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Identification of the Discrete Element Model Parameters for
Rock-Like Brittle Materials

Rui Chen'- ?, Yong Wang'- ?, Ruitao Peng'- > *, Shengqiang Jiang' 7, Congfang Hu': >
and Ziheng Zhao'- *

Abstract: An inverse method for parameters identification of discrete element model
combined with experiment is proposed. The inverse problem of parameter identification
is transmitted to solve an optimization problem by minimizing the distance between the
numerical calculations and experiment responses. In this method, the discrete element
method is employed as numerical calculator for the forward problem. Then, the orthogonal
experiment design with range analysis was used to carry out parameters sensitivity
analysis. In addition, to improve the computational efficiency, the approximate model
technique is used to replace the actual computational model. The intergeneration projection
genetic algorithm (IP-GA) is employed as the optimization algorithm. Consequently, the
parameters of the discrete element model are determined. To verify the effectiveness and
accuracy of the inverse results, the comparisons of shape deviation experiments with
discrete element simulations are provided. It indicates that the effective and reliable
discrete element model parameters can be quickly obtained through several sets of
experimental data. Hence, this inverse method can be applied more widely to determine
the parameters of discrete element model for other materials.

Keywords: Discrete element model, parameter determination, rock-like materials, IP-GA,
inverse method.

1 Introduction

In nature, rock is a geological material with discontinuities, heterogeneity, anisotropy
and non-linearity. With the rapid development of rock engineering, such as tunnel
construction for high-speed rail [Bandini, Berry, Cormio et al. (2017)], oil and shale
gas exploitation [Hogan, Rogers, Spray et al. (2012)], radioactive waste storage
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[Vaissiere, Armand and Talandier (2015)], it is of great significance to investigate the
mechanical characteristics and failure behaviors of rock materials when they are suffering
from different loadings. Traditionally, experimental techniques are used to study
mechanical properties of rock materials [Asprone, Cadoni, Prota et al. (2009); Zhang and
Zhao (2014); Liu, Ji, Liu et al. (2017); Krasyuk, Lugin and Pavlov (2019)]. However, the
laboratory experiments or tests are very time-consuming and expensive. Hence,
numerical computation is widely adopted to study the mechanical behaviors of materials.
Among these numerical methods, discrete element method (DEM) [Cundall and Strack
(1979)] is an effective tool to investigate the mechanical properties of rock materials.

Compared with finite element method that is based on continuum mechanics, DEM takes
into account most kinds of discontinuities and material breakage properties with multiple
fractures. Over the past decades, many studies have used DEM to study the mechanical
characteristics of rock-like materials [Su and Akcin (2011); Karampinos, Hadjigeorgiou,
Hazzard et al. (2015); Lee, Moon and Haimson (2016); Yoon, Stephansson, Zang et al.
(2017); Espada, Muralha, Lemos et al. (2018)]. These researches have indicated that the
main advantage of DEM over other computational tools is its micromechanical
representation of discontinuous media, which provided a better understanding of the step-
path failure mechanism. Moreover, finite-discrete element method (FDEM) was proposed
by take advantages of continuum and discontinuum techniques [Munjiza (2004);
Munjiza, Knight and Rougier (2011, 2015)]. FDEM couples FEM and DEM through
generating a finite element mesh separately for each discrete element located in the
calculation domain, and has been successfully applied to simulate material failure and
fracture problems in recent years [Munjiza, Andrews and White (1999); Munjiza,
Bangash and John (2004); Mahabadi, Grasselli and Munjiza (2010); Lukas, D’Albano
and Munjiza (2014)].

