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Abstract: A systematic hybrid modelling approach for heterogeneous geomaterials with irregular
block inclusions is creatively developed based on a deep learning technique, computational geometry
algorithms, and a 3D finite-discrete (or discrete-finite) element method; the approach includes the
following three major steps: (1) the deep learning-based image identification technique and the
computational geometry algorithm are employed to establish a 2D geometry library of realistic rock
blocks; (2) 3D block inclusions with desired block shapes are regenerated by a surface morphing
technique and then randomly allocated to the specimen domain based on the overlapping detection
algorithm; and (3) the finite-discrete element method is developed by integrating cohesive elements
with a solid mesh based on a finite element code to simulate the progressive fracture and interface
behaviours of heterogeneous geomaterials. To validate the proposed hybrid approach, a series of
synthetic specimens with Brazilian split tests are prepared and implemented from 2D to 3D. The
results verified that the finite-discrete model can be easily established through images, and the
consequent simulation performance is validated through comparisons between observations and
numerical results regarding failure patterns and stress-strain relations. Using the calibrated and
verified approach, we further numerically discuss the influence of the block-matrix strength ratio and
interface strength on the mechanical responses of bimrocks. All results demonstrate that the proposed
hybrid approach has a powerful ability to dealing with heterogeneous composite materials that

maintain the characteristics of both continuity and discontinuity.

Keywords: Heterogeneous geomaterials; Realistic shapes; Hybrid finite-discrete element modelling;

Fracture behaviour.
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1 Introduction

The mechanical responses of heterogeneous geomaterials with irregular block inclusions can be
very complex and problematic (Shao et al., 2017, Li et al., 2019 and Li et al., 2020). Representatives
include volcanic agglomerates, conglomerates, breccias, mélanges, and faulty or weathered rocks. The
block inclusion features, e.g., block proportion, size distribution, block shapes, and block-matrix
interfaces, significantly influence the mechanical and fracturing behaviours of these typical
geomaterials. The uncertainty regarding the mechanical properties caused by these factors also creates
great challenges for both engineering design and safety assessment (Raymond et al., 1984 and 2002;
Medley 1994 and 2002).

Numerous laboratory investigations have been conducted in recent decades to understand the
failure patterns and dominant influencing factors of these complicated geomaterials (Wang et al., 2018;
Sonmez et al., 2004; Sharafisafa et al., 2020). Previous studies have shown that the mechanical
properties are strongly related to the inclusion features, among which the block proportion (BP) is
believed to be a dominant factor affecting the mechanical behaviours (Napoli et al., 2018; Lindquist et
al., 1994; and Kalender et al., 2014). The mechanical strength, elastic modulus, and friction angles
tend to increase with increasing BP (ranging from 20%~65%), as the block inclusions contribute
strong mechanical properties. Other influencing factors, such as the block shape and size distribution,
affect the interactions between blocks and the matrix (Sonmez et al., 2016 and Li et al., 2013). The
failure characteristics are also significantly influenced by the interface strength. According to previous
studies, the fracture paths will negotiate tortuously around contained blocks and develop irregularly
throughout the matrix in most cases (Li et al., 2013 and Zhu et al., 2020). However, experimental
results show that fractures can also pass through block inclusions when contained blocks are relatively
weak or the matrix is well bonded (Wang et al., 2018 and Sonmez et al., 2006). For instance, in the
uniaxial compression tests conducted by Sonmez et al., (2004 and 2006), the cracking paths of
volcanic agglomerates were able to break through rock blocks. Sharafisafa et al., (2020) also found
that tensile cracks can go through block inclusions when they lie perpendicular to the loading
direction in Brazilian tests. Additionally, Medley et al., (2011) found that a high confining pressure
will lead to block cracking, especially in the case of a high BP. Overall, the fracturing behaviours of
the matrix and block inclusions impose notable effects on the mechanical responses of heterogeneous
geomaterials. Thus, developing an effective method that can fully consider the microstructures and
failure patterns of contained blocks is vital.

Since it is difficult to observe the micromechanical behaviours and internal interactions between
the matrix and blocks through traditional experimental apparatuses, numerical methods would be

helpful for investigating both the macro- and microcharacteristics of heterogeneous geomaterials.
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Many simulations have been carried out to consider their randomised microstructures. For instance,
researchers used regular geometries, such as spheres, ellipsoids, and polyhedrons, to represent block
inclusions (Emad et al., 2019; Coli et al., 2012; Xu et al., 2015), which might be applicable to quantify
the effect of the BP on the mechanical properties. However, realistic shape effects cannot be
accurately captured using regular block geometries. With the advancement of block reconstruction
techniques, more realistic block shapes can be obtained. For example, the two-dimensional (2D)
profiles and three-dimensional (3D) morphologies of natural rock blocks can be reconstructed through
digital image processing (DIP) and 3D scanning methods, respectively (Joseph et al., 2013 and Liang
et al., 2019). On this basis, some researchers have investigated the block shape effects on the shear
strength and failure behaviours (Zhu et al., 2020 and Gong et al., 2019). However, the shape features
of blocks cannot be freely manipulated through this approach. To quantitatively control the shape
features of block inclusions, other researchers have introduced spherical harmonic (SH) functions to
digitalize the morphology of contained blocks (Wang et al., 2019 and Zhou et al., 2015). Then, a
numerical model of composite materials containing massive stochastic and irregular blocks can be
generated in a rapid and precise manner (Nie et al., 2020). Nevertheless, the interfaces among the
blocks and matrix could not be precisely captured and replicated. In addition, Xu et al., (2016) and Lai
et al., (2019) built a framework to reconstruct realistic particle morphologies based on the discrete
pixel information of CT images. However, the scale of the particles reconstructed through the CT
method is quite limited. A desirable block morphology is difficult to obtain when the components are
rather densely packed. Furthermore, none of the abovementioned studies have fully considered the
fracture behaviours of rock blocks.

