Acta Geodaetica et Geophysica (2019) 54:461-481
https://doi.org/10.1007/540328-019-00276-2

ORIGINAL STUDY

®

Check for
updates

Future stress accumulation zones around the main active
faults by 3D numerical simulation in East Azerbaijan
Province, Iran

Pouya Sadeghi-Farshbaf' - Mohammad Mahdi Khatib? - Hamid Nazari®

Received: 15 June 2019 / Accepted: 8 November 2019 / Published online: 13 November 2019
© Akadémiai Kiad6 2019

Abstract

As a preliminary three-dimensional numerical analysis, this research aims to detect future
zones of high-stress accumulation caused by the interaction of active faults within a 3D
topographic geological block based on finite-element analysis. Stress analysis of the three-
dimensional topographic model covers both static and dynamic loading caused by topo-
graphic loads and crustal movements, and can provide more realistic results. There are
many applications to create topographic models from xyz data. Nevertheless, these models
do not have the properties required in analytical software. Solid meshing of topographic
blocks is abstruse and consumes much time and high CPU usage. Therefore, we first try
to create a validated topographic shell model through the introduced methods including
nodal projection and statistical analysis, and then upgrade it to a solid model. The stress
equations are then assigned to each element of the solid model. The outputs include stress
accumulation zones in both pre-failure and failure mode for the whole model. In addition,
energy diagrams show the rate of main energies per time and accordingly, represent the
perception of power for each energy output. Energy drop during the initial run time is con-
sistent with the collision of the blocks of the model.
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1 Introduction

Stress accumulation in the Earth leads to the development of structures such as faults, folds,
and joints. Seismicity can result due to the action of anomalous local stress concentrations
or a tectonic stress field acting on preexisting zones of weakness or both (Talwani 1990).
The estimation of tectonic stresses is important for structural geologists for studies of geo-
dynamic (Pollard 2000), foundation engineering (Amadei and Stephansson 1997), and sub-
surface fluid flow (Mandl 2000; Nelson 1985). The stress accumulation model makes spe-
cific predictions about the distribution of events in an accelerating moment release (AMR)
(Mignan et al. 2006).

Stress trajectory changes due to the interacting geological blocks make zones of stress
accumulation. It is therefore, necessary to understand the mechanism of block motion in
different directions and to understand the nature of stress accumulation to predict the future
respective events in space and time. 3D finite elements (FEs) for the realistic numeri-
cal simulation of certain problems of the Earth systems science such as seismicity, fault
mechanics, geodynamics, and ground instability are more useful. A main factor of accu-
mulating stress is related to regional tectonic loading (Xiao and He 2015). Another impor-
tant factor affecting the stress buildup along active faults is after a moment release of an
individual earthquake, the state of stress on nearby faults could be redistributed both by
co-seismic deformation and by postseismic viscoelastic relaxation of the lower crust and
upper mantle (Deng and Sykes 1997; Freed et al. 2007; Pollitz et al. 2004; Ryder et al.
2012). 3D numerical simulations strongly dependent on FE models that consist of a net-
work of elements. Therefore, mesh generation as a process of dividing a continuous physi-
cal domain into a grid (elements) for the further numerical solution (Xing et al. 2009) is
one of the most important stages of modeling. Since affecting a stress direction and stress
field of a study area to one structural feature needs to consider the feature as a solid part
(Sadeghi-Farshbaf et al. 2015), each 3D FE model needs to be formed from solid meshes.

Primary studies were carried out about stress accumulation and release on the San
Andreas Fault (Turcotte 1977) based on elastic theory. Some studies have considered stress
accumulation due to a long dip slip fault movement (Debnath and Sen 2013), stress accu-
mulation rates along the primary segments (Smith and Sandwell 2003), stress concentra-
tion using seismic data (Chen et al. 2014), and stress accumulation and seismic risk (Nal-
bant et al. 2002). Some authors (e.g., Fuis et al. 2012) discussed the geometry of the fault
and relationship to lithospheric structure. In most of these works, the media were taken to
be elastic and/or viscoelastic, but a layered model with the viscoelastic layer(s) over viscoe-
lastic half space will be a more realistic one for the lithosphere-asthenosphere system (Deb-
nath and Sen 2013). Some modern studies dealt with the role of structural heterogeneities
(e.g., Carminati et al. 2001; Carminati and Vadacca 2010), rheological feedback (Dal Zilio
et al. 2018), topographical loading (Sadeghi-Farshbaf 2016), and mechanical deformation
(Chéry et al. 2004; Sadeghi-Farshbaf 2010; Rhoden et al. 2012; Sadeghi-Farshbaf et al.
2015) in their models. However, the concept of the modern mechanical model is rooted
in some of the older studies (e.g. Bombolakis 1989; Nifio et al. 1998; Chéry et al. 2001).
Applying such thermo-mechanical parameters to three-dimensional models related to stress
analysis can provide more realistic results.