As using DEM for numerical computation, a set of model parameter values should be
provided. The accuracy of numerical calculation depends on these appropriate parameters
to some extent. Some model parameters can be obtained directly through experiments,
while others should be determined by the indirect ways, as these parameters describe the
mechanical behavior of materials at the micro level. Generally, these parameters can be
obtained by calibration of macroscopic responses, in which the values are gradually
adjusted till the error between experiment and numerical computation is very little. Trial
and error method is usually carried out as a calibration of DEM parameters [Potyondy
and Cundall (2004); Yang, Jiao and Lei (2006); Tan, Yang and Sheng (2008); Yang,
Sheng, Ye et al. (2010); Jiang, Li, Zhang et al. (2018)]. However, the trial and error
method for parameter identification depends on previous experience, and it has typical
feature of randomness and blindness. Moreover, this method is very expensive and time
consuming for performing DEM computation. To overcome these difficulties, it is
obviously valuable to seek a reliable method to identify these model parameters. Among
those proposed methods, the method by employing inverse techniques appears more
promising.
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Parameters identification by inverse technique is classified as an inverse problem, which
consists of using the actual results of measurements to infer the values of the parameters
that characterize the system [Tarantola (2005); Aster, Borchers and Thurber (2013)]. The
inverse technique for determining model parameters mainly use optimization methods by
minimizing the distance between numerical calculations and experiment responses. Many
researchers have successfully used the inverse techniques to identify model parameters of
different materials [Park and Park (2015); Benvenuti, Kloss and Pirker (2016); He, Xu,
Peng et al. (2017); Bocciarelli and Ranzi (2018); Ren, Chen, Li et al. (2018); Zhang, Liu,
Qiang et al. (2019)]. The inverse method used to determine DEM parameters adopts a
complex relationship between the macroscopic response from experimental
measurements and the microscopic input constants of the model. The relationship is
usually represented by a known mathematical model, which defines the forward problem.
Therefore, if a number of accurate experimental responses are available, the model
parameters of DEM may be identified by solving an inverse problem properly formulated.

Therefore, in this paper, an inverse technique for identifying the model parameters of DEM
is developed. The research ideas of this paper are as follows: firstly, in Section 2, the main
ideas and solving steps of the inverse method are presented. In Section 3, the specific steps
of the method are illustrated by introducing the forward calculation, sensitivity analysis,
approximate model and optimization algorithm, in which an effective inverse technique
to identify microscopic parameters of DEM model has been successfully achieved. In
Section 4, the inverse results are provided and some important discussions on DEM
computation for the shape deviation of specimen under the uniaxial compression are
performed for verification of the inverse method.

2 Inverse problem description

The parameters identification problem for DEM model can be solved as an optimization
problem, and the inverse analysis process for determination of parameters is shown in
Fig. 1. First of all, material mechanics experiments should be performed to obtain the
measured responses of material, which provide input data and validation data for
parameters identification. Based on the mechanical experiment, the corresponding
forward problem model by DEM is established. Secondly, in order to ensure a strong
dependence between the input parameters and the output responses, sensitivity analysis
for model parameters should be carried out. To enhance the computational efficiency, the
approximate model is used instead of numerical calculations model. Then using the
forward solver to obtain the calculation response, the inverse problem objective function
is constructed according to the actual problem and numerical computation. The objective
function is described to estimate the sum of square of deviations between numerical and
experimental data. Objective function can be expressed as follows:
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Figure 1: Schematic chart for the parameters identification process
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where r is a vector that represents the DEM inversed parameters, )/ is the response
measured from experiment, )$(r) is the computational response obtained from the
forward solver, and n is the number of samples.

Finally, an efficient and reliable optimization algorithm is adopted to obtain the inverse
results. The convergence criterion is used to judge whether the identified parameter is
available. If the convergence criterion is not satisfied, the new samples should be added
to reconstruct approximation model and it should repeat these steps until it is satisfied.

3 Parameter identification process applied on the discrete element model

3.1 Discrete element method (DEM) and bonded particle model (BPM)

DEM is an effective numerical calculation method based on particle interactions [Cundall
and Strack (1979)]. In the DEM, materials are treated as a collection of many discrete
particles that are connected by bonds. Each particle is considered as a rigid entity with
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defined surface and limited mass. The particle interaction is a dynamic process and the
movement of particles meets Newton’s second law and force-displacement law. The
movement can be divided translation and rotation, which are expressed as:

The translation motion:

F =m(ii —g) 2)

The rotation motion:

M=Ib+wxL 3)

where F is the resultant force acting on the particle, m is the mass of particle, g is the gravity
acceleration, u is the displace of the center mass of particle, M is the resultant moment
caused by contacts, I is the inertia tensor of particle, w is the angular velocity and L is
the angular momentum.