Most recently, simulations combined with an advanced block reconstruction method have been
developed as a powerful tool to understand the mechanical behaviours of heterogeneous geomaterials,
among which the discrete element method (DEM) is one of the most promising techniques. However,
different from experimental observations, most previous DEM research treated rock blocks as
unbreakable assemblies during the loading process (Liang et al., 2019; Zhu et al., 2020 and Gong et al.,
2019). In fact, the cracking and failure behaviours of block inclusions also play an irreplaceable role
in determining the mechanical properties of geomaterials, especially when the rock blocks are
relatively weak (Wang et al., 2018; Xu et al., 2008; Sonmez et al., 2004 and Sharafisafa et al., 2020).
Additionally, block-containing materials cannot be treated as either a complete set of discrete media
or homogeneous continuous materials due to their physical nature. Therefore, it should be more
appropriate to capture their mechanical responses through a hybrid approach with a combination of

continuity and discontinuity.
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The combined finite-discrete element method (FDEM) was first introduced at the end of the
1980s by Munjiza et al. (1995 and 2004) and was initially designed to model the fracture and
fragmentation of cementitious materials (Morris JP et al., 2006). An open source Y-FDEM software
package was developed by Munjiza, which included both 2D and 3D FDEM (Munjiza et al., 2004).
The Y-FDEM was further developed into various separate FDEM software platforms, such as VGeST,
Solidity and Y-geo (Farsi A et al., 2021; Mahabadi O et al., 2012). These functional platforms
significantly improved the applicability of the FDEM. In addition, several developments in FDEM
codes were also accomplished by the Chinese Academy of Science (Sun L et al., 2020). Yan's studies
make simulating fracture problems caused by multiphysics possible with FDEM (Yan.et al., 2019,
2021). Although FDEM models have been extensively applied in the scientific literature, a limited
number of examples are able to efficiently model the mechanical and fracturing responses of
heterogeneous geomaterials with irregular inclusions, which needs to consider shape effects and block

breakages.

To overcome the abovementioned limitations in existing works, this study aims to develop a 3D
hybrid approach to simulate heterogeneous geomaterials with block inclusions considering 3D
irregular block shapes, the block-matrix interface, and block inclusion breakage. First, a deep
convolutional neural network and computational geometry algorithms are employed to automatically
reconstruct a shape library of rock blocks from raw images. Subsequently, a morphing technique is
utilised to reconstruct the 3D rock block surface from selected 2D profiles with the desired block
shapes. Next, based on a unique overlapping detection algorithm, blocks with specified proportions
and gradations are randomly allocated to the sample domain to reproduce the realistic geometry
model. The finite-discrete element model is further developed by integrating cohesive elements into
the mesh in a fast and efficient manner, and the cohesive zone model is adopted to consider the failure
behaviours of both the rock and the block-matrix interface. Afterwards, a series of physical and
numerical Brazilian split tests are conducted on synthetic specimens to validate the reliability of the
proposed approach from 2D to 3D. Finally, the effects of the block properties and interface strength

on the mechanical properties are further investigated using the calibrated model.

2 Methodologies

2.1 Database establishment of 2D block inclusion outlines

Based on the authors’ previous implementations (Liang et al., 2019), the well-acknowledged

fully convolutional neural network (FCN), known as the U-NET, is employed to automatically extract
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the block profiles from the raw images of the heterogeneous rock specimen. The raw image, binary
mask and final output results of the identified rock block masks from the U-NET deep neural network

are illustrated in Fig. 1.

(c) final output of identified rock blocks
Fig. 1 Block profile extraction process
Generally, the images obtained through the trained network still have some defects, which affects
further morphological analysis and calculation. To solve the problem induced by holes, a relatively
mature pore filling algorithm can be used. For the segmentation of connected blocks, the classic
corrosion-flooding method is employed to separate the connected blocks. The specific process is
illustrated in Fig. 2 (a). Some of the individual rock block results that are identified and segmented

from a raw image of heterogeneous rocks are shown in Fig. 2 (b).
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(a) Corrosion-flooding process
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Fig. 2 Obtaining 2D profiles of realistic rock blocks

After acquiring realistic outlines of the blocks, the next step is to calculate the shapes at various
scale levels, as acknowledged in many previous studies (Nie et al., 2018 and Wang et al., 2019). The
shape descriptors (as shown in Fig. 3) at different scale levels are briefly summarised as follows:

(1) Evaluation of the aspect ratio

To reflect the block contour, the aspect ratio (AR) is often used, as follows:
AR = |:)minor /Dmajor (1)

where Dpinor 18 the width along the minor principal axis and Dyqj0r is the length along the major
principal axis. Note that D,,;,0r 1S also the measurement of the block sizes. Obviously, a smaller AR
value represents a greater slenderness of the block.
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(a) aspect ratios

(b) roundness

Fig. 3 Examples of the block shape calculation procedure
(2) Evaluation of the block roundness
Roundness (Rd) reflects the sharpness and smoothness of the block corners; it can be calculated
by the ratio between the mean curvature of the block corner and the radius of the maximum inscribed

circle of the block contour, as follows:
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where r; is the radius of the i;; corner circle of the block (in red), n, is the number of corner
circles, and R;,s. is the radius of the maximum inscribed circle (in yellow). The algorithm to
compute Rd is detailed in the author’s previous study (Nie et al., 2018).
(3) Establishment of the rock block database

To facilitate retrieval and sample preparation, the shape indicators of the rock blocks are stored
together with the coordinates, storage format number, outline, aspect ratio and roundness. Notably, all
the 2D outlines are installed based on the following criteria:

(a) For each outline, the geometric centre is taken as the origin, and the block is rotated to ensure

that the major orientation is parallel to the positive direction of the x-axis;

(b) The block size is normalised so that the longest axial length of the block is equal to 1;

(c) The discrete points are resampled from the 2D outline based on the cubic interpolation

method.

The selection of rock blocks from the block library is performed as follows:

(a) The ranges of the desired shape parameters are input.

(b) According to the range of these values, the 2D contour that meets the requirements can be

searched automatically.

(c) The visualised two-dimensional contour is selected and output.

After establishing the block library, selecting the 2D contours of the blocks that meet specific
requirements to facilitate the realistic reconstruction of 3D blocks is very convenient.

2.2 Stochastic reconstruction of a 3D heterogeneous specimen

The 2D block outlines with specified shapes are randomly selected from the established block
library to regenerate the geometry model of the 3D blocks. The employed algorithms have been
proposed and validated in previous studies (Mollon et al., 2013). The procedure is detailed as follows:

(1) First, based on the 3D block shapes El;p and Fl;p (the definition can be found in the
literature (Su et al., 2020 and Nie et al., 2018)), determine the AR,, ARj, and AR, of the three 2D
block outlines, a, b, and c, respectively, as follows:
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It should be noted that the selected outlines a, b, and ¢ are expected to match the top view
projection (xoy plane), front view projection (xoz plane) and side view projection (yoz plane) of the
reconstructed 3D block, respectively, as shown in Fig. 4(a~c).

(2) Then, based on the determined AR,, AR}, and AR, three 2D outlines are selected from the
established block database that have aspect ratios similar to the desired ones. To minimise the
differences between the aspect ratios of the selected outlines ARj, ARj, and AR; with the desired

values, a threshold value & is defined for the selection of the 2D outlines, as follows:

1(|AR, —AR| |AR,—~AR,| |AR AR
0=— + +
3| AR AR, AR

a

)

C

where the allowance is reserved to facilitate retrieval of 2D outlines.

(3) Next, since the aspect ratios of the selected 2D outlines may be different from the desired
values, AR,, AR}, and AR_, it is necessary to adjust the shapes of the selected 2D outlines to ensure
that the selected 2D outlines can match each other at the intersection points in 3D space, as shown in
Fig. 4(d). The following methodology is employed to ensure that the intersection points coincide with
each other. Taking the x-axis as an example, if xi # x! and x7 # x2, then outline b remains

unchanged, and outline ¢ can be stretched by the following:

2 1

; ; X© —X

i i 1 b b 1

X _(XC_XC) 2 1) %o Q)
X =X

With the same adjustment being applied in the y-axis and z-axis, the intersection points will share the
same coordinates.

(4) The outline points (x,y) are transformed from Cartesian coordinates into polar coordinates.
Then, the three selected 2D outlines a, b, and ¢ are positioned into the 3D spherical coordinate
system to form a curve skeleton, as shown in Fig. 4-d. In the next step, a continuous block surface
R(0, @) is generated from the curve skeleton. Note that the generated R(6, @) should match the
outlines in all three view projections.

(5) 3D interpolation algorithms (Mollon et al, 2013) are employed in this study. Taking the first
quadrant as an example (0 [0, z/2]), the generation process of the block surface is as follows:

Step 1: For half curve b; where 8 = 0, a revolutionary solid surface Rj, (8,¢) is generated by

rotating b; around the z-axis, as follows:
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Step 2: Ry, is stretched horizontally to ensure that the section outline of the newly generated

surface R ,’,1 matches the 2D outline a in the xoy plane, as follows:

R;n(e,w:Rm<e,¢{1+[1_l¢-ﬂ/2|) ra(e>—ra<o>} o

7l2 r,(0)

Step 3: To obtain a smooth block surface, Ry(0,¢), where 6=r/2, should match the half

curve ¢;. Thus, the surface R, ~should be further revised by the following:

R(©,0) = Ry, (0,0) + 7 [RL,(6,0) — R, (0.9)] g €l0m0el0n/2]  (8)

By repeating the same procedure in the remaining quadrants, a smooth 3D block surface is

obtained. Examples of the 3D block inclusions reconstructed from the 2D outlines are shown in Fig.
44(e). Compared with the original cross-section, each shape of the original block inclusion is

preserved.

2

(a) Outline a (b) Outline b (c) Outline ¢

O intersection

Pns outline b

(d) Their position in 3D space (e) The reconstructed 3D block surface
Fig. 4 Examples of the 3D block inclusions reconstructed from the 2D outlines

After the 3D block inclusions are reproduced, the next step is to randomly allocate the generated
9
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block inclusions into the predefined specimen domain. In addition to block shapes, two main rock
block features, i.c., the block proportion and gradation, are quantitatively controlled based on the
following algorithms:
(1) Rock block proportion

Assuming the desired total volume of the sample domain is Vi, and the block proportion is
Whiock» the volume of the solid blocks can be determined by the following:

Veiock = Vrotar X Whiock ©)

(2) Rock block gradation

Assuming that P(r;) is the cumulative volumetric percentage of blocks with size r (equivalent

radius) being smaller than r;, P(r;) follows fractal theory, as follows (Xu et al., 2018):

P(r) = L= o (1) (10)

VBlock Tmax

Assuming the number of block inclusions to be allocated is Npy¢q; and the number of blocks

with size r smaller than r; is N(r;), as follows:

NG = [t dN(r) (11)
where dN(r;) can be derived from dV (r;), as follows:

dAN(r,) = av(ry) _ VBiockdP(ri) (12)

4 4
Znr.3 Zr.3
37TTL 37TTL

Next, based on the above equations, we can obtain the following:

Ty 3V (3-D) _ _
N@) =), AN() = 0 (hnin ™ = 17°) (13)

Thus, once D, Tyin, and 73,4, are given, Niyeq; can be obtained by the following:

3VBlock (3_D)

-D -D
47D Ty 3P — Tmax ) (14)

Niotar = N(rmax) = (rmin

Then, the integer number i is substituted from Ny, to 1 to obtain the size 7; of the iy

block, as follows:

_p.D
_Dp . ATDTya 3P

1= [rin ™ — s (15)

3VBiock (3 _D)

Finally, the desired volume of the block can be determined as follows:
D _ ATtD Ty, P 3D

V—4n[r - i
Lo min 3VBiock(3—D)

(16)
(3) Rock block shapes and orientations
The scheme to control the elongation and flatness of the generated 3D block is mentioned in the

1
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previous section. Elzp and Fl3p can be predefined through the selection of the appropriate 2D
outlines a, b, and ¢ with AR, = El;p - Fl3p, AR, = El;p and AR, = Fl3p. Once the 3D block
surface R;(6, ) is reconstructed from the 2D outlines, we can compute the specific volume v; as

follows:
2 Ri(6,9)3
v; = fo”f(jTT“’dqode (17)

Then, the size factor k; can be obtained to scale the surface points so that the allocated block

has an identical volume to the desired block, as follows:

ki = 3YVi/v; (18)

Based on k;, the scaled R;9°"(0, ¢) of the generated block inclusions can be obtained as
follows:

RI"(0, 0) = k;R;(6, 9) (19)

For the orientation, the initial model of the generated block inclusion is expected to have the
major principal axis parallel to the x-axis. Thus, if the orientation (8]°%,°") of the iy, rock block
is specified, then R;9°™(6, ) can be further computed by the following:

R (6, 9) = kiRi(6 + 6]°%, ¢ + ¢°") (20)

After the virtual rock blocks with the specific shapes and desired sizes are determined, the final
step is to reconstruct the stochastic model of geomaterials with randomly distributed block inclusions.
Note that to ensure nonoverlap among block inclusions, the following procedure is performed to
randomly allocate the block inclusions into the sample domain from the largest to the smallest:

(1) The desired sample domain is defined as a cylinder with a diameter of L and a thickness of
H, and the origin of the global coordinate system is at the centre of the box.

(2) For each block inclusion to be allocated, the X;,0xs Xmins Ymax> Ymin> Zmax> a4 Zmin of
the surface points are computed using their local coordinate system, which can be easily obtained by
transforming spherical coordinates into Cartesian coordinates. Then, the location of the rock block
centre (x¢, Y., 2.) using the global coordinate system can be randomly determined based on the
following equations:

x, = ¢, -L-cos(s,-27)l2
y, =&, -L-sin(g,-27)/2 (21)
Z . =¢,-H
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where ¢,, &,,and &, arerandom numbers ranging from 0 to 1.

(3) Then, the overlapping condition among the allocated blocks is checked with the existing ones.
Assume that blocks A and B are the pair of allocated and existing blocks. The following substeps are
conducted:

Step 1: The axis-aligned bounding box of each block is determined by (Ppin, Pnax), as follows:

Prin = Xain =Xc Yiin = Yo Zmin — Zc]
(22)
Prax = Dmax + o Ymax + Yo Zmax+ 2]
Step 2: The overlapping detection algorithm (Sulaiman et al, 2014) is employed to check the
overlapping condition between bounding boxes (P;f;in, Préax) and (Pfflin, P,ﬁax) . If the
bounding boxes do not overlap, then blocks A and B do not overlap. If the bounding boxes
overlap, then Step 3 must be conducted.
Step 3: Block A is discretized into N,, points, while block B is represented by the continuous
surface function RZ (8, @) with their local spherical coordinate system. For each surface point
R:4(6;,¢), R*(6;,¢;) is transformed into the local spherical coordinate system of block B to

obtain R;A78 (HiA_)B , ;4B ) The penetration indicator I is computed as follows:

Fi — RiA—>B(9iA—>B’(piA—>B) _ RB(giA_)B'(PiA—)B) (23)

If T, >0, then point R;*(8;, ¢;) does not overlap with block B, while if T; < 0, then point
R;4(6;,¢;) intrudes into block B. If all surface points on block A are identified to be under the
nonpenetration condition, then the allocated block A does not overlap with block B. The overall

overlap detection process among blocks is illustrated in Fig 5 to provide better understanding.
Bouniding B | Bounding A

Bounding B Overlap detection

Hounding 3 among bounding boxes
Bounding B —_—
Bounding C

Overlap

Bounding/C S - Overlap detection \
3 between realistic blocks
z

Bounding A
X
Y

v

I = R4 (0,4°F,04~) — RP (8", i*~F) < 0

The point R;*(6;,¢;) on block A intrude into block B
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Fig. 2 Overall overlap detection among blocks
(4) Repeat step 3 until the allocated blocks do not overlap with all of the adjacent blocks.
(5) Repeat steps 2 to 4 until all the blocks are allocated.

Based on the above-detailed procedures, we can generate a stochastic model of realistic
geomaterial models with desirable block inclusion features. Examples of the generated models with

various BPs are illustrated in Fig. 6.

(a) 10% (b) 20% (c) 30% (d) 40% (e)50%

Fig. 6 Examples of the generated models with various BPs

2.3 Finite-discrete element model

The cohesive zone model was initially proposed by Barenblatt et al. (1959) and Dugdale et al.
(1960). This model is designed to handle mechanical singularities in crack tips and to monitor
mechanical behaviours such as material bonding, aggregate interlock, and surface friction (Yang et al,
2009). As discussed by Nguyen (2014), the cohesive element model is compatible with existing finite
element codes and can effectively avoid the tremendous time cost of tedious contact searching,
judging, and updating; thus, it is a good alternative choice for modelling the fracturing and failure
behaviours compared to other methods (e.g., extended finite element method). The details of the 3D
cohesive zone model can be found in the Appendix.

As fracture paths can be rather stochastic and irregular, cohesive elements are inserted
ubiquitously into the finite meshes. The basic scheme is to replicate and renumber the nodes of the
interfaces of adjacent elements and retain the coordinates of updated nodes. Thus, fabricated cohesive
elements have a zero out-of-plane thickness. Taking the COH3DS type of cohesive element as an
example (as shown in the left of Fig. 6-a), the coordinates of points 1, 2, 3, and 4 on element A
coincide with those of copied points 5, 6, 7, and 8 on element B, so the cohesive element (as shown in
the right of Fig. 6-a) is formed with point sequences from 1 to 8. Notably, a consistent nodal ordering
approach (anti-clockwise) of cohesive elements should be used to determine the correct normal

direction of surface cracks.
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Fig. 7 Structural characteristics of different cohesive elements

As the block surface is irregular, the nodal and elemental connectivity of the 3D numerical

model is extremely complicated. An efficient algorithm is needed to robustly process the tremendous
changes in the nodal and elemental information caused by the insertion of cohesive elements, which is

accomplished by the following steps:

(a) The nodal and elemental data of all solid elements are read from a meshed model.
Fundamental information includes the nodal coordinates, nodal labels, nodal connectivity, and
elemental labels. Then, both the nodal and elemental databases are generated to store the
corresponding information.

