Relationship of rock microscopic parameters with the
elastic modulus and strength

Yanhui Cheng!, Weijun Yang?, Dongliang He?

1.2.3School of Civil Engineering, Changsha University of Science and Technology, 410114, China
1:3School of Civil Engineering, Hunan University of City, Yiyang, Hunan, 413000, China
3Corresponding author

E-mail: 'chengyanhuihn@126.com, *yangwj@csust.edu.cn, Shedongliang 14@126.com

Received 27 March 2018, received in revised form 26 October 2018; accepted 22 November 2018 W) Check for updates
DOI https.//doi.org/10.21595/jve.2018.19849

Copyright © 2019 Yanhui Cheng, et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Abstract. The microscopic damage of materials will induce changes in the macroscopic
mechanical characteristics of rock material. When simulating engineering problems using the
discrete element method, to explore the macroscopic mechanical response of rock material, the
microscopic parameters that match the macro material characteristics must be obtained. In this
paper, the influence of macroscopic mechanical properties of rock materials is studied through the
variation of microscopic parameters, and the quantitative relation between macroscopic
parameters of rock material is discussed. The results show that, (1) In accordance with the order
of influencing factors, the parameters affecting the elastic modulus of the specimen are parallel
bond elastic modulus, particle contact modulus, and parallel bond stiffness ratio. (2) The Poisson’s
ratio of the specimen was most influenced by the parallel bond stiffness ratio, and their relation
was nonlinear. The influence of parallel bond modulus and friction factor on the Poisson’s ratio
was negatively correlated. (3) The effect of particle contact stiffness ratio, parallel bond stiffness
ratio, and particle contact modulus on the uniaxial compressive strength was less than that of the
particle friction factor.

Keywords: microscopic parameter, elastic modulus, strength, parallel bond stiffness ratio,
particle contact modulus, parallel bond elastic modulus.

1. Introduction

Understanding the failure mechanism of rock materials is significant in mechanics theory,
underground engineering construction, and geological disaster management [1-7]. Based on the
non-continuum theory, rock materials can be divided into rigid particles. Numerical experiments
using the discrete element method from the microscopic view have become an important
breakthrough in solving medium failure, such as rock failure [8-11]. In 1971, Cundall [12] first
proposed the discrete element method. The method is applied to mechanical problems of the joint
system or block assembly under quasi-static or dynamic conditions and initially used to analyze
the movement of a rock. Fan, Kulatilake [13] performed numerical stress analysis on blocks
having multi flaws under uniaxial loading using PFC3D. Hamdi, Scholtés [14] investigated the
mode | fracture propagation in brittle rocks using numerical simulations based on the discrete
element method. However, when simulating engineering problems, the microscopic parameters
that match the macro material characteristics must be obtained [15-18]. However, the process is
time consuming. The microscopic view of materials and the macroscopic mechanical properties
do not correspond with each other, and the rational determination of mechanical parameters has
been a constantly difficult aspect in geotechnical engineering [14, 19, 20]. The complex and
diverse join forms of the particles have resulted in the complex physical and mechanical properties
and macroscopic mechanical responses of the geotechnical materials. Given the limitation of
current testing technology, the mechanical parameters of the rock and soil materials cannot be
accurately determined by indoor or field tests. Many scholars have established the qualitative
relationship between the microscopic parameters and macroscopic parameters of adhesive
particles [8, 21-23]. However, these studies mainly consider the influence of microscopic strength
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parameters on macroscopic mechanical properties. The properties of stiffness between particles
affect the propagation properties of particles and hence influence the macroscopic appearance of
the material. Therefore, the influence of the rigidity properties of a particle on the strength and
deformation of the material is investigated. In this paper, a numerical simulation method of the
particle flow discrete element (PFC) is adopted to study the quantitative effects of rock parameters
on elastic modulus and strength.