Potyondy et al. [Potyondy and Cundall (2004)] proposed bonded particle model to represent
the mechanical behaviors of brittle materials. In the BPM, all particles are bonded together
by contacts and can interact with each other at their contact points by following an internal
algorithm. In this work, BPM is used for DEM simulation of mechanical behavior of
limestone. There are two forms in the BPM: contact bond and parallel bond. Parallel
bond is widely used for describing the mechanical property of brittle material, as it
describes the transmitting both the moment and torque between the particles, and the
shear and tension force between the particles, as shown in Fig. 2. Therefore, parallel
bond is adopted in this study.

Shear breakage of Bond resisting

bond stiffness shear force Bond spring Contact

spring

Bond resisting
tension force

Parallel bond Tensile breakage of
bond stiffness

Figure 2: The BPM model diagram
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The contact force between the particles can be divided into normal and shear components
with respect to the contact plane as

F,=F'n; + F°t; 4)

where the contact force vector F; represents the action of particle A on particle B. F” and
F*® denote the normal and shear force components, respectively. n; and ¢ are the normal
and tangential unit vectors of the contact plane, respectively.

The magnitude of the tangential force F* is computed in increments. As the two particles are
in contact, F* is initially zero, and then it is incremental with the corresponding tangential
displacement increment. The normal force and the increment of shear force are calculated by

F'=K"U" %)
AF® = —K°AU? (6)
where K" and K* are normal and shear stiffness values at the contact, respectively. U” is the

overlap of the two contacting particles, AF* is the increment of the shear contact force,
and AU? is the relative shear displacement.

The maximum tensile and shear stresses acting on the bond periphery are computed (via
beam theory) to be:

—F" M
Omax = T + %R (7)
_ N
max )

where A is the area of the cross section of a bond; / is the moment of inertia of the cross
section of the bond; F and M denote the total force and moment associated with the
parallel bond respectively; R is the radius of bond.

Once the tension or shear force exceeds the limit of normal strength or tangential strength
between the particles (Tax = Tpond OF Tmax = Thond ), the bond between the two particles can

break. Simultaneously, the corresponding force and torque can be removed. The behaviors
of the bond at contact are shown in Fig. 3.

There are eight microscopic parameters in the BPM: the friction coefficient of the particles
1, the radius multiplier of the parallel bond ), the ball effective modulus E., the bond
effective modulus E,, the normal-to-shear stiffness ratios of the ball X, /K;, the normal-
to-shear stiffness ratios of the parallel bond K,/Kj, the tensile strength of the parallel
bond ¢,, and the shear strength of the parallel bond 7.. Some previous studies [Potyondy
and Cundall (2004); Su and Akcin (2011)] indicated that for brittle materials, the radius
multiplier of the parallel bond A\ is set to be 1, the ball effective modulus £, and the
parallel bond effective modulus E, are set to the same value, and the ball stiffness
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Figure 3: Behavior of the bond at contact in BPM

ratio K,,/K; and the parallel bond stiffness ratio E/E are set to the same value. Hence,
there are other five parameters (p, E., K, /K, o, and 7..), which are difficult to be determined
directly by experiments. Therefore, an inverse technique is developed in this paper to
identify these microscopic input parameters.

3.2 Forward analysis

In this study, a series of uniaxial compression experiments of limestone with different
sample deviations from the reference Cvitanovi¢ et al. [Cvitanovic, Nikolic and
Ibrahimbegovic (2015)] were applied to determine the parameters. As shown in Fig. 4,
the group ID is the original control group. Group A and group D are used to test the
effect of parallelism and verticality on the macroscopic properties, respectively. Based on

ID A D

(a) (b) (©)

Figure 4: Basic groups of specimens-ID, A, D. (a) Original control group (b) Parallelism
group and (c) Verticality group
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these tests, the DEM model could be built. When the angle of parallelism deviation of
specimen was 0° (Group ID), a corresponding DEM numerical model was established for
forward computation. The top and bottom walls are set in the DEM model and made of
horizontal straight lines to represent the upper and lower loading plates in compression
test. The stiffness of walls is much bigger than the particle stiffness to avoid any
distortion during testing, and the walls move toward the center of the model with a
vertical velocity of 0.2 m/s to simulate the uniaxial compression process. Then, a two-
dimensional DEM model for uniaxial compression test was constructed, as shown in
Fig. 5. In this model, the length W, height L and density p were 53 mm, 126 mm and
2570 kg/m’, respectively.

