Geomech. Geophys. Geo-energ. Geo-resour.
https://doi.org/10.1007/s40948-023-00722-0

(2024) 10:6

ORIGINAL ARTICLE

®

Check for
updates

Particle flow numerical study of size effect on uniaxial
compressive strength of natural building stone

Paraskevi Yiouta-Mitra

Received: 18 June 2022 / Accepted: 12 December 2023
© The Author(s) 2023

Abstract The fundamental influence of specimen
size and micromechanical parameters on macroscopic
structural behavior of natural building stone is inves-
tigated by particle flow numerical analysis. Labora-
tory tests of Dionysos marble cylindrical specimens
under uniaxial compressive loading are simulated
with a focus on the fracture development, failure
mode and uniaxial compressive strength. Two series
of simulations are performed with the PFC2D code,
one to define the effects of different rates of deforma-
tion on the uniaxial compressive strength and frac-
turing of the specimens and the other to investigate
the behavior of the specimens with the variation of
five different parameters; platens velocity, specimen
size, particle size distribution, standard deviation of
randomized shear and normal strength as a micro-
parameter and the ratio of shear to normal particle
bonding strength. The specimen sizes also include
rarely investigated smaller than NX dimensions. On
selected specimens, the fracture development and the
failure mode is depicted and discussed, and conclu-
sions are drawn about the shear to tensile failure fre-
quency and the crack patterns.
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Highlights

e Bonded particle numerical models provide vigor-
ous insights of quasi-brittle rock microcracking
development for previously uncharted specimen
scale.

e The effects of micro-parameter selection in
bonded particle numerical models are quantified
with respect to the general behaviour and failure
mode of the material.

e The detailed simulation with advanced particle
flow code provides proof of the non-monotonous
dependence of the UCS on the size of specimen.

Keywords Bonded particle model - Size effect -
PFC - UCS - Failure mode - Tensile and shear
microcracks

1 Introduction

The dependence of the compressive strength of quasi-
brittle materials on the size and shape of a specimen
is well-known and has been widely studied. The sta-
tistical nature of the distribution of flaws has been
largely used to explain this dependence (Fisher and
Tippett 1982, Weibull 1939). According to this the-
ory, if two samples have different sizes but identical
shapes, the probability of failure in the larger sample
is higher than that of the smaller sample because it
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contains more flaws. As a result, the larger sample
fails at a lower strength in comparison to the smaller
sample, i.e. an increase in size causes a decrease in
strength expressed as follows according to Wang et al.
(2020) with reference to Weibull (1939) equation:

P(o) 1%
oo (755) = a7

where P is the material strength, P, the strength of
the representative sample, V the volume of the sam-
ple, Vr the volume of one element in the sample and
m a material constant. A modified formulation of
Eq. (1) was proposed by Hoek and Brown (1980) to
predict the size effect in uniaxial compressive tests,
depicted in Eq. (2):

0.18
G = Co,so(% ) @)
where d=diameter, C,5,=UCS for the specimen
with diameter of 50mm, C,=UCS of different size
specimen.

The majority of the empirical and semi-empirical
size effect models originated from or have a similar
form to the statistical size effect model and are based
on curve fitting with similar equations (Mogi 1962;
Dey and Halleck 1981; Silva et al. 1993; Adey and
Pusch 1999; Castelli et al. 2003; Yoshinaka et al.
2008; Darlington and Ranjith 2011; Zhang et al.
2011). They commonly follow an assumed size
effect concept in which the strength reduces as the
size increases (Wang 2020). An explanation of the
decrease in bending strength by increasing the speci-
men sizes has also been given in terms of dimen-
sional analysis; since the physical dimensions of
strength ([Force][Length]_2) and toughness ([Force]
[Length]™") differ, large specimens may be required
to find the exact true values of material strength
(Carpinteri 1989).

Other approaches include fracture energy theory
and fractals. Bazant (1984) was the first to define a
size effect model using fracture energy theory for
quasi-brittle and brittle materials, known as the size
effect law (SEL), by taking into account the role of
energy for quantification of the crack growth and
propagation. The Fractal Fracture Size Effect Law
(FFSL) was later proposed by Bazant (1997) which
considers the fracture surfaces in a number of mate-
rials such as rock, concrete, and ceramics to exhibit
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fractal characteristics captured through the fractal
dimension. Another fractal model was presented by
Carpinteri et al. (1995) known as the multifractal
scaling law (MFSL), as well as models presented by
other researchers (e.g. Huang and Detournay 2008,
Vileneuve et al. 2012).