2. Modeling

The microscopic damage of materials will induce a change in the macroscopic mechanical
characteristics of rock material [24-28]. To explore the macroscopic mechanical response of rock
material, we must establish the evolution law of the corresponding microscopic parameters.
Therefore, the elastic modulus, Poisson’s ratio, stress-strain curve, and failure form of
macroscopic mechanical properties are analyzed. In this paper, the influence of macroscopic
mechanical properties of rock materials is studied through the variation of microscopic parameters,
and the quantitative relation between macroscopic parameters of rock material is discussed. The
mesoscopic parameters used in this paper are referred to the work by Bahaaddini, Sharrock [8],
and Cundall [12] are shown in Table 1. Fig. 1 shows the numerical stimulation model with the
height of 100 mm and diameter of 50 mm. The particle minimum diameter D,,,;;, = 0.28 mm, the
maximum particle size of the particle is D4, = 0.42 mm, and the particle radius ratio is 1.5,
which is randomly generated between the maximum radius and the minimum radius. Also, the
uniform distribution can be followed. Moreover, embedded Fish language by servo control
method is used to control the model of the “wall” movement to realize the uniaxial and
conventional triaxial and the numerical simulation of the direct shear test [13, 29-33]. A parallel
bond model is used for particle bonding and the parallel bonding radius is set to 1.0. The results
of numerical simulation in this paper are compared with the indoor test results shown in Table 2
to verify the reliability of the model. In addition, the model used by Bahaaddini, Sharrock [8] was
42 mm in diameter and 82 mm in height. The result of numerical simulation was that the uniaxial
compressive strength of the rock was USC = 27.45 mPa, the elastic modulus E = 4.25 GPa, and
Poisson's ratio was 0.198. Table 2 shows that the numerical simulation results of this paper are
smaller than those of the indoor test results, but the difference between them is very small.

-

Fig. 1. Granular aggregate

Table 1. Microscopic parameters

Particle microscopic parameters — Parallel bonding microscopic parameters —
Particle density (kg/m?) 2205 Parallel bond elastic modulus (GPa) 2.8
Particle contact modulus (GPa) 2.8 Normal strength (MPa) 20+4.5
Friction factor p 0.6 Shear strength (MPa) 20+4.5
Particle contact stiffness ratio k,, / kg | 1.45 Parallel bond stiffness ratio k™ / k° 1.45
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Table 2. Comparision for the simulation model and the results of laboratory model

- - USC (MPa) | E (GPa) v
Laboratory results Average value 27.40 4.20 0.20
Average value 26.64 4.28 0.17
Numerical results Standard deviation 0.76 0.08 0.03
Standard deviation factor 0.028 0.019 | 0.150

Note: Standard deviation factor = (Standard deviation / Laboratory results)

3. Results and discussions
3.1. Effect of microscopic parameters on the elastic modulus

Through numerical simulation test and control variable method, different microscopic
parameters were varied to obtain different macroscopic elastic moduli. The influence of the change
of microscopic parameters on the elastic modulus E of the simulated specimens is shown in Fig. 2.

The influence of the particle contact modulus E and the elastic modulus of the parallel bond

E, on the elastic modulus of the specimen was the most significant and most linear. The effect of
the elastic modulus of the parallel bond was the greatest, whereas that of the particle contact
stiffness ratio k,,/k; was the lowest. Under constant parameters, the elastic modulus E of the

specimen increased with enlarging elastic modulus of the parallel bond E., particle contact
modulus E, and friction factor u. The elastic modulus of the specimen decreased with the particle

contact stiffness ratio k,/kg and the parallel bonding stiffness k_n/k_s The effect of the parallel
bond stiffness ratio k,, /k, and friction factor u was relatively large at some stage. The stage for

the E/k_S was about 0.5-4 and 0.1 < u < 1. In accordance with the order of influencing factors,
the parameters affecting the elastic modulus E of the specimen are parallel bond elastic modulus

E_, particle contact modulus E., and parallel bond stiffness ratio k,/k. The influence factor of
the elastic modulus of parallel bond E, on the elastic modulus E was greater than that of the

particle contact modulus E.. With rising parallel bond stiffness ratio kn/ks, the “rigidity” of the
specimen gradually increased, and the “elasticity” gradually diminished, that is, the macro elastic

modulus E decreased. On the basis of linear and nonlinear fitting, the relation of E,, E, and E/k_s
with the elastic modulus E is as follows:

E = 1.759 + 0.86E., R? = 0.998,
E = 2.587 + 0.57EC, R? = 0.998,

0.665%n
E =2.60+3.12x ———, R?=0.994.
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Microscopic parameters
Fig. 2. Influence of microscopic parameters on elastic modulus
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3.2. Influence of microscopic parameters on Poisson’s ratio

We used the discrete element numerical simulation test to prepare the Poisson’s ratio of the
specimen. The influence of the variation of each parameter on the sample’s Poisson’s ratio was
compared (Fig. 3).

