent to 23 
physical laboratory specimens with relative densities of 0% and 100% respectively. 24 
The medium-dense specimens cannot be mapped to a particular relative density.  Our 25 
approach is highly idealized; the complexity and heterogeneity of real soil particle 26 
morphologies is neglected and fabric effects that will occur in any physical sample are 27 
not reproduced. All particles have the same values of 𝐺 and 𝑣.  Consequently, we have 28 
isolated the effect of the 𝑃𝑆𝐷 from other factors that most certainly also influence the 29 
transmission of stress within a granular material. We have excluded from consideration 30 
the effects of the fabric evolution which occurs when samples are subject to shear 31 
deformation which may change the distribution of effective stress amongst the different 32 
size fractions.  33 
 34 
PSDs considered 35 
Figure 1 summarizes the gradings considered here; key data used to generate the 36 
figures are included in the tables provided as supplementary information to this paper. 37 
Following Shire & O’Sullivan, (2016), a total of 6 linear gradings were created with 38 
increasing uniformity coefficients, 𝐶!  (Figure 1(a)). The minimum particle diameter 39 
used in each linear specimen was 0.076 mm, the maximum particle diameter increased 40 
with increasing 𝐶!. Specimens with a fractal grading are considered as a second type 41 
of ideal 𝑃𝑆𝐷 with a continuous grading. Referring to  Figure 1(b), these fractal gradings 42 

	 	∆𝐹. = 8𝐺∗0𝑅∗𝛿*Δ𝛿.	 (2) 
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were created based on the fractal model proposed by Tyler & Wheatcraft (1992) so 1 
that:  2 
 3 

 4 
where 𝑑4 is the particle diameter, 𝑀 (𝑑4< 𝑑5

4) is the cumulative mass of grains whose 5 
particle diameter is smaller than 𝑑5

4, 𝑀6 is the total specimen mass, 𝐷∗ is the fractal 6 
dimension and 𝑑7894  is the maximum particle diameter. Both semi-logarithmic and 7 
double-logarithmic coordinate axes were used to plot the fractal 𝑃𝑆𝐷𝑠 in Figure 1(b). 8 
Two maximum particle diameters, 𝑑7894  values (0.425 mm and 0.985 mm) were used 9 
to enable comparison with the linear specimens. The fractal specimen with the smaller 10 
maximum diameter, i.e. 𝑑7894  of 0.425 mm, is denoted 𝑆, while the specimen with the 11 
larger 𝑑7894  of 0.985 mm is denoted 𝐿 . The particle diameter of 0.076 mm was 12 
associated with both the 0.1% mass percentile and the 1% mass percentile for both 13 
values of 𝑑7894  considered. This is reflected in the specimen names so that specimen 14 
‘Fractal 0.1% 𝐿’ has a 𝑑7894  of 0.985 mm and the diameter of the 0.1% mass percentile 15 
is 0.076 mm. The 𝐷∗ values were estimated by curve fitting Equation (3) to the 𝑃𝑆𝐷𝑠, 16 
as illustrated in Figure 1(b).  17 
 18 
For the bimodal gap-graded specimens, comprising a mix of a finer and coarser 19 
fraction, four distinct 𝑆𝑅𝑠 (i.e. 𝐷4,)*/𝑑+,)*) values were considered: 3.7, 8.4, 14.5 and 20 
18.1; 𝐷4,)*  and 𝑑+,)*  denote the median diameters of the coarse and finer fractions, 21 
respectively. There was a slight polydispersity in each fraction (Figure 1(c)).  Only when 22 
the 𝑆𝑅 value exceeds 6.5 can the finer grains in a purely bimodal material fit inside the 23 
voids formed by the coarser grains. The minimum diameters correspond to those used 24 
in the linear and fractal specimens, while the maximum diameters increase with 25 
increasing SR.	A range of 𝐹+%&,- values were considered (i.e. 𝐹+%&,- =	5%, 10%, 15%, 26 
20%, 25%, 30%, 35%, 50%). Each specimen is identified by the 𝑆𝑅 and 𝐹+%&,-, so that, 27 
𝑆𝑅 14.5 𝐹+%&,- 50 indicates a bimodal specimen with 𝑆𝑅 = 14.5 and 𝐹+%&,- = 50%.  28 
 29 
The trimodal specimens are also gap-graded materials, or mixtures,  in which there is 30 
a third intermediate fraction so that these specimens have a 𝐹+%&,- , a 𝐹%&6 , and a 31 
𝐹47#-8,- (Figure 1(d)). All the trimodal specimens had the same minimum diameter of 32 
0.076 mm, an intermediate grain diameter of 0.425 mm and a coarser particle diameter 33 
of 0.985 mm. These specimens are named Tri A_B, where A represents a 𝐹+%&,- by 34 
volume and B represents a 𝐹%&6  by volume, so that Tri 10_60 indicates a trimodal 35 
specimen with a 𝐹+%&,- of 10% and a 𝐹%&6 of 60%. The number of particles considered 36 
in each simulation depended on the 𝑃𝑆𝐷 under consideration.  The smallest sample 37 
analyzed was Linear 𝐶!  1.5 (33,306), while 636,871 particles were used to for Tri 38 
10_70.  This choice of sample size was informed by parametric studies that ensured a 39 
representative element volume was achieved for key gradings (Liu et al., 2021). 40 
 41 
 42 
 43 

	
	
