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Abstract

Materials with sufficient strength and stiffness can transfer nonlinear design loads
without damage. The present study compares crack propagation speed and shape

in rock-like material and sandstone when subjected to seismic acceleration. The
nonlinear extended finite element method (NXFEM) has been used in numerical
simulation. It assumes the model has a pre-existing crack at 0° from the horizontal.
The mechanical properties of the model, crack propagation shape, and crack speed
were selected as the main parameters. The nonlinear stress and strain along the crack
have been compared in two simulated models. NXFEM and Artificial Neural Networks
(ANNs) were used to predict the displacement. The simulation results illustrate that
the materials’ crack propagation mechanism and mechanical properties control the
stress, strain, and displacement at the selected points in the model. In addition, crack
propagation in materials is related to elastic-plastic stresses and strains along the
crack path. The speed and shape of the crack are associated with the mechanical
properties of the materials. The prediction of crack paths helps to understand failure
patterns. Comparison of the seismic response of the rock-like material with sandstone
helps to assess the stress, strain, and displacement levels during cracking. This study’s
findings agree with the literature report and field observations.

Keywords |Initial crack, Crack speed, Crack shape, Crack propagation, Displacement

Introduction
The initial crack types and propagation are unknown phenomena and require predic-
tion to estimate a material’s strength and stiffness. The prediction of cracking during an
earthquake requires increased investigation. Predicting material failure caused by crack
propagation due to seismic loading is essential for geotechnical engineering design. Pre-
diction is also essential to reduce the impact of natural hazards on human life.
Experimental work has been reported on specimens made of rock-like material to
study the crack coalescence path mechanism. A 2004 investigative study aimed to iden-
tify fracture resistance and crack initiation in offset rock joints. The tensile stress caused
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crack initiation and propagation. The failure mode occurred because of the coalescence
crack mechanism [1]. A study by Mughieda and Karasneh in 2006 investigated the appli-
cation of biaxial loading to specimens of rock-like material to study the offset rock joints’
coalescence crack path [2]. Furthermore, another study concluded that the size of the
specimen impacts some experimental results, such as the mode of failure [3]. The pre-
diction of crack propagation in sandstone is difficult to perform in the laboratory. There-
fore, it requires NXFEM and statistical analysis. Simulation of exact seismic acceleration
in the laboratory also requires hard work.

NXFEM has been used to investigate material fracture and crack propagation. The
initial fracture in the earth structure causes differential displacement, different failure
modes, shear stress, and shear strain. Experimental studies show that the seismic stabil-
ity of the earth’s structure is influenced and associated with the mechanical properties of
the material [4—5]. Depending on loading and pre-existing crack inclination, rock cracks
can be generally inclined at 0, 30, 45, 60, and 90 degrees [6]. In reality, the impact of the
initial crack on the load response of different types of rocks remains unclear and requires
further study. NXFEM is an advanced technique for predicting crack propagation in any
material. This technique subjects the materials to nonlinear acceleration to contain the
initial crack formed due to climate, material characteristics, or other reasons.

A rock mass usually has fractures [7], and a sandstone mass has varying mechanical
properties [8]. Explaining fractures in sandstone is complicated, and it is not possible to
explain them with a single equation. Sandstone has resilient characteristics and does not
crack easily. Additionally, the phyletic in sandstone prevents cracks from developing eas-
ily [9]. Due to this sandstone characteristic, the present work assumed that the crack was
not fully extended, and the extension occurred by applying seismic acceleration. Addi-
tionally, cracked sandstone seismic response was compared with a rock-like material.

In sedimentary basins, fracture modes are caused by fluid pressure and stress combi-
nations [10—11]. The shape and amount of the occurring displacement are influenced by
the rock’s elastic properties and the applied load [12]. There is a need for further inves-
tigation and comparison with rock-like materials to better understand the variation in
sandstone’s crack propagation as a function of its mechanical properties.

A direct relationship exists between crack lengths and displacement when bedrock is
subjected to a surcharge [13—14]. In the case of seismic acceleration, the displacement
mechanism needs to be investigated in greater detail.

Numerous researchers have studied how to predict strength and failure in different
geomaterials. For instance, studies have investigated the ultimate failure of flawed red
sandstone specimens subjected to uniaxial compression [15—-16]. Furthermore, strength
and failure prediction has been reported for soil mixtures [17-18], soil compaction
mechanism [19], concrete material fracture [20—22], materials crack assessment, and
failure patterns [20-24]. Crack propagation prediction for specific earthen materials
has also been carried out using experimental and numerical simulation [25]. In addi-
tion, numerical modeling has been reported on the buckling initiation, displacement,
and deformation of natural rock, which leads to failure without considering crack initia-
tion and propagation [26]. Crack propagation simulations of rock subjected to seismic
acceleration are yet to be presented in the literature. In addition, the type of rock failure
needs more study, considering the displacement, stress, and strain developing at critical
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points in the rock. Moreover, the crack initiation, propagation, and stress-strain rela-
tionship along the crack need further investigation.

In the present study, a nonlinear numerical simulation has been performed to predict
crack propagation by considering the initial crack, crack speed, and mechanical prop-
erties. To simulate the seismic response of the model, the displacement mechanism at
selected points and the stress-strain relationship along the crack path in rock with a pre-
existing crack were investigated. For displacement prediction, nonlinear numerical sim-
ulation and artificial neural networks (ANNs) were used. The findings of this study were
compared with literature reports and field observations.

Simulation and materials

Figure 1 presents the entire investigation. Critical parts of the investigation include sim-
ulating the model’s geometry with clear boundary conditions, selecting the appropriate
theoretical concept for application in numerical simulation and statistical analysis, and
collecting data for performing numerical simulation and statistical analysis. Numerical
simulation, statistical analysis, field observation, and literature analysis were performed
to predict the results.

The different types of cracks on the rock are shown in Fig. 2 [6]. A crack shape in the
rock at 0° was selected for the present study. Rock-like materials and sandstone have
been used for modeling. ABAQUS has been used for nonlinear simulation and to pre-
dict crack propagation. A pre-existing crack was assumed in half of the model in the
simulation. The growing crack in the remaining half of the model has been investigated
by considering the mechanical properties of the rock, applying seismic acceleration, the
model’s geometry, and the model’s boundary conditions. The direction and propagation
of the crack were predicted. For predicting displacement at the selected points of the
model, nonlinear numerical simulation and artificial neural networks (ANNSs) were used.

Table 1 shows the mechanical properties of the materials [7], which were used in the
numerical simulation.

Fig. 1 The flowchart for prediction
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Fig. 2 The crack type on the rock with different angles [6]

Table 1 The mechanical properties of the rock-like material and sandstone [8]

Materials Uniaxial compressive Tensile Elastic modu- Poisson’s ratiop Density
strength o, (MPa) strength o, lus E (GPa) p(g/
(MPa) cm?)
Rock-like material  58.25 562 11.63 0.20 238
Sandstone 20~170 4~25 3~35 002~0.25 2.10~240

According to Fig. 2, the crack has different directions. Figure 3 shows the macrofrac-
ture on sandstone. In reference to Figs. 2 and 3, the crack in the laboratory simulation is
similar to those that occur in nature. Figure 4 shows a 90-degree crack on the metasand-
stone specimens after performing the Brazilian Tensile Strength (BTS) test.

Figure 5 shows the crack in the rock. Cracks of this type have path directions of 0°
and 90°.The figure depicts that either 0° or 90° cracks have propagated on the rock’s sur-
face, but the cracks have not reached the depth of the rock. The crack path at the end
of the crack has a small opening. A numerical simulation has been done based on the
pre-existing crack in the rock. It is assumed that the crack in models 1 and 2 pre-exists
before applying seismic acceleration. This assumption is based on the direction of crack
propagation observed in the field. This kind of crack impacts geotechnical engineering
structural design. Pre-existing cracks in the present numerical simulation were straight
before seismic loads were applied.

The geometry and boundary conditions of the model are shown in Fig. 6. The dimen-
sion of the model is 600 (mm) X 600 (mm) X 20 (mm), and the initial crack has a length
of 300 (mm). All models have a similar geometry, but the mechanical properties are
different for each model in numerical simulation. Models 1 and 2 have pre-existing
open cracks of 0° at half the model length. Crack propagation in rock-like material and
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Fig. 3 The macrofracture on sandstone [9]

sandstone is compared. In addition, stress and strain along the crack path and displace-
ment at selected points in the models have been predicted.

In Table 2, displacement (cm) and acceleration (g) in 0°, 90°, and 360° directions for the
earthquake are shown for different distances from the epicenter. The Palekastro earth-
quake with 6.4 MWW has the highest acceleration (g) peak at —0.3432 (g). The earth-
quake occurred at 12:24:03 on 12 Oct 2021, with coordinates 35.1931 and 26.2556, at a
depth of 10.0 km.