Because of the major difficulties associated with the use of three-dimensional elements
(Rao 2011), a large number of equations related to the solid model need to be solved. Logi-
cally, removing topography will not solve the problem, because without considering topog-
raphy, the results are far from reality due to loading derived by inverse and direct isostasy
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(Abd-Elmotaal 2013; Mareschal and Kuang 1986) and concentration of most stress—strain
as well as dynamic analysis of the topography. On the other hand, high CPU usage and
misfits as a result of solid meshing of such geometries (Pain et al. 2002) is another mod-
eling problem.

To solve stress equations, both finite difference (FD) and FE methods are required. FE
is advantageous at irregular geometry in two and three-dimensional domains (Sadeghi-
Farshbaf et al. 2015). Some researchers used unstructured tetrahedral meshes for FEA
(e.g., Allik and Hughes 1970; Caendish et al. 1985; Garimella 2002) while others used it in
interpolation of samples (Sambridge et al. 1995), shape reconstruction (Boissonnat 1988),
and description the topography of the measurement area with high accuracy (Giinther and
Riicker 2005). However, both tetrahedral or hexahedral meshes are used for numerical
analysis of the solid part, we have performed our analysis on the solid topographic model
suggested by the authors (Sadeghi-Farshbaf et al. 2015) based on tetrahedron elements.

In this research, we try to perform stress analysis on our previously created standard
3D FE topographic model for East Azerbaijan (EA) (Sadeghi-Farshbaf et al. 2015). For
tectonic purposes, the geometry of the fault is required for analysis, and this geometry is
added to the block. Finally, by definition the stress shape functions for solid meshes, we
create a stress interpolation model for whole volume of the block.

The study area includes important active faults and topographic variations, and there-
fore, we continue to analyze our previously created topographic model. The process
includes positioning the active faults in the solid model, Identifying the faults in the speci-
fied nodal network, and stress analysis.

2 Active faults positioning

North Tabriz Fault (NTF), North Bozghush Fault (NBF), Sought Bozghush Fault (SBF),
Arasbaran Fault (AF), Ahar Fault (AhF), and Sufian Fault (SF) in EA are selected as
important active faults with a history of destructive earthquakes (Vasheghani-Farahani and
Zaré 2014). Figure 1 shows the study area and the mentioned faults. The placement of a
fault in the model is based on the selection of nodes corresponding to the points located on
the fault plane.

3 Faults identifying
To identify the faults to the model, the following steps must be taken beforehand:

e Applying the Quaternary alluvial deposits to the model. The thickness of this layer is
about 200-300 m in the study area.

e Applying the sedimentary layer to the model. According to Teknik and Ghods (2017),
an average thickness of this layer has been considered about 5 km in the study area.

e Applying the seismogenic layer to the model. According to Herrin et al. (2002), earth-
quakes larger than 5 have been selected due to SNR signals for teleseismic earthquakes,
and therefore the depth criterion of 55 km (about 11.5 km for each element) has been
considered.
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Fig. 1 Location of the study area. a Regional Google Earth image showing the position of the study area
(black inset). b GTOPO30. Shaded relief image of the study area in East Azerbaijan including active faults
and important volcanoes

4 Meshing

The mesh sizes of the original shell model have been calculated by using the statistical
measurements related to topographic variables and cut surface areas (CSAs). The solid
model has been meshed by definition of shape functions for the whole model volume. Due
to the importance of the role of topography in the analysis phase of this study, the mesh
sizes have been based on statistical calculations of the topographic surface. Selecting a
rectangular region as a default type of region-selection on the digital elevation map (DEM)
is the first stage (Fig. 1b).

It has been an effort to keep main heights and active faults as an analytic meshed part. Con-
sidering the effect of topographic variations in mesh sizes will be possible by getting CSAs
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to the sections covering the main heights and active faults. Since CSA calculations require a
datum level, we select a contour line with the biggest perimeter as a datum level in the second
stage. In this case, the contour line of 1700 m is regarded as datum level (Figs. 2, 3).