The study of size effect is of undiminished
importance since standard laboratory tests are car-
ried out for specimens of dimensions of the order
of 1040 cm. These results are then “upscaled” for
structures with dimensions many times larger than
laboratory size. Since definite conclusions concerning
the laws governing the transition region have not been
reached, conclusions are still based on empirical or
semi-empirical formulas obtained from curve fitting
to the experimental results (Wang 2020).

In this research, a numerical bonded particle
model of marble specimens is developed and sub-
jected to uniaxial compression in order to simulate
the fracture development and to examine the failure
mode. A parametric analysis of several parameters
influencing the uniaxial compressive strength and
the modulus of elasticity is performed and the results
obtained are compared to existing empirical rela-
tions. It is well known that the strength and deforma-
tional characteristics of a synthetic rock specimen of
a bonded particle model depends on the strength and
deformational microparameters of the bonds. For the
bond model used in the current research, the main
micro-parameters that are defined are the normal and
shear bond strength and stiffness and also the stiffness
of the contact between the particles. It has been sug-
gested that other parameters such as the friction coef-
ficient between the particles do not significantly affect
the strength of the synthetic specimen but rather the
post-peak behavior. Therefore, in the current study,
the main micro-parameters selected to be examined
are the ratio of the shear bond strength to the normal
one and their statistical distribution, in relation to the
loading rate of the specimen and its size.

2 Methodology

Significant advances in numerical modelling have
been made in recent years with respect to the behav-
ior and simulation of fractures. The development of
discrete fracture networks combined to discrete ele-
ment modelling or particle bonded modelling has
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provided a very useful tool for the in-depth study of
the effects of fracture intensity factors and size effects
on fractured strong rock and quasi-brittle materials
(Fan et al. 2023, Ma et al. 2023, Yiouta-Mitra et al.
2023, Bahrani and Kaiser 2016).

For the current research, the PFC2D simulation
program (Particle Flow Code 2D) was selected for
the numerical modelling because it has the ability to
determine the mechanical properties, the microcracks
and the failure of rocks, without any prior assump-
tion for their behavior, by constructing bonded par-
ticle models, BPMs. The efficiency of the BPM for
the simulation of the microscopic and macroscopic
behavior of rocks in laboratory tests is known (Bah-
rani et al. 2014, Nomikos et al. 2020), even for com-
plicated specimens and layouts. Although a 3-D sim-
ulation would capture in more detail the development
of phenomena related to granular interactions, it is
first necessary to study the size effect in two dimen-
sions, for a better appreciation of the results. Further,
since a 2-D investigation is much faster but—under
the correct assumptions—equally meaningful, analy-
ses in 2D are the optimum initial approach.

2.1 Contact model

The linear parallel bond model, LPBM, is used as
the bonding model between the disk particles for the
simulations of the current study. The LPBM simu-
lates the mechanical behavior of cement like mate-
rial between two adjacent particles in contact. Two
sets of linear elastic springs normal and parallel to the
contact plane, are used for the simulation of normal
and shear stiffness of contacts and bonds. Normal and
shear stresses develop with the relative movement
of the particles in contact. The strength of bonds is
provided by a shear and normal strength component.
The bond breaks when the normal or shear stress sur-
passes the assigned strength. Then the behavior is
governed solely by a frictional slip law between the
particles in contact.

2.2 Model parameter selection and calibration
The assembly of the bonded particles is initially cre-

ated in a material vessel that occupies the dimensions
of the simulated specimen. The procedure for creating

the particle assembly in the code PFC2D is described
by Potyondy and Cundall (2008). The bonding of par-
ticles is attained by applying suitably selected bond
microparameters which translate into stiffness and
strength of particles and their bonds. As a means of
defining the parallel bond, it is necessary to set the
values of normal and shear stiffness of contacts (k,,
k,) and bonds (k,.k,), which relate to their effective
moduli, E* for contacts and E for bonds and their
respective normal to shear stiftness ratios, * = k, /k,
for contacts and ¥* = k, /k, for bonds. The strength of
bonds is determined by the tensile (&,) and shear (7,)
strength of the bonding cement. The friction coeffi-
cient () between the particles defines the slip limit
after bond fracture. In addition, for the development
of the particle assembly, the minimum radius of disk
particles R ;. and the ratio of maximum to minimum
radius R, /R ;. must also be determined.