Wall

—_—

EEER
@ (v)

Figure 5: Specimen model and discrete element simulation model for group ID. (a)
Specimen model (b) Discrete element model

Generally, the more the number of particles for constructing discrete element model is, the
higher the accuracy of DEM model is. Several researchers have indicated that as the number
of particles is more than 6000, the model could be accurate [Potyondy and Cundall (2004)].
In this study, three cases with different number of particles are discussed to investigate the
effect of particle number. The computational results are shown in Fig. 6. It is found that the
computational curves with different number of particle vary slightly and the computation
time increases with the number of particle increases. Hence, in this work, to balance the
accuracy and efficiency, the number of particle for DEM was 12,016, the maximum-to-
minimum radius ratio was 1.66, and the minimum radius of particles was 0.3 mm.

3.3 Parameters sensitivity analysis

In the inverse technique for parameter identification, an essential condition is that the inversed
parameters should be greatly sensitive to the measured responses for reducing the ill-posed
problem [Aster, Borchers and Thurber (2013)]. Thus sensitivity analysis should be carried
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Figure 6: The DEM computation results under different particle number. (a) The stress-
strain curves and (b) The computation time

out to study whether or not model parameters have a significant causal-effect on the responses.
Then, these highly sensitive parameters are selected as inversed parameters.

The orthogonal experiment design (OED) method is an effective way to sensitivity analysis
with multiple factors and multiple levels [ Winer, Brown and Michels (1971)]. It is based on
the orthogonality selected from comprehensive test of some representative points test, and
these points have obvious features with uniformly dispersed, comparable and neat. Through
OED and data analysis, it can obtain the relative importance and effect of model parameters
to the responses. Then these five model parameters, p, E., K,,/K;, . and 7., were selected
as variables and a L;4(4°) orthogonal array was performed with factors and levels. In
reference Potyondy et al. [Potyondy and Cundall (2004)], the values of these five
parameters for rock materials have been obtained. Thus based on the previous study, in
this work, the initial ranges of these five parameters for limestone can be given,
1[0.3,0.6], E.[15 GPa,30 GPal, K,/K[1.0,3.0], G.[25 MPa, 40 MPal, and
7.[85 MPa, 100 MPa]. As the level of these parameters is four, four values in each range
have been taken uniformly. Hence, the levels of five parameters were [0.3, 0.4, 0.5, 0.6],
[15 GPa, 20 GPa, 25 GPa, 30 GPa], [1.0, 1.67, 2.33, 3], [25 MPa, 30 MPa, 35 MPa, 40
MPa] and [85 MPa, 90 MPa, 95 MPa, 100 MPa], respectively. Through forward numerical
computations, the three macroscopic response variables (Young’s modulus E, Poisson's
ratio v, uniaxial compressive strength (UCS) g.) could be obtained with different sets of
unknown parameters, as listed in Tab. 1.

According to the range analysis, the orthogonal experiment data of DEM computation was
analyzed. It should be noted that K7 is the sum of the evaluation index of level i for factor x,
k! =K'/4 and R, = max{kf} — mm{kj‘ } The greater the value of R is, the greater the
impact of this factor on the result is. The analysis results were listed in Tab. 2.

From Tab. 2, it shows that the parameter E,, K,,/K; and "o, have the greatest influence on E,
v and o, respectively. And the corresponding R values are 28.89, 0.208 and 46.23,
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Table 1: Results of orthogonal experiment

Number Factors Results

E.(GPa) k,/k; o. (MPa) 7.(MPa) u E (GPa) v o. (MPa)