0.35+

—m— Particle contact stiffness ratio
~®- Parallel bond stiffness ratio
0.30 —A Particle contact modulus/GPa __e—°
—¥- Parallel bond elastic modulus/GPa g ——
—— Friction factor o

pe

-«
0.25

0.20 41

0.15+

Poisson's ratio

0.10

0.05

0.00 T T T T T
0 2 4 6 8 10

Microscopic parameters
Fig. 3. The influence of microscopic parameters on Poisson’s ratio

The Poisson’s ratio of the specimen was most influenced by the parallel bond stiffness ratio

k,./ks, and their relation was nonlinear. The Poisson’s ratio of the specimen rose with increasing
parallel bond stiffness ratio. This is result was achieved because the parallel bond stiffness
incrementally exceeded the shear stiffness; the number of normal cracks in the specimen was
greater than that of the tangential crack. On the macro level, the transverse strain gradually
enlarged, and the axial strain gradually reduced; as a result, the Poisson’s ratio rose. The particle
contact modulus EC, parallel bond elastic modulus, and friction factor all influenced the Poisson’s
ratio, but the effect was less than that of the parallel bond stiffness. The relation between the
particle contact modulus (EC) and the Poisson’s ratio was linear. The properties of the specimen
remained unchanged, and with the rising particle contact modulus EC, the overall performance
and strength of the specimen were enhanced. Therefore, the Poisson’ ratio was augmented because
of the parallel bond stiffness ratio k, /ks, and the contact modulus EC was altered. With rising
k,./k, the properties of the specimen changed, but the increased EC only improved the overall
specimen performance. The influence of parallel bond modulus and friction factor on the
Poisson’s ratio was negatively correlated. Similar to their influence on elastic modulus, the two
factors were extremely influential at a certain stage. The elastic modulus of the parallel bond was
approximately 1-4 GPa, and the friction factor was in the 0.1-1 stage. When the parallel bond
elastic modulus E, >4 GPa, the friction factor u > 1, the change in Poisson’s ratio of the specimen
was relatively slow. Fig. 3 reveals that the particle contact stiffness was less than k,, /ks. However,
with the rise in particle contact stiffness ratio of k,,/k,, the Poisson’s ratio of the specimens
gradually enlarged. This result was achieved because the axial strain diminished, and the Poisson’s
ratio of the specimen gradually increased. The analysis showed that the factors that exerted the
greatest impact on the specimens’ Poisson’s ratio (on the basis of impact factor order) are the
parallel bond stiffness ratio E/k_s, parallel bond elastic modulus, and particle contact modulus
EC. Given the fitting, the effects of E/k_s, E,, and E to the Poisson’s ratio are as follows:

( 0.580k,
v=1030-034x——", R?=0.990,

ks @
v =0.13 4+ 0.23 X 0.485E,, R? = 0.994,

v =0.107 + 0.02E,, R? = 0.992.
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3.3. Influence of microscopic characteristic parameters on the uniaxial compressive strength

The effects of the microscopic parameters on the uniaxial compressive strength of uniaxial
compressors were compared (Fig. 4). The effect of particle contact stiffness ratio of k,/k;, parallel
bond stiffness ratio k,,/ks, and particle contact modulus EC on the uniaxial compressive strength
was less than that of the particle friction factor u. The effect of E/k_son the uniaxial compressive
strength was slightly smaller than that of the friction factor. The variation range of uniaxial
compressive strength was 9.55 MPa and decreased with increasing E,. When k,,/kg = 1, the
uniaxial compressive strength obtained its maximum value of 28.48 MPa and decreased with
increasing k,,/k; = 1. When the parallel bond stiffness ratio k_n/k_s = 2, the uniaxial compressive
strength achieved its maximum value of 28 MPa. When 0 < ke, /ks < 2, the uniaxial compressive
strength increased with k_n/k_s However, when k_n/k_s > 2, the uniaxial compressive strength was
negatively correlated.