The selection of the model microparameters affects
both the macroscopic mechanical properties of the
synthetic material under loading as well as the fail-
ure mode of the numerical specimen. The moduli of
the contacts and the bonds are associated with the
modulus of elasticity of the material and the ratio of
normal to shear stiffness is associated with the Poi-
son’s ratio of the material. This is achieved by setting
high values for the bond strength of the material so
that is behaves elastically. However, the selection of
the bond strengths must subsequently be adapted.
Further, by setting and differentiating the values of
E*=E*, UCS tests are performed until the model’s
modulus of elasticity is equal to the laboratory modu-
lus of elasticity. Finally, by setting and differentiating
the values of SBS and NBS, UCS tests are performed
until the model’s UCS also, is equal to the UCS
defined in the laboratory.

The ratio of the shear bond strength to the normal
bond strength (SBS/NBS) actually affects the devel-
opment of shear and tensional microcracks, i.e. the
failure mode of the bond. According to Yoon (2007),
a more realistic simulation is obtained when SBS/
NBS =2. On the other hand, a setting of SBS=NBS,
reveals more clearly the crack mechanisms which are
activated by shear microcraking and the following
shear deformation along the crack direction (Poty-
ondy & Cundall 2004). In this research, both settings
have been explored.
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Table 1 Val}les used for Parameter Values

the parametric analyses of

the uniaxial con.lpressive Specimen size (H) in mm 60 100 120 300 400

zgg‘e’gth tests with the PFC Velocity (v) in mm/s 25 417 50 125 166.7
Ratio SBS/NBS (1) 1 2
STD of normal distribution for shear None (deter- 10 20

*The particle size and normal bond strength in MPa ministic)

distribution was based on Particle size distribution (PSD)* I 11 I v

different seed values

3 Numerical analyses

Uniaxial compression test (UCS) simulations were
conducted on specimens of Dionysos marble with a
ratio of height to diameter, H/D =2, with PFC2D sim-
ulation program. Their heights were 60mm, 100mm,
120mm, 300mm and 400mm, and their diameters
were 30mm, 50mm, 60mm, 150mm and 200mm.
The minimum radius of the disk particles R_;, was
0.5mm, the ratio of the maximum to minimum radius
Rax/Ruin Was 1.5 and the friction coefficient was
set equal to 0.577. In addition, the normal to shear
stiffness ratio for the contacts and the bonds was set
equal to 2 (x* = k" = 2, k* = k,/k, for the contacts
and ¥* = k,/k, for the bonds). The macroscopic uni-
axial compressive strength was selected based on
the results of laboratory tests on Dionysos marble by
Vardoulakis et al. (2002) as UCS,,; =103MPa. This
value was taken as an average of the UCS experimen-
tal values. For the modulus of elasticity, a continuous
reduction with increasing axial strain is described
in Vardoulakis et al. (2002) where the range of E,
values varies between 80 and 60GPa. Therefore the
value of 72.3GPa was selected for the current study.
Friction between the loading platens and the speci-
men took into consideration the use of a lubrication
system.

According to the previous paragraph 2.2, the val-
ues of ratio SBS/NBS were selected to be 1 and 2,
so as to obtain the different behavior described by
each case. As a result, two sets of simulations were
conducted. Obviously, for each set of simulations, a
different calibration was required. In the simulations
with SBS/NBS = 1, the effective moduli E*<E , E* for
the contacts and E* for the bonds, were determined as
equal to 37.85 GPa and the SBS=NBS =39.47MPa.
For the simulations with SBS/NBS =2, the effective
moduli E*= E* were determined equal to 37.87GPa,
the SBS=62.8MPa and the NBS =31.4MPa. Those
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values provided the best possible approximation of
the aforementioned rockmass laboratory modulus of
elasticity and UCS. The calibration process was car-
ried out on the specimen sizes of 120mm x 60mm
(H120W60) and the numerically obtained modulus of
elasticity varies between 72.0 and 73.0 for the model
series, while the detailed comparison of numerical
and laboratory UCS for the various model series is
provided in Table 6.

For both SBS/NBS ratios, the effect of three dif-
ferent parameters was examined; the rate of defor-
mation, the randomness of the particle size and the
randomness of the bonding particle strength. The
implementation was performed by two series of
experiments:

Series A: Models with variable deformation rate
and constant velocity of v=50mm/s for the com-
pressive platens of the specimen and variable
ratio SBS/NBS. This series was performed with a
view to compare to models of constant deforma-
tion rate and thus obtain the effects of different
rates of deformation on the UCS and fracturing of
the models. The variable deformation rates refer
specifically to the mechanical loading rate of the
specimen. This is the result of applying a constant
velocity on the top wall and a zero velocity on the
bottom wall of the model, that simulate the loading
platens of the synthetic specimen, while the height
of the specimens varies.

Series B: Models based on the variation of five
parameters; size of specimens (5 values), veloc-
ity of the platens (5 values, one for each size so as
to maintain the same rate of deformation), ratio of
shear to normal bonding strength (2 values), stand-
ard deviation of shear and normal bonding strength
of particles for normal distribution of their values
(3 values), randomness of the particle size (4 val-
ues). Table 1 contains all the information concern-
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ing this series of experiments and the related vari-
ables.

For the calculation of the velocity of the com-
pressive platens of the specimens, so that the same
rate of deformation is preserved, the following
equation was used:

50mm/s
120mm

v(H) = ( ) X H(mm)

In total, 130 numerical analyses were performed.
In the following, in order to refer to a specific test
according to Table 1, coded names are given to each
experiment, as in the examples:

e For specimen size H=300 mm, velocity
v=125 mm/s, ratio SBS/NBS =1, standard devia-
tion STD =none and particle size distribution PSD
category I: H300_v125_r1_PSD-I

e For specimen size H=100 mm, velocity
v=41.7 mm/s, ratio SBS/NBS =2, standard devi-
ation STD =10 MPa and particle size distribution
PSD category IV: H100_v41.7_r2_STD-10_PSD-
v

4 Results

The output of the analyses was the uniaxial compres-
sive strength UCS in MPa and the mean modulus of
elasticity in GPa. Figure 1 contains the stress—strain
diagram in green and overlapping with the image of
a specimen. Therefore, the horizontal axis is not the
specimen dimension but the strain values from the
stress—strain curve. Similarly, the vertical axis con-
tains the stress values. In the body of the specimen,
the grains are depicted in blue, tensional cracks are
depicted in black and shear cracks in red.

Uniaxial compressive strength, UCS, and modulus
of elasticity, E, for specimen H400_v166.7_r1_STD-
10_PSD-III were 92.1MPa and 65.9GPa respectively.
All over the specimen’s body tensional and shear cracks
can be found (Fig. 1). All cracks expand diagonally
from the two sides of the specimen to the base of it. In
addition, tensional and shear cracks are pronounced on
the upper side of the specimen. Most dominant, on this
specific specimen, are the tensional cracks.

4.1 Fracture development

In this paragraph the initiation and the development
of the fractures will be presented based on a selec-
tion of the most characteristic results. Therefore, only
the shear and tensional cracks will be depicted on the
specimens. Figure 2 contains the fracture process of
one of the smaller specimens with equal shear and
normal bonding strengths, H100_v41.7_r1_PSD-III.

At first (Fig. 2a), a few tensional cracks on various
locations on the specimen’s body are visible. Then, in
Fig. 2b on the bottom side of the specimen a cluster
of tensional cracks start to form. The failure of the
specimen comes when the aforementioned tensional
cracks expand as far as the base of the specimen, with
the simultaneous formation of a few shear cracks as
well.

In the following Fig. 3, the fracture process of
the next size specimen H120_v50_r1_PSD-IV is
depicted.

Again, a few tensional and shear cracks are created
on several parts of the specimen. Then, mostly ten-
sional but also some shear cracks can be seen in the
center expanding diagonally downwards, on the lower
left side and on the base of the specimen. The speci-
men fails when the aforementioned cracks expand
even more and connect with each other forming at the
same time a big diagonal crack from the right side to
the base of the specimen.

Next, some of the larger specimens will be pre-
sented, starting with Fig. 4 which contains the fracture
process of a specimen with ratio of shear to normal
bonding strength equal to 2, H300_v125_r2_PSD-I.

As expected, there are differences due to the
size. In the beginning, tensional cracks are visible
all over the specimen’s body, but they are more
pronounced on the top and left upper side and on
the bottom of the specimen. Then the cracks on the
upper side expand and connect in order to form a
cluster of tensional cracks. In addition, tensional
cracks can be found expanding from the center and
the right side of the specimen to its base. The fail-
ure of the specimen occurs when all the aforemen-
tioned tensional cracks expand and connect at the
center of the specimen and on multiple directions.

Finally, one of the largest specimen series is
depicted in Fig. 5 and contains the fracture process of
specimen H400_v166.7_r2_PSD-II.

@ Springer
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Fig. 1 Cracks, failure mode and stress—strain curve of specimen H400_v166.7_r1_STD-10_PSD-III

Clearly in Fig. 5a, the tensional cracks are dis-
persed all over the specimen’s body. The right bottom
edge is an area with apparent larger crack concentra-
tion. Then, in Fig. 5b all cracks expand diagonally
towards the center with a simultaneous expansion of
the tensional cracks on the upper left side of the spec-
imen. The specimen fails when the tensional cracks
expand and connect on the center and on multiple
directions.

All cracks developed when peak strength was
attained. Similar fracture developments have been
observed on all specimens of the same size, shear to
normal bonding strength ratio, and particle size dis-
tribution for each occasion. In the case of randomized
shear to normal bonding strength ratio, especially for
the larger specimens and the higher strength deviation
from the mean value, a greater dispersion of microc-
racks before the peak strength was observed.
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4.2 Specimen failure

The numerical analyses provided the means to
observe the diversification of the failure mode. To this
end, a selection of the specimens’ final state in failure
is depicted and commented on in this paragraph.
Table 2 showcases the final state with the fully
developed cracks and clearly visible failure mode of
PSD category I specimens with SBS/NBS=1 and
constant velocity vs variable velocity. For all cases,
the tensional cracks outnumbered by far the shear
cracks. However, for the last 3 larger specimen sizes
the amount of shear cracks was more pronounced.
Observing the patterns of failure for the selected
specimens and comparing the cases of variable and
constant velocity, it is noted that the cracks for size
H60, are found in the center and expanding diago-
nally to the base of the specimen. In the case of
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Fig. 2 Fracture develop-
ment of specimen H100_
v41.7_r1_PSD-III

Fig. 3 Fracture develop-
ment of specimen H120_
v50_r1_PSD-IV

(a)

H100 size, most cracks are found on the upper side
of the specimen. In specimen size H120, the cracks
are expanding from the upper side to the center of the
specimen. For size H300, most cracks are found on
the upper side of the specimen. Evidently, the crack
pattern for all these specimens is not very sensitive to
the loading rate. In specimen size H400 however, in

(b) o (c)

the model with the constant velocity most tensional
cracks are concentrated in the area from the base to
the center of the specimen, in contrast to the model
with variable velocity where the cracks are found at
multiple directions. Shear cracks that appeared in all
specimens contained in Table 2 with constant and
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Fig. 4 Fracture develop-
ment of specimen H300_
v125_r2_PSD-1

Fig. S Fracture develop-
ment of specimen H400_
v166.7_r2_PSD-II

(a)

variable velocity were few as compared to the tensile
ones. In average 17% of the total number of cracks
that developed were due to shearing failure.