1 15 1.0 25 85 0.3 31.95 0.134 104.62
2 15 1.67 30 90 0.4 29.04 0.224 112.96
3 15 233 35 95 0.5 2744 0.275 121.97
4 15 3.0 40 100 0.6 26.26 0.313 123.85
5 20 1.0 30 95 0.6 44.38 0.096 136.49
6 20 1.67 25 100 0.5 3941 0.21 98.15
7 20 233 40 85 0.4 36.16 0.285 135.39
8 20 30 35 90 0.3 33.96 0.338 110.49
9 25 1.0 35 100 0.4 54.05 0.121 145.06
10 25 1.67 40 95 0.3 47.68 0.239 145.25
11 25 233 25 90 0.6 46.46 0.267 93.99
12 25 3.0 30 85 0.5 43.44 0.318 100.03
13 30 1.0 40 90 0.5 65.55 0.108 161.38
14 30 1.67 35 85 0.6 5941 0.202 141.13
15 30 233 30 100 03 5351 0.298 105.02
16 30 30 25 95 0.4 51.75 0.323 84.2

respectively. In addition, in the range analysis of v, i has the second largest impact on v.
However, the R value of K, /K is still more than 6 times the R value of u. So the
remaining two parameters ;4 and 7., they have little effect on the calculation results.
Therefore, the three parameters (E., K,/K;and ;) have greater sensitivity to the
responses, which are defined as inversed parameters. According to the reference
literatures [Potyondy and Cundall (2004); Yoon (2007); Zhang and Zhang (2017)], the
values of parameter u and 7, can be set to 0.5 and 90 MPa, respectively. Furthermore, it
can be found from Tab. 1 that some computational responses are larger than the
experimental responses, while some are smaller. Consequently, combined with the
computational results of sensitivity analysis and experimental data, the range of the three
inversed parameters could be initially obtained, as follows: E. [20 GPa, 30 GPa], K,,/K;
[1, 3], and &, [30 MPa, 40 MPa].

3.4 Approximate model
Generally, thousands of forward computations may be performed in the process of
parameters identification, which is time-consuming. In this study, it should take about
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Table 2: Range analysis of Young’s modulus, Poisson’s ratio and UCS

k/ks o. T u

Parameters E.

ky 28.67/0.237/ 48.98/0.115/ 42.39/0.234/ 42.74/0.235/ 41.78/0.252/
(E/Nv/o) 115.85 136.89 95.24 120.29 116.35

k> 38.48/0.232/ 43.89/0.219/ 42.59/0.234/ 43.75/0.234/ 42.75/0.238/
(E/Nv/o) 120.13 124.37 113.63 119.71 119.4

ks 47.91/0.236/ 40.89/0.281/ 43.72/0.234/ 42.81/0.233/ 43.96/0.228/
(E/v/o) 121.08 114.09 129.66 121.98 120.38

k4 57.56/0.233/ 38.85/0.323/ 43.91/0.236/ 43.31/0.236/ 44.13/0.22/
(E/v/o) 122.93 104.64 141.47 118.02 123.87

R; 28.89/0.005/ 10.13/0.208/ 1.52/0.002/ 1.01/0.003/  2.35/0.032/
(E/v/o) 7.08 32.25 46.23 3.96 7.52

4 min of CPU times to perform single forward calculation by DEM. Therefore, the
computational cost is unacceptable for parameter identification by inverse method. In
order to improve the computational efficiency, in this work, the approximate model
technique is adopted to replace the computational computation.

As constructing approximate model, it is necessary to provide enough samples. In this study,
Latin hypercube design (LHD) method is used to generate samples as it is a space-filling
design with constrainedly stratified sampling method [Peter and Bradley (2011)]. In this
method, the sampling space are comprehensively stratified and split into a number of
subintervals, and then random samples from each subinterval can be taken. It enables the
sampling points to be distributed relatively uniformly in the whole design space, and
divides uniformly the design space of each variable, and each variable has the same
number of subintervals. As every level of each variable is uniformly used, the LHD
method can reflect the characteristics of the whole design space with fewer sample
points, which has the advantages of good balance and high efficiency.

In this study, 33 samples were produced by LHD method, as shown in Tab. 3. The
approximate model technique with radical basis function (RBF) [Mysers and
Montgomery (2002)], which is highly accurate for high-dimensional nonlinear problem,
is used to construct the approximate model. The general form of RBF can be expressed as:

y(x) = Zwmo(llx—xill) ©)

where y(x) denotes the interpolation function, ¢(||x —x;||) is radical basis function,
||x — x;|| is the distance between the vector x and x;, and w; is the weight coefficient of
each RBF, and m is the sum of basis functions. In this study, the Gaussian function is
used as basis function, which is written as
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Table 3: Samples generated by LHD method and the computational results