The information about this earthquake was recorded at the Town Hall Siteia Las-
ithi Crete earthquake station, located 13.6 km from the earthquake epicenter. The data
recorded at the station was used to perform the numerical simulation presented in the
current study. Figures 7 and 8 depict the seismic data reported by the Center for Engi-
neering Strong Motion Data (CESMD) [28]. Figure 7 shows the seismic acceleration (g)
of the Palekastro earthquake in 0°, 90°, and 360° directions. Figure 8 shows the displace-
ment in 0°, 90°, and 360° directions. The maximum displacement occurred at 90° with
a magnitude of 4.4096 cm. It has been observed that higher acceleration causes a more
significant ground displacement.
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Fig. 4 The results of the Brazilian Tensile Strength (BTS) test on metasandstone specimens [27]

Theoretical concept
Appropriate implementation of NXFEM is essential to obtain an acceptable result in
nonlinear numerical simulation. It is necessary to apply the theoretical concept with
simplified procedures to the ABAQUS procedures to analyze displacement, stress
behavior, and strain magnitude in the crack and selected points of the simulated model.
The entire strain is taken into consideration for evaluating the crack stiffness by con-
sidering nonlinear elasticity, as presented in Eq. 1. Equations 2 and 3 were applied to find
the crack path for a crack with a stress-free face. Equations 1-4 are J-integral, similar to
Griffith’s strain energy release rate. The J-integral can be obtained from the acceleration-
displacement graph [29]. This integral illustrates the strain energy release rate in simu-
lated cracked bedrock and the energy released around the crack. The theoretical concept
of the current study investigates the crack path based on the strain energy density, and a
stress-strain curve was used to analyze the nonlinear volumetric deformation of the rock

model.
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Fig.5 Crack path propagation in the rock close to 0° and 90°

J= —%(J/mQ) ()
The stress state around the crack is recognized as the stress intensity factor (SIF) and
is represented in Eq. 5. The three main factors in calculating stress intensity are crack
length, applied stress, and geometric correction coefficient. The Y of Eq. 6 is a dimen-
sionless function representing the impact of crack length. The maximum, minimum, and
range of the stress intensity factor are presented in Eqs. 7-9, respectively [30]. The stress
intensity range is nonlinear and complex for a model subjected to seismic acceleration.
With the application of seismic acceleration to the model, ABAQUS can identify maxi-
mum and minimum applied stress along a crack path in the model. With attention to
the nature of seismic acceleration and the ability of ABAQUS to present maximum and
minimum applied stress, by using the results of the nonlinear numerical simulation and
using Eqs. 7-9, it is possible to obtain the maximum, minimum, and range of the stress

intensity factor at a critical point of a model.
K =Yoyma (5)
Y = fla,W,...) ©)

Kmaz = Yomaz vV TTo (7)
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Fig. 6 Geometry and boundary condition of the model

Koin =Y 0pinV/ 70 8)
AK = Kmaz - Kmin (9)

When the crack propagates in the finite element solution, the stress intensity factor can
be obtained using Eq. 10 [31].

Eu, 2

MZM—ﬂ T

(10)
The assumption is accepted based on crack growth in the center of the model. A criti-
cal step of numerical simulation includes the comparison of crack path morphology for
each model. Seismic acceleration is applied to the model through a 3D fracture model.
Fracture theory needs to be applied to numerical simulations using ABAQUS.

In accordance with the literature report [32], Eq. 11 is used to calculate displacement
around the model crack in the X direction.
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Table 2 The acceleration (g) and displacement (cm) were recorded in different earthquake stations

[28]
Station Distance  Acceleration (g) peak Displacement (cm)
(km) 0° 90° 360° 0° 90° 360°
to the
epicenter
Town Hall Siteia 13.6 -0.089%4 -0.3432 0.1953 0.7744 4.4096 -2.1362
Lasithi Crete 91.2 0.0108 -0.0187 -0.0268 05171 -0.5099 -0.7366
NOA/RUB/GEO-
FON Karpathos
Greece
Irakleio Crete 108.5 0.0121 -0.0279 -0.0245 0.3477 0.7502 -0.7249
Greece
Sivas Crete Greece  133.0 0.0031 0.0077 0.0057 0.2532 0.2642 0.3047
Thera Santorini 154.7 0.0064 0.0122 0.0112 0.136 0.4889 -0.3152
Greece
Mandraki Nisyros 176.0 -0.0044 0.0075 0.0045 -0.2067 -0.3386 0.3301
Greece
Town Hall Rhodes  226.1 0.0032 0.0054 0.0052 -0.2145 0.451 0.4385
Rhodes Island
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Fig. 7 The seismic acceleration of the Palekastro earthquake was applied to the model in the numerical simulation

(1+v) L[(2/{: +1) smg — sin%e] (1)

U(T’,97t):K[(t)T o

In 3D modeling, for any critical time, the SIF KI (t) can be obtained with reference to the

displacement at two critical points of the model by using Eq. 12.