354
—m— Particle contact stiffness ratio
—e— Parallel bond stiffness ratio
—A— Particle contact modulus/GPa

—w— Parallel bond elastic modulus/GPa
—&— Friction factor

30

254

Uniaxial compressive strength/MPa

Microscopic parameters
Fig. 4. Influence of the microscopic parameters on uniaxial compressive strength

As shown in Fig. 4, the uniaxial compressive strength was positively correlated with the
particle contact modulus EC but negatively correlated with the parallel bond elastic modulus,
which was due to the parallel bonding model used in this paper. E, determines the nature of the
specimen to a certain extent, and as the parameter’s value increases, the “rigidity” of the
simulation specimen is simulated, and the mode of destruction becomes brittle failure. The
increase in EC raises the compressive strength of the specimen, that is, the uniaxial compressive
strength increases with enlarging EC. In these five microscopic parameters, ¢ exerted the most
major influence on uniaxial compressive strength. With increasing y between particles, the bite
force between particles enlarges, and the peak strength of the material rises. Given the fitting, the
effects of i on the uniaxial compressive strength are as follows:

_ {32.04 —12.11x0.288%, (0 <u<1), R?=0.978,

3
27.15 + 1421y, (u>1), R? = 0.984. )

[

3.4. Effect of parallel bond strength on uniaxial compressive strength

The effects of the parallel normal bond strength and tangential bond strength on the uniaxial
compressive strength were analyzed. The corresponding average bond strength ratio was 0.1-3.0
when the ¢ was 2-60 MPa. Meanwhile, the corresponding average bond strength ratio was 0.1-4.0
when the T was 5-200 MPa. The influence of average bond strength on the macroscopic
mechanical properties of specimens (Tables 3 and 4) and the parameter’s effect on uniaxial
compression strength is shown in Fig. 5.
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Table 3. The effect of the average bond strength ratio on
the macroscopic mechanical properties (t = 20 MPa)

Average normal bond Average bond Uniaxial compressive Poisson’s Elastic
strength (MPa) strength ratio strength (MPa) ratio modulus (GPa)
2 0.1 2.73 0.148 4.67
4 0.2 6.90 0.152 4.23
6 0.3 10.66 0.154 4.22
8 0.4 13.39 0.153 422
10 0.5 16.76 0.153 422
12 0.6 19.71 0.154 4.22
14 0.7 21.85 0.155 422
16 0.8 23.67 0.156 422
18 0.9 25.68 0.157 422
20 1.0 27.06 0.157 422
25 1.25 28.97 0.157 422
30 1.5 31.53 0.158 4.22
40 2.0 34.41 0.158 4.22
50 2.5 36.47 0.159 422
60 3.0 37.83 0.159 422

Table 4. The effect of the average bond strength ratio on
the macroscopic mechanical properties (¢ = 20 MPa)

Average tangential Average bond Uniaxial compressive Poisson’s Elastic modulus
bond strength (MPa) strength ratio strength (MPa) ratio (GPa)
200 0.1 33.98 0.158 4.21
100 0.2 33.88 0.158 4.22
67 0.3 34.00 0.158 4.22
50 0.4 34.61 0.158 4.22
40 0.5 34.38 0.158 4.22
35 0.57 33.35 0.158 4.22
30 0.67 32.70 0.158 4.22
25 0.8 29.86 0.158 4.22
20 1.0 27.06 0.157 4.22
15 1.33 23.11 0.156 4.22
10 2.0 17.05 0.154 4.22
8 2.5 14.57 0.153 4.22
5 4.0 10.03 0.153 4.21
40 —=— Normal strength
—e— Tangential strength "
£ %51 [T —
s e —
J:c:n 30 K //
g 25 /_;.\.
% 20 ./-’ \.\
5 154 ./ e
‘_% 104 ./'/ T
g 54 /
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Fig. 5. Relation between bond strength ratio and uniaxial compressive strength

