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Abstract Fracture of rock particles is important in
many applications like mining, mineral comminu-
tion, unbound granular materials (UGMs) for rail-
way and road structures. The latter application is the
main interest presently, as fracture of rock particles in
UGMs affects the UGMs performance and may com-
promise structural integrity of a pavement, potentially
leading to premature road failures. Therefore, it is
important to assess their resistance to aggregate frac-
ture accurately. In this study, a new statistical fracture
model for particle fracture, based on the results of
single particle crushing tests, is introduced to inves-
tigate aggregate fracture. The proposed model is
tested for UGMs composed of three different aggre-
gate types: brick, granite and a volcanic material and
its results are compared with other widely used frac-
ture force models. The performance of the models is
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also investigated by simulating uniaxial monotonic
compression tests on UGMs with different aggregate
size distributions using the Discrete Element Method
(DEM) and comparing the results with experiments.
Fracture at two different load levels for three differ-
ent particle size distributions are investigated for each
material. One particle size distribution at one load
level is used to identify the contact law parameters
for each material, and single particle breakage test
are used to identify the fracture force model param-
eters. The DEM models with a new fracture force
model agrees well with the macro-mechanical behav-
iour observed in experiments and exhibits the highest
degree of correlation to fracture results obtained from
experiments.

Keywords Unbound granular materials (UGM) -
Particle fracture - Discrete element method (DEM) -
Single particle crushing

1 Introduction

Contact induced fracture of individual stones in
unbound granular materials is an important issue in
a number of engineering applications. For instance,
in milling and comminution processes it is of inter-
est to fragment the material as energy efficient as pos-
sible. In several stone-based construction materials,
e.g. used for unbound roads and unbound pavement
layers, the stones, which are called aggregates, act as
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primary load carrying skeleton in compression and
shear. This is why contact-induced fracture of indi-
vidual stones compromises the material performance
significantly. This is particularly true for unbound
granular materials (UGMs) composed of crushed
rock and mineral aggregates used extensively in both
road and railway construction, where they provide a
decisive contribution to the bearing capacity of the
structure.

Extensive laboratory and field evidence demon-
strates that aggregate fracture in UGMs used in road
and railways affects the service life of those structure
profoundly. As reported in [1-4], damage of aggre-
gates in railway ballast layers may significantly affect
the layer stiffness, dynamic response and settlement
behaviour. Regarding to road structural performance,
aggregate fracture has been linked to increased dete-
rioration with respect to rutting, fatigue cracking of
asphalt layers, and surface deterioration, cf. [5-7].
Thus, fracture of aggregates for roads and railways
received considerable attention in the literature. Early
work in this field focused on the development of
empirical and semi-empirical test methods for charac-
terizing aggregate fracture resistance, as summarized
in [8, 9]. These test methods allow establishing mini-
mum acceptability requirements in terms of empirical
indices capturing the strength of the aggregates and
providing a practical way for ranking the materials.

To gain some modelling insights into mechanics
of aggregate damage in UGMs, several recent stud-
ies employed the Discrete Element Method (DEM)
developed by Cundall and Strack [10]. These 2D and
3D DEM studies evaluated the capability of DEM to
capture the main mechanisms of aggregate fracture
and its effect on roads, e.g. Vallejo, et al. [11] and
Cui and Bhattacharya [12], as well as railway struc-
tures, e.g. McDowell and Lu [13]. The studies high-
lighted above yielded promising results, particularly
demonstrating the potential of DEM in quantifying
the effects of aggregate fracture on the macro-scale
behaviour of UGMs and in assessing how material
properties influence fracture development. These
findings emphasize DEM’s capability to establish a
quantitative link between micromechanical interac-
tions at stone-to-stone contact points and the overall
performance of UGMs at structural macro scale.

Recently Etikan et al. [14] proposed a DEM-based
modelling approach for evaluating aggregate crush-
ing in UGMs. Their approach incorporated a new set

of particles contact and fracture force models, devel-
oped in the earlier studies [15, 16], based on spherical
indentation experiments performed by Cervera et al.
[17] on a strong granite material. For the case of gran-
ite UGM, typically used in unbound base layers in
Sweden [14], showed that the developed DEM-model
approach captured well the effects of UGM grada-
tion and applied load on both force—displacement
response and the amount of aggregate fracture. At the
same time, the particle fracture law used by Etikan
et al. [14] has been developed for granite UGMs and,
so far, has not been generalized for UGMs containing
other aggregate types. The intention of this study is
to address this limitation, by proposing and validat-
ing fracture criteria for modelling aggregate fracture
in UGMs, applicable for a wide range of aggregate
types. Particular focus lies on capturing performance
of marginal quality aggregates (such as e.g. recycled
materials) in UGMs for road construction. However,
the authors foresee that the presented results also are
relevant for the mining industry where crushing of
mineral aggregates is major importance in comminu-
tion processes.

The performance of UGMs incorporating recycled
construction materials has recently received con-
siderable attention [18-22], with a particular focus
on aggregate fracture and UGM load—displacement
responses observed in uniaxial confined compres-
sion tests. The intention with all those studies is to
reduce the environmental impact of road construction
through incorporating recycled materials with possi-
bly marginal or inferior strength and shape character-
istics. Since these materials may be significantly more
prone to fracture, optimizing material and structural
designs is crucial to maintain performance. The effect
of aggregate shape on aggregate fracture was investi-
gated for waste rock [18], recycled concrete [19] and
crushed brick aggregate [20] using 3D DEM. In these
studies, particles were modelled using the agglomer-
ate method, with bond strength between sub-particles
calibrated from single aggregate crushing tests. The
authors report a quantitative agreement between the
modelling and experimental results for the force—dis-
placement response of UGMs, with close correspond-
ence observed over most of the loading path and
deviations reaching up to 35% at certain points along
the compression path. However, Oskooei et al. [20]
suggest that fracture prediction accuracy could be
improved by increasing the number of sub-particles
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and re-calibrating bond strength. Zhang et al. [21]
evaluated the feasibility of using DEM to optimize
the UGM material design for incorporating several
recycled construction materials. Based on their DEM
modelling results, they proposed blend proportions
of recycled and new aggregates to ensure optimal
performance of UGMs in road base layers. Etikan
et al. [22] used a DEM to optimize the placement of
marginal UGM in the road structure. For a relatively
weak granite UGM, experimental results and DEM
showed that the model quite accurately captured the
influences of aggregate toughness and load magni-
tude on aggregate fracture and permanent deforma-
tion accumulation in UGMs. The studies [18-22],
however, each concentrated on a single type of mar-
ginal aggregate. Hence, the challenge of establishing
an optimal DEM modelling strategy that is broadly
applicable for diverse aggregate types still needs to be
addressed.