Table 3 showcases the cracks and failure mode of
PSD category I specimens with SBS/NBS=1 and
standard deviation, STD=10MPa vs STD =20MPa.
The cracks are more scattered on specimens with
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STD=20MPa. There is a variance on their strengths
as well. As the specimens get larger, the cracks are
more scattered. For the first 3 specimen sizes the
crack pattern is similar for specimens with constant
vs variable velocity. For the two larger specimen
sizes, the crack pattern is differentiated among them
and more shear cracks can be seen in contrast to the
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Table 2 Final State—Cracks and failure mode for PSD category I specimens with SBS/NBS =1 and constant velocity vs variable

velocity
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Table 2 (continued)

Constant Velocity Variable Velocity
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smaller specimens. For all cases tensional cracks out-
numbered the shear cracks, leading to the specimens’
failure. There is actually a clear trend of shear cracks
appearing slightly more frequently as the standard
deviation augments, as will be explained later on, in
Fig. 7. In specimens with STD = 10MPa, shear cracks
are in average 24% of the total cracks, in contrast
to specimens with STD=20MPa, where the shear
cracks rise up to an average of 38% of total cracks
appearing on the specimens.

Table 4 showcases the cracks and failure mode
of PSD category I specimens with SBS/NBS=2
and constant velocity vs variable velocity. For all
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specimen sizes tensional cracks outnumber by far the
shear cracks. On smaller specimens, crack pattern is
similar among them, in contrast to larger specimens,
where the crack pattern is differentiated for speci-
mens with constant vs variable velocity. It is further
concluded that the crack pattern is not sensitive to the
velocity. In comparison to PSD category I specimens
with ratio of shear to normal bond strength equal to
1, different failure patterns are detected and only ten-
sional cracks lead to the failure of the specimens. As
expected for both constant and variable velocity occa-
sions, shear cracks only take 1% of the total number
of cracks on the specimens since the ratio of the shear
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Table 3 Final state—Cracks and failure mode for PSD category I specimens with SBS/NBS=1 and standard deviation,
STD =10MPa vs STD=20MPa
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Table 3 (continued)
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to normal bonding strength gives precedence to ten-
sile failure.

Table 5 showcases the cracks and failure mode of
PSD category I specimens with SBS/NBS=2 and
standard deviation, STD=10MPa vs STD =20MPa.
For all specimen sizes, the general crack pattern is dif-
ferentiated for specimens with different STD in their
strength distributions. The tensional cracks clearly
outnumber the shear cracks and they lead to failure.
According to Fig. 7 shear cracks for STD =10MPa is
1% and for STD=20MPa is less than 5% of the total
number of cracks. By increasing the size of the speci-
mens, more tensional cracks are visible. In compari-
son to specimens with ratio of shear to normal bond
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strengths equal to 1, the general crack pattern is dif-
ferent. Further, the similarly appearing in smaller
quantities shear cracks, are now very few compared
to the higher percentage observed for the specimens
with equal shear and normal bonding strength. In all
occasions of course it is the tensional cracks that lead
to the specimen failure.

Figure 6 contains the summary of all shear crack
failures with respect to the total number of crack fail-
ures. As already observed, the results can be divided
in three basic areas, the highest being around 40%
shear/total fracture number for the specimens with the
highest strength variability and equal shear to normal
bonding strength. The second area is around 20% of
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Table 4 Final state—Cracks and failure mode of PSD category I specimens with SBS/NBS=2 and constant velocity vs variable

velocity
Constant Velocity Variable Velocity
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shear/total fracture number for the majority of the 0.4
UCS =0.81 +

specimens. Finally, the lowest participation of shear
fractures in the specimens was observed for the SBS/
NBS =2 test series.

5 Discussion

For the calculation of the UCS, the empirical equa-
tions of Hoek & Brown 1980, (Sect. 1, Eq. 2) and
Martin et al. 2011 (Eq. 3), were used, in order to com-
pare the empirical approach to laboratory and numer-
ical results.

exp (%) 3)
where D =the normalized diameter.

The combined UCS results of the numerical mod-
els for both ratios SBS/NBS and the laboratory tests
are summarized in Table 6. According to this table,
the range of UCS strength values calculated in the
numerical models is 68.7MPa to 103MPa for SBS/
NBS=1 ratio and 76.5MPa to 125.1MPa for SBS/
NBS =2 ratio. The empirical Egs. (2) and (3) are also
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Table 5 Final state—Cracks and failure mode of PSD category I specimens with SBS/NBS=2 and standard deviation,

STD=10MPa vs STD =20MPa
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included and have been computed with a value of
Cy.s0 €qual to the one measured by the H100 series
with steady deformation rate of the numerical experi-
ments. It is also noted that the numerical values are
the average of the four particle size distributions PSD
I to IV results. Figures 7 and 8 contain a graphical
representation of the comparison of all results.
According to Figs. 7 and 8 the dependence of the
UCS on the size of the numerical specimens is non
monotonous. This is in agreement with the laboratory
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results. With respect to the size effect, the laboratory
results are more sensitive than the numerical results.

The empirical Egs. (2) and (3) attribute linear
dependency of the UCS to the size of the specimens.
While the specimen size is increasing, the UCS
strength is decreasing. The size effect considered by
these equations is less pronounced compared to the
laboratory results.
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Fig. 7 Graph of combined UCS results for specimens with SBS/NBS =1, C,, 5o=UCS of H100 specimen with variable velocity

Comparing the results from the empirical equa-
tions to those from the numerical analysis for both
SBS/NBS ratios more trends appear. Obviously,
Eq. (2) results for specimen size H100 have the best
agreement for all numerical cases. H120_v50_r1_
STD-10 specimen’s UCS is quite close to both the

empirical as well as the laboratory results. Similarly,
H120_v50_r2, H120_v50_r2_PSD-I and H120_v50_
r2_STD-10 specimens’ results are in agreement with
empirical relations as well. However, for bigger spec-
imen sizes there is a considerable difference in UCS
results for both SBS/NBS ratios.
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Table 6 Combined UCS results with both SBS/NBS ratios
i ii iii iv vi vii
SBS/NBS
1 2 1 2 1 2 1 2 1 2 1 2
H(mm)
60 629 | 92.1 113 96.4 108.8 87 93.9 68.7 | 76.5 | 106.8 | 128.2 | 102.6 | 123.2
100 80 | 934 | 125.1 97.4 1169 | 91.1 | 1057 | 759 | 81.9 97.4 116.9 96 115.2
120 943 | 103 103 103 107.8 | 944 | 101.8 | 77.6 | 81.5 94.3 113.1 93.4 112
300 438 | 97 104.1 | 100.2 | 107.8 | 91.7 | 104.6 | 75.1 84.8 79.9 95.9 82.2 98.6
400 314 | 96 105 99.5 108.8 | 87.9 | 104.8 74 80.7 75.9 91.1 80.3 96.4
where

(i): Laboratory UCS (MPa)
(i1): Variable deformation rate UCS (MPa)
(iii): Constant deformation rate Average UCS (MPa)

(iv): Constant deformation rate Average UCS, Normal distribution with standard

deviation 10MPa for shear and normal bond strengths (MPa)

(v): Constant deformation rate Average UCS, Normal distribution with standard

deviation 20MPa for shear and normal bond strengths (MPa)

(vi): Equation (2) UCS for Co 0 equal to variable velocity results (MPa)

(vii): Equation (3) UCS for Cos0 equal to variable velocity results (MPa)