(b) The element faces can be categorised into two groups, i.e., element faces between adjacent
elements (shared faces) and faces on the geometric boundary (boundary faces). Note that only
shared faces should be replaced by cohesive elements, as shown in Fig 7. For each node on the
shared faces, the number of connected elements is calculated, which determines the replicating
times of the node. Taking node 1 in Fig. 7 (a) for instance, both solid elements A and B are
related to node 1. Thus, two new element nodes are generated to replace node 1.

(c) The coordinates of new nodes are consistent with those of the original nodes, whereas the
labels of the new nodes are numbered from the maximum label of the original meshes. With the

new nodes being labelled, the node connectivity of the connected solid elements is also updated.
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Taking solid element A in Fig. 7(b) for instance, the node connectivity changes from 1-2-3-4 to
6-2-8-10 after node updating. Then, the changes in the nodal and elemental information are

recorded in the aforementioned nodal and elemental databases.
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Fig. 8 Flowchart of the process of inserting cohesive elements ubiquitously
(d) For each inner face, three or four pairs of nodes can be found, which comprise a cohesive
element (COH3D6 or COH3D8, as shown in Fig. 7). The cohesive elements are labelled from the
last element label of the original meshed model. Then, the cohesive elements are classified into
three groups, i.e., the rock, matrix and interface cohesive elements, based on the properties of

two adjacent elements.

(e) Thereafter, the nodal and elemental information of both the updated solid elements and
cohesive elements are well prepared. Finally, a new hybrid numerical model with inserted
cohesive elements is accomplished.

The above procedure is clarified by the flowchart illustrated in Fig. 8.

3 Experimental validation

To carefully validate the proposed hybrid approach, the procedure employing only step 1 and

step 3, as a simplified 2D approach, is first examined by preparing synthetic heterogeneous discs with
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Brazilian split tests that are more homogeneous and easily controlled. Then, realistic 3D specimens
are fabricated to examine the 3D approach with all three steps.
3.1 Validation of the approach simplified in 2D
3.1.1 Preparation of the experimental and numerical specimens
To validate the proposed hybrid numerical method, Brazilian split tests are performed on
synthetic heterogeneous specimens for a comparison with the numerical results. Each disc has a
diameter of 50 mm and a thickness of 25 mm. Inspired by existing studies (Sharafisafa et al., 2020), the
matrix is composed of gypsum, while the rocks are made of Portland cement. The focus of this study
is placed on precisely simulating the deformation behaviour and failure patterns of heterogeneous
geomaterials using the developed hybrid numerical method. The purpose of choosing gypsum and
Portland cement is to mimic two types of components with distinctive mechanical properties. To
fabricate the synthetic specimens, geometric files are prepared first to generate the moulds of the
specimens through 3D printing techniques, as shown in Fig 9(a). Note that block outlines are
intentionally selected from the established block library. The procedure to manufacture artificial
heterogeneous discs is detailed as follows.
(1) As shown in the first column of Fig. 9(a), three moulds with block proportions of 20%, 30%,
and 40% are manufactured through 3D printing technology.
(2) The water gypsum ratio is set as 0.5. After mixing well, the gypsum liquid is poured into the
moulds to generate the matrix component. After 20 seconds of vibration and 4 hours of curing,
the matrix is demoulded.
(3) The water cement ratio is set as 0.4. Portland cement liquid is injected into the preset holes to
generate the block components. Subsequently, these specimens are placed on a vibration platform
for 20 seconds to remove any bubbles.
(4) Then, discs of pure gypsum and pure Portland cement are also generated to calibrate the
mechanical properties of the hybrid numerical model. Finally, all the specimens were kept in a
stable environment at a temperature of 20 °C for 7 days. The prepared specimens and

experimental equipment are shown in Fig. 8 (b).
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Fig. 9 Preparation of specimens and experimental apparatus

Brazilian tests are performed using a servo-controlled testing system with a maximum loading
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capacity of 50 kN. The split tests are conducted with a loading speed of 0.2 mm/min. Simultaneously,
hybrid numerical models are established using the same geometric files that were used to generate the
moulds. Therefore, the synthetic specimens can be perfectly replicated in the numerical analysis since
they share the same geometric files. Based on the matched geometry and same loading condition,
virtual Brazil split tests are also conducted on the numerical models, as shown in Fig. 10. As
mentioned in section 2.3, the cohesive elements embedded into all element interfaces are classified

into three groups, as shown in Fig. 11.

(a) Rock proportion 20% (b) Rock proportion 30% (c) Rock proportion 40%
Fig. 10 Numerical models of artificial heterogeneous specimens with various rock proportions
As shown in Fig. 9(b), additional tests are conducted on the pure gypsum and Poland cement
specimens. Thus, the macroparameters, including the density, elastic modulus, Poisson’s ratio, tensile
strength and shear strength, can be directly obtained through the experimental results. However, the
microparameters, i.e., stiffness, traction criteria and fracture energies, must be determined through a
calibration process (Tatone et al., 2015). Thus, a series of trial and error tests are performed to adjust
the microparameters. On the basis of previous research (Tatone et al., 2015 and Wu et al., 2018), the
following basic rules are adopted in the calibration process:
(1) Large stiffness values of cohesive elements are suggested to ensure the correct elastic
response. Among them, the shear stiffness is mostly weaker than the normal stiffness for
geological materials (Jiang et al., 2018, Wei et al., 2019 and Zhou et al., 2020).
(2) The traction criterion and fracture energies in the shear directions may be larger than those in
the normal directions according to conclusions from previous research on rock materials (Tatone
etal., 2015, Wei et al., 2019 and Zhou et al., 2020)
(3) The Brazilian disc strength is assumed to be a function of fracture energy. First, the fracture
energies are adjusted to find an appropriate parameter combination that yields both the correct
strengths and realistic fracture patterns. While none of the combinations can achieve the target
strength, the traction criteria of the interfaces are then changed. Subsequently, another iteration
process of fracture energies is carried out again.