𝑀(𝑑4 < 𝑑5

4)
𝑀6

= (
𝑑5
4

𝑑789
4 )+#:∗ 	 (3) 
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Quantifying shape of the particle size distribution 1 
 2 
The 𝑃𝑆𝐷  is most often described using the coefficient of uniformity, 𝐶! = 𝑑9* 𝑑0*⁄  3 
where, considering the entire sample, 60% of particles by volume are smaller than 𝑑9* 4 
and 10% of particles by volume are smaller than 𝑑0* . 𝐶!  cannot differentiate the 5 
change in the shape of the gap-graded soil 𝑃𝑆𝐷𝑠 considered here as the proportion of 6 
finer fraction varies (refer to the tabulated data provided as supplementary information). 7 
This aligns with the reservations of many researchers and practicing engineers that 8 
while 𝐶!  can differentiate well-graded and poorly graded soils it cannot quantify or 9 
describe the shape of the entire 𝑃𝑆𝐷 . The coefficient of curvature, 𝐶: =10 
(𝑑;*)1 (𝑑0*𝑑9*)⁄  considers an additional characteristic diameter,  𝑑;*,  where 30% of 11 
particles by volume are smaller than 𝑑;* . However, 𝐶:  also fails to capture the 12 
variations in the 𝑃𝑆𝐷𝑠 in the bimodal and trimodal specimens, as confirmed in the data 13 
presented in the supplementary information.  14 
 15 
Guida et al. (2018) proposed a new the index of grading, 𝐼' : 16 
 17 

 18 
where 𝑤% is the mass retained at the sieve opening 𝑑% 	and 𝑤676 is the total mass of the 19 
specimen, 𝑠%  is the particle size (non-dimensionalised) with respect to the maximum 20 
particle size 𝑑𝑚𝑎𝑥𝑝 , 𝑠% = 𝑑% 𝑑"#$

/⁄ . The geometric mean of the weight distribution is 21 
calculated as: 22 

 23 
The clear advantage of this measure is that it does not restrict consideration to a 24 
discrete, small number of characteristic diameters. Referring to Figure 2a and Table 25 
SI1 (supplementary information), the 𝐼'  values for the linear specimens increase 26 
monotonically with increasing 𝐶!. Furthermore for the bimodal samples, 𝐼'  varies with 27 
both 𝑆𝑅 and 𝐹+%&,-(Figure 2b)..  𝐼' 	 increases with increasing 𝑆𝑅 and for a given 𝑆𝑅, 𝐼' 28 
increases monotonically with increasing 𝐹+%&,- 	 .  The sensitivity of 𝐼'  to 𝐹+%&,- 29 
increases with increasing 𝑆𝑅. For trimodal gap-graded soils, given the same 𝐹+%&,- 30 
value, the 𝐼' values decrease monotonically with increasing 𝐹%&6 (Figure 2c+d).  These 31 
data support the use of 𝐼'  as a measure of the shape of 𝑃𝑆𝐷  that is capable of 32 
differentiating between different bimodal and trimodal gap-graded soils. 33 
 34 
Stress analysis approaches adopted: 35 
 36 
Two methods were used here to analyse the relationship between stress transmission 37 
and particle size:  38 
 39 
(1) Following prior studies (e.g. Weber, 1966; Love, 2013; Bagi, 1996; Potyondy & 40 

	
𝐼' = expIJ

𝑤%
𝑤676

(ln𝑠% − ln�̅�)1
%

	 (4) 

	
�̅� = exp LJ

𝑤%
𝑤676

ln	(
%

𝑠%)M	 (5) 



 

 8 

Cundall, 2004; Cambou et al., 2013), the overall effective stress tensor can be 1 
calculated from the stress tensors for the individual particles as 2 

where 𝜎%@3  is the effective overall effective stress tensor for the specimen, 𝑁6	is the total 3 
number of stress-transmitting particles, 𝜎P%@" is the average stress tensor within particle 4 
𝑚, 𝑉"	is the volume of particle 𝑚. The contribution of an individual particle, 𝑚, to the 5 
overall effective stress is then given by 6 

 𝛼!"# =
𝜎$!"#	𝑉#

𝑉  (7) 

   
Equation (7) indicates a link between 𝛼𝑖𝑗𝑚and 𝑉" . However following Potyondy & 7 
Cundall (2004) Equation (7) can be expanded and so that the 𝑉" dependency is no 8 
longer evident: 9 

   𝛼𝑖𝑗𝑚 =
1
𝑉𝑚

∑ 𝒙𝑖𝑐𝑭𝑗
𝑐

𝑁𝑐,𝑚 	𝑉𝑚

𝑉 =
∑ 𝒙)

*𝒇)
*

+*,, 	

I
             (8) 10 

where 𝑁4,"  is the number of contacts involving particle 𝑚, 𝒙%4  is the branch vector 11 
connecting the centre of particle 𝑚 to the contact point 𝑐 and 𝒇%4 is the force (vector) 12 
applied at contact 𝑐.   13 
 14 
(2) The contact force data extracted at the end of the isotropic compression were used 15 
to calculate the stresses in the virtual specimen so that the 3D stress tensor is given 16 
by: 17 
 18 

 19 
where 𝑁4,I is the total number of contacts in volume 𝑉, 𝒇%4 is the force vector for contact 20 
𝑐 and 𝒍@4 is the branch vector. This equation assumes the system to be in a state of 21 
static equilibrium, i.e. dynamic terms are neglected.  In this case the branch vector is 22 
the vector joining the centroids of the particles which contact at 𝑐. The contribution of 23 
contact 𝑐 to the overall stress is 24 
  25 

 𝒇!%𝒍"%

𝑉  (10) 

 26 
For all of the data here the trace of the stress tensor, i.e. the mean effective stress 𝑝3 =27 
J3))
;

 , is considered. 28 

 29 
Results and discussion  30 
 31 
Specimens with continuous gradings 32 
Figure 3(a) illustrates the 𝑃𝑆𝐷𝑠  for all the linear specimens considered, where the 33 
particle diameter is normalized by the maximum particle size, i.e. 𝑑4/𝑑;

4 . Grains with at 34 

	 𝜎%@3 = 	
1
𝑉
JX𝜎P%@"𝑉"Y
K-

"L0

	 (6) 

	
	𝜎′𝑖𝑗 =

1
𝑉7 𝒇𝑖

𝑐𝒍𝑗
𝑐𝑁𝑐,𝑉

𝐶=1
	 (9) 
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least two contacts having a contact force > 0 are capable of transmitting stress and 1 
are considered to be ‘active’ in this study; Figure 3(b) shows the normalized 𝑃𝑆𝐷 of the 2 
active particles for the dense linear specimens.   3 
 4 
Comparing Figures 3(a) and 3(b), it is clear that for the dense specimens, the 𝑃𝑆𝐷𝑠 for 5 
the active particles are very similar to the overall 𝑃𝑆𝐷𝑠, indicating that most of the 6 
grains are active in stress transmission. By adopting Equation (7), Figure 3(c) presents 7 
the cumulative distribution of the contribution of each particle to the mean macro-8 
scopic or overall effective stress. We denote this distribution 𝑃𝑆𝐷86-,88. The shape of 9 
the 𝑃𝑆𝐷𝑠 in Figures 3(a) and the shape of the 𝑃𝑆𝐷86-,88 in Figure 3(c) are clearly very 10 
similar.  This suggests that for these dense specimens with a continuous grading, the 11 
fraction of the overall effective stress transmitted by each individual grain is 12 
proportional to the particle volume. For instance, as identified in Figure 3(a) for 13 
specimen Linear 𝐶!1.5(D), the 20th percentiles on both the overall and active 𝑃𝑆𝐷 14 
curves (Figure 3(a) & 3(b) respectively) occur at 𝑑4/𝑑;

4  =0.53 (Points A & B). The 20th 15 
percentile on the PSDstress plot for this sample also occurs at  𝑑4/𝑑;

4  = 0.53 (Point C, 16 
Figure 3(c)).  17 
 18 
Adopting Equation (10), Figure 3(d) presents the cumulative distribution of the 19 
contribution of each contact to the macro-scale mean effective stress (𝜎′%@ ) as a 20 
function of the branch vector length normalised by the maximum branch vector 21 
identified for the relevant simulation, |𝑙4|/8𝑙;

4<8. This distribution is denoted as 𝐶𝑆𝐷86-,88. 22 
While the 𝐶𝑆𝐷86-,88 data plot as non-linear curves (Figure 3(d)), the overall inclinations 23 
of the curves are similar to the slopes of the lines in Figures 3(a) to (c). The 20th 24 
percentile on the 𝐶𝑆𝐷86-,88  plot for specimen Linear 𝐶!1.5(D) occurs at  |𝑙4|/8𝑙;

4<8= 0.57 25 
(Point D, Figure 3(d)).  26 
 27 
The effect of packing density on the linear specimens is examined in Figure 4, by 28 
considering specimens with the maximum and minimum 𝐶!  values considered (i.e. 29 
𝐶!= 1.5 and  𝐶!= 6).  Following the template of Figure 3, the 𝑃𝑆𝐷 data for all particles 30 
in the simulations are illustrated in Figure 4(a). Figure 4(b) illustrates the 𝑃𝑆𝐷𝑠 for the 31 
active grains. For 𝐶!= 1.5, the effect of packing density on the active particle 𝑃𝑆𝐷𝑠 is 32 
negligible. In contrast, a noticeable density effect can be observed for 𝐶! = 6. 33 
Considering the overall 𝑃𝑆𝐷  in Figure 4(a), the 20th percentile values for all the 34 
specimen with 𝐶!= 6 occur at 𝑑4/𝑑;

4  = 0.065. When consideration is restricted to the 35 
active particles, the 𝑑4/𝑑;

4 	associated with the 20th percentile are approximately 0.094 36 
and 0.071 for the loosest and densest conditions, respectively (Figure 4(b)). These 37 
data indicate that it is the smaller particles that tend to be less likely to be active at 38 
lower density values.  39 
 40 
The data presented in Figure 4(c) and (d) support this observation. For the specimen 41 
with  𝐶! = 1.5, the effect of density on the 𝑃𝑆𝐷86-,88 data is insignificant. In contrast, 42 
for 𝐶! = 6, a finite density effect can be observed considering both the 𝑃𝑆𝐷86-,88   data 43 
and the 𝐶𝑆𝐷86-,88 data; in the case of 𝑃𝑆𝐷86-,88, the 𝑑4/𝑑;

4 	associated with the 20% 44 
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percentile data are associated with  𝑑4 /𝑑;
4  = 0.096 and 0.065 for the loosest and 1 

densest conditions, respectively (Figure 4(c)). The cumulative distribution data for the 2 
dense packings clearly plot above those of the looser packing. 3 
 4 
An overview of the linear specimens dataset can be obtained by quantifying the shapes 5 
of the cumulative distributions. The 𝐼'#46%R,  values based on the 𝑃𝑆𝐷  of the active 6 
particles were calculated so that the 𝑤% and 𝑤676 in Equation (4) are determined by 7 
only considering the active grains. Figure 5 shows that the 𝐼'#46%R,  values are very 8 
similar to the 𝐼' values obtained considering the entire 𝑃𝑆𝐷, particularly for the densest 9 
specimens. There is, however, a slight density–dependency; for the loosest specimens 10 
𝐼'#46%R, is clearly less than 𝐼' and the difference between the two measures increases 11 
with increasing 𝐶! . The 𝐼'86-,88  values were calculated by taking 𝑤%  and 𝑤676  in 12 

Equation (4)  (refering to Equation (6)) as (02&)

∑ I,+-
,./

𝑝"	𝑉" and (02&)

∑ I,+-
,./

∑ (𝑝"	𝑉")K-
"L0 .  It 13 

is reasonable to state that for the densest specimens 𝐼' ≈ 𝐼'#46%R, ≈ 𝐼'86-,88; while the 14 
agreement is not as close for the loosest specimens the values of 𝐼' and 𝐼'86-,88 are 15 
similar, particularly for the specimens with lower 𝐶! values. Thus, for the specimens 16 
with a narrow continuous linear grading considered here the distribution of stress 17 
amongst the particles is very similar to the particle size distribution. 18 
 19 
Figure 6(a) illustrates the 𝑃𝑆𝐷𝑠 for specimen ‘Fractal 0.1% 𝑆’ and ‘Fractal 0.1% 𝐿’. The 20 
effect of density on the distribution of stress in these fractal specimens can be 21 
appreciated from the data presented in Figure 6(b), (c) and (d), the 𝑃𝑆𝐷𝑠 of active 22 
particles are similar to these of 𝑃𝑆𝐷𝑠 of overall particles. Figure 6(c) and (d) illustrates 23 
that the effect of density on the stress distribution within the fractal specimens is 24 
negligible from either perspective of particles or contacts.  It is difficult to provide a 25 
fundamental explanation for this observation in the fractal samples and interesting to 26 
note that there is difference of approximately 0.06-0.1 between the void ratios of the 27 
loosest and densest packings considered for the fractal specimens. In addition, the 28 
𝑃𝑆𝐷𝑠 in Figures 6(a)/(b), 𝑃𝑆𝐷86-,88 (Figure 6(c)) and 𝐶𝑆𝐷86-,88 (Figure 6(d)) are also 29 
similar. For instance, considering the overall 𝑃𝑆𝐷 in Figure 6(a), the 20% percentile 30 
point occurs at  𝑑4 / 𝑑;

4 ≈  0.55; considering the 𝑃𝑆𝐷86-,88  data, the 𝑑4 / 𝑑;
4 	 values 31 

associated with the 20th percentile are 0.568 and 0.561 for the loosest and densest 32 
conditions, respectively (Figure 6(c)). The fraction of the overall effective stress 33 
transmitted by each individual grain is proportional to the particle volume. This result 34 
shows a similar behaviour compared to that of linear specimens with very low 𝐶!. The 35 
data support the idea that a similarity between the 𝑃𝑆𝐷 and the 𝑃𝑆𝐷86-,88 may be a 36 
characteristic of specimens with a continuous grading particularly where the 𝐶! is low. 37 
 38 
Bimodal specimens  39 
Following the template used for the specimens with continuous gradations, Figure 7 40 
considers the influence of 𝐹+%&,-  on the bimodal specimen data by considering the 41 
dense specimens with 𝑆𝑅	= 14.5. Figures 7(a) and (b) present the 𝑃𝑆𝐷 (all) and 42 
𝑃𝑆𝐷(active), respectively. Figure 7(c) shows the evolution of 𝑃𝑆𝐷86-,88 with increasing 43 
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𝐹+%&,- while Figure 7(d) presents the 𝐶𝑆𝐷86-,88 data. The longest branch vectors are 1 
associated with contacts between the coarser grains, while contact between the finer 2 
grains have the shortest branch vectors. It is clear that the contribution of the finer 3 
particles is negligible when 𝐹+%&,- ≤ 20% and they only start to measurably transmit 4 
stress when 𝐹+%&,- ≥ 25%. There are clear differences between the shape of the 𝑃𝑆𝐷 5 
plots and the 𝑃𝑆𝐷86-,88  plots.  It is only for  𝐹+%&,- > 30% that it can be reasonably said 6 
that the plots are similar. 7 
 8 
Figure 8 considers the effect of density on the 𝑃𝑆𝐷86-,88  and 𝐶𝑆𝐷86-,88  data by 9 
considering 3 𝐹+%&,- values (10%, 30% and 50%) with 𝑆𝑅 = 14.5.  For 𝐹+%&,-= 10%, 10 
density has a negligible effect on the number of active particles (Figure 8(b)) as well 11 
as the 𝑃𝑆𝐷86-,88 and 𝐶𝑆𝐷86-,88 data (Figures 8(c) and (d)). When 𝐹+%&,- increases to 12 
30% and 50%, changes in density have a finite effect on the data. The 𝑃𝑆𝐷86-,88 and 13 
𝐶𝑆𝐷86-,88 data are more sensitive to density (Figs 8(c) and (d) respectively) than the 14 
𝑃𝑆𝐷 of the active particles (Figure 8(b)). 15 
 16 
The data presented on Figure 9 enable direct comparison of the 𝑃𝑆𝐷 (upper plots) and 17 
𝑃𝑆𝐷86-,88data (lower plots) for representative bimodal specimens with increasing 𝑆𝑅𝑠 18 
under the densest packing case.  Given the same densest packing density, when 𝑆𝑅 ≥19 
8.4, the 𝑃𝑆𝐷86-,88  (Figure 9(d)/(f)) data for a given sample exhibit a distinct shape when 20 
compared to the relevant 𝑃𝑆𝐷 (Figure 9(c)/(e)) when 𝐹+%&,- ≤ 20%, while the shape of 21 
the 𝑃𝑆𝐷 and 𝑃𝑆𝐷86-,88  plots are similar when 𝐹+%&,- ≥ 25%, a sudden shift is observed 22 
when 20% ≤ 𝐹+%&,- ≤ 25%. In addition, the data obtained for the case with 𝑆𝑅 = 3.7 23 
differ from the other 𝑆𝑅 values considered; as illustrated in Figure 9(b), the 𝑃𝑆𝐷𝑠86-,88  24 
plots shift upwards with increasing 𝐹+%&,- for all 𝐹+%&,- considered. In contrast, for the 25 
other 𝑆𝑅	values the finer fraction has a limited contribution to the 𝑃𝑆𝐷86-,88  data for 26 
𝐹+%&,- ≤ 20%.  In general, it can be seen that when 𝑆𝑅 ≥ 8.4 , the 𝑆𝑅  effect is not 27 
significant. 28 
 29 
An overall understanding of the effects of 𝑆𝑅, 𝐹+%&,-  and density can be developed by 30 
reference to Figure 10 which presents the proportion of the overall effective stress 31 
transmitted by finer grains for the three packing densities considered. The dashed lines 32 
shown in Figure (10) indicate how the data would plot if the contribution of the fines to 33 
stress transmission equalled the proportion by volume of fines in the sample.  Figure 34 
10(a) shows that for the smallest 𝑆𝑅 (i.e. 3.7), the finer particles have a measurable 35 
contribution to the overall stress for all density levels and  𝐹+%&,- values considered. 36 
This can be explained by the fact that for 𝑆𝑅	< 6.5 the finer grains cannot exist easily 37 
in the voids without actively contacting other particles. For the dense cases the 38 
proportion of stress transmitted by the finer grains approaches its 𝐹+%&,-.  For the 𝑆𝑅𝑠 39 
of 8.4, 14.5 and 18.1, similar behaviour can be observed: the finer particles have a 40 
negligible contribution to the stress when 𝐹+%&,- ≤ 20%, and the finer particles start to 41 
transfer stress only when 𝐹+%&,-  ≥  25%. Density affects the proportion of stress 42 
transmitted by  𝐹+%&,- in all cases. Moreover, the density effect is most significant when 43 
𝐹+%&,- is approximately 25% and 30%. When 𝐹+%&,- is 50%, it can be seen that the finer 44 
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particles transfer approximately 50% of the overall effective stress; it may be a 1 
misnomer to term the materials “fines dominated”. When compared to the continuous 2 
packings, using the same consistent approach to vary density, the effect of density on 3 
stress transmission is more significant for the bimodal samples. In general, it is clear 4 
that the contribution of the finer particles to the overall effective stress tensor is 5 
proportionally less than the volume of fine grains in the system for 	𝐹+%&,- < 35%.  6 
 7 
In a bimodal specimen there are three contact types:  contact between two coarser 8 
grains (C-C), contact between two finer grains (F-F) and contact between a coarser 9 
and a finer grain (C-F). To quantify the contribution of each contact type to the overall 10 

effective stress, the overall effective stress tensor was decomposed into F-F (σ'	ijFF), C-11 

F (σ'	ijCF), and C-C (σ'	ijCC) contributions, so that, for example: 12 

where 𝑁4UU is the total number of F-F contacts in volume 𝑉. 13 
 14 
Figure 11 uses a series of bar charts to illustrate the distribution of effective stress 15 
amongst the three contact types for two representative 𝑆𝑅 values (i.e.	𝑆𝑅 of 3.7 and 16 
14.5)  considered for the bimodal specimens. When 𝐹+%&,- ≤ 20%, a distinct behaviour 17 
can be identified when 𝑆𝑅 is 3.7. In this case, the trapping of individual finer grains 18 
between coarse particles is evident, C-F contacts make a relatively large contribution 19 
to the overall effective stress transmitted, and F-F contacts are also capable of 20 
transferring stress. In contrast, when 𝑆𝑅 is 14.5, for 𝐹+%&,- ≤ 20%, there is an almost 21 
negligible contribution by the C-F and F-F contacts to the overall effective stress.  22 
When 𝐹+%&,- ≥ 25%, for all 𝑆𝑅𝑠 considered the C-F contacts and F-F contacts play an 23 
increasingly significant role in transferring the overall effective stress as 𝐹+%&,- 24 
increases. However, when 𝐹+%&,-  is 50%, for all these 𝑆𝑅𝑠 , the combined stress 25 
transferred by the C-C and C-F contacts is > 50%, which suggests that these coarse 26 
grains are still significant in transmitting stress even at 𝐹+%&,- = 50%.  27 
 28 
The lack of consensus amongst previous studies on the selection of an appropriate 29 
state variable (i.e. void ratio) to predict the mechanical response of gap-graded soils 30 
may be partially attributed to the 𝑆𝑅 effect. The data presented in Figure 10(a) and 31 
Figure 11(a) clearly show that the mechanics of the response of samples with low 𝑆𝑅 32 
values (i.e.	𝑆𝑅 of 3.7) is measurably different from the mechanics of samples with 𝑆𝑅 33 
values exceeding 6.5. For instance, Yang et al. (2015) concluded that global void ratio 34 
is the most suitable state variable to capture the soil behaviour of the soil mixtures they 35 
tested. However, they used a 𝑆𝑅 of approximately 4 in their experimental work. In 36 
contrast, the 𝑆𝑅𝑠 used in Thevanayagam et al. (2002) and Goudarzy et al. (2016) are 37 
rather large (i.e. approximately 24 and 140). Therefore, the global void ratio may not 38 
be an appropriate state variable to capture this soil behaviour in this case. 39 
 40 
 41 
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When considering whether a particular size fraction dominates the material response 1 
it is interesting to explore whether the contact network formed only amongst particles 2 
in that size fraction is sufficient to transmit effective stress through the sample.  In other 3 
words, it is interesting to assess the extent to which the connections amongst each 4 
contact type (C-C, C-F or F-F) form a percolating, stress transmitting network. Here 5 
the graph and network algorithms in MATLAB (MathWorks, 2019) were used to  6 
analyse  the undirected graphs that can be formed by considering separately the 7 
contact networks formed by the C-C, C-F and F-F contacts. For each network, the 8 
lengths of the largest clusters of contacting particles in the direction of each of the three 9 
cartesian axis (𝐿$4V!86,-, 𝐿W4V!86,- and 𝐿:4V!86,-) were normalised by the size of the periodic 10 

cell containing the sample in the same direction (𝐿$
/4,VV, 𝐿W

/4,VV and 𝐿:
/4,VV). The averages 11 

of these three normalized lengths, 〈X)
*123-45

X)
6*411 〉 ,  are presented in Figure 12. Figure 12(a) 12 

shows that when 𝐹+%&,- is 5%, for the C-C contacts, 〈X)
*123-45

X)
6*411 〉 = 1,  and so the largest 13 

cluster formed by the C-C contact network traverses the specimen and the C-C 14 

contacts form a percolating network in this specimen. In contrast, 〈X)
*123-45

X)
6*411 〉  for the F-F 15 

contacts is only ≈	2.5%; confirming the insignificant role of the F-F contacts in stress 16 
transmission. For a 𝑆𝑅	of 3.7, (Figure 12(a)) both the C-C and C-F contact networks 17 
span the entire specimen when 𝐹+%&,- > 5%. It is only when 𝐹+%&,- 	≥ 20% that  the F-18 
F contacts form a percolating network in the specimen.  Figure 12(b) consider the 19 

variation in  〈X)
*123-45

X)
6*411 〉  for the three contact networks with 𝐹+%&,- 	for 𝑆𝑅 = 14.5. For this 20 

𝑆𝑅, the C-C contacts form percolating networks in the specimens for all  𝐹+%&,- values 21 

considered. For 5% ≤ 𝐹+%&,-  ≤ 20%,	  〈X)
*123-45

X)
6*411 〉   values for the C-F contacts  are 22 

consistently ≈ 0.2, and there is little evidence of cluster formation amongst the F-F 23 

network. When 𝐹+%&,-  ≥  25%, the 〈X)
*123-45

X)
6*411 〉   values are ≈ 1 . The data obtained in 24 

analyses of the contact networks for the samples with 𝑆𝑅 of 8.4 and 18.1 were similar 25 
to the 𝑆𝑅 14.5 data presented here. 26 
 27 
Figure 13 shows the 𝐼' values for two representative bimodal gap-graded soils. The 28 
trends evident in the samples with  𝑆𝑅 = 3.7 differ from the other cases. Referring to 29 
Figure 13(a) for 𝑆𝑅 = 3.7, both 𝐼'#46%R, and 𝐼'86-,88 increases gradually with increasing 30 
𝐹+%&,- . In contrast to what was observed for the samples with continuous gradings 31 
(Figure 5), there is a clear difference between 𝐼' (calculated using the full 𝑃𝑆𝐷) and 32 
both 𝐼'#46%R, and 𝐼'86-,88 at lower 𝐹+%&,- values even for this low 𝑆𝑅 value.  For the dense 33 
sample, the data converge at 𝐹+%&,- = 25% ; this convergence is not evident until 34 
𝐹+%&,- = 50%	 for the loose sample.  35 
 36 
 37 
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Referring to Figure 13(b), for the 𝑆𝑅  values of 14.5,  𝐼'#46%R,  and 𝐼'86-,88  maintain a 1 
relatively stable and low level when 𝐹+%&,- ≤ 20%. For the denser samples, the 𝐼' and 2 
𝐼'86-,88 data only converge for 𝐹+%&,- of 30% to 35%.  In the loose samples there is a 3 
significant difference between  𝐼'  and 𝐼'86-,88  for 𝐹+%&,-  ≤  20%.  As before, similar 4 
observations were made in considering the data for 𝑆𝑅=8.4 and 𝑆𝑅=18.1. 5 
 6 
Trimodal specimens  7 
Following the template used to discuss other gradations, Figure 14 presents key data 8 
for two typical trimodal specimens (i.e. Tri 25_15; Tri 25_45).  Figure 14(b) illustrates 9 
that the packing density measurably affects the 𝑃𝑆𝐷𝑠 of the active particles. Similar to 10 
stress distribution methods used for bimodal specimens, the trimodal specimens can 11 
also be studied from the perspective of both particle types and contact types. For 12 
trimodal specimens, three particle types exist: (i) coarser fraction; (ii) intermediate 13 
fraction; (iii) finer fraction. As illustrated in Figure 14(c), for both samples the 𝑃𝑆𝐷#46%R,  14 
for the loose sample lies well below the dense 𝑃𝑆𝐷#46%R, . This shows a significant 15 
proportion of the finer particles can be inactive in the case of mixtures of more than 16 
two size fractions, supporting an extension of the discussion on gap-graded soil 17 
behaviour to soils with more complex mixtures of particle sizes.   18 
 19 
For trimodal specimens, six contact types exist: (i) coarser-coarser contacts (C-C 20 
contacts), (ii) coarser-intermediate contacts (C-I contacts), (iii) intermediate-21 
intermediate contacts (I-I contacts), (iv) intermediate-finer contacts (I-F contacts), (v) 22 
coarser-finer contacts (C-F contacts) and (vi) finer-finer contacts (F-F contacts). As 23 
illustrated in Figure 14(d), the 𝐶𝑆𝐷86-,88  data provides additional evidence of a 24 
significant effect of packing density on the stress distribution amongst the different 25 
contact types and confirm the negligible role of the finer grains in the looser packing 26 
states.  27 
 28 
Figure 15 shows the 𝐼' values for these trimodal gap-graded soils.  Referring to Figure 29 
15(a) for samples Tri10_X, where 𝐹+%&,-  is 10%, in all cases the 𝐼'#46%R,  and 30 
𝐼'86-,88	values are significantly lower than the 𝐼' values, indicating a high proportion of 31 
inactive grains, irrespective of packing density. The data on Figure 15(b) and 15(c) 32 
show that when 𝐹+%&,- is 20% and 25%, there is an agreement between the 𝐼'#46%R, and 33 
𝐼'86-,88	, and hence the presence of a measurable proportion of inactive particles, 34 
depends on the sample density and the 𝐹%&6 value.  Figure 15(c) shows that for 𝐹+%&,- 35 
= 30%, the proportion of inactive particles is not significant, irrespective of 𝐹%&6 and 36 
sample density.  Overall,  the data on Figures 14 and 15 show that the concerns around 37 
the suitability of using global void ratio, 𝑒, as a measure of state for in the case of 38 
bimodal gap-graded mixtures are also applicable to more complex mixtures with more 39 
than two size fractions.  Multiple factors influence distribution of stress amongst the 40 
different size fractions and identifying whether or not a material with a mixture of size 41 
fractions may have inactive finer particles is not straightforward. 42 
 43 
 44 
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Conclusions 1 
This study has presented a DEM investigation on the nature of effective stress 2 
transmission in granular materials. Specimens with a continuous grading as well as 3 
bimodal and trimodal gap graded specimens, comprising two and three size fractions 4 
respectively, were considered. The DEM simulations exploited high performance 5 
computing capabilities to achieve representative element volumes and used periodic 6 
boundaries to ensure homogeneous samples. The inherently ideal nature of the 7 
models created (spherical particles, isotropic effective stress state, isotropic fabric) 8 
enabled the influence of 𝑃𝑆𝐷 to be isolated and studied.  Care should be taken in 9 
extrapolating the conclusions beyond the scope of the scenarios considered here.  It 10 
is possible that the observed relationship between the PSD and the distribution of 11 
stress amongst the different size fractions may not be generally applicable; for example, 12 
it is plausible that application of shear loading may change the stress distribution.  The 13 
distribution of stress will also differ if the 𝐺 values of the particles are not uniform.  14 
Accepting these caveats, the following main points can be made based upon the data 15 
presented: 16 
 17 
(1) For specimens with a linear grading there is a clear link between the particle 18 
size distribution and the distribution of stress amongst the different size fractions. The 19 
cumulative distribution obtained by considering particle stresses has a very similar 20 
shape to the particle size distribution. The agreement is observed using both 𝐶!  and 21 
well as the newer 𝐼' measure that uses more information to quantify the distribution 22 
shape. The extent of the agreement reduces with increasing 𝐶! and a finite difference 23 
can be observed for the largest 𝐶! considered (i.e. 𝐶! = 6). 24 
 25 
(2) For the bimodal gap-graded samples it is clear that the proportion of effective 26 
stress carried by the finer grains is significantly lower than the percentage by mass of 27 
finer grains in the sample for all 𝑆𝑅 values considered for 𝐹+%&,- < 50%. Use of the 𝐼' 28 
metric enabled a comparison of the distribution of particle sizes with the distribution of 29 
stress and revealed a clear contrast between the bimodal and continuous gradings. 30 
The current results show that the relative contribution of finer grains in stress 31 
transmission is dependent upon 𝑆𝑅 , 𝐹+%&,-  and density conditions. The data also 32 
indicate a fundamental difference between the nature of stress transmission in the 33 
samples with the lowest 𝑆𝑅 considered (3.7) and the remaining three sample types 34 
with 𝑆𝑅=8.4, 14.5 and 18.1.  In the case of 𝑆𝑅 =3.7, in contrast to the other 𝑆𝑅	values, 35 
the large size of the finer particles relative to the voids mean that the finer particles are 36 
involved in stress transmission even at low 𝐹+%&,- values. 37 

 38 
(3) For the trimodal specimens, it is clear that for some combinations of 𝐹+%&,-, 𝐹%&6 39 
and packing density a measurable proportion of the finer particles are inactive. This 40 
supports extension of the recent discussions on the unsuitability of global void ratio as 41 
a measure of state in bimodal gap graded materials to include more complex mixtures.  42 
Identifying whether a trimodal material might have inactive grains is not straightforward.  43 
The use of 𝐼' also enabled a comparison between 𝑃𝑆𝐷 and 𝑃𝑆𝐷86-,88, showing that, 44 
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for the gradations considered here, the likelihood of the finer fraction being inactive is 1 
greatest in the samples with 𝐹+%&,- ≤ 20%.  For 𝐹+%&,- = 25%, the extent to which the 2 
finer particles are inactive is density dependant; for 𝐹+%&,- = 35%, there is no evidence 3 
of large volumes of inactive finer particles.  However, the 26 samples considered here 4 
represent only a very small subset of the possible size combinations and it is not 5 
possible with these limited data to draw general conclusions as to when finer particles 6 
are likely to be inactive in soils comprising mixtures of distinct size fractions. 7 
 8 
(4) For the bimodal gap-graded specimens, the stress distribution can be 9 
partitioned into three different contact types (C-C, C-F, F-F). A basic network analysis 10 
enabled assessment as to whether the force network formed each of these size 11 
fractions was sufficient to transmit effective stress across the entire sample. 12 
 13 
 14 
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Figure Caption List 1 

Figure 1: Particle size distributions: (a) linear specimens with increasing 𝐶!; (b) fractal 2 
specimens with two particle size ranges, L (𝑑"#$

/  = 0.985 mm) and S (𝑑"#$
/  = 0.425 3 

mm) ; (c) bimodal gap-graded soils with various size ratio and 𝐹+%&,-; (d) trimodal gap-4 
graded soils with various 𝐹+%&,-  and 𝐹%&6  (same color is used for same 𝐹+%&,-)  5 
 6 
Figure 2: 𝐼'  values of typical specimens: (a) 𝐼'  values for linear specimens; (b) 𝐼' 7 
values for bimodal gap-graded soils with various size ratios; (c) 𝐼' values for trimodal 8 
gap-graded soils with 𝐹+%&,-  = 10%; (d) 𝐼'  values for trimodal gap-graded soils with 9 
𝐹+%&,-  = 25% and 30% 10 
 11 
Figure 3: Typical results for linear specimens under the densest condition: (a) PSD 12 
plots of overall particles; (b) PSD plots of active particles; (c) PSDstress plots; (d) 13 
CSDstress plots, “D” denotes the densest case 14 
 15 
Figure 4: The effect of density for two linear specimens (i.e. 𝐶! 1.5, 6.0) : (a) PSD plots 16 
of overall particles; (b) PSD plots of active particles; (c) PSDstress plots; (d) CSDstress 17 
plots, “D” denotes the densest case, “L” denotes the loosest case. 18 
 19 
Figure 5: Comparison of 𝐼' 			, 𝐼'#46%R,, and 𝐼'86-,88 data for linear specimens, “D” 20 
denotes the densest case, “L” denotes the loosest case. 21 
 22 
Figure 6: Typical results for fractal specimens under the densest packing condition: 23 
(a) PSD plots of all particles; (b) PSD plots of active particles; (c) PSDstress plots; (d) 24 
CSDstress plots , “D” denotes the densest case, “L” denotes the loosest case. 25 
 26 
Figure 7: Representative results for the bimodal specimens with SR = 14.5 in the 27 
densest condition: (a) PSD plots of all particles; (b) PSD plots of active particles; (c) 28 
PSDstress plots; (d) CSDstress plots , “D” denotes the densest case 29 
 30 
 31 
Figure 8: Representative results for the bimodal specimens, the effect of density: (a) 32 
PSD plots of overall particles; (b) PSD plots of active particles; (c) PSDstress plots; (d) 33 
CSDstress plots , “D” denotes the densest case, “L” denotes the loosest case. 34 
 35 
Figure 9: Representative results for the bimodal specimens in the densest condition, 36 
the effect of SR : (a) PSD plots, SR = 3.7; (b) PSDstress plots, SR = 3.7; (c) PSD plots, 37 
SR = 8.4; (d) PSDstress plots, SR = 8.4; (e) PSD plots, SR = 14.5; (f) PSDstress plots, 38 
SR = 14.5 39 
 40 
Figure 10: Contribution of finer particles, the effect of SR: (a) SR = 3.7; (b) SR = 8.4; 41 
(c) SR =14.5; (d) SR = 18.1 42 
 43 
 44 



 

 21 

Figure 11: Stress distribution amongst different contact types for bimodal specimens: 1 
(a) stress distribution for SR = 3.7; (b) stress distribution for SR = 14.5 2 
 3 
Figure 12: The averages of these three normalized lengths for different contact types 4 
in the densest condition: (a) SR = 3.7; (b) SR = 14.5 5 
 6 
Figure 13: Comparison of 𝐼' , 	𝐼'#46%R, 	and 𝐼'86-,88	data for bimodal specimens: (a) SR = 7 
3.7;  (b) SR = 14.5, “D” denotes the densest case, “L” denotes the loosest case. 8 
 9 
Figure 14: Representative results for trimodal specimens to illustrate the effect of 10 
density: (a) PSD plots of all particles; (b) PSD plots of active particles; (c) PSDstress 11 
plots; (d) CSDstress plots , “D” denotes the densest case, “L” denotes the loosest case. 12 
 13 
Figure 15: Comparison of 𝐼' , 	𝐼'#46%R, 	and 𝐼'86-,88	data for trimodal specimens: (a) Ffiner 14 
= 10%; (b) Ffiner = 20%; (c) Ffiner = 25%, 30%, “D” denotes the densest case, “L” 15 
denotes the loosest case. 16 
 17 