E 2w
—[8u(rpa, +m,t) —u(rop, +m,t) (12)

K[ (t) - 24(1 — 1/2) ToA

Page 9 of 24
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Fig. 8 The displacement (cm) of the Palekastro earthquake in 0°, 90°, and 360° directions

Statistical prediction procedure — ANNs

Different types of neural network models have been studied to predict several com-
plicated engineering problems, including the seismic response of the earth’s structure.
These models include ANNs [17, 19 and 33-36], dictionary-based ROM nets [37], and
polynomial matrix equations provided by machine-learning toolboxes [38].

Artificial neural networks (ANNSs) were used to predict and compare the results with
numerical simulation results. The ANNs are predictors based on the Levenberg-Mar-
quardt back-propagation (LMBP) training algorithm. The inputs and outputs have been
optimized with the LMBP algorithm to identify the impact of stress-causing strain on
the model with respect to the mechanical properties of the model. The nodes (or lay-
ers of neurons), inputs, hidden layers, and outputs are ANN structures. Mathematical
operations occur in the hidden layers and connect the inputs and outputs through the
nodes. Two hidden layers were used in ANNS.

Equations 13—-15 present the basic structure of the ANNs [36]. Where x1, 22, T3, ..., Ty,
is the input, and w1, Wia, Wi, - . ., Wiy, is the synaptic weight of neuron % in the ANNs
structure and ¢ (*) represents the activation function. In addition, b, represents the bias
and the final output for neuron k is y;.. Based on the results of the mathematical proce-
dures, the bias can be positive or negative.u;, and v;, refer to linear combiner output and
activation potential, respectively. According to Eq. 14, v, is the affine transformation to
uy through an artificial neuron mapping which is influenced by the bias of the ANNs.

n
up = Zwkixi (13)
i=1

Vp = Uy + b, (14)
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yr = ¢ (vr) (15)

Three types of activation functions can be used to solve nonlinear problems. The activa-
tion or transform function is presented in Egs. 16—20 [39].

- {12!
b0) = 17
6 (v) = tanh (v) = % (18)
e {2
Yr = Ti*””k (20)

The mean squared error (MSE) and regression value R are presented in Egs. 21-22 [35].
MSE was used to measure error values in statistical analysis. MSE supports prediction
quality. No error is considered if MSE equals zero. Based on the MSE and regression
values, the accuracy of the produced data was evaluated from the nonlinear numerical
simulation and compared to the theoretical concept. Statistical analysis was used to pre-
dict the accuracy of the strain when stress was applied in a nonlinear numerical simula-
tion. Higher predictions can be expected if the regression value is closer to 1.

n . 2
MSE — Zizl (ymea ypr€> (21)
n

Z?:l (Knea - }/pre)z

RQ = 1 - n 2
Z’i,:l (Ymca - Y;naan)

(22)

Results and discussion

The cracks were extended based on the mechanical properties of the model. In addition,
critical crack propagation results in the brittle occurrence of rock. Figure 9 shows crack
propagation in models 1 and 2. There are two different morphologies of crack propaga-
tion in each model. The material’s deformability governs the crack path. For nearly the
same crack propagation length, model 2 has a lower strain. With reference to the modu-
lus of elasticity of these two materials, the numerical simulation results have an excellent
relationship with the theoretical concepts.

For the sandstone, comparing Fig. 5 with Fig. 9, the numerical simulation of crack
propagation is very similar to what was observed in the field. When seismic loading is
applied to the simulated models, the crack propagates and changes shape. Crack propa-
gation depends on the mechanical properties of the materials. During the crack propa-
gation, nonlinear volumetric deformation has two different morphologies along the
crack path, as shown in Fig. 9. Numerical simulation can reveal the nonlinear volumetric
deformation at each point in crack propagation. In the model of seismic simulation, the
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Fig. 9 The strain and crack propagation mechanism

multidirectional opening of the crack and the deformation of the models are associated
with stress intensity paths and mechanical properties. The deformation in an open crack
has a specific morphology for each model. In addition, the deformation at each stage
of modeling is different for models 1 and 2. The deformation of the model is an impor-
tant factor in crack propagation. When cyclic stress was applied to the model, the crack
propagation direction and opening magnitude differed. This phenomenon is associated
with the mechanical properties of the material. By comparing Figs. 5 and 9, it can be
seen that crack propagation leads to deformation. There is a possibility that crack prop-
agation and deformation have a direct relationship with the nature of seismic loading
applied to the model.