After the carefully designed calibration process, the macro-micro mechanical parameters of the
1
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proposed numerical model are illustrated in Table. 1. Note that the modelling approach can also be
combined with optimisation methods or the transitional Markov chain Monte Carlo method to

efficiently identify all the mechanical parameters (Yin et al., 2017, 2018; Jin et al., 2019, 2020).
Table 1 Mechanical parameters of the numerical model

. Rocks Matrix Cohesive elements
Mechanical parameters

(Poland cement) (gypsum) Matrix  Interface  Rocks

Elastic modulus/MPa 20000 4000 - - --
Poisson's ratio 0.22 0.3 - - --
Tensile stiffness (GPa/m) -- -- 2000 1500 10000
Shear stiffness (GPa/m) -- -- 600 450 4000
Normal traction criterion/MPa - -- 1 0.8 2
Shear traction criterion/MPa -- -- 1.5 1.2 3
Mode-I fracture energy (N/m) -- -- 50 40 100
Mode-II-fracture energy (N/m) -- -- 100 80 200
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Fig. 31 Insight regarding the embedded cohesive elements
3.1.2 Results of the Brazilian tests and comparison
The failure characteristics of both the numerical modelling and experimental results are depicted
in Fig. 12. As observed from the figure, the numerical results show failure patterns consistent with the
experimental results. Due to the significant mechanical contrasts of the components and irregular
geometry of block inclusions, stress concentrations can easily occur at the interfaces between the

matrix and block inclusions. Thus, cracking is most likely to develop along the block-matrix
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interfaces. For the specimen with a BP of 20%, the crack first initiates around the matrix-block
interfaces and then develops almost vertically through the matrix. The failure patterns are similar to
those of a homogeneous brittle material owing to the relatively low rock proportion. With increasing
rock proportion, the failure patterns become much more irregular and complicated, as shown in the
specimen with a BP of 30%. Tortuous fracture surfaces, the detachment of blocks at interfaces, and
localised failure are observed. As the BP reaches 40%, the block components seriously restrict crack
propagation. It should be noted that block breakage is found at the top of the specimens since the
block happens to lie vertically along the crack paths. It is inferred that the mechanical properties of
heterogeneous geomaterials can benefit from the increase in BPs. The increasing rock block would
further constrain the crack propagation and improve the overall strength due to their own mechanical
strength advantage. Therefore, it is necessary to consider the breakage of a block when the modelling

block contains geomaterials.

RBP—-20% RBP—-30% RBP—-40%

RBP—20% RBP—-30% RBP—40%

Fig. 42 Comparison of fracture characteristics from the numerical and experimental results
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Fig. 53 Comparison of the load-displacement curves from the numerical and experimental results

The comparison of the load-displacement curves from the numerical and experimental results is
illustrated in Fig. 13. The numerical results agree well with the experimental results. It is apparent that
the split strength and elastic modulus of the specimens improve with increasing BPs. In the initial
elastic phases, the numerical results show limited fluctuations caused by the strain concentrations and
sudden detachment of the block-matrix boundary (Sharafisafa et al., 2020), which correspond with the
conclusion found in previous research. For specimens with BPs of 20% and 30%, the load dropped
dramatically after the peak strength. However, fluctuations and limited plastic deformation are found
near the peak zone of specimens with BPs of 40%. Inspired by previous research (Sharafisafa et al.,
2020), these fluctuations are caused by the abrupt breakage and interlock effects of rock blocks along
the loading direction. Thus, the failure of rock blocks could impose noticeable effects on the
behaviour of block-containing geomaterials.
3.2 Validation of the 3D approach with whole steps

3.2.1 Preparation of the experimental and numerical specimens
To further validate the proposed 3D approach with all three steps, synthetic specimens with block

inclusions are fabricated and tested. The components of the synthetic specimens, as illustrated in Fig.
14, include crushed limestone stone and red clay. Inspired by the experiments in the existing
publications (Afifipour et al., 2014; Wang et al., 2015 and Li et al., 2020), the matrix is fabricated by
mixing red clay with moderate cement to resume the cemented state. Additionally, three specimens
with 50 mm diameters and 25 mm thicknesses are cored from intact limestone to obtain the basic
mechanical properties of rock blocks, and three specimens of pure cemented red clay are also
prepared to calibrate the mechanical properties of the matrix. Four groups of test specimens, with
desired rock proportions ranging from 20% to 50%, were prepared for validation. Nine specimens
were prepared for each group, and the specific weights of each component for each group are

illustrated in Table 2.
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Fig. 14 Components of the fabricated specimens

Table 2 Weight of each component for every 10 kg of each validation group

Group RBP Cement (C50) Red clay Water Blocks
No, % kg kg kg kg
A 0 1.64 5.47 2.90 /
B 20 1.31 4.39 2.31 2.0
C 30 1.14 3.85 2.01 3.0
D 40 0.98 3.30 1.73 4.0
E 50 0.81 2.75 1.44 5.0

The major steps to fabricate the heterogeneous specimens include (1) adding the red clay, cement,
rock blocks, and water into the mixing machine in sequence and stirring; (2) pouring the mixtures into
the mould (as shown in Fig. 15 (a)) and compacting the mixture using a vibration table for 5 minutes;
(3) keeping the specimens in the mould for 24 hours and then demoulding the specimens; (4) keeping
the specimens in a moist environment at a temperature of approximately 25 °C and relative humidity
of 95% for 7 days for curing; and finally (5) polishing both ends of the specimens (Fig. 15 (a)).

To generate a numerical model that mimics the realistic rock block shapes of the test specimens,
some of the obtained cylinder test specimens are cut in the middle first to expose the inner sections
(Fig. 15 (b)). Then, the 2D rock block outlines are extracted using the proposed deep-learning-based
method in section 2.1. After shape quantification and database establishment, 2D outlines with
realistic shapes are employed to generate 3D rock block particles (Fig. 16). Based on the
corresponding rock proportion and block gradation of each experimental specimen, the stochastic 3D
specimens are reconstructed following the procedure proposed in section 2.2. Finally, the hybrid

2



514  models are obtained through the method provided in section 2.3. The reconstruction process of the

515  hybrid model is illustrated in Fig. 16.
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3.1. The calibrated macro-micro mechanical parameters of the 3D numerical model are summarised in
Table. 3.
Table 3 Mechanical parameters of the numerical model