The third stage is creating some sections from the main heights with the same intervals.
CSAs related to the seven sections covering the main heights and active faults have been cal-
culated to obtain required statistical parameters for the study area (Table 1).

The area of the projected topographic surface onto a horizontal plane is simply equal to
product of length and width,

A=LW ey
where L is the length and W is the width of the projected study area. In the study area, this
value is 30,360 sq. km. The standard deviation of maximum elevation (Table 1) is useful to
consider the effect of topographic variations on the mesh spacing. The standard deviation
is written as:

N
o =1|(1/N=1) Y (h; — hy 2)
i=1

where N denotes the number of the highest topographic peaks in all sections and (h; — )?
is squared differences of the height values. To emphasize the importance of the effects of
the number of topographic peaks higher than datum plane and determine whether the dif-
ferences are statistically significant, we use standard error as follows:

N
S, = \J [1/N(V = D] Y (h; = hy? (3)
i=1

One of the variables to determine the mesh sizes, is the topographic volume. To estimate
this variable, calculating the geometric mean as an average of CSAs is required,

" /M
HGesa = <HS1‘) “4)
i=1

where M is the number of sections and § is the area of each cut surface. Consequently, the
function of average volume of the topographic part of the model can be written as:

V= tgesaW )

The greater the area and the topographic variations, the lower the accuracy of user-com-

puted mesh sizes. The more the area the more general the meshing. In addition, the more scat-

tered the topographic peaks, the smaller the size required for analysis. We use standard error

to emphasize the role of the number of the highest topographic peaks in the mesh spacing.
Therefore, the maximum mesh spacing is a result of all mentioned statistical measurements:

D, = (AcS,)/V (6)
From Eq. (6):

N M 1/M
D = LIA/N = 1) Y (h; - E)Z]/ (H si> VN @)
i=1 i

=1
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Fig.2 a CSA calculations based on datum level for most topographic heterogeneities in seven sections. b
The position of the sections in the study area

where D, . is the maximum mesh dimension that is used for mesh spacing. Table 2 shows
the results of yi;eg4, Vs and D, D, for the study area according to Eq. (7) is 11.5 km.
This means that the maximum mesh size usable for the model is 11.5 km.
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Fig.3 Datum level in the study area (see text)

Table 1 Statistical data calculated for the seven cross-sections

Section Cut surface area Maximum eleva- Standard devia-  Standard error ~ Geometric
(km?) tion (m) tion (km) (km) mean for CSA

(km?)

1 1.301 2250 0.445 0.168 1.354

2 1.634 3300

3 1.388 2570

4 1.177 3050

5 1.632 3500

6 1.115 2550

7 1.232 2900

All elevation data used for CSAs are higher than datum plane

Table 2 Maximum mesh

. . . Parameter Value (km?)
dimension from geometric
mean of CSA and statistical Average CSA 1.354
measurements (see text)
Volume 186.852
D 11.5

max

The primitive 3D topographic shell model had been constructed by applying this
mesh size to the topographic surface as well as the lines created by the projection of
two-dimensional element nodes onto a horizontal plane located at the desired depth
(Fig. 4). The depth of projection depends on the purposes of the study. Since most
numerical studies on active tectonics and stress distribution are conducted by consider-
ing faults and seismicity (e.g. Lysmer and Drake 1972; Pereyra et al. 1992; Bai and Xu
2013; Shao and Hou 2019), the earthquakes distribution pattern has been analyzed in
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Fig.4 3D constructed shell model from a nodes projecting, and b 3D meshed topographic block diagram

Table 3 Earthquake catalogue for East Azerbaijan with a minimum magnitude of five

Date Latitude  Longitude  Depth (km)  Magnitude  Region

5-8-1930 37.7 45.5 33 Ms:5.1 West of Azarshahr

3-20-1960  38.25 46 M:5.2 East Azerbaijan, East of Shabestar
2-10-1965 37.66 47.09 45 mb:5 East Azerbaijan, North of Hashtrud
8-24-1984  38.5 45.95 10 mb:5.1 East Azerbaijan, East of Marand
3-2-1997 37.99 47.89 15 Mw:5.3 East Azerbaijan, West of Nir
8-11-2012  38.55 46.87 15 Mb:6.1 East Azerbaijan, West of Ahar
8-11-2012  38.58 46.78 16 Mb:6.1 East Azerbaijan, North-West of Ahar
8-14-2012  38.46 46.76 14 ML:5.2 East Azerbaijan, West of Ahar
8-15-2012  38.45 46.66 14 ML:5.1 East Azerbaijan, West of Ahar
11-7-2012  38.48 46.57 14 ML:5.6 East Azerbaijan, West of Ahar

Earthquake data are from IIEES
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this study (Table 3). Selecting earthquakes equal or larger than 5 is due to the avoidance
of the SNR signals (Herrin et al. 2002).