Number Input Output
E. (GPa) k,/kg o. (MPa) E (GPa) v o. (MPa)

1 20.03 2.89 38.15 35.05 0.312 119.84
2 26.00 2.82 34.12 45.77 0.308 112.87
3 29.18 2.69 30.82 51.85 0.300 108.24
4 27.86 1.47 3243 56.16 0.186 128.77
5 21.51 2.19 31.16 39.85 0.263 113.76
6 23.74 1.02 32.67 51.76 0.111 139.78
7 25.23 1.92 34.59 48.07 0.239 127.98
8 29.41 1.59 35.63 58.25 0.202 138.4
9 21.18 1.36 34.96 43.35 0.171 141.17
10 28.99 1.44 39.31 58.62 0.183 154.38
11 27.61 1.84 35.20 53.04 0.230 132.21
12 24.09 1.22 39.52 50.47 0.149 155.35
13 21.84 2.22 36.21 40.35 0.266 129.25
14 24.95 1.98 39.75 47.19 0.245 142.98
15 25.55 2.49 31.79 46.11 0.286 113.35
16 20.80 2.57 37.41 37.31 0.292 129.42
17 26.94 2.34 33.02 49.22 0.275 119.08
18 22.09 1.08 36.68 47.47 0.124 147.87
19 24.59 1.18 37.94 51.94 0.142 151.99
20 26.03 1.63 30.62 51.28 0.207 120.54
21 22.58 2.03 32.10 42.49 0.249 118.02
22 23.08 243 31.64 41.87 0.282 113.27
23 27.27 1.74 36.49 52.99 0.220 136.89
24 22.90 2.78 38.82 40.41 0.306 124.68
25 28.64 2.65 33.38 51.02 0.297 117.16
26 29.81 2.99 38.51 51.83 0.318 123.63
27 28.11 2.07 37.20 52.68 0.253 135.62
28 23.48 1.69 30.11 4591 0.214 115.51

[\
O

26.52 1.30 35.75 54.81 0.162 147.23
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Table 3 (continued).

Number Input Output
E. (GPa) k,/k a. (MPa) E (GPa) v 6. (MPa)
30 20.45 2.29 33.83 37.52 0.271 120.07
31 25.10 2.61 34.10 44.63 0.295 115.17
32 25.48 2.70 34.38 45.18 0.302 115.09
33 26.12 1.86 35.88 49.72 0.234 131.46
2
0 = exp(— X=Xl (10)
267

where 0 is the width of Gaussian function.
Then, in this work, the approximate model can be expressed as:
ky __
F(M) = y\ Ee, = 0c (11)
where M stands for 3 macroscopic responses, £, v, and o, respectively.

In this study, the front 30 samples were used to construct the RBF approximate model and
the last three samples were used to verify the reliability of model. The simulation of the three
samples and the RBF predicted output values (E, v , o.) are shown in Tab. 4. It can be seen
that the relative error between DEM calculation and prediction of RBF model was within
5%. Therefore, it indicated that this RBF approximation model is reliable.

Table 4: Comparison of simulation results with RBF verification results

Number Simulation results RBF verif results (Relative error)
E (GPa) » 6. (MPa) E (GPa) ) 6. (MPa)
1 44.63 0.295 115.17 44.84 (0.47%) 0.29 (-1.70%) 118.11 (2.55%)
45.18 0.302 115.09 45.23 (0.11%) 0.3 (-0.66%) 118.03 (2.55%)
3 49.72 0.234 131.46 50.07 (0.70%) 0.23 (-1.71%) 135.39 (2.99%)
3.5 IP-GA

In this study, intergeneration projection genetic algorithm (IP-GA) is adopted for
optimization algorithm. In the IP-GA, the child generation is produced by using
information from the parent and grandparent generations [Xu, Li and Wu (2001)]. IP-GA
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is a modification based on micro GA (uGA), to make use of its feature of small population
size per generation so as to maximize the efficiency. The intergeneration projection (IP)
operator aims to find a better individual by jumping along the move direction of the best
individuals at two consecutive generations so as to improve the convergence rate. The
IP-GA combines the uGA with IP operator and whereby has a better global convergence
performance. During this optimization algorithm, in this study, the number of binary bits
of each parameter is taken as 8. Each generation is set to 5 individuals, the crossover
probability is 0.9 and the stopping criterion is imposed to limit each IP-GA runs to a
maximum of 300 generations.