When a dynamic strain is applied, the crack propagates straight. In addition, with no
change in crack propagation speed under pure mode I, crack propagation has a constant
increment rate [40]. According to the numerical simulation results in the present work,
the crack propagates in a straight path in the mode I crack. Figure 9 shows that the crack
propagation rate in sandstone occurs faster for an equal length of crack propagation in
rock-like material and sandstone. In terms of the crack propagation mechanism, the
findings of the present work agree well with those reported in the literature.

Based on the model boundary conditions, Fig. 10 illustrates the two points on the mod-
els used to assess displacement. Figure 11 shows displacement at nodes 519 and 1387
for models 1 and 2. The displacement interaction between the critical points and the
development of crack paths is related to the model boundary condition. The mechanical
properties of the materials govern the displacement at each point in the model. The dis-
placement in Fig. 11 illustrates that the mechanical properties of materials play a critical
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Fig. 11 The displacement in the selected nodes of models 1 and 2, by using NXFEM.
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role in transferring loads in a model. Furthermore, the displacement in nodes 519 and
1387 for models 1 and 2 changes over time, and the displacement curve represents the
vibration mechanism.

Figures 12 and 13 show the stress and strain fluctuation at two critical nodes of models
1 and 2. In sandstone, node 519 needs more loading for propagating the crack. The crack
dissipates the seismic load while the rigid body transfers more seismic load in the model.

The model fails during the propagation of cracks in the shearing zone, which is located
above an inclined shear crack line. Based on this concept, two points above the crack
propagation path have been considered to analyze displacement and predict the failure
mechanism of the model. The displacement relationship for all models at nodes 519 and
1387 is nonlinear. This study applied equal seismic loads to both models while the geom-
etry and boundary conditions remained the same. Therefore, the mechanical properties
of the material influence the stress, strain, and displacement curves. Due to material
resistance, more load must be applied to the model to cause displacement.

The stresses and strains near the crack tip have been studied using numerical, analyti-
cal, and experimental methods, considering crack size [41]. The stress and strain along
the crack path in rock-like material and sandstone were compared based on the length of
the crack propagated at a specific stage. Figure 14 shows stress and strain along the crack
in two segments along the pre-existing crack and the propagating crack, in accordance
with Fig. 9. Stress and strain behave differently when mechanical properties change. A
material’s mechanical properties impact crack length, propagation, stress levels, and
strain magnitudes. When seismic acceleration was applied, the material’s brittleness
impacted the model’s collapse mechanism. In rock-like material, higher strain occurred
than in sandstone, and the cracks propagated under lower stress. The seismic elasto-

plastic stress-strain results from the nonlinear numerical simulation are in consensus
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Fig. 12 The stress in the selected nodes of models 1 and 2, by using NXFEM.
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0.0040 4

0.0035 4

0.0030 4

0.0025

n

0.0020

Strai

0.0015

0.0010

0.0005

0.0000

—— Model-1, Rock-like material
—— Model-2, Sandstone

-0.0005

Propagating crack
T T

Preexisting crack
T

100

200 3(;0 4(;0 500
Distance along crack path (mm)

Stress (MPa)

—— Model-1 Rock-like material
—— Model-2 Sandstone

Propagating crack

Preexisting crack

T
0 100

T T T T
200 300 400 500 600

Distance along crack path (mm)

Fig. 14 The stress and strain distance along crack path, for preexisting and propagating parts of the crack

with the modulus of elasticity of sandstone and rock-like materials when the crack

propagates.

In order to investigate the crack propagation on jointed rock, samples have been exam-
ined experimentally, and the results have been compared with numerical simulations. In
numerical simulations, it was possible to identify the load response and failure mode
that were difficult to observe in experimental investigations [42]. A numerical simulation

can show the seismic response of a crack when it initiates and propagates.

Error estimation applied to fracture simulation was solved by using XFEM [43]. In the
present investigation, the outcome of the ANN has been assessed by the coefficient of
determination (R2), and mean squared error (MSE), and the prediction assessment is

made for the simulation data produced by XFEM.
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Displacement prediction by ANNs

Tables 3, 4, 5 and 6 present the data used in the ANNSs. The histogram depicts the rela-
tive frequencies of training, validation, and test data. Figure 15 shows an error histogram
with 20 bins in models 1 and 2 for all selected points. The center point of the histogram
is a line that provides probability distributions. The line with zero error in both models
was depicted for displacement probability distribution prediction.

Based on the comparison of the histograms between models 1 and 2, a different prob-
ability distribution in these two models can be observed at each selected point. How-
ever, the error line of prediction in model 2 looks more symmetric than in model (1) The
error line has been drawn by comparing the target value with the prediction. Figure 11
shows the displacement at nodes 519 and 1387 for models 1 and (2) This prediction has
been made using ANNs and is shown in Fig. 15.

Figure 16 shows regression analysis for displacement prediction in three stages: train-
ing, validation, testing, and a combination of the three stages. According to the regres-
sion analysis, R is 1 for all stages. This means a high level of prediction was done for
models 1 and 2.

The R2 and MSE are calculated to assess the accuracy of the displacement forecast at
the selected critical points. This process is performed on the dataset, randomly chosen

Table 3 Data used in ANNs for model 1 at node 519

No Vertical Peak Vertical Tensile strength (MPa) Vertical
Stress Peak Strain Displacement
(MPa) (mm)

1 -1.84935 -143226E-4 5.62 -0.06301
2 2.98455 2.39152E-4 5.62 -0.19475
3 -5.717 -4.42763E-4 5.62 -0.65126
4 14.5453 0.00117 5.62 0.85634
5 -19.1162 -0.00148 562 0.85961
6 24.8673 0.00201 5.62 0.88791
7 24.9441 0.00202 5.62 0.89536
8 24.8553 0.00203 562 0.02033
9 25.2387 0.00205 5.62 -0.73527
10 8.95407 7.31949E-4 5.62 1.00446
11 -21.527 -0.00167 562 1.10338
12 25.0213 0.00206 5.62 1.21547
13 25.0986 0.00208 562 1.22107
14 254578 9.29788E-4 5.62 1.26741
15 11.6572 7.8161E-4 5.62 1.26968
16 9.9234 8.25951E-4 562 140333
17 10.2058 8.65485E-4 5.62 1.36455
18 10.6093 6.92058E-4 5.62 146643
19 8.61144 -1.39861E-4 5.62 -2.74612
20 -1.48592 1.91589E-5 5.62 1.7271
21 0.20819 -0.00614 562 -0.53919
22 -79.3893 2.892E-7 5.62 -0.13295
23 0.00374 1.124E-7 5.62 -0.16773
24 0.00145 -0.00121 562 0.68068
25 -15.5876 -2.97518E-4 5.62 0.03779
26 -3.84399 6.55879E-8 562 0.04147
27 8.47244E-4 -3.75297E-4 5.62 0.0994
28 -4.8489 -5.59054E-8 5.62 0.1184
29 -7.22346E-4 -4.26699E-8 562 0.12625

w
(@}

-5.51228E-4 4.60651E-8 5.62 0.10138
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Table 4 Data used in ANNs for model 1 at node 1387

(2024) 11:4

No Vertical Peak Vertical Tensile strength (MPa) Vertical
Stress Peak Strain Displacement
(MPa) (mm)
1 -1.83191 -141639E-4 5.62 -0.0632
2 -5.66312 -4.37858E-4 562 -0.19535
3 1.67808 7.72669E-5 5.62 -0.65322
4 -18.9363 -0.00146 5.62 1.14961
5 2.0279 9.35119E-5 562 1.19342
6 142742 -1.03859E-4 5.62 1.19833
7 145929 3.85308E-5 562 0.02707
8 1.38334 3.30065E-5 562 -0.73696
9 0912 -3.9875E-5 5.62 1.29612
10 -21.3698 -0.00165 562 1.35341
Il 0.55551 3.54499E-5 5.62 1.36149
12 1.20518 -8.11111E-5 5.62 1.35455
13 1.15324 3.84979E-5 562 1.36675
14 -0.57667 -1.07531E-4 5.62 1.3888
15 -1.54559 -1.80492E-4 5.62 1.38344
16 121252 8.40745E-5 5.62 1.39696
17 -2.15196 -2.07468E-4 5.62 1.39461
18 1.35834 6.97317E-5 5.62 144526
19 -1.71964 -1.74302E-4 5.62 -2.74358
20 1.03903 6.90149E-5 5.62 1.7271
21 -1.48026 -1.70724E-4 5.62 -0.5387
22 1.53846 141413E-4 5.62 -0.13283
23 -1.9308 -2.03117E-4 562 -0.16758
24 1.99562 1.722E-4 5.62 0.03779
25 2.14698 1.83099E-4 5.62 0.04147
26 -2.79577 -2.48638E-4 562 0.0994
27 -79.539 -0.00615 5.62 0.1184
28 -15.6173 -0.00121 5.62 0.12625
29 -3.85132 -2.97947E-4 562 0.15637
30 -4.85815 -3.75838E-4 5.62 0.10138
Table 5 Data used in ANNs for model 2 at node 519
No Vertical Peak Vertical Tensile strength (MPa) Vertical
Stress Peak Strain Displacement
(MPa) (mm)
1 -5.98609 9.90714E-4 4 -0.06279
2 38.605 0.00111 4 0.42042
3 42,6658 2.20424E-4 4 0.05293
4 103113 2.28742E-4 4 0.69148
5 103113 2.08581E-4 4 0.69615
6 -52.5071 -0.00125 4 0.6589
7 7.75901 -0.00125 4 -0.56252
8 -146.613 1.99916E-4 4 1.14868
9 -146.613 -0.00153 4 -1.56298
10 -136.88 -0.00153 4 143378
11 7.34375 -0.0035 4 -2.80034
12 -83.8529 -0.0035 4 261987
13 -196.255 -0.00326 4 -0.89469
14 -262.311 -0.00201 4 1.72551
15 -262.311 -0.00467 4 -1.16519
16 -66.4312 -0.00627 4 048204
17 -36.9226 -0.00627 4 -0.35207
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Table 5 Continued

(2024) 11:4

No Vertical Peak Vertical Tensile strength (MPa) Vertical
Stress Peak Strain Displacement
(MPa) (mm)
18 -36.9226 -0.00158 4 0.50926
19 -83.8794 -8.78467E-4 4 -0.27477
20 -83.8794 -8.78467E-4 4 0.35419
21 -67.3782 -0.002 4 -0.02906
22 -109.146 -0.002 4 0.13551
23 -109.146 -0.0016 4 4.2287E-4
24 -14.3408 -0.0026 4 0.14058
25 -33.017 -0.0026 4 0.00535
26 -33.017 -341805E-4 4 0.35682
27 -25.7695 -7.88942E-4 4 0.1181
28 -25.7695 -7.88942E-4 4 0.19428
29 -2.72192 -6.1575E-4 4 0.11301
30 -2.72192 -6.1575E-4 4 0.33895
Table 6 Data used in ANNs for model 2 at node 1387
No Vertical Peak Vertical Tensile strength (MPa) Vertical
Stress Peak Strain Displacement
(MPa) (mm)
1 -59191 -1.4067E-4 4 -0.06305
2 2.79923 1.90417E-5 4 0.56854
3 2.1548 -5.47893E-6 4 0.07157
4 -3.01296 -5.90162E-5 4 0.69503
5 -1.35317 -9.76658E-5 4 0.69541
6 9.28222 1.11946E-4 4 0.69778
7 5.68434 -3.89539E-5 4 -0.56146
8 -04148 2.81835E-4 4 1.19453
9 -52.7023 141762E-4 4 -1.56275
10 -0.16996 -3.08451E-5 4 143199
11 -146.693 1.70399E-7 4 -2.79753
12 -0.78532 -0.00125 4 261987
13 040628 -1.64841E-5 4 -0.89378
14 -262.61 -0.00349 4 1.72551
15 0.00871 -1.65754E-5 4 -1.16402
16 -6.78348E-4 -247921E-5 4 0.48204
17 -36.9284 1.20771E-5 4 -0.35171
18 0.01638 -8.60812E-7 4 0.50926
19 -83.8915 -0.00625 4 -0.27449
20 0.00499 1.86488E-7 4 0.35419
21 -0.0028 -8.78707E-4 4 -0.02903
22 -0.00651 4.32779E-7 4 0.13551
23 -109.27 -0.002 4 4.22865E-4
24 0.00746 1.0771E-7 4 0.14058
25 -33.015 -1.54894E-7 4 0.00535
26 0.00361 -0.0026 4 0.35682
27 -25.7676 1.60873E-7 4 0.1181
28 0.00176 -7.85589E-4 4 0.19428
29 -2.72504 -6.13139E-4 4 0.11301
30 6.45962E-4 -6.48421E-5 4 0.33895
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Fig. 15 The histogram for prediction of displacement in the nodes 519 and 1387 of models 1 and 2, by using ANNs