Rocks Matrix Cohesive elements

Mechanical parameters

(Poland cement) (gypsum) Matrix  Interface = Rocks
Elastic modulus/MPa 35000 6000 -- -- --
Poisson's ratio 0.22 0.3 -- -- --
Tensile stiffness (GPa/m) -- -- 3500 2000 25000
Shear stiffness (GPa/m) -- -- 800 750 8000
Normal traction criterion/MPa -- -- 1.5 0.8 3.5
Shear traction criterion/MPa -- -- 2.5 1.3 12
Mode-I fracture energy (N/m) -- -- 85 50 150
Mode-II-fracture energy (N/m) -- -- 140 90 300

3.2.2 Results of Brazilian tests and comparison

The experimental and numerical results of the split strength are compared herein. As shown in
Fig. 17 (a) and Fig. 17 (b), the split strength of the experimental and that of numerical results shares a
consistent ascendant trend with increasing BP. The increasing rate is notably improved when the rock
proportion exceeds 30%. In addition, the dispersion of statistics slightly increases due to the
improving heterogeneity introduced by the increase in the rock proportions. Additionally, as shown in
Fig. 17 (c), the numerical results generally agree well with the experimental results, with a correlation
coefficient of 0.92. Even though increasing the rock proportion can amplify the uncertainty in the
prediction of split strength, the maximum error is within 8%. This suggests the validity of the

proposed model.
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Fig. 77 Numerical and experimental split strength results

The experimental and numerical split stiffness results are also compared. As shown in Fig. 18 (a)

and Fig. 18 (b), both the experimental and numerical split stiffness results increase linearly with

increasing rock proportion. Fig. 18 (c¢) shows the comparison results between the numerical and

experimental results. The numerical results correspond well with the experimental results in general,

with a correlation coefficient of 0.93. The maximum error of the split stiffness is within 6%. This

proves the effectiveness of the proposed model from another aspect.
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(c) Comparison of the numerical and experimental split stiffness results

Fig. 88 Numerical and experimental stiffness results

4 Discussion of influencing factors

To better understand the failure mechanism of heterogeneous geomaterials, this section illustrates
applications of the proposed hybrid numerical method in analysing the influences of the interface

strength and block-matrix strength ratio on the mechanical properties.
4.1 Influence of the strength ratio among rock blocks and matrix

To analyse the influences of the block-matrix strength ratio, realistic numerical specimens with
various strength ratios are reproduced using the proposed method, while the tensile and shear
strengths of cohesive elements in rock blocks are set to 80%, 120%, 160%, and 200% of those in the
matrix. For all models, the mechanical properties of the cohesive elements on the interfaces remain
the same.

(1) Failure characteristics

The failure evolution process of specimens with strength ratios of 200% and 80% are depicted in
Fig 19. Cracks initiate from the interfaces among the block inclusions and matrix due to the relatively
low interface strength, as shown in Fig 19. As block inclusions are much stronger than the matrix and
their interfaces, cracks tend to develop along the interfaces and matrix rather than crossing the rock
blocks, which results in a relatively irregular and tortuous failure path. With the development of
cracks along the interfaces, a tensile crack then emerges at the tips of the interface cracks and
penetrates vertically through the matrix. When the tensile split strength is reached, the stress shows a

sharp drop from Point B to Point E, as shown in Fig. 19 (a). The descent trend shows some fluctuation,

which may be caused by the friction and interlock effects of the block inclusions.

| == Rock proportions -30% B
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(a) Failure characteristics of specimens with strength ratios of 200%
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(b) Failure characteristics of specimens with the lowest strength ratio, i.e., 80%

Fig. 99 Failure evolution characteristics of specimens during the Brazil test

For the specimens with strength ratios of 80% depicted in Fig. 19 (b), the load-displacement
curve exhibits obvious fluctuations during the peak strength regions, which may be caused by the
splitting and failure of block inclusions. The failure paths are less tortuous than those illustrated in Fig.
19 (a), as the failure paths could directly pass through the soft block inclusions. After the tensile
strength was reached, the cracks developed rapidly until the specimen was completely split apart.
Furthermore, the stress shows a steep drop to zero. Thus, it is concluded that the strength ratio
imposes a significant impact on the strength and failure pattern of heterogeneous geomaterials.

(2) Distribution of the split strength versus the strength ratio

It is widely accepted that the mechanical and failure properties may vary dramatically with
different distributions of block inclusions along the cracking paths (Kalender et al., 2014,Wang et al.,
2018 and Sharafisafa et al., 2020). To better understand the influence of the strength ratio on the
mechanical properties, six different orientations (0°, 30°, 60°...... 150°) are tested for each specimen.
Furthermore, four types of rock proportions ranging from 20% to 50% are considered. The split
strength versus the strength ratio (80%, 120%, 160% and 200%) and the BPs are illustrated in Fig. 20.

In Fig. 20, the split strength generally grows with an increasing strength ratio. However, the
increasing rate slows down after the strength ratio passes 160%. The reason for this result is that the
split strength of heterogeneous geomaterials is largely dominated by the strength of the matrix and
interfaces when the block inclusion is much stronger than the matrix.

Specifically, the evolution of the split strength versus the BPs shows an increasing trend when
the strength ratio is larger than 100%. It can also be observed that the split strength increases notably

when the rock proportion increases from 40% to 50%, which is consistent with the findings in
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previous studies (Sonmez et al., 2004; Kalender et al., 2014 and Coli et al., 2020). Additionally, inspired

by the conclusion in the existing work (Afifipour M et al.,, 2014; Kahraman et al., 2015), this

phenomenon may be due to the interlock occurring among the hard inclusions, which could amplify

the strengthening effects of rock blocks and impede the failure evolution. However, when the strength

ratio is 80%, the split strength decreases as the BP increases from 20% to 50% because the block

strength is weaker than the matrix strength in this situation. This phenomenon coincides with

experimental results on the Misis fault breccia (Kahraman et al., 2015), which also has weak block

inclusions.
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Fig. 20 The evolution of the split strength versus the strength ratio under various BPs

4.2 Influence of the interface strength on heterogeneous geomaterials

According to the experimental results and the findings of previous studies (Li et al, 2013 and Zhu

et al., 2020), the interface strength also plays an important role in determining the mechanical

properties of block-containing materials. To further quantitatively evaluate the effects of the interface

2
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strength on the split strength, two sets of numerical specimens with rock proportions of 20% and 50%
are prepared. Each set consists of sixteen models with various interface strengths (40%, 80%, 120%
and 160% of the matrix strength) and strength ratios (80%, 120%, 160% and 200% of the matrix
strength). Each model is tested along six loading directions.