In order to classify the critical stress level for spec-
imen damage initiation, the overall specimen axial
stress when the first tensile bond breakage occurred
has been extracted from the numerical models. The
tensile stress level for damage initiation in the speci-
men depends on the normal bond strength, which
in the simulations with SBS/NBS=1 was set at
39.47MPa. For the simulations with SBS/NBS =2,
the shear bond strength was 62.8MPa and the normal
31.4MPa. Therefore, these values constitute the criti-
cal levels of the tensile strength at the microcracking
level, i.e. the bond tensile stress level required for
bond breakage. The average axial stress level across
the entire specimen the moment that the first ten-
sile bond breakage occurs is a value that has to be
extracted from the simulations. It is the macroscopic
stress and is therefore comparable to the peak com-
pressive strength presented in the previous Table 6.
Table 7 contains the dimensionless values of the
onset of the first tensile bond breakage as compared
to the peak compressive stress, i.e. their ratio.
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According to these results, the first tensile bond
breakage occurs over a large span of values; between
1 and 87 percent of the specimen strength. There are
pronounced differences between the 8 sets of experi-
ments. Looking at the classification of Table 7 colum-
nwise, the specimens with practically immediate
occurrence of first bond breakage were the ones with
the normally distributed bond strength, i.e. columns
IIT and TV, the latter being the most intense. On the
other side of the specter were the specimens loaded
at variable deformation rate of column I. As far as the
different shear to normal bond strength ratios are con-
cerned, the higher SBS/NBS cases exhibited faster
occurrence of the first bond breakage, which means
that specimens depicting easier development of ten-
sional microcracks, also crack faster. Finally, con-
sidering the specimen size, there is non-monotonous
behavior for all cases.
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Table 7 Ratio of axial I. Variable deformation | II Conste}nt I1I. Normal distr. SDEV 10 | IV. Normal distr. SDEV
stress level for first tensile rate deformation rate 20
bond breakage to the peak S/NBS 1 2 1 2 ! 2 1 2
compressive strength H(mm)
60 0.61 0.36 0.71 0.49 0.32 0.24 0.01 0.02
100 0.87 0.52 0.63 0.42 0.29 0.04 0.01 0.01
120 0.67 0.53 0.66 0.50 0.16 0.07 0.01 0.01
300 0.65 0.48 0.56 0.41 0.07 0.02 0.02 0.02
400 0.57 0.42 0.53 0.39 0.03 0.02 0.03 0.03
Average 0.67 0.46 0.62 0.44 0.17 0.08 0.02 0.02
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120
100
< Variable deformation rate
E 80 O Constant deformation rate
2 A Laboratory
8 A
S 60 X UCS_Ndis_STD10
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Fig. 8 Graph of combined UCS results for specimens with SBS/NBS =2, C,, 5,=UCS of H100 specimen with variable velocity

6 Conclusions

Detailed simulation of the fracture phenomenon
of specimens under uniaxial compressive stress
has been performed by use of the particle flow
code PFC2D. The fracture development, the fail-
ure mode and the uniaxial compressive strength
are investigated by means of two series of experi-
ments; the first one with constant platens velocity
so as to define the effects of different rates of load-
ing (i.e. deformation rate) on the UCS and fractur-
ing of the models. The second series of simulations
is performed with constant rate of deformation, i.e.
variable velocity for each specimen size, so as to
draw conclusions about the behavior of the speci-
mens with the variation of five different param-
eters; platens velocity, specimen size, particle size

distribution, standard deviation of normal distribu-
tion of shear and normal strength as a micro-param-
eter and the ratio of shear to normal particle bond-
ing strength.

The most important observations are hereby
summarized:

1. In terms of microscopic failure modes, the pat-
terns show all specimens to have failed primarily
in tension and partly in shear.

2. The specimens with the highest participation of
shear cracking were the ones with equal shear to
normal particle bonding strength and the highest
variability in bonding strength as a micro-param-
eter.

3. In terms of macroscopic failure modes the main
pattern was shearing along inclined planes
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formed by accumulation of tension micro-cracks.
More rarely, failure appeared along axially
formed fractures.

4. For small specimen sizes, crack patterns are simi-
lar in both occasions of shear to normal bonding
strength ratios. Larger specimen sizes exhibit dif-
ferent crack patterns for both SBS/NBS ratios.

5. The dependence of the UCS on the size of the
numerical specimens is non monotonous. An ini-
tial increase of UCS with increasing specimen
size is observed, with a peak UCS for the speci-
men with H=120 mm, followed by a decrease
of the UCS when the specimen size increases to
H=400 mm. This is also observed in the labo-
ratory results of the specific rock, where the
dependence of the UCS is similarly non monot-
onous, noticing however, that the size effect is
much more pronounced.

6. Monotonous dependency of the UCS on the size
of the specimens is described by the empirical
Egs. (2) and (3), in contrast to the laboratory tests
and the numerical simulations.

7. The size effect is less pronounced for both the
empirical equations as well as the numerical
experiments, in contrast to the laboratory test
results.

8. The variation with respect to the constant defor-
mation loading rate was found to affect slightly
the strength of the specimen and the associated
crack development, while the final crack distribu-
tion across the entire specimens is very similar
between the two series.

9. The stress level at first bond breakage varies
significantly across all five parameters that have
been studied. The greatest effect is caused by the
assumption of the bond strength distributions,
followed by the rate of deformation (loading) and
lastly, by the shear to normal bond strength ratio.
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