Table 7 The R? and MSE results

Training Validation Test Number of layers in ANNs

R? Model 1 Node 519 0.7671 0.8082 0.742 2
Node 1387 0.7527 0.7777 0.722 2

Model 2 Node 519 0.7391 0.7802 0.765 2

Node 1387 0.7391 0.7802 0.765 2

MSE Model 1 Node 519 43383 3.9022 3.5432 2
Node 1387 45155 4.0977 49225 2

Model 2 Node 519 4.7008 39719 46728 2

Node 1387 4.7008 3.9719 4.6728 2

from several values obtained from nonlinear numerical simulations. In ANNSs, appropri-
ate layers must be selected to avoid overfitting and gradient disappearance. Two ANN
layers were used to process output from input data. Table 7 illustrates the R2 and MSE
results. The MSE values for models 1 and 2 are acceptable. Figure 16 shows the func-
tion fit for output in models 1 and 2. The error in each model has different values. The
ANNs generate multiple sets of data without impacting the original results. According
to the fit and error for output element ANNs, models 1 and 2 have errors. Figure 16
presents the training targets, training outputs, validation targets, validation outputs,
and test targets and outputs. The fit and error of the entire ANN are calculated based
on these elements. Statistical analysis is an effective method to predict this kind of engi-
neering problem. Figure 17 shows the statistical analysis of validation performances.
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Fig. 16 The regression analysis for assessment prediction of displacement in the selected nodes of models 1 and

2, by using ANNs
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The variance of error for training and prediction appeared to have a small value, and
overfitting did not occur.

Conclusion

A nonlinear numerical simulation was conducted on rock-like material and sandstone
to interpret the mechanisms of crack propagation in rock masses observed in the moun-
tains. The prediction of displacement at the selected points of the models was made
using nonlinear numerical simulation and Artificial Neural Networks (ANNSs). Based on
this investigation, the following conclusions have been drawn:

» Each material has a specific crack path, which can depend on several parameters.
Crack path prediction was done for rock-like materials and sandstone with pre-
existing cracks, considering the mechanical properties of the materials and seismic
loading.

+ To predict the stress-strain relationship along the crack path, NXFEM was used.
The stress-strain relationship along the crack path is different for each material.
Crack propagation, stress level, and strain magnitude are associated with material
mechanical properties. In addition, the predicted results show that crack propagation
in each material has a different mechanism.

+ The model’s boundary conditions were considered to identify critical points for
analyzing the load-displacement relation of the model. The displacement at two
critical points of models 1 and 2 has been studied and compared. Cracks dissipate
seismic loads, whereas intact rock and rock bridges transfer seismic loads.
The deformation of the model is a significant factor in crack propagation. The
deformation along the crack path for each model has a different shape.

« At each point of the model, the mechanical properties of the materials control the
displacement. According to the results of the numerical simulation in the mode
I crack, in terms of the crack propagation mechanism, the present work’s findings
agree with those reported in the literature. Crack propagation occurs more rapidly
for an equal length of crack propagation in rock-like material and sandstone. The
speed of the crack changes according to the material’s mechanical properties. The
brittleness of the material changes the crack speed and shape.

+ The seismic load causes the coalescence of the crack. Loading time history and
spectrum characteristics are essential in the crack coalescence and propagation.

« Different types of loads and boundary conditions need to be investigated to minimize

the overestimation of the elastoplastic stress and strain of a model.
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Nomenclature

Uy Displacement in a node

r Distances from the crack.

E Modulus of elasticity.

v Poisson’s ratio

K Stress intensity factors

K] Stress intensity factors

s Arc length.

T External forces.

u Corresponding displacements.

€ p Plastic strain

€y Yield strain

Ty Yield stress

A Constant.

N Plastic stress-strain relationship.

U Strain energy density.

[" Boundary

JJ-Integral.

a Length of the crack.

o Applied stress

Y Geometric correction coefficient.

W Width of the component.

Kmam Maximum stress intensity factor
min Minimum stress intensity factor

O maz Maximum applied stress

O min, Minimum applied stress

AK Stress intensity factor range

M S E Mean squared error
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R?2 Regression value
Y, ea Measured experimental
can Mean of the measurements
pre Predicted data
X1,T2,T3,...,Ty Input
W1, WE2, W3,y « - -y Wiy Synaptic weight of neurons
k Neurons
10) (*) Activation function
by, Represents the bias
Y Output
U, Linear combiner output
U} Activation potential
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