At the same time, several open questions remain
regarding the choice of modelling strategy for cap-
turing aggregate fracture in UGMs. Crucial issues
are the identification of criteria for particle fracture
as well as the development of accurate methods for
DEM modelling of UGMs under a wide range of con-
ditions. Bono and McDowell [23] investigated sev-
eral fracture criteria to find one correlating with the
experimentally observed macro-mechanical response
of silica sand. They concluded that the maximum
contact force and octahedral shear stress failure cri-
terions resulted in a good agreement between DEM
simulations and the experiments. Bisht and Das [24]
used 2D DEM to investigate how the aggregate shape
evolution due to fracture affects the macroscopic
response of UGM. They evaluated two methods to
model the particle fragmentation: a particle replace-
ment method, where a fractured particle is replaced
by smaller particles and an agglomerate method
where an aggregate is created as a cluster of many
smaller particles with the particle bonds acting as
pre-defined potential fracture planes. They found
that both axial stress—strain response and void ratio
of UGMs were affected significantly by the aggre-
gate fracture and also reported a clear dependency of
the modelling results on the method used to simulate
aggregate fracture. However, a comprehensive evalu-
ation of how aggregate fracture statistics affect the
macroscopic behaviour of UGMs is still lacking, lim-
iting the generalization of modelling approaches for

aggregates of different types, sizes, and shapes while
maintaining computational efficiency. This paper
addresses this gap by providing a statistical distribu-
tion for aggregate fracture force, considering both
shape variability and the statistical size effect caused
by material defects. The fracture force distribution is
targeting DEM simulations where the aggregates are
modelled with spherical particles to limit the compu-
tational burden and avoiding detailed geometric char-
acterization of the aggregates.

This study investigates aggregate fracture in
UGMs experimentally and numerically for a range
of load magnitudes, aggregate types and size distri-
butions. The focus is on marginal quality aggregates,
potentially suitable for road UGMs: crushed brick,
volcanic rock and granite with relatively low strength.
The strength of each aggregate type is characterized
by aggregate crushing tests. Three statistical fracture
force criteria are evaluated with respect to their capa-
bility of capturing these measurements: a classical
Weibull distribution, the Weibull weakest-link model
and the newly proposed fracture model combining
these two approaches. The classical Weibull distribu-
tion is commonly used in the literature to describe the
aggregate strength, cf. [25, 26] but neglects the statis-
tical size effect while the Weibull weakest-link model
attributes all variability to this statistical volume
effect. Hence, a new fracture force model is proposed,
combining scatter from random defects in the Weibull
weakest-link model and the scatter from aggregate
shape variability. The parameters for the three frac-
ture force criteria are determined from single particle
crushing tests results. These criteria are incorporated
into DEM models of the UGMs, implemented in the
commercial DEM software PFC3D™ version 6 [27].
The developed DEM models are used to evaluate the
UGM performance in uniaxial compression tests.
The impact of fracture criteria on model accuracy is
assessed through comparison with experiments. It
is shown that it is necessary to combine a Weibull
weakest-link model with the scatter from aggregate
shape in order to fully capture the fracture of aggre-
gates in UGMs under compression.

2 Experimental study

In this section, first, the single aggregate crush-
ing tests, conducted to evaluate the strength of
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Table 1 Material parameters from measurements, supplier or literature [32-34]

Name Picture

Bulk density [g/cm?] LA-value [%]

Brick
Granite25 /\ Brick

Granite36

Vatnsskard

Granite36

Vatnsskard 0 30 60 90

Granite25

120 150 180 210 mm

2.07+£0.02 34—37

2.71+£0.02 36

2.61+0.07 28

2.65+0.06 25

individual aggregates, are summarized. Four differ-
ent aggregate types were used in this study: crushed
brick, two types of crushed granite (one with higher
fracture resistance and the other with lower), and
crushed volcanic aggregates. Their main charac-
teristics are provided in Table 1. The strong granite
aggregates were supplied by NCC AB and sourced
from the Arlanda quarry in Stockholm, where they
are typically used in the base layer of asphalt pave-
ment structures. The crushing performance of this
strong granite aggregates in UGMs has been previ-
ously investigated in [17]. In contrast, the weaker
granite aggregates were sourced from a paragneiss
in the southern Visterbotten region of Sweden and
are commonly used in subbase layers. The brick
aggregates were commercially obtained by crushing
recycled brick roof tiles. The volcanic aggregates
are a crushed volcanic material from Vatnsskard
in Iceland, a basaltic material with high poros-
ity [28, 29], which was supplied by Steypustddin
EHF. Next, monotonic uniaxial confined compres-
sion tests performed to investigate the performance
of marginal-quality aggregates in unbound granu-
lar materials (UGMs) are presented. These tests
utilized crushed brick, weak granite, and volcanic
materials.

In what follows, the different aggregate types are
referred as “Brick”, “Granite36”, “Granite25”and
“Vatnsskard” respectively, with capital first letter
used to distinguish the particular aggregates used in
this study from the general material name. To differ-
entiate between the two granite types, their measured
Los Angeles abrasion (LA) values are also included in
the name. The bulk densities of the aggregates were
measured following the ASTM C127 [30] standard.
For Granite25, Granite36 and Vatnsskard aggregates,
their LA-values [31] are also presented in Table 1,
giving an estimate of the aggregates’ susceptibility to
fracture with a higher value indicating a weaker mate-
rial. The LA-value of the Brick aggregates used in
this study was not available. In the literature however,
LA-values of different brick aggregates are reported
to be in the range of 34-37% [32-34]. Accordingly,
the Brick may be expected to have a similar crushing
resistance to Granite36 aggregates.

All the experiments in this study are conducted
at room temperature using an MTS servo-hydraulic
machine with a 100 kN load capacity. For uniaxial
compression experiments, three different gradations
were evaluated for UGMs composed of Brick, Gran-
ite36 and Vatnsskard aggregates. UGMs composed
of Granite25 aggregates have previously been studied
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experimentally and numerically in [14, 22]. As show
in [14] the effect of load level and aggregate grada-
tion on Granite25 crushing performance may success-
fully be captured by a DEM model incorporating an
aggregate fracture law based on a Weibull weakest
link theory. Accordingly, the focus of this study is to
investigate the crushing performance of UGMs com-
posed of aggregates with marginal strength.

The gradations are controlled following a sieve
analysis procedure, as defined in [35]. Aggregates are
separated into three size intervals: 4-8, 8—11.2 and
11.2-16 mm. Two of the UGM gradations correspond
to a single size interval of 11.2-16 and 4-8 mm.
The third gradation contained aggregates from 4 to
11.2 mm, mixed at 50/50 proportion by volume. The
different UGMs are defined by the aggregate name
followed by the size range used, i.e. Brick (11.2-16)
denotes UGM composed of crushed brick aggregates
passing 16 mm sieve and retained on 11.2 mm one,
while Granite36 (4-11.2) denotes the one containing
50% by aggregate volume of the crushed Granite36
aggregates in 8—11.2 mm size range, while the other
50% of aggregate volume are occupied by Granite36

aggregates in 4—-8 mm size range. The weight and the
porosity of the UGMs are shown in Table 2.

2.1 Single particle crushing tests

In single particle crushing tests, aggregates of each
base material in size ranges of 4-8 and 11.2-16 mm
were tested, to capture a possible statistical volume
dependency of aggregate strength. For each aggregate
type and size range, at least 12 particles were tested.
The aggregates used in monotonic compression tests
were randomly picked and consist of aggregates of
varying shape. Some representative examples of the
aggregates tested are shown in Fig. 1b—e.

The testing procedure was as follows. The parti-
cles were placed on their longest side between a hori-
zontally fixed steel plate attached to the piston of a
100 kN load frame and a horizontal cylindrical steel
platform as shown in Fig. la. The piston and steel
plate pre-loaded the aggregate with 40 N. Then the
compressive load was applied in displacement con-
trol mode with a rate of 0.01 mm/s, while recording
the vertical displacement and reaction force. The

Table 2 Weight and the porosity before test of the UGMs (mean of three specimens)

Gradation  11.2-16 mm

4-11.2 mm

4-8 mm

UGMs Brick Granite36 ~ Vatnsskard  Brick

Granite36  Vatnsskard Brick

Granite36  Vatnsskard

Porosity 546+14 505x1.1 435x0.1
(%)
Weight (g) 1149.7+0.3 1505.4 +

54 0.5

53.9+0.7

1477.8+7.5 570.8 +

479+0.5 40.8x2.1 534x16 479x0.7 405+0.5
749.2 + 7229 + 571.3 + 7502 + 702.1 +0.4
0.3 0.9 0.2 0.3

Fig. 1 a Single particle crushing testing setup, b angular Vatnsskard aggregate (4-8 mm), ¢ partly rounded Brick aggregate (11.2—
16 mm), d angular Granite25 aggregate (11.2-16 mm), e elongated Granite36 aggregate (4—8 mm)
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critical force corresponding to particle fracture was
defined as maximum force before the reaction force
dropped at least 15% of the maximum value, which
corresponds to average force drop of 143.0 + 137.1
N and 591.8 +426.4 N for fine and coarse aggregates
respectively, as shown in Fig. 2c¢ and the fractured
part of the aggregate was large enough to shift to the
next smaller sieve, as illustrated with initial and after
fracture images of aggregate in Fig. 2a, b. Results
from the single particle crushing tests are evaluated in
Sect. 5 to determine the parameters of different frac-
ture force models presented in Sect. 3.

2.2 Monotonic uniaxial confined compression tests
on UGMs

In uniaxial monotonic compression tests, UGMs were
tested at two maximum applied load levels, P, , of
10 and 20 kN. These load levels were chosen to pro-
duce a significant amount of aggregate damage in all
the UGMs, based on initial trial tests. Based on the
radius of the loading head used, these P, values
corresponded to nominal vertical pressures of 1.28
and 2.55 MPa, respectively. Three test replicates were
performed for each UGM and load level combination.

The testing procedure was as follows. First the
aggregates were sieved, then they were uniformly
filled with a shovel into a cylindrical steel mould with
a diameter of 100.00 mm, a height of 205.00 mm and
a wall thickness of 10.00 mm, as illustrated in Fig. 3.
The mould was carefully hammered 20 times from
the outside with a mallet between fillings to ensure
that the aggregates in the UGMs could find their most
stable position, where the number of fillings were 8
in average. Then, the cylindrical loading head with
100 mm diameter and 24.50 mm height was placed
on top of the UGM. The UGMs were vertically pre-
loaded with 500 N. Then, displacement-controlled

compression was conducted on the UGMs at a rate of
0.03 mm/s while recording reaction force and the pis-
ton displacement continuously. Compression stopped
once the reaction force measured by the load cell
reached P,,,, and the specimen was unloaded. Later, a
sieve analysis was conducted on the UGM.

To evaluate aggregate fracture, Bg-Index as for-
mulated by Bjarnason, et al. [8], is calculated. In this
calculation, the difference between each UGMs’ gra-
dation before and after compression test is quantified
as it is shown in Eq. (1):

Rigyes =1
Bg= ) <AS -AS,> (1)
i=1

where n,,, represents number of sieves used and
ASZ and ASZ represent the volumes of material meas-
ured at each sieve size i after and before the test
respectively. Graphical illustration of Bg-Index calcu-
lation is shown in Fig. 4a, b. Macaulay brackets (<>)
considers only positive resulting values into the sum-
mation. Accordingly, the Eq. (1) captures the total
weight of the material which is retained on smaller
sieve sizes after the test as compared to the original

gradation.

3 Statistical aggregate fracture force models

In the developed DEM model, aggregate fracture is
simulated with a statistical fracture law to acquire
macro-mechanical response of the UGM and to
obtain micromechanical insights in the crushing
behaviour. For computational efficiency, all aggre-
gates in the DEM simulations are approximated as
spheres, characterized in size by their radius R and
accordingly the statistical distributions are derived
using this assumption. To obtain accurate predictions

: /‘\—j:i'“':’lm

0 0.05 0.1 0.15
Vertical Displacement [mm]

Vertical Load [N

Fig. 2 A Granite36 aggregate a before and b after testing, ¢ force—displacement response
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a)

Fig. 3 a Test equipment and procedure schema for monotonic uniaxial confined compression test (orange border indicates the begin-

ning and the end of the procedure), b cross-section of the test setup

at different loading conditions for different materials
with varying gradations, an accurate statistical frac-
ture law is essential that provides the fracture force
F of the individual aggregates based on their sizes.
As only a few percent of aggregates are expected to
break in service, an accurate description of the sta-
tistics of the force needed to fracture an aggregate
is needed. Hence, data obtained from single particle
crushing test introduced in Sect. 2.1 are evaluated and
used for calibrating three different statistical models
for the fracture force of individual aggregates.

Fracture of an aggregate occurs when the stress in
a part of the aggregate caused by the external load-
ing exceeds the material strength in that part, which
is controlled by small material defects like voids,
microcracks, and locally weaker material. This
results in two sources of scatter in fracture forces for
aggregates:

e The effect of aggregate shape, causing significant
variations in the stress distribution o(x) in the
aggregate at the same external force.

e The randomness of material defects in respect
of defect location and defect size causing a size

dependency in the aggregate’s fracture strength as
the probability of finding a defect of a certain size
is larger in a large loaded volume than in a small
loaded volume.

The first model, Model A, is using a classic
Weibull distribution for the aggregate fracture force
F; where the cumulative density distribution S, for
the fracture force reads:

_ Fry\™
SA—l—exp[—<o_R2> ] 2)
A

The parameters o, and m, are the Weibull stress
and modulus that control the median strength of the
particles and the scatter of the distribution, respec-
tively. Such a model will neglect any volumetric
dependency in the conveniently defined average frac-
ture stress o, = F /R? of the particles with 2R being
the mean sieve size of the aggregates. Accordingly,
such model only accounts for scatter in fracture force
due to shape effects. A similar approach was tested by
Nakata et al. [36] and McDowell [37] to characterizes

strength of silica sand particles.
nilem
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Fig. 4 a The procedure to

calculate Bg-Index, b gra- a) &t 2 S; I §§4_8=A0$" o 2?8—11;2;0;0
dation curve of Vatnsskard aj” b a " ,89b
(4-11.2) before and after — 50 -ASa
test at 20 kN §
a0
o 40 Bg = Bgo_2 + Bg2_4 +
2o Bgs_g +Bgg_112=
"c’ 307 3.6%+7.8%+0+0=11.4%
220}
= Bgo-2=3.6%, Bg, ,=4.2%,
10 ASASR>0  AS,-AS,>0
L [
0-2 2-4 4-8 8-11.2
Sieve Size [mm]
b)1 00 . ' - T -
- Before Test
X 80| — After Test at 20 kN y .
= V)
2 /
'g 60 B R o ety e /7 1
7’
©
S 40 75 -
> ASa 4-8 g ASb,‘l-—8
2 i ’ s’ |
n 20 | ~
- ’
o — W \ |
0 2 4 6 8 10 11.2
Size [mm)]

Another approach is to utilize the so-called weak-
est-link theory by expressing the probability of frac-
ture of a small volume followed by integration over
the total volume. By utilizing a Weibull distribution
also in this case, the fracture force distribution Sy
reads for Model B:

Sp=1—exp [—f<@> v 3)