The relationships between the split strength and interface strength with various strength ratios are
shown in Fig. 21. In Fig. 21, with increasing interface strength, general increasing trends of the split
strengths for both sets are observed. The contribution of the strength ratio to the split strengths is
clearly magnified with an increasing interface strength. Thus, it can be concluded that an increase in
the interface strength will generally strengthen the heterogeneous geomaterials. By comparing Fig. 21
(b) and (d), the interface strength has profounder effects on the mechanical properties of
heterogeneous rocks when the block proportion is 50%. It is inferred that the split strength is more

sensitive to both the strength ratio and block proportion as the interface strength increases.
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Fig. 21 Split strength evolution trend of specimens versus the interface strength
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5 Conclusion

In this study, a hybrid computational approach was developed to model 3D realistic
heterogeneous geomaterials considering 3D irregular block shapes, block-matrix interface
characteristics and breakage of rock blocks. First, based on deep learning and computational geometry
algorithms, numerical specimens with the quantitative control of the block shapes and size
distribution can be reconstructed. Then, to capture the failure behaviours, a hybrid finite-discrete
model was established by inserting cohesive elements into the meshed model. To validate the
efficiency and accuracy of the proposed method from 2D to 3D, a series of physical and numerical
Brazilian split tests were conducted on synthetic heterogeneous specimens. Finally, the effect of the
strength ratio and interface strength on the mechanical and fracturing behaviour was systematically
discussed. The conclusions drawn are as follows:

(1) The deep learning technique has been combined with computational geometry algorithms to

automatically extract rock blocks from raw images to establish a database of 2D block outlines.

On this basis, the 3D surface morphing approach and block allocation algorithm have been

developed to reconstruct stochastic numerical models with the desired rock block geometry.

(2) The proposed hybrid finite-discrete approach with a set of calibrated parameters has been

verified to effectively simulate the mechanical behaviour of block-containing materials. The

numerical results agree well with the laboratory data for cases with different block proportions,
and the failure characteristics of the numerical results also match well with the experimental
observations with an evolution trend that is consistent as the block proportion increases.

(3) The block proportion was shown to have strong effects on the mechanical properties.

Normally, the mechanical properties are improved by increasing the block proportion. However,

the evolution trend will reverse if the rock is weaker than the matrix. Notably, owing to the

interlock effects of rock blocks, the strength substantially increases when the rock proportion

rises from 40% to 50% and the strength ratio is larger than 100%.

(4) A notable ascendant trend of the split strengths was found as the strength ratio or interface

strength increased. Both strengthening effects can be amplified by increasing block proportion.

However, the increasing rate tends to become moderate as the strength ratio or interface strength

reaches their matrix value.
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Regarding the good performance achieved, the proposed hybrid approach can serve as a
promising tool for modelling the mechanical responses of heterogeneous strata with irregular

inclusions during tunnelling and other geological engineering applications.
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Appendix: Description of 3D cohesive zone model

In the 3D cohesive zone model, the traction consists of a normal direction and two tangential
directions across the crack surfaces. Fig. A1 shows a typical evolution law between the traction and
crack separation in the normal and tangential directions, which is called the bilinear

traction-separation model.

A —> loading A —> loading

—> unloading —> unloading
t |— = damage initiation 1 damage initiation

nl

crack propagation

Jailure

(a) Tensile behaviour (b) Shear behaviour.
Fig. Al Constitutive model of the cohesive element

Owing to its simplicity and clarity, the bilinear traction-separation model is widely used and is
considered an efficient and convenient model to capture material fracture behaviours. At the early
stage, stress increases linearly with strain before damage initiation in both the normal and tangential
directions, which can be expressed as follows (Su et al, 2010):

Oq Emn Ens Ent || €n Enn Ens Ent |00 I(nn kns knt On
O =405 = Ens Ess Est Es 1= Ens Ess Est 55 = kns kss kst 55 (A1)
Gt Ent ESt Ett gt 0 Ent ESI Ett 5t knt kSt ktt 5t

where o is the nominal traction vector, ¢ is the nominal strain vector, and s is a displacement
vector that consists of three components in 3D scenarios. E and k are the elastic modulus and
stiffness matrix, respectively. T, is the original thickness of the cohesive element.

Then, with deformation growth, the curves enter a softening stage where damage is initiated. In
this study, the damage initiation law is determined by quadratic nominal stress, which takes into
account the interaction of three traction components, as shown in Fig. A2.
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where t,, t, and t, represent the peak strength of the nominal stress when the deformation is
either purely normal to the interface or purely parallel to the first and second shear directions. t_, t,
and are stress components. The operator ( ) is the Macauley operator defined as

(%) =3 (x+ ).

After damage initiation, the mechanical properties of the material tend to degrade gradually upon
loading. To define the damage evolution law of stiffness, a scalar damage variable D is employed to
represent the overall damage of the interfaces, with which the penalty tensile and shear stiffness can
be expressed as follows:

knp = (1_ D)kn ; ksp = (l_ D)ks ; ktp = (1_ D)kt ) (A3)

For the linear softening stage, as shown in Fig. Al, the damage variable can be expressed as
follows:

5mf (5mm - 5m0 )
S, 5mf - 5m0

mm

D= (A4)

where & represents the maximum displacement during the loading process, and s,, and &, are
the effective relative displacements at the damage initiation state and final failure state, respectively.
The effective relative displacement is defined as follows:

§m = \/<5n>2 + 552 + §t2 (A5)

The mixed-mode softening law can be illustrated in a single 3D map by representing the tensile

mode and shear mode on the perpendicular planes, as shown in Fig. A2.

A Traction

)4+t

Shear separation Tensile separation

()‘W = \/ <O‘7__>; + O‘f + 0‘,:

Fig. A2 Traction-separation response of the cohesive element in mixed mode
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