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The fracture propagation on the rock causes failure and impacts the sustainability time of the structure. As part of the present
work, sandstone with the variation of preexisting crack angle was simulated using the extended finite element method (XFEM).
The crack propagation on sandstone has a preexisting fracture angle of 30°, 45°, and 60°, with an equivalent crack length. The
impact of preexisting fracture angle on the possibility of crack propagation, failure mechanism, and displacement at a critical
point of all models was studied. The numerical simulation revealed the crack angle of the model control vibration and its
impact on the model’s seismic stability. The XFEM results are validated with reference to those available in the literature.
Artificial neural networks (ANNs) are used for prediction by considering the training, testing, and validation process and
analyzing prediction errors. The present simulation’s conclusion significantly supports the model’s displacement prediction
with no crack propagation occurrence. In addition, by considering the preexisting fracture angle of a model, the load
sustainability can be estimated.
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Summary 1. Introduction

The displacement and different crack types in bedrock occur

e The impact of the preexisting fracture angle on crack  due to geostress [1], seismic loading [2], and the application
propagation was studied. of external forces from the construction process, such as pile
nailing [3, 4]. The nonlinear differential displacement on the

e To recognize loading and unloading displacement by 4] and rock accelerates the crack propagation. Due to the
calling vibration mechanisms. complicated geostress behavior, it is necessary to recognize
the seismic stability of the rock stone under seismic loading.
The angle of the preexisting crack appears in different

e The results of the extended finite element method  directions and lengths, and it varies in different parts of
(XFEM) were validated with reference to the literature. ~ the bedrock in association with the shape of the rock, which
is critical for load transferring [5]. The crack impacts under-

e The artificial neural network (ANN) is applied for  ground structures such as tunnels [6] and the stability of
integrated prediction. soil-structure interaction [7], and leads to changes in earth

e The failure mechanism and displacement were studied.
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F1GURE 1: The study procedure.

TaBLE 1: Mechanical properties of sandstone [42] and geometrical properties of the model.

L, . Unit weight, Modulus elasticity, . .
Poisson’s ratio, v v (KN/m %) E (MPa) Length (L )/(mm) Width (W )/(mm) Thickness (h )/(mm)
0.25 24 35,000 600 600 60

structure seismic stability and instability [8]. The impact of
the preexisting crack angle on the damage and failure of
the sandstone model needs to be investigated. In addition,
it is essential to analyze the influence of seismic acceleration
on the displacement of critical points of the model.
Propagation of preexisting cracks causes failure of the
earth’s structure. With an increase in the number of preex-
isting cracks in the earth’s structure, the seismic response
and nonlinear displacement, strain, stress, vibration mecha-
nism, and failure of the model change and lead to a reduc-
tion of the safety of the earth’s structure [9]. Numerous
earth structures facing liquefaction cause settlement [10,
11]. Experimental and numerical simulations have been used
to study the seismic response of the earth dam, causing lique-
faction in the soil foundation and internal cracks on the earth
dam due to nonlinear settlement. In the numerical simula-
tion, the crack of the earth’s structure has not been simulated
[12]. Appropriate numerical simulation is essential for the
cracking of the earth structure model to understand the rela-
tionship between the crack and the settlement of the model.
The failure and damage progression in brittle rocks
shows that sandstone’s brittle failure is associated with the
mechanical properties of rock [13]. The crack initiation
and propagation on sandstone are investigated by consider-
ing stress and strain development [14]. The fracture tough-
ness of sandstone changes with stress and strain rate

mechanism [15]; due to the stress and strain associated with
the crack, it is necessary to investigate the strain and strain
during the crack propagation.

Fracture damage and mode classification of rock were
predicted using uniaxial compression [16, 17]. Several
numerical and experimental studies have been conducted
to assess crack coalescence [18, 19]. Following this excellent
research work, the nondestructive works were proposed
through the digital image used for crack analysis in the frac-
ture behavior [20-22], as well as using precursory acoustic
emission (AE) time series for forecasting catastrophic rup-
ture in brittle rock and concrete. The damage developments
in the samples are identified by the mixing of nondestructive
tests of AE and digital image correlation (DIC) with uniaxial
compression testing methods in real time [23-25]. Consider-
ing previous works, the finite element method is needed to
analyze the crack propagation of the rock.