Tables 3 and 4 indicate that the average normal bond strength and the tangential bond strength
only slightly affect the Poisson’s ratio. However, between the two factors, the average bond
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strength exerts a greater influence than on the uniaxial compression strength (Fig. 5). At
0 <o/t <0.67, the variation of the uniaxial compressive strength was large and exponential with
the increase in average normal bond strength. The average tangential bond strength exerts no effect
on the uniaxial compressive strength. This result was achieved because when the average
tangential bond strength was greater than the normal bond strength, the main factor of the failure
of the specimen was the normal bond strength, and the ultimate failure mode was tensile failure
(Fig. 6). When the average tangential bond strength was less than the normal bond strength, the
specimen achieved a small amount of tangential crack, but mainly, normal failure. When
o/t > 0.67, the sample was mainly affected by the average tangential bond strength, and when the
average normal bond strength increased, the specimen was transformed from brittle deformation
to plastic deformation, and the failure mode changes to the shear failure mode (FIG. 7). The crack
initiation was gradually increased, and the quantity was greater than the number of normal cracks.
The average normal bond strength (10-50 MPa) and average tangential bond strength (10-50 MPa)
were changed, and the relationship between bond strength ratio and peak strength was analyzed
(Fig. 8). The average bond strength ratio was set to 0.1-4, and the average normal bond strength
was assigned to 10-40 MPa. When the average bond strength ratio was 0 < g/t <0.67, the uniaxial
compressive strength was mainly affected by the average normal bond strength. When the average
bond strength ratio was /7 > 0.67, the uniaxial compressive strength decreased with decreasing
average tangential bonding strength. As the average bond strength between particles rose, the
effect of the average tangential bond strength on the uniaxial compressive strength also increased.

Fig. 6. Uniaxial compression failure crack Fig. 7. Uniaxial compression failure crack
(mainly normal failure) (mainly tangential failure)

100 4

QQ\." Normal strength/MPa
\ —=— 10

——20
—&—30

Uniaxial compressive strength/MPa

o/t

Fig. 8. Relationship between bond strength ratio and peak strength with different normal bond strength
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The relationship between bond strength ratio and peak strength of different tangential bond
strengths was analyzed (Fig. 9). The average bond strength ratio was set to 0.1-3.0. When the
average bond strength ratio was 0 < o/t < 1.0, the uniaxial compressive strength increased with
increasing average normal bond strength. The average normal bond strength augmented with
rising average tangential bond strength. At the same time, the total bond strength of the particles
increased, and the uniaxial compressive strength of the specimen increased. When 0 < g/t < 1.0,
as the bonding strength between particles enlarged, the effect of the average normal bond strength
on the uniaxial compressive strength also intensified. When o/t > 1, the uniaxial compressive
strength was mainly affected by the average tangential bond strength.

1004 Tangential strength/MPa

—=—10 o
—e—20 //’Wmm
1 _—
T4 ’,7/ /vrNwwrvmﬁmmyllo
——50 / -
60— "

40

20

Uniaxial compressive strength/MPa

0 T T T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0

g/t
Fig. 9. The relationship between bond strength ratio and
peak strength for different tangential bonding strength

4. Conclusions

1) The influence of the particle contact modulus E and the elastic modulus of the parallel

bond E, on the elastic modulus of the specimen was the most significant. The relation between
the particle contact modulus (E) and the Poisson’s ratio was linear. The influence of parallel bond
modulus and friction factor on the Poisson’s ratio was negatively correlated.

2) The uniaxial compressive strength was positively correlated with the particle contact
modulus EC but negatively correlated with the parallel bond elastic modulus. With increasing
friction factor u between particles, the bite force between particles enlarges, and the peak strength
of the material rises.

3) The variation of the uniaxial compressive strength was large and exponential with the
increase in average normal bond strength. The average tangential bond strength exerts no effect
on the uniaxial compressive strength. When the average tangential bond strength was less than the
normal bond strength, the specimen achieved a small amount of tangential crack, but mainly,
normal failure.
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