4 Results and discussions

4.1 Results

Based on the above presented inverse method, the parameters of BPM for limestone are
determined and the identified results are listed in Tab. 5. The convergence curves of IP-
GA for determination of objective function are shown in Fig. 7(a). It can be seen that the
IP-GA has good convergence performance. The convergence curve of IP-GA for the
three inversion parameters is shown in Figs. 7(b)-7(d). It shows that the convergence
efficiency is very good, and the maximum number of iterations is about 100.

Table 5: Inversed parameters and results

Inversed parameters Search range Inversed results
E, [20 GPa, 30 GPa] 27.01 GPa

K, /K [1, 3] 2.04

[ [30 MPa, 40 MPa] 35.55 MPa

As obtaining the identified result, the objective function value is just 0.0123, which satisfies
the evaluation criteria. And the computational result compared with the experimental curve
is shown in Fig. 8. In order to estimate the optimal fit between the calculated results and the
experimental data, the results are evaluated using the relative error RE and the correlation
coefficient CC. The functions of the expression are stated as follow:

[

M|

>io P = X0 i = X0M)]
e =X M = X))

where n is the number of sampling points and X (y) is the average value of the responses.

Generally, as the smaller the RE is and the closer the CC is to 1, it indicates that the
compliance of the result is higher. Through the calculation, the RE is 0.0378 and the

RE = (12)

CcC = (13)
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Figure 7: Convergence curves of parameter identification. (a) Objective function (b)
Effective modulus (c) Stiffness ratio and (d) Tensile strength
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correlation coefficient CC is 0.997, which indicate that the numerical results based on the
inverse parameter values are in good agreement with the experimental curves.

4.2 Discussions

In order to verify the availability and reliability of the inversed parameters, the numerical
computations for the parallelism and verticality of the sample shape in uniaxial
compression experiment were performed. According to the experiment of Cvitanovié
et al. [Cvitanovic, Nikolic and Ibrahimbegovic (2015)], different values of a and f (as
shown in Fig. 4) were used to simulate by DEM. According to these experimental
specimens, the corresponding DEM models were shown in Fig. 9.

@ b ©

Figure 9: Discrete element model of specimens-ID, A, D. (a) Original control group (b)
Parallelism group and (c) Verticality group

As shown in Fig. 10, it can be seen that the computational results were in good agreement
with the experimental results under the four different shape deviations. Tab. 6 lists the
evaluation indexes of the fitness of the two curves under each shape deviation. It is found
that the values of RE are relatively little, the values of CC are close to 1. It is also noted
that the minimum of RF is just 0.0452, while the maximum is 0.0886. And the minimum
of CC is just 0.9804, while the maximum is 0.9972. Moreover, the CC for the response
to the shape deviation of parallelism is slightly lower than the shape deviation of
verticality, and the overall error is slightly greater than the vertical response. These
results indicate that the parameters of DEM model identified by the developed inverse
procedure in this study are available and reliable.
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Figure 10: Comparison of experimental and simulation results. (a) a=1° (b) a=2° (c)

$=0.877° and (d) p=2.151°

Table 6: Evaluation index of coincidence degree under different shape deviation

Shape deviation RE CC

Group A 1° 0.0886 0.9804
Group A 2° 0.0555 0.9951
Group DO0.877° 0.0652 0.9923
Group D2.151° 0.0452 0.9972

5 Conclusions

In this study, an inverse method combined with experiment, numerical computation and
optimization algorithm is developed to determine the microscopic parameters of DEM
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model for limestone. To determinate the microscopic parameters, the sum of square of
deviations between the experiment results and the calculated results has been minimized
by the inverse method. A few experimental data, including the stress-strain curves, are
used for evaluating the identified material parameters, and the calculated curves are in
agreement with the experimental results well. Moreover, it verifies the accuracy of the
inverse results with the shape deviation experiments and the results demonstrate the
availability of this inverse method. Therefore, the developed inverse method is a helpful
tool to efficiently and reliably identify model parameters, providing scientific basis for
studying the mechanical properties of rock-like brittle materials.
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