The seismic loading causes sudden failure by raising
critical stress on the earth’s structure, concrete [26], and
rock [27], with the appearance of single and multidirec-
tional cracks [28]. Therefore, simulation of the damage
and failure law for rock containing preexisting cracks
under seismic loading is vital for predicting long-term sus-
tainable underground structure construction. In view of
engineering design, the impact of the crack angle on dam-
age and failure law must be clearly understood by the
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FIGURE 2: The seismic data from the Florina earthquake that occurred on January 09, 2022 [43].

10

0.1

Explanation

/\ Seismic stations
O DYFI stations

Prediction

FIGURE 3:

Predictions and observations

10 100
Rupture distance (km)

MMI for Florina earthquake with 5.5 MWW [43].

85UB01T SUOWILLIOD BAITEaID a(qedl(dde ay Aq pausenoh are sspiie O ‘esn Jo sanl oy ARIg1T auluQ A3]1IAA UO (SUOIPUOD-PUR-SLLLIBYWOD" A3 1M Aiq 1]oul|UO//:Sd1y) SUORIPUOD pue SWB | 8Y) 89S *[5202/50/20] Uo ARigiauliuQ A1 eskelrIN UileeH JO SInlisu| uoieN Aq 006799%/2dpw/SSTT OT/I0p/wod A3 1M Afeiq juljuo//sdny woJy papeojumod ‘T ‘G20z ‘dpw



+$?+f$$$f+++*:;

Point of analysis

600 (mm)

et "-:; Length of crack
LeetTN30°0 | =300 (mm)

2
P T FF T F T I T T I T FFFFTFF T

600 (mm)

EEIENIESIRNINY
(c)

Point of analysis

600 (mm)
7

. Length of crack
A =300 (mm)

..' 60°

FTI I P T T I 7 T F P I 7P I 7777

600 (mm)

Material Design & Processing Communications

EEIREIEEEREEN
(®)
T Point of analysis
c -
f=3 ."
S
. o’ Length of crack
R \+45° =300 (mm)
- ./II/II/IIIIII/IIIIII
600 (mm) |
Fixed base

Dimension of the Models 1, 2 and 3
600 (mm) x 600 (mm) x 60 (mm)

F1GURE 4: (a—c) The model used in numerical simulation.

geotechnical designer. In addition, the effect of the angle of
the preexisting crack on displacement at a selected model
point needs to be investigated.

In geotechnical engineering, differential displacement
occurs due to factors such as the application of seismic load
to the model [29], nonlinear soil structure interaction [30],
the shape of the foundation when the model is subjected to
the seismic loading [31], heat treatment [32], liquefaction
[33], and cyclic high-speed (300 km/h) train loading apply-
ing to the soil foundation [34]. Considering these reasons
for the development of differential displacement, the crack
propagation shape due to the preexisting crack angle must
be studied accurately.

Statistical analysis has been reported to predict and clas-
sify the geotechnical results obtained from the experimental
and numerical simulation outcomes [35-38]. There are sev-
eral statistical attempts to predict engineering phenomena
[39-41]. The ANN supports enhancement prediction through
training, testing, and validation of the prediction accuracy.

Using XFEM, the shape of crack propagation due to the
initial status of the preexisting crack angle was studied, as
well as its impact on the failure mechanism and displace-
ment of the model. Additionally, the displacement associ-
ated with the initial status of the preexisting crack angle
was predicted using ANNS.

The objectives of the current study are as follows:

e To evaluate the initial status of the preexisting crack
angle in displacement of the model.

e To predict the displacement of the model by employ-
ing ANNGs.

Free boundary

Fixed boundary @ Axial load

Free boundary

Free boundary

Fixed boundary
Lateral load 3 Fixed boundary

Free boundary

Fixed boundary
(a) (b)

F1GURre 5: The boundary conditions for applying seismic load to the
models, (a) the fixed boundary at the single vertical side of the
model and (b) the fixed boundary at the single horizontal side of
the model, are simulated [45].

¢ To study multidirectional displacement at a point, rec-
ognizing them from loading and unloading displace-
ment by calling them vibration mechanisms.

2. Method and Materials

Figure 1 demonstrates the entire numerical simulation and
application of the statistical analysis process for predicting
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FiGurk 6: Simplified ANN method with a flow chart.

the displacement. Numerical modeling was conducted to
design the clay landfill cover under seismic loading. The
fracture’s angle, mechanical properties of the sandstone,
and characteristics of seismic acceleration are the main
parameters. In addition, the model’s failure mechanism, dis-
placement in its selected critical point, and crack propaga-
tion are the model’s primary outcomes. These parameters
have been considered according to the crack angle in the
numerical simulation of the sandstone, which is subject to
seismic loading in a single direction. In order to validate
the results of the numerical simulation, the outcome of the
simulation has been compared to available data in the liter-
ature. Table 1 illustrates the mechanical properties of the
sandstone used in the numerical simulation. For all models,
a single material type was selected.

Figure 2 depicts the seismic acceleration of the Florina
earthquake, which occurred on January 09, 2022. The earth-
quake had a magnitude of 5.5 MWW and a depth of 10.0 km.
The seismic acceleration in the 0°, 90°, and 360° directions
has a dissimilar vibration mechanism.

The model has been subjected to multidirectional seis-
mic loading to simulate its boundary conditions accurately
[44]. However, in the present work, the seismic acceleration
was applied in a single direction for simplification. In addi-
tion, the critical duration in the 90” direction has been used
in the numerical simulation.

Figure 3 demonstrates the Modified Mercalli Intensity
(MMI) for the Florina earthquake with 5.5 MWW. The seis-
mic station was used to estimate the shaking intensity of the
earthquake at a specific distance, as shown in Figure 3. This
effective shaking intensity of the earthquake impacts struc-
tures and objects and causes damage. According to the pre-
diction and observation from data collection in the
earthquake station, the seismic acceleration from 19.8km
away from the earthquake station was applied to the model
in the numerical simulation.

Figure 4 depicts the three models for the numerical sim-
ulation. It is assumed that the bottom of the model is rigid,
and the seismic acceleration is applied to the model in the
vertical direction. According to the boundary condition,
the model is subjected to the nonlinear tensile loading in
both positive and negative directions. The preexisting frac-
ture’s angle of 30°, 45°, and 60° was simulated in three
models. The length for all preexisting fractures is 300 mm.
A point of analysis was selected for measuring the nonlinear
displacement of the model during the model facing the
propagation of the preexisting fracture and leading to the
failure of the model.

The crack propagation of rock-like material due to seis-
mic loading has been simulated. For simplification, axial
nonlinear loading was applied vertically to the model to sim-
ulate crack propagation [45]. Figure 5 used the same method
of applying seismic loading. The boundary condition used in
this study is presented in Figure 4.

The boundary condition of this study was previously
verified according to the literature report [45].

During the transfer of seismic waves, the transmission
and reflection phenomenon occurs at the interface [46].
However, due to the model’s small size, the reflection and
transmission phenomena are usually unrecognizable in the
numerical model [45]. As part of a recent 2022-based study,
the seismic loading was applied to the specimen with 76 x
152mm dimensions, and the transmission and reflection
phenomenon did not occur [45].

Another experimental study reported appropriate results
for crack propagation simulation of the specimen gypsum
with 76 x 152 mm dimensions [47]. The numerical approach
was carried out for crack propagation of rock-like material
with 76 x 152 mm dimensions, and the same numerical sim-
ulation results were observed in laboratory experiments [48].
In addition, for the simulation of crack propagation on rock-
like material, the experimental investigation has been done
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F1GURE 7: The crack propagation in the model with different preexisting fracture angles.
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FiGure 8: The displacement at the selected point of the model.
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FIGURE 9: Displacement and failure mechanisms in the last stage of the numerical simulation.

by designing a specimen of 635 x 279 x 203 mm dimensions
[49]. In the current study, with the transfer of seismic
waves, the transmission and reflection phenomenon, and
acceptable results from the previous research, the specimen
with the size of 600x600x60mm dimensions has been
designed for the simulation of the crack propagation. The
model contains preexisting cracks, and the seismic loading
was applied based on the seismic data from the Florina earth-
quake mentioned previously.

2.1. ANN. ANN establishes a nonlinear connection from the
input to the output of a system without acknowledging the
statistically simulated model. By using algorithms to train,
test, and validate the data, ANN produces appropriate pre-
dictions concerning input with acceptable generalization
and quality.

The backpropagation (BP) algorithm is the keystone of
the neural network training process. The algorithm
improves prediction by minimizing error by applying the
forward and backward phases. The forward pass provides
propagation and transformation of the input at all ANN

layers individually, and the backward pass improves the con-
nection of weights and bias [50]. An accurately designed
ANN produces a precise input-output. Overfitting data is a
potential problem in ANN. Overfitting is an occurrence in
ANN that memorizes the training phase data alone. An
ANN subjected to overfitting training cannot represent the
actual relationship between the inputs and outputs [51,
52]. The training and validation errors are compared to
avoid overfitting, and the training error must not be smaller
than the validation error. The training phase needs to stop at
an appropriate point [53]. BP performs highly in ANN and
can develop nonlinear mapping with associated nonlinear
relationships between inputs and outputs [54]. It has been
seen that ANN presents acceptable precision in the calcula-
tion of crack openings [55]. Selecting a single hidden layer
for ANN architectural design leads to acceptable results
[56]. The present study selects a single hidden layer for
ANN architectural design.

Because of the high experimental laboratory require-
ments budget and to minimize the time in making engi-
neering decisions, ANN is used in many geotechnical

85U8D| 7 SUOWWOD BANES.ID 3[dedtjdde 8y} Aq peusenob a1 9 VO ‘SN Jo SajnI 10} AIgIT8UIUO A8]IM UO (SUONIPUOD-PUR-SWLB) L0 AB| 1M AReIq U1 UO//SdNY) SUORIPUOD pUe sWie 1 84} 88S " [6202/50/20] Uo AriqiTauliuo Ao|IM ‘esAeRIN Ul ESH JO SeIniisu| uoiieN Aq 006v99t/2dpw/SSTT 0T/10p/wod A8 | Ariqijeul|uo//sdny woj pepeojumod ‘T ‘520z ‘dpu



8 Material Design & Processing Communications
0.001 - Stable‘zone | DisplacemenF zone ‘ ‘ ‘
- A \ \ .
I R D e S I R I R
0.000 :
5 :
O A <ol DR N IR D R R A R
? _0.001 ‘ j j ‘
R B S L ISR B T R Tt
Model with a preexisting fracture angle of 30° - : \
-0.002 + + + + + + -
0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0
Crack growth zone Time (s)
0.001 — A
0.000
g
- | EETERETEE FERRIIRRT (NRTREITER] SERRTRRETE ERRRITRRE (RRRTRERETE! SERRETREEY ERRTRTRTRE FERRRIEE
“ ~0.001
1 'Mo'djel With'a'pl‘e'e)ifi'st'ihgf acture Eéhglé of45° T
-0.002 + + + + + + -
0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0
Time 9
0.001 - Stable zone ”
e BERN ISO SO OS NOR A I
0.000 ‘ 3 ‘
5 :
8 - /_/—//_\_ """""""""""""""""""""""""
“ ~0.001 : :
| ‘
,,,,, Y e R
acture angle of 60 :
-0.002 ' ' ' ' ' '
0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0
Time (s)

FIGURE 10: The strain at the selected point of the model.

engineering [36, 37]. In addition, recent studies show that
advanced mathematical methods applied in ANN and sta-
tistical methods result in appropriate prediction and also
support the integrated results of the experiment with more
accuracy compared to the old method [36-41].

The n presented input as x = x;, x,, -+, x,,. Each input is
linked with a weight that is selected randomly. The nodes of
the hidden layer output and their values are calculated using
Equation (1). And finally, the output of the entire network is
calculated by using Equation (2) [57].

=9 Zxrwiﬁb,- 1= Lt W)
i=1
Mhid ,

Vi =F| D YiWike, | k=1 oo @)
j=1

In Equations (1) and (2), n;, presented the quantity of
required input for nodes of the network, n,,4 stands for the
number of designed hidden nodes, wy refers to the weight

of joining the iy input node to the jy, hidden node, b;

refers to the bias of the network for the j; hidden node,
x; stands for the i, feature of the input vector, n;,, will
be the output of the iy, input node, and g presented for
the activation function of the hidden nodes. n,, is pre-

sented for the number of nodes at the output layer, wy
refers to the weight linking the j, hidden node and the
kg, output node, b, stands for the bias of the ky output
node, and f refers to the transfer function of the k,, output
node [57].

Each processing element comprises weighted inputs, a
transfer function, and one output. Equation (3) indicates
the sigmoid function which is a popular activation function.
The activation function performs a forceful role in estimat-
ing nodes” output [58]. In the present study, the sigmoid
function is used. The sigmoid function is a nonlinear S-
shaped function that designs nonlinear planning to make
appropriate input and output connections.

1

f(X)= %) (3)

In this study, the Levenberg-Marquardt algorithms, the
training, validation, and test data have been applied by using
the Abalone Data Analysis set.
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FIGURE 11: The stress at the selected point of the model.

According to the statistical analysis presented in the lit-
erature [59], Equations (4) and (5) are used to assess the pre-
diction quality made by ANN.

RMSE = - Z (d-d,)’ (4)

i=1

RP=1- M (5)
Z?:lZ(d_Do)

where d is the acquired nonlinear displacement by XFEM, d,,

is the predicted nonlinear displacement by ANNs, and D, is
the mean of nonlinear displacement from XFEM.

The ANN has been used to predict a connection between
crack propagation magnitudes and characteristics of the
cyclic load [60]. In the lack of crack propagation, the impact
of the preexisting crack angle on the displacement mecha-
nism of the model must be investigated using ANN. ANN
is a nondestructive testing procedure that supports engineer-
ing decision-making, seismic design reliability evaluation,
and trustworthiness management performance. Figure 6
shows a flow chart and simplified ANN design.

2.2. XFEM. Belytschko and Black proposed the XFEM. Based
on this concept, XFEM was applied in the Abaqus, and 3D
XFEM was used for crack propagation of the backfill [8, 9]
and clayey cover of the landfill [2]. XFEM is usually adopted
for geotechnical engineering [2, 8, 9]. Equation (6) is the
standard form for crack propagation by performance of
XFEM in the advanced numerical simulation [61, 62]. For
integration, Belytschko et al. [63] proposed a more accurate
Equation (7), entitled the shifted XFEM assessment.

W'(x) = Y N(x)u;+ Y Nj(x).¥(x).a; (6)

)= ENGu+ ¥ NI -l (7)

Equation (8) is used to obtain the displacement field
according to the XFEM [64].

Uyfern (X) = ZNi(X)'ui + Z N;(X).H(X).q
i=¢ i=pH

4 (8)
+ ZNI(X) Z Foc(X)'bi(x

i=¢c a=1
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where g; is the unknowns associated with the enrichment, b,
is the degrees of freedom of the enriched nodes, F, is the
crack-tip function, H is the Heaviside function, N;(x) is
the standard finite element shape functions, N} (x) is the
partition of unity, u; is the standard finite element
unknowns, and ¥(x) is the global enrichment function

In the present work, the initial preexisting crack is one of

the main parameters for using XFEM.

3. Results and Discussion

According to Figure 7, when applying the same magnitude
of seismic acceleration and boundary condition, the angle
of the preexisting crack is responsible for the propagation
crack. The interface strength of the crack was associated with
the angle of the propagation crack. The loading and unload-
ing stiffness of the model was changed in association with
the crack’s angle on the crack propagation process. Accord-
ing to the numerical simulation results, the model with the
preexisting fracture angle of 45° contained the preexisting
fracture and propagated fracture sections.

The crack on the model propagates during the changing
direction of the seismic loading [45], and the simulated
model’s loading and unloading minimize the material’s
strength and stiffness and lead to the model’s failure.

Figure 8 shows the displacement applied to the selected
point. Figure 4 highlights the selected point for analyzing
the displacement in the vertical direction. Based on the
boundary condition, the main applied load on the model is
seismic loading in the vertical direction. The vertical dis-
placement is depicted in Figures 8 and 9 for the models with
the preexisting fracture angles of 30°, 45°, and 60°. The
model with a preexisting fracture angle of 45° has a different
displacement mechanism than the model with the preexist-
ing fracture angles of 30° and 60°. The propagation of the
crack causes a change in the displacement mechanism.

Figure 9 illustrates the displacement and failure mecha-
nisms of the models. The models with the preexisting frac-
ture angles of 30” and 60" are subjected to punching in the
lower part of the preexisting fracture. During the final stage
of the numerical simulation, two parts of the model, with the
preexisting fracture angles of 45°, have been separated,
which impacts recording placement. Concerning Figures 10
and 11, by considering stress and strain diagrams, it is
observed that the crack propagation of the model with pre-
existing fracture angles of 45° has been completed in time
before 0.14s. In comparison, the models with the preexisting
fracture angles of 30" and 60° have resistance against crack
propagation until the applied acceleration loading ends.

Crack propagation was associated with the stress devel-
oping in the model. The model with a preexisting fracture
angle of 45° faces a different mechanism of stress fluctuation
compared to the model with preexisting fracture angles of
30° and 60°. During crack propagation, the stress exhibits
high and low levels. When the model is not subjected to
crack propagation, the stress causes displacement in the neg-
ative direction. The stress associated with the crack propaga-
tion controls the displacement produced in the model.
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FIGURE 12: Regression analysis for displacement prediction.

The seismic loading acts on the rock in multiple direc-
tions, developing tension and shear loading. The crack prop-
agation results from seismic loading, rock fracture
mechanics, and seismic energy studied [65, 66]. The XFEM
outcome was validated using the scale test results [67]. In
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TaBLE 2: Data used in ANNs for the model with a preexisting
fracture angle of 30°".

11

TaBLE 3: Data used in ANNs for the model with a preexisting
fracture angle of 60°".

. N v ey v e
ss (MPa) (mm) angle () strain stress (MPa) (mm)
) 30 -146627¢-5 060127 0.00524 1 60  -12579%-6 0 0.01045
2 30 -217066e—4  —1.82821 -0.03561 2 60  -9.94953e—5 144689 ~0.0319
3 30  -485433e-4 2726469 044882 3 60  —4.66846e—4 -22.03171 ~0.4721
4 30  -477652e-4 1950649 —035018 4 60  -425406e—4 167743 -0.34048
5 30 -4.43228¢ —4  -19.18037 -0.33195 5 60 —-3.81802e -4 -17.23474 -0.33313
6 30  -551786e-4 -1986613  —0.35548 6 60  -4.41857e—4 —16.98832 -0.34829
7 30 -0.001 ~38.1682 068537 7 60  -8.53586e—4 —32.06744 067297
8 30 -8.3% -4  —41.10773  —0.70624 8 60  -7.583%e—4 -37.33546 ~0.70911
9 30  -7.52002¢-4 -33.06416 05754 9 60  -6.65477e—4 —29.43286 ~0.57548
10 30  -635313e-4 2803959 048665 10 60 5507424 2528501 -0.48562
11 30  -4.67755e-4 2259276 —-0.39251 11 60  -419424e—4 206971 -0.38831
12 30 65899 -4 2426267  -041837 12 60  -558429e—4 2037453 043495
13 30 -7.9572le-4 3221675 —-0.55821 13 60  -6.73008e—4 2847592 ~0.56483
14 30 -8.68582¢-4 —37.52411 ~0.6519 14 60  -7.5033e-4 3348684 ~0.6528
15 30  -9.4283e-4 -3805542  —0.65614 15 60  -7.94566e—4 —33.59655 ~0.66737
16 30 -0.0012  -47.71801 ~0.81399 16 60 000101 —41.80149 ~0.84395
17 30 000121 -55.18875  -0.97479 17 60 000105  ~50.01415 ~0.94668
18 30  -9.69834e—4 4499559  —0.80297 18 60  -8.52342e—4 —40.97703 076799
19 30 ~0.00105  —432751 ~0.73785 19 60  -893517e—4 3822011 076216
20 30 —0.0011  -47.76748 —0.828 20 60 -9.5280le—4 4261824 ~0.83185
21 30 ~0.00118  —48.82255 —0.83533 . 000101 —43.15088 086362
22 30 000128 -5516225  —0.95665 I, 00011 4924388 0.96018
23 30 —0.00142  —60.09551 ~1.03435 23 60 000122 —53.52478 ~1.05297
24 30 —0.00147  —65.74971 ~1.16203 24 60 ~0.00128  —59.17075 ~1.12694
25 30 —0.00144  -61.51245 ~1.05199 5 60 ~0.00124  —54.74662 ~1.07824
26 30 —0.00149  ~64.04928 112105 26 60 000129 -57.18973 ~1.11867
27 30 000148 6502705 115059 v 000128 582887 112042
28 30 —0.00149  —64.33574 ~1.1022 28 60 000129 -57.3529 112421
29 30 —0.00158  —67.48391 114975 29 60 ~0.00137  —60.05804 ~1.18921
30 30 ~0.00179  ~76.67403 —1.29864 30 60 ~0.00155  —68.30408 ~1.34861

this study, the XFEM-simulated sandstone fracture agrees
well with that available in the literature [45].

Concerning Figures 10 and 11, after applying seismic
acceleration to the model, a multidimensional failure config-
uration model has been depicted. The seismic response pro-
cess, including the model with preexisting fracture angles of
30° and 60°, exhibits a stable zone and displacement zone,
while the model with a preexisting fracture angle of 45° has
a crack growth zone and failure zone. Changing preexisting
fracture angles leads to modification of the model seismic
response. There is a direct relationship between the frac-
ture’s seismic toughness and the shape of the preexisting
crack. Preexisting fracture angle morphology changes the
seismic response of the model from a developing displace-
ment to crack growth.

Based on the fracture mechanics prediction, it has been
observed that the level of fracture seismic toughness and
preexisting fracture angle morphology of the model is
responsible for the developing, stable zone, displacement
zone, crack growth zone, and failure zone of the model.
The preexisting crack of the rock model changes the stiffness
of the rock through the fracture’s seismic toughness. In addi-
tion, the shape of the preexisting fracture angle controls the
external nonlinear loading applied to the model.

According to Figure 12, regression analysis for displace-
ment prediction, the regression formula is presented based
on the relationship between the target and outcome. Four
different regression formulas exist for training, testing vali-
dation, and overall. For the relationship between output
and target, refer to Figure 12 on the x-axis and y-axis.
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TaBLE 4: R? and MSE outcomes of models with preexisting fracture angles of 30° and 60°.

— Training Validation Test Number of layers in ANNs
o i R? 0.7372 0.7174 0.7238 1
Preexisting fracture angles of 30
RMSE 4.8610 4.9945 4.5595 1
o . R 0.7330 0.7467 0.7086 1
Preexisting fracture angles of 60
RMSE 4.7105 4.8422 5.3731 1
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FiGure 13: Histogram of displacement prediction.

Tables 2 and 3 illustrate the data used in ANN. To
integrate the displacement prediction, ANN has been
applied to the models with preexisting fracture angles of
30° and 60° that do not face propagation. Table 4 presents

the coefficient of determination (R?) and mean squared
error (MSE).

Regarding the literature, the present study designed the
ANN with two hidden layers [56]. The input parameters
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FIGURE 14: The best validation performance for displacement prediction.

for ANN are average strain and stress in the critical selected
point of the model and the preexisting fracture angles of the
model. After the data generation by Abalone Data Analysis
was applied in the Levenberg-Marquardt algorithms, the
training, validation, and test data were 2923, 627, and 627,
respectively.

The ANN was designed to treat displacement prediction
as a main regression problem. Figure 12 presents regression
analysis for displacement prediction in the models with pre-
existing fracture angles of 30° and 60°. It is essential to
observe that the regression analysis is designed for displace-
ment prediction assessment. Multiple variables were consid-
ered instead of a single variable.

The target and output are concurrent variables of the
prediction model and share correlation information across
targets considered for displacement prediction [68]. In the
current study, Abalone Data Analysis generated sufficient
data to predict displacement without changing the main
characteristics of the data.

Figure 13 shows the histograms for displacement predic-
tion in the models with preexisting fracture angles of 30” and
60°. Each input variable directly impacts the output when
using a histogram. Based on the displacement prediction
by the histograms, the preexisting fracture angles directly
impact the model’s vibration mechanism and failure pattern.

Table 4 illustrates R* and root mean squared error
(RMSE) obtained to evaluate prediction accuracy. In ANN
related to validation, training, and testing data, the overfit-
ting problem was not observed.

In ANN architectural design, 70% of training data, 15%
of testing data, and 15% of validation data were selected.
To minimize error in the transformation of the input at all
ANN layers, the appropriate ANN architectural design plays
a key function. To avoid overfitting data, producing low-
quality training data, and pressurizing on validation and test

data, ANN architectural design needs to be allocated prop-
erly. Due to the huge data in the present study, none of the
motioned problems have occurred. Figure 14 shows the cost
function variations chart that has been represented for each
model concerning the training, validation, and test data. The
best validation performance of the prediction accuracy of
displacement for models containing preexisting fracture
angles of 30" and 60° is illustrated.

3.1. Validation of Simulation and Prediction. Crack propaga-
tion initiates if tensile displacement occurs due to the seis-
mic loading applied to the sandstone [45]. In the models
with the preexisting fracture angles of 30 and 60°, compres-
sive displacement was observed. Meanwhile, in the model
with the preexisting fracture angles of 45°, the tensile dis-
placement has occurred. The effectiveness of the proposed
model is validated by comparing it with those reported in
the literature.

Figures 15 and 16 describe the wave-crack interactions
in the experimental and numerical simulation considering
the location of the crack appearance, strain energy magni-
tude, material’s rock, and displacement mechanism [69].
Based on the crack angle, the crack propagation exhibits dif-
ferently. The resultant strain energy causes crack propaga-
tion or compressive displacement and tensile displacement
to the model.

Repeating axial seismic loading causes crack propagation.
Due to the change in direction of the seismic loading from
axial to lateral, the preexisting fracture angle leads to propaga-
tion [45]. When the model contains a preexisting crack with
45°, the seismic loading changes direction, and the fracture
seismic toughness model reaches the minimum level. Due to
these reasons and based on the boundary conditions of the
simulated model, the model with preexisting fracture angles
of 30" and 60" has not been subjected to crack propagation.
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FIGURE 16: Descriptions of the wave-crack interactions considering the (a) distribution of rock’s material and (b) displacement

patterns [69].

The model seismic response mode classification is made.
To validate the crack simulation mechanism, the seismic
response of the model is classified into the stable zone, dis-
placement zone, crack growth zone, and failure zone in asso-
ciation with the preexisting crack angle model.

In the displacement zone, the seismic loading is applied
in a single direction, while in the crack growth zone, the seis-
mic loading changes direction from axial to lateral.

4. Conclusion

The current study simulated sandstone with preexisting
fracture angles of 30°, 45°, and 60" and equal crack length
in all models. The models were then subjected to seismic
simulated loading to analyze the shape of crack propagation

on the failure mechanism and displacement at a critical
point of the model.

- In equal seismic acceleration, the angle of the preexist-
ing crack is responsible for the propagation of the
crack, displacement magnitude, and failure mecha-
nism of the model.

- A propagation crack occurs when the preexisting crack
of the model is 45°. The models with 30 and 60° preex-
isting cracks exhibit higher interface strength and
higher seismic stability.

- According to the boundary condition of the simulated
model, the direction of the applied seismic load was
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constant, and the preexisting fracture angle is an essen-
tial function in the crack propagation.

The stiffness and strength of the model are related to
preexisting cracks, which have developed in the struc-
ture due to previous earthquakes.

The direction of the crack growth zone within the sim-
ulated specimen has been identified. The seismic
response of the model is divided into the model’s stable
zone, displacement zone, crack growth zone, and fail-
ure zone. There is a direct relationship between the
fracture’s seismic toughness and the shape of the pre-
existing crack. The preexisting crack of the rock
changes the stiffness of the rock through the fracture’s
seismic toughness. The higher fracture seismic tough-
ness leads to minimized crack propagation of the
model. In addition, the tensile displacement is respon-
sible for creating a crack growth zone. The approach of
the study lies in the application of the ANN to analyze
the multifaceted displacement mechanism perfor-
mance of the model under seismic acceleration.

There are many cracks in the several structures. The
paper’s outcome helps to understand which type of
crack is more critical for the seismic stability of the
structure. Based on the propagation of the crack, the
failure of the structure and displacement can be
predicted.

The present simulation significantly supports the pre-
diction failure mechanism of the model with the
changing angle of the preexisting crack.

In future research work, the types of cracks, the geom-
etry of the preexisting crack, initial and dynamic
boundary conditions, material characteristics, nature
of loading, simulation method, and adaptation of the
theoretical concept in the numerical simulation could
be parameters for investigation.
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