In terms of clustered and dispersed distribution patterns, we select the deepest hypo-
center and mean hypocenters as the study depth, respectively. Average Nearest-Neighbor
index (ANN) (Davis 1986) is useful to determine the pattern of spatial distribution. The
basis of this index is the measurement of distance between each point data and its nearest
neighbor’s point data location as follows:

ANN =Dy /Dy (8)

where D, is the observed mean distance between each point data and their nearest
neighbor:

Dy = d/n ©)
i=1

and Dy, is expected mean distance from the point data given a random pattern:

Dy =0.5/y/n/A (10)
where d; equals the distance between point i and its nearest neighbor, n corresponds to the
total number of points and, A is the total study area. The ANN index of the hypocenter pat-
tern in the study area is less than 1, denoting a clustered distribution pattern. Therefore, the
deepest hypocenter has been selected as the depth of the model, that is, an optimal third
dimension.

Due to the possibility of error in the hypocenter depth data (Billings et al. 1994), the
third dimension of the model is equal to the maximum depth plus the D

max’

Td =Hypmax+Dmax (11)
where Hyp,,,. is the maximum depth of the hypocenters. T, has been calculated as 55 km
according to the Eq. (11).

Finally, the 3D topographic solid model has been built by importing and validating the
3D shell model in any analytical software (e.g., ANSYS, ABAQUS, and CATIA), selecting
appropriate structured meshes, and meshing the model based on D,,,,.

5 Model properties

In this study, the model had been made of solid meshes and therefore the model parameters
had also defined according to the solid components.

Although viscous flow in the deep crust and uppermost mantle can contribute to the
accumulation of strain along seismogenic faults in the shallower crust, it is difficult to eval-
uate this contribution to fault loading because it is unclear whether the viscous deforma-
tion occurs in localized shear zones or is more broadly distributed (Cowie et al. 2013).
Nevertheless, viscosity and temperature have been applied to the model based on viscosity
and heat versus depth diagrams from various studies related to the NW Iran and the world
(e.g., Thatcher and Pollitz 2008; Watts et al. 2013; Earle 2015; Afshar et al. 2017; Shafaii
Moghadam et al. 2018). For ease of operation and processing with minimal errors, we have
applied the average heat and viscosity curves for each analytical layer. The upper crust,
lower crust (~15-40 km) and upper mantle viscosities have been considered 1e26 Pa s,
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120 Pa s, and 1e18.5 Pa s, respectively. In addition, the upper crust, lower crust, and upper
mantle temperatures have been applied 200°, 700°, and 1100°, respectively.

The width of the NTF is reported to be about 20-25 km based on some studies (e.g.
Ghanbari and Saedipoor 2015; Aghajany et al. 2017). The width of the other faults is cho-
sen according to their length relative to the length of the largest fault in the study area (i.e.
NTF). Therefore, the widths of the NBF, SBF, AF, AhF, and SF have been selected in 6.6,
10, 2.5, 6.5, and 2.2 km, respectively.

Taking the fault width into the model means defining the shear zone between fault
blocks by connecting independent meshes with tie constraints. The internal friction angle
of 30° is taken into account in the interaction of each shear zone.

The Young’s modulus for the alluvial thin section, upper crust, lower crust, and upper
mantle is considered 1 GPa, 50 GPa, 60 GPa, and 140 GPa, respectively.

The degree of freedom in the initial boundary conditions has been limited to the hori-
zontal axis due to the control of loading conditions by GPS velocity vector data (Nazari
et al. 2013) in this study. Boundary condition constraints have been removed due to the
control of loading conditions by both GPS velocity vector data and static loading of the
model topographic section in later stages of analysis. Rotational constraints have also been
removed due to a combination of horizontal and vertical movements in the progressive
stages of analysis.

Fault surfaces are defined according to their attitude from various references to the
model (Table 4).