14 Owp Vre

where oz and my are material parameters and V., is
an arbitrary chosen reference volume introduced for
dimensional consistency. The integration is only car-
ried out over regions with tensile stresses. Carrying
out this integration in practice is inconvenient as the

stress state needs to be known in detail and, for the

sake of statistics, a large number of different aggre-
gates needs to be studied. By introducing the normal-
ized variables.

o(x) = 5(x)o; = 5(X)F;/R* and V =VR’, the
weakest-link integral becomes:

mg 3 ~
Sp=1—exp [—<i> LS S (E(x)"dV 4)

Owp Vref 1%

The integral part is denoted by /™

"t = [ (5(x)"#dV )
\4

The reason for having the exponent on / is that the
value of the integral can span several orders of mag-
nitude making it hard to use it as a parameter in the
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analysis which will become relevant when deriving
Model C. Finally, the Weibull weakest-link distribution
for Model B becomes

F, "B B3
f R
SB =1- exXp [_<0'WBR21> V_f} (6)

rej

Assuming that the integral I takes on a constant
value results in the classical Weibull weakest-link
model, denoted Model B. By introducing the material
parameter oz = oy/1, the final expression for the
probability distribution for Model B becomes

F "B 53
! R

SB=1_GXP[_<O_ R2> V_] @)
- i

re,

where the material parameters oz and m have similar
interpretations as for Model A but with the difference
that all scatter is assumed to be governed by random-
ness in the distribution of defects in the aggregates.
This model has been used with success to model deg-
radation of unbound granular materials consisting of
comparatively strong granite aggregates [14].

However, the integral, 'z, has a large uncertainty
due to the large variety in real shape of the particles
and will be accounted for in the derivation of Model
C. As there is a limited amount of knowledge about
the values of the integral, /" is assumed to be a sto-
chastic variable and for simplicity a two parameter
Weibull distribution is assumed for its probability
density function p(J) as

! 1\
p(1)=”ITexp [—(,—0> ] ®)

0

where I, determines the median value of / and n
controls the scatter similarly as for Eq. (6). Using
this model, the shape effect on the fracture force is
implicitly captured using the parameters /, and n.
Furthermore, there is also an uncertainty in size of
the particles. When stating Model A, the size of the
particles (2R) was assumed to be the mean size of the
smaller and larger sieve. However, there is clearly a
distribution in size between the smaller and larger
sieve and this is introduced in Model C by using a
probability distribution for the particle radius as well
denoted p(R). Presently, it is assumed that particle
sizes between the adjacent sieve sizes are uniformly
distributed with respect to their volume and hence,
Pp(R), is given by:

2 p2
2RNRN+1

<R12V+1 - RIZ\I)R3

p(R) = )

with 2Ry, and 2Ry, | being the smaller and larger sieve
size respectively. A uniform distribution for the par-
ticle size with respect to their number has also been
investigated yielding slightly worse agreement with
the experiments when calibrating the model to the sin-
gle particle crushing tests. Hence, the underlying dis-
tribution of particle sizes between Ry and Ry, p(R),
can be concluded to not have any strong influence on
the determined fracture force distribution.

Introducing the integral / and the particle size R
as stochastic variables in Eq. (6) with the aforemen-
tioned probability distributions, the distribution for
the fracture force becomes:

Ry4y o Ff me R3 Jld
se= [ fraonn (1o |- (1) 5o
(10)

with oy, and m, being material parameters perti-
nent to those in Eq. (10). As the value of I requires
detailed information of the aggregate’s geometry
and loading, a normalized variable & is introduced as
& = 1/I, resulting in a new distribution for ¢.

p(&) = ’;—C-f”f“ exp [—&"] (11)
0

A very high value of n, results in a deterministic
value of I/ and the classical weakest-link model in
Model B is recovered. Furthermore, o is introduced
as a material parameter by o, = oy /I, resulting
in the following distribution for the fracture force
denoted Model C

me R3
Vref

Ry Ff
Sc=1—R/ {p(f)p(R)eXp [—( - é)

ooR ]Iodde.
12)
Note that the /; in the denominator in p(&) is can-
celled to the I, next to d¢ leaving no explicit depend-
ency on I,. Model C separates the scatter in measured
fracture force into three contributions; random defects
accounted by weakest-link modelling, shape differ-
ence accounted by p(&) and particle size accounted
by p(R) while introducing one additional material
parameter compared to the other two models. In
short, Model A captures scatter in particle fracture
force due to particle shape using two parameters o,
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and my,, Model B captures scatter due to size effect
using parameters oz and my and finally the new
Model C captures scatter due to both effects using the
three material parameters o, m and n. The authors’
opinion is that Model C could provide a computation-
ally efficient method to account for fracture strength
of aggregates in DEM compared to using clusters of
different size and shapes of spherical particles with a
random bonding strength.

4 Numerical modelling

In this section a DEM model implemented in
PFC3D™ to evaluate UGMs response in uniaxial
compression tests, cf. Sect. 2.2, is presented. Firstly,
the basic modelling steps are summarized. Then, the
details of the contact law implemented in the model
are presented along with method used to account
for the effect of particle fracture on the macro-scale
response of the UGM. The fracture modelling is
executed by changing the particle’s stiffness as dis-
cussed in Sect. 4.2. The accurate contact law, cap-
turing the development of contact forces at stone-to-
stones contacts is of particular importance here as the
study is focused on the local phenomena of aggregate
crushing.

4.1 DEM models
The model geometries for the uniaxial compression

tests on UGMs are shown in Fig. 5, for the cases of

Fig. 5 a Granite36 (4-8), b
Vatnsskard (4-11.2)

Uside wall = Ubottom wall = 0

X

Granite36 (4-8) and Vatnsskard (4-11.2), along with
the coordinate system used, as well as loading and
boundary conditions. In the DEM models, the aggre-
gates are represented as spherical particles. The posi-
tions and velocities of each individual particle are
calculated from explicit numerical integration of New-
ton’s laws of motion. The forces applied to them are
generated by gravity and contact forces resulting from
interactions with other particles or the confinement.
A vertical rigid confining cylinder with a diameter of
100 mm and a height of 2 m is created to represent the
cylindrical steel mould from the experiments. This rela-
tively large height ensures that there is no particle over-
lap during particle generation. The particles are created
by randomly generating spherical particles within the
space of the confining cylinder. Next, gravity is applied,
allowing the particles to fall to the bottom of the cyl-
inder. Finally, the UGMs are compressed until P, is
reached, and the reaction force and the displacement of
the loading head are recorded to manage compressive
forces. The particles were compressed by the rigid load-
ing head in displacement control mode with a velocity
of 1 mm/s. It must be pointed out that the velocity of
the loading head in DEM was higher than in the experi-
ments for computational efficiency. To ensure quasi-
static compression, the dimensionless inertial number,
Iner, was calculated.

Iner = éd

P
O

mean

13)

'Y

Uside wall = Ubottomwall = 0
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where Iner represents the dimensionless inertial num-
ber, ¢ is the axial strain rate, d represent the largest
particle size in the model, p is the density of the par-
ticle material, and 6,,,,,=(c,+0,+0,)/3 is the mean
confining stress on the confining cylinder. For all
simulations, inertial number is calculated to be less
than 4 x 107>, According to Da Cruz, et al. [38], if
the condition of Iner <1073 is ensured, then the iner-
tial contribution is negligible.

To account for aggregate interlock, the rotational
degrees of freedom of the particles are constrained.
The loading head is modelled as a horizontally flat
and vertically moving rigid wall element. The stiff-
ness of the confining boundaries is set to be 200 times
higher than the stiffness of the particles, representing
completely rigid confinement. The mould is set to
be stationary, by setting its velocity, u, to 0, which is
shown in Fig. 5. In total, nine models are generated
corresponding to all the combinations of aggregate
type and gradations presented in Sect. 2.

For each UGM the number of particles of each
sieve size follows the gradation used in the experi-
ments, with an ansatz that their radii are uniformly
distributed between the minimum and the maximum
values for the given sieve size. For instance, aggre-
gates for Granite36 (4—8) material are modelled by
spheres of radii uniformly distributed between 4 and
8 mm. In Granite36 (4-11.2), 50% volume of spheres
have radii between 4 and 8 mm, while the other 50%
have radii between 8.0 and 11.2 mm. The resulting
porosities of the models and number of particles used
are shown in Table 3. The porosity of the UGMs in
DEM aligns with the porosity values from the range
of measurements presented in Table 2, with devia-
tions not exceeding 2.1%. Three repetitions are con-
ducted in DEM for each UGM utilizing the same
model with varying random seeds used to assign
critical force to the particles, to ensure that Ff values
assigned to the particles are randomized.

Table 3 DEM UGM properties

4.2 Contact law and modelling of particle fracture

The contact force between spherical particles sepa-
rates into a normal contact force (Fy) and a tangen-
tial contact force (F,). The normal contact law used
in this study was originally proposed in [15] based
on the experimental results obtained in [17] from the
indentation tests performed on two types of gran-
ite using a spherical indenter of R = 6.25mm. It has
been applied in several recent studies, to investigate
aggregate fracture in unbound granular materials [14,
16, 39]. The normal contact between two spherical
particles is illustrated in Fig. 6 along with the con-
tact force and particle overlap, #. The geometry of the
contact is fully defined by the effective contact radius:

11\
Ri=(—+— 14
0 <R1 R2> ( )

where R, and R, represents radii of two spheres in
contact, cf. Figure 6.

The normal contact force consists of three parts
that accounts for different physical processes observed
during loading, as shown in Eq. (15). Initially, a lin-
ear response between indentation depth, &, and F), is
observed in experiments until surface asperities are
crushed. This depth is shown as h,. Subsequently,
the contact force follows Hertzian elastic contact
behaviour until initiation of plastic deformation, #;.

Ry

Fig. 6 Illustration of two spheres in contact and variables to
define contact—overlap relation

Gradations 11.2-16 mm 4-11.2 mm 4-8 mm

UGMs Brick Granite36 Vatnsskard Brick Granite36 Vatnsskard Brick Granite36 Vatnsskard
Porosity (%) 523 517 43.8 51.1 47.8 41.8 514 464 39.9
Number of particles 411 1010 (4-8 mm)+ 378 (8—11.2 mm) 2199

niem
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At higher contact forces, Fy is observed to deviate
from Hertzian behaviour due to shear driven damage,
which is modelled as plasticity in [15]. This plasticity
is represented with linear force displacement relation-
ship. Observations from [17] determines /i, and h; as
0.02 mm and 0.08 mm respectively.

=h,h < hy

Fy= k]‘,(h ) <h<hy
ky(hy =)' + 1.5k, A/l =y (h = hy) by < h
5)
where F| is observed from experiment as 100 N at the

indentation depth, &, and scaled with 4/R,, to make
continuous transition, shown as

[ Ry
F.=100N 4/ —— 16
s = 100 6.25mm (16)

To establish a continuous contact force as function
of A, h, is introduced and it is defined by

F 2/3
hy = h; = <k—> an

14

where k, is the contact stiffness given by Hertz [40]
contact theory:

4E /R
k= __dV70 (18)
¢ 3
and E,; is the effective Young’s modulus of the two
particles in contact and it is defined as:

-1
1- v% 1- v% 9
E, = + 1
¢ E, E, (19
where E|,E,,v,, v, represent Young’s moduli and Pois-
son’s ratios of the interacting particles.
In the simulations £, is scaled with the radius of

particles, so that continuous force transition can occur
[15]:

h, = 0.08mm + (20)

0
6.25mm

The tangential contact force, F,, determines the
frictional sliding condition between the particles in
DEM. This condition is depending on the balance
between F, and the shear strength, F¥. The sliding
occurs when F, exceeds F¥. To eliminate artificial

increases in elastic energy during certain contact dis-
placement scenarios that may occur due to varying
tangential stiffness, F, is scaled as proposed in [41],
and it is calculated as shown in Eq. (21):

F¥,F, > Fl'slip @D

F oo { k8, F, < F'noslip
t
where 6 represents the tangential displacement
between particles, and k, represents the tangential
shear stiffness, and is calculated as
2(1-v) 2/3-1/3

k, = ﬁ1.5kp/ F| (22)

The shear strength is calculated as a function of
Fy, according to Coulomb friction law as shown as

F}' = uFy (23)

where y represents the friction coefficient.

The following describes the modelling of parti-
cle fracture, where contact forces are important to
fracture determination. In DEM, subroutines for the
contact law and the fracture laws are implemented
in PFC3D™ using C++ and FISH codes, respec-
tively. Normal contact forces F, were calculated for
each particle contact during each increment of the
loading head displacement. At every 0.1 mm incre-
ment of the loading head F), were evaluated with the
fracture force models, described in Sect. 3, to deter-
mine particle fracture. Particle fracture occurs when
Fyy surpasses a critical fracture force F, at the con-
tact point. After particle fracture was registered, the
effect of its fragmentation on response of UGMs at
macroscale was accounted for through the procedure
described below. It should be pointed out that, in this
study it is assumed that particle fracture is controlled
solely by the magnitude of the contact force while the
effects of contact conditions for a given aggregate are
ignored, such as e.g. the number of contact points for
an aggregate. While it may be expected that aggre-
gates with smaller number of contact points would
be more prone to building up tensile stresses within
them, this effect is not necessarily strong for UGMs
used in road constructions as those materials are usu-
ally well-compacted.

To be able to acquire realistic macro-scale
response of the specimen, the behaviour of aggregate
after fracture needs to be appropriately modelled. The
post-fracture modelling is applied as described in
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Etikan et al. [14]. This method, introduced by Olsson
and Larsson [42], utilizes stiffness reduction method.
In their research, a realistic response of few particles
fractures that did not cause any large movements was
captured. This approach aligns precisely with the
current study, due to the fact that particle movement
before and after fracture is constrained by confining
pressure. It allows to implement a computationally
efficient model for capturing the response of UGM
under compressive and confined loading. The stiff-
ness of a fractured particle is reduced as

Efractured = Cw ' Einitial (24)

where C,, is the weakening coefficient and its value
is between 0 and 1. This coefficient is implemented
to simulate local settling that occurs after a particle
is broken. As shown in Eq. (18), reducing E,,;,;, of
the fractured particles will reduce contact stiffness
between the particles. Consequently, the overlapping
values h between particles will increase, aiming to
reach steady-state condition. Accordingly, the sur-
rounding particles will move towards the fractured
particles, thus allowing rearranging the UGM in
DEM.

Based on Egs. (14)—(24), two parameters are
affecting the contact between particles significantly:
E, i and C,. Appropriate values for each param-
eter are important to achieve good predictions of
the UGMs’ behaviour at macro scale after aggre-
gate fracture. Identification process for E,;,;, and
C,, is discussed below in Sect. 5.3. Based on previ-
ous works by Celma Cervera et al. [17], Olsson et al.
[39] and Etikan et al. [14], the friction coefficient u
local damping coefficient # and Poisson’s ratio v were
chosen as 0.7, 0.1 and 0.15, respectively. It is worth
noting that y is rather large to represent the effect
of interlock between particles caused by surface
irregularities.

5 Results and discussion

In this section, first, the results of single particle
crushing tests are presented and used to evaluate the
three statistical fracture force models described in
Sect. 3, i.e. Models A-C as defined by Egs. (2), (6)
and (12) respectively. The fracture law parameters for

each model are identified by performing least squares
fitting of the single particle crushing test results.
Then, the results of uniaxial compression tests per-
formed on UGMs defined in Table 2 at two maximum
applied load levels, P,,,,, are summarized. For each
UGM, the force-displacement response at P, =10
kN for the material containing the aggregates in the
11.2-16 mm size range is used to identify the con-
tact law and fracture modelling parameters, i.e. initial
Young’s modulus,E;,;..,, and weakening coefficient,
Cy . Subsequently, the measurements obtained on the
remaining 15 combinations of UGMs and P, are
used to evaluate accuracy of the DEM models with
respect to both force—displacement response and
aggregate crushing.

5.1 Single particle crushing test

In Fig. 7, the experimentally obtained critical force,
Fy, distributions are visualized as critical stress,
Ff/Rz, together with the critical stress levels pre-
dicted by the fracture Models A—C. The experimental
probability of fracture is estimated using median
ranks [43] where the cumulative fracture probability
p}i) of tested aggregate i is given by

o _ i—03
Pr = Ny +04 (25)
where N, is the number of tests for a given aggre-

gate type and size. The parameters for the fracture
Models A-C are obtained by least squares fitting of
the experimental results in Fig. 7, with the result-
ing parameters and the coefficients of determination
(Corr) presented in Table 4.

In Fig. 7, the critical stresses where the F is
divided by the square of mean radius of the sieve size,

2
R = <%), are illustrated. As can be seen

there, the critical stresses of the aggregates exhibit
considerable dependency on the aggregate size and
type. In particular, the stress corresponding to 50%
fracture probability, S (F ! R2) = 50%, varies between
13 and 81 MPa for the three aggregate types of
11.2-16 mm sizes. The corresponding values for the
4-8 mm size range are 19 to 110 MPa, indicating the
finer particles exhibiting higher critical stress values.
Accordingly, the aggregates in this study exhibit a
quite wide range of strength properties. As also seen
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Fig. 7 Measurement points against S(¥;/ R?) of three fracture models for a Brick, b Granite36, ¢ Vatnsskard, d Granite25

Table 4 Fracture law parameters obtained for Models A - C

Aggregate type Brick Granite36 Vatnsskard Granite25

o, [MPa] 225 260 259 101.16
my 211 152 1.85 1.90
Corr 0.937 0.930 0.943 0.745
oz[MPa] 145 169 20.59 76.0
mg 479  7.99 4.24 4.40
Corr 0.225 0.428 0.538 0.821
oc[MPa] 145 155 18.7 75.9
me 11.5 6.51 7.81 4.69
ne 251 1.67 243 5.07
Corr 0.953 0.931 0.976 0.958

in Fig. 7, Models A and C exhibit decent fitting to the
measured values for Brick, Granite36 and Vatnsskard
aggregates for all the sizes examined, while

significant deviations are observed between their
measurements and the Model B. Specifically, the
Model B overestimates the resistance to fracture of
the finer particles while underestimating the strength
of coarser particles. As Model A does not account for
particle size effect on its strength, it results one single
line for both sieve sizes tested, while Model B and
Model C results in two distinct lines for the two sieve
sizes tested. On the other hand, the measurements for
Granite25 show a better fit with Model B and Model
C, as compared to fit with Model A. This is explained
by the fact that the measured strength of Granite25
exhibits a greater volume dependency compared to
the other three aggregate types.

The correlation values, Corr, between the frac-
ture models and the measurement are presented
in Table 4. As can be seen, only Model C exhib-
its Corr > 0.9 for all the materials examined. Both
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Z

4-11.2 mm UGMs

Model A and C result Corr > 0.9 with Model C
exhibiting slightly higher Corr for Brick, Granite36
and Vatnsskard. However, only Model C achieves
Corr > 0.9 for Granite25, while the Model A shows
the lowest Corr. The difference in these fittings lies
in the capabilities of each fracture model to cap-
ture the strength of particles with varying shape.
The scatter is observed in the measured F, /R? data
presented in Fig. 7a—c can be attributed to diverse
particle shapes. Model B accounts only for differ-
ences in volume and misses the scatter caused by
varying shapes, resulting in the lowest scatter for
Brick, Granite36 and Vatnsskard, except for Gran-
ite25, as shown in Fig. 7d. The results indicate that
both aggregate shape and volume have a significant
effect on the fracture forces of the aggregates, and
Model C captures both effects, as demonstrated by
the highest correlation observed for four distinct

aggregate type.

5.2 Uniaxial monotonic compression tests

To evaluate the fracture behaviour of marginal mate-
rials in unbound granular materials (UGMs), UGMs
composed of Brick, Granite36, and Vatnsskard aggre-
gates were analysed. In DEM modelling, the focus
was on Models A and C, as these models showed the
best correlation with the single-particle fracture test
results for the three aggregate types. In Figs. 8 and
9, the loading head’s reaction force as a function of
its vertical displacement, P_(u_), and the Bg-Index
values of the uniaxial monotonic compression tests
are presented, respectively. Figure 8 shows the mean
values and the six measurements for each UGM at
P,...=10 kN and 20 kN. According to Fig. 8, Vatns-
skard UGMs exhibit the stiffest P, (u, ) response while
Brick UGMs are generally the most compliant mate-
rials. In fact the difference in stiffness between all the
materials tested is quite high, with, for example u,(
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Fig. 9 Measured Bg-Index 30
values (mean of three repli- 28 - [ Brick
cates) of UGMs at P,,,, =10 26~ [ Granite36
kN and 20 kN 24 [ vatnsskard
22 EEUGMs (11.2 - 16)
20 BEZUGMs (4-8)
°‘;'18~ BEZUGMs (4 -11.2)

S

//
3 2
S
==
=2

20kN) =5 and 19 mm for Vatnsskard (4-8) and Gran-
ite36 (11.2—-16) respectively. As results in Fig. 8, the
UGMs stiffness depends on both aggregate type and
size distribution, with wider aggregate size distribu-
tions resulting in higher UGMs stiffness. This differ-
ences in the stiffness are primarily attributed to the
different aggregate size ranges resulting in different
number of contact points within the material, where
UGMs with size distributions of 4-11.2 and 4-8 mm
exhibit increased number of aggregate-to-aggregate
contacts compared to UGMs of 11.2-16 mm range.
This higher number of contacts facilitates a more
effective distribution of contact forces, thereby reduc-
ing the stress concentration within the aggregates
also mitigating potential fracture. Accordingly, the
measured P_(u,) responses cover a wide range of
UGM behaviour and provides thus a good dataset for
the evaluation of the developed DEM model. It also
has to be pointed out that the variability in measured
responses is quite high, reaching up to 18 + 1.5 mm
for the case of Granite36 (11-16) at P,=20 kN, as an
example. This is somewhat expected as the tests are
performed on uncompacted UGMs.

The amount of aggregate crushing in different
compression tests was quantified through the Bg-
Index [cf. Eq. (1)]. In Fig. 9, the mean results of the
three test replicates for each UGM are presented with
their minimum and maximum value (shown as vari-
ation bars). Similarly to the results in Fig. 8, a wide
range of the measured results is seen in Fig. 9, with
Bg-Index varying between 2 and 28% for the cases
of Vatnsskard (4-8) at P, =10 kN and Granite36
(11.2-16) at P,,, =20 kN respectively. Generally,
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increasing P, from 10 to 20 kN approximately tri-
ples the amount of aggregate fracture for UGMs of
11.2-16 mm size, Brick (4-8) and Granite36 (4-8),
and approximately doubles the fracture amount for
UGMs with other aggregate sizes. It is also of interest
to note that the ranking between different aggregate
types does not necessarily follow a consistent trend
for the different size ranges tested. For instance, for
both P, =10 kN and 20 kN Granite36 (11.2-16)
exhibits the highest amount of fracture. At the same
time for 4-8 and 4-11.2 mm Brick UGMs exhibit the
highest amount of fracture. This may be explained
by the different volume and shape dependency of the
strength of different aggregate types, illustrated in
Fig. 7 and Table 4 where Granite36 shows the largest
size dependency as it has the lowest value of the m
parameter and also showing the largest difference in
Bg-Index for the different gradations.

5.3 Parametric study to identify contact law
parameters

To determine the particles’ initial Young’s modu-
lus, E;,;;.» and weakening coefficients, C,,, confined
monotonic compression test results obtained for
Brick (11.2-16), Granite36 (11.2-16) and Vatns-
skard (11.2-16) at P,,, =10 kN were used. A brief
parametric study was conducted, following the proce-
dure presented in detail in Etikan et al. [14]. In sum-
mary, according to the procedure presented in [14],
first the Young’s modulus was identified from the best
fit to the initial stage of the stiffest measured P, (u,)
response where the measurements were not affected
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by aggregate crushing. This region corresponds to
P,<2 kN. Once the appropriate value of E; ., was
chosen, C,, was identified as the value giving the best
fit of the Pz(uz) response at 2 kKN <P, <10 kN. The
values for E, ., and C,, identified for each aggre-
gate type are shown in Table 5 and used in the DEM
models.

It may be noticed that the Young’s modulus of
Granite36 presented in Table 5 are low as compared
to the results reported in the literature for granite rock
properties. For instance, Saadati et al. [44] reported a
Young’s modulus of 52 GPa for Bohus granite meas-
ured in quasi-static compression and direct tension
tests, while Cervera et al. [17] reported a Young’s
modulus of approximately 70 GPa for granite meas-
ured in spherical indentation tests. As pointed out in
[14, 17], the effective Young’s modulus capturing
contact-induced deformations may be lower as com-
pared to the bulk elastic properties of the material,
as some inelastic effects are unavoidable, both with
respect to asperity crushing and local damage in the
vicinity of the contact point. The Young’s modulus
values for brick are reported to be between 3.5 and
35 GPa by Jackson, et al. [45]. In compression tests
conducted by Zhang, et al. [46] on brick samples of
different composition and strength, the Young’s mod-
ulus results ranged between 7 and 18 GPa approxi-
mately. Thus, the Young’s modulus identified for
Brick aggregates in Table 5 is within the range of val-
ues in the literature.

5.4 Simulation of aggregate fracture

In order to evaluate accuracy of the fracture Models
A and C with respect to capturing aggregate frac-
ture in UGMs, the results obtained from the DEM
simulations in terms of P, (u.) response and the
amount of aggregate fracture are compared with the

Table 5 Values used in identification of contact and fracture
force model parameters in DEM models

Parameters Aggregate type

Brick Granite36 Vatnsskard
E, il GPa] 15 20 40
Cw 0.25 0.3 0.2

experimental observations summarized above for all
the UGMs and P,,,,=10 and 20 kN.

In Fig. 10, Pz(uz) obtained from the model is com-
pared to the one measured for the same material.
For each computational case, i.e. UGM and fracture
model investigated, three DEM simulations were per-
formed and in Fig. 10 average of the three simulations
are shown along with their scatter bars. As may be
seen, in most of the cases the effect of fracture criteria
used on the simulated P_(u.) response is only minor,
with curves obtained from Model A and Model C
being quantitatively similar. For the Brick UGMs,
however, the choice of fracture force model has a rel-
atively strong effect on force—displacement response.
In particular, using Model C results in significantly
stiffer UGM response as compared to Model A for
Brick (4-8), while for Brick (4—11.2) Model C results
in a more compliant behaviour as compared to Model
A. It is also seen that for the Brick UGMs the Model
C results in significantly higher variations between
individual DEM simulations as illustrated by the
corresponding scatter bars. This scatter in simulated
P_(u.) curves of simulated Brick UGMs is attrib-
uted to combination of high initial porosity of the
specimens and the wide distribution of F; assigned to
individual aggregates, cf. Table 2 and Fig. 7. Accord-
ingly, the initiation of particle fracture occurs over a
wider range of compressive loads and has a greater
effect on specimen deformation.

As it is also seen in Fig. 10, that the DEM mod-
els quantitatively capture Pz(uz) measurements at
each load level and for most Vatnsskard and Gran-
ite36 UGMs reasonably well and the agreement is
within experimental scatter. However, for Bricks
with fine aggregates the agreement was generally
weak, possibly due to the atypical behaviour that was
already visible in the Bg-Index as shown in Fig. 9,
where Brick exhibits less volume dependency and
wider range of fracture forces compared to the other
two aggregate types. At P,>10 kN some simulated
Pz(uz) lines deviate from the measurements, predict-
ing stiffer response as compared to the experiments.
In particular, for Brick (4-8), as well as Granite36
(11.2-16) and Granite36 (4—11.2) UGMs deviations
of up to 23% are observed between the modelling and
experimental results. It is important to note that the
contact law parameters are identified at P,,, =10 kN
using UGMs with size of 11.2-16 mm. Therefore,
some differences between the measurement and the
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simulation may be observed at higher loading levels
or for UGMs with size of 4-8 and 4-11.2 mm.

The amount of aggregate crushing is quantified
in a different way in experiments and the modelling.
In experiments, changes in mass of the aggregates
retained at sieve size before and after compression
is measured, while in the modelling, the number of
fractured particles is quantified, as detailed informa-
tion of aggregate fragmentation is not available in the
simulations. In order to quantify the Bg-Index from
the modelling, an additional assumption on how the
particles fragment after fracture is needed. It may be
hypothesized however, that Bg-Index is a monotonic
increasing function of the number of fractured parti-
cles and hence a power law relationship is postulated
as:

Npetured = A - Bg” (26)

where A and b are fitting parameters that varies for
each aggregate type, Bg represents the measured
Bg-Index values, and Ny .,.q represents the ratio of
number of fractured particles against the total number
of particles in the simulations. The fitting is done with
least squares method, and the resulting equations are
presented in Fig. 11. This allows to quantify how well
the different fracture force models results in a unique
relationship between experimentally determined Bg-
Index and simulated number of fractured particles.
To evaluate this, the proportion of fractured parti-
cles as obtained from the DEM models of all UGMs
at P,,.,=10 kN and 20 kN is presented in Fig. 11a—
for the Brick, Granite36 and Vatnsskard UGMs
respectively. The results in Fig. 11 are presented as
a function of the measured Bg-Index for the same
UGM-P,,,, combination. Each symbol on the graphs
represents the mean values obtained from three simu-
lations and tests, and they are presented with interval
bars indicating the minimum and maximum values
for each UGM. Also, in Fig. 11 the power law func-
tions are fitted into the data according to the Eq. (26).

As may be observed in Fig. 11, there is a clear
correlation between experimental Bg-Index and
number of fractured particles predicted by DEM
models for both Model A and C. Model A generally
predicts approximately 10% higher number of frac-
tured particles as compared to Model C. Also Corr

of the power law fits is higher for Model C, support-
ing the existence of unique relationship between the
number of fractured particles in DEM simulations
and the measured Bg-Index. In fact, the power law
curves identified for Model C agree with the meas-
ured Bg-Index within the experimental scatter for 16
test cases out of 18. Model A captures the relation-
ship between fractured particle ratio and Bg-Index
with an Corr value of around 90% for Vatnsskard
and Brick whereas the agreement in case Granite36
UGMs is less favourable, with Corr =60%. This can
be explained by the fact that Granite36 is more sen-
sitive to volume effects, as indicated by having the
lowest m, value of the studied aggregate types in
uniaxial monotonic compression tests. As Model A
does not account for particle volume effects in F;
distribution, it cannot capture the volume depend-
ency of Granite36 aggregates’ strength adequately.
The prediction capability of Models A and C
with respect to Bg-Index is evaluated for all UGMs
in Fig. 12. This is done by inverting Ny, ureamodeia
and  Npcnreamodeics @S defined in Eq. (26), and
expressing Bg-Index as a function of the number of
fractured particles obtained from the DEM model:

Bgculculated = (Nfractured /A) P (27)

As can be observed from Fig. 12, Bg-Indexes
calculated based on Model C display significantly
better agreement with experiments as compared
to Model A. With respect to the equality line, the
resulting Corr are 94% and 74%, for the Models C
and A respectively. In case of Model C furthermore,
only three data points have relative error, above
10%, while for Model A seven points lie outside
of this interval. The absolute maximum deviation
between the measured and calculated Bg-Indexes is
3% and 7% for Models C and A respectively. Based
on the results presented in Figs. 11 and 12, it may
be concluded that Model C captures the aggregate
crushing performance of wide range of UGMs in
terms of their aggregate type and gradations. Hence,
it is concluded that a model for the aggregate frac-
ture force accounting scatter in shape together with
size of loaded volume is needed to accurately cap-
ture aggregate damage in unbound layers which is
the intention of the newly proposed Model C.
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6 Concluding remarks

In this study, aggregate fracture in unbound granu-
lar materials (UGMs) is examined both experimen-
tally and numerically across a wide range of loads,
aggregate types, and size distributions. The focus
is on three marginal-quality aggregates—crushed
brick, volcanic rock, and low-resistance granite—
potentially suitable for road construction but weaker
than standard materials. To establish a computa-
tional framework for predicting aggregate crushing
in UGMs, a new statistical fracture force model is
introduced and evaluated using discrete element
method (DEM). This new model, referred to as
Model C, is compared with two established models,
the Weibull distribution (Model A) and the Weibull
weakest-link model (Model B). Model C considers
both a variability in aggregate shape and a statisti-
cal volume effect on distribution of strengths of
individual aggregates. Accordingly, Models A and
B represent special cases of Model C with neglected

statistical volume and aggregate shape effects
respectively.

To characterize the crushing resistance of each
aggregate type, single aggregate crushing tests were
conducted on two size ranges: 4-8 and 11.2-16 mm.
In addition to the three marginal aggregate types, a
granite type with higher fracture resistance was also
tested. The aggregate strength was found to strongly
depend on aggregate size and type: for 11.2-16 mm
aggregates, 50% fracture probability stress ranged
from 13 to 81 MPa. The 4-8 mm aggregates were
9-80% stronger, depending on type. Among the three
fracture models examined, Model C was the only one
that accurately fit the measured values for all four
aggregate types. Model B overestimated fine particle
strength and underestimated coarse particle strength,
while volume-independent Model A poorly fit aggre-
gates with strong volume-dependent strength.

Aggregate crushing in UGMs was studied experi-
mentally via uniaxial confined compression tests
and computationally using DEM models. Tests were
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performed at two load levels on UGMs with three
size ranges (11.2-16, 4-11.2, 4-8 mm). Fracture
was quantified using the Bg-Index, which captures
changes in aggregate size distribution post-test. DEM
models were developed for all UGMs, using Model A
or C as fracture criteria. Contact law parameters were
identified from tests on 11.2-16 mm UGMs at one
load level. Tests on other sizes and load levels vali-
dated the models and assessed fracture criteria effects
on DEM accuracy.

The results of simulations demonstrate that the
DEM models for both fracture models examined
exhibit a reasonable quantitative agreement with the
measured load—displacement behaviour, Pz(uz) of
UGMs. Specifically, for all cases, the models tend to
overestimate the UGM stiffness at compressive loads,
above 10 kN, this difference is attributed to model’s
inability to capture fully the particle fragmentation
after crushing. At the same time, the quantitative
deviations between the simulations and experiments
are within 23% and notably, the P_(u.) behaviour
appears minimally affected by the fracture force
models.

With respect to aggregate fracture, there is how-
ever a profound difference in DEM results obtained
with Models A and C. The number of fractured par-
ticles predicted by using Models A and C differed
between 4.1 to 37.7% for different UGMs and load
levels examined. Comparing the computational pre-
dictions with the Bg-Index measured in uniaxial com-
pression tests, the results obtained with the Model C
were found to correlate with the experimental find-
ings, with a correlation coefficient above 90% for all
the cases examined. In contrast, the correlation was
significantly less in case of Model A. In particular,
for granite aggregates, the correlation coefficient of
0.74 was found between the experiments and numeri-
cal results obtained with Model A. This is explained
by the fact that granite aggregates’ strength exhib-
ited the strongest volume dependency, the effect not
accounted for by Model A.

Based on the presented experimental and numeri-
cal results, it may be concluded that the DEM simula-
tions incorporating the proposed fracture force model,
i.e. Model C, accurately capture aggregate crushing
in UGMs for all the cases examined in this study. As
compared to Models A and B, it evidently captures
the statistics of fracture of aggregates in UGMs bet-
ter. The developed model may serve as a useful tool to

understand and quantify the effect of load magnitude,
UGM gradation and of aggregate properties on the
UGMs performance with respect to aggregate frac-
ture. Accordingly, it may be used to optimize the UGM
material designs as well as structural design of roads to
promote incorporation of aggregates with the marginal
fracture resistance in road construction. The model’s
capability to capture the influence of load magnitude
on aggregate fracture in UGMs enables the develop-
ment of more precise material specifications tailored to
various road structures. This is particularly pertinent for
low-volume roads featuring relatively thin bound top
layers, where unbound layers are primary contributors
to the overall bearing capacity.

It should be noted, however, that the developed
modelling approach and the analyses conducted so far
focus exclusively on aggregate fracture in UGMs under
monotonic compressive loading. Extending the model
to incorporate cyclic loading conditions is planned as
part of future research. The key physical features of
real aggregates, such as angularity and surface rough-
ness also need to be taken into consideration. Another
practically significant factor not currently addressed
is the influence of water on the mechanical behaviour
of UGMs and aggregate fracture. Given the well-doc-
umented impact of moisture on UGM performance,
additional modelling and experimental investigations
are necessary to generate insights applicable to the
long-term performance of UGM:s in field conditions.
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