Therefore, the solid model had been completed by different nodal layers as well as
boundary condition characters (Fig. 5).

6 Stress analysis

After completing and preparing the FE model described in the previous section, stress cal-
culations are performed by loading. The results include stress outputs and energy diagrams.
The basis of stress calculations is the relationship between the reaction force and stress,

d < du
= (AEL) =0 12
ax Jx (12)
where E is the Young’s modulus; u axial displacement; and A is the cross-section area.
Interpolation model is based on the equations mentioned in Sect. 4. Here, variables include
the displacement vector r(x,y,z). According to the mechanical condition of the model in a
3D mode, we can write the stress—strain relations using the Hooke’s law,

- 3 - r N
Exx Oxx €xx0
Eyy Gyy €yyo
- € - — (¢ €
=< 2L =[Clo+g,=[C{ # ++{ %0} 13
£ 0 c €4v0
Xy Xy Xy
8yz Gyz 8yzO
€x Ox €,x0
J L

where [C] is elastic coefficient matrix that is given by:
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F1: North Tabriz Fault
orth Bozghush Fault
uth Bozghush Fault
Arasbaran Fault

Ahar Fault
hand Volcano
: Sabalan Volcano
Tabriz

Fig.5 Completed solid model by a boundary condition characters, b different nodal layers

1 —v—v0 0 0
vl —vO0 0 0
1 v—-rvl O 0 0
C1=%10 0 0 20+vo0 0 (14)
00 00 2(1+1) 0
0O 0 0 0 0 2(1+v)

where g is internal strain vector and v is Poisson’s ratio.
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Fig.6 a Stress accumulation zones in pre-failure mode. b 3D view of the stress accumulation zones in pre-
failure mode along the NTF. The positive x-axis corresponds to east, and the positive y-axis represents to
north

6.1 Stress outputs

Outputs are related to two pre-failure and failure modes. The pre-failure mode stress—strain
response is normally expected to follow a linear elastic trend. The slope of the axial
stress—axial strain curve for this trend yields the elastic modulus (Tutluoglu et al. 2015).
We refer to the pre-failure mode in our finite element model where the rigidity of
nodal connections on a fault plane reaches their weakest state. Theoretically, this mode is
equivalent to the strain-hardening stage in the stress—strain curve. The pre-Failure mode is
considered as a state in which the Mohr cycles are tangent to the Mohr—Coulomb failure
envelope. In the pre-fracture mode, the blocks on both sides of the shear zone are locked
to each other and the loading results in the accumulation of stress in the blocks. As the
loading continues, the differential stresses will increase to the extent that new fractures
occur. In the failure mode, the stress accumulation reaches its maximum level and that is
the moment after which the two blocks will move towards each other immediately. In this
study, we do not refer to the post-failure mode and complete release of stress, and therefore
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consider the failure mode as the maximum stress in the stress—strain curve. Movement vec-
tors in the failure mode are scattered on fault surfaces, but they are not epidemics and have
not yet formed a single movement vector. Therefore, the stress accumulation on the output
of the failure mode is related to episodic events.

Stress accumulations in the pre-failure mode are mainly around the North Tabriz Fault
(NTF) and there are no stress accumulation evidences anywhere else in the study area
(Fig. 6). Figure 7 represents a section of the model along the NTF to see and study depth
changes of stress zones on the fault plane from different angles in pre-failure mode.

The second group of outputs is related to the stress behavior of model block in failure
mode (Fig. 8). Figure 9 shows a section of the model along the NTF to see and study depth
changes of stress zones on the fault plane from different angles in failure mode.

6.2 Energy outputs

Energy outputs include ALLIE, ALLKE, ETOTAL, and ALLVD diagrams that repre-
sent respectively the rate of internal, kinetic, total, and viscous dissipated energies per

or: +1.000e+00

tor: +1.000e+00

Fig.7 a Stress accumulation zones on the NTF plane in pre-failure mode. b 3D view of the Stress accumu-
lation zones on the NTF plane in pre-failure mode. The positive x-axis corresponds to east, and the positive
y-axis represents to north
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Fig. 8 a Stress accumulation zones on the NTF plane in failure mode. b 3D view of the stress accumulation
zones for study area in failure mode. The positive x-axis corresponds to east, and the positive y-axis repre-
sents to north

time for the whole model (Fig. 10a—d). These outputs describe the energy changes in the
time domain.

The total energy of an object is the constant sum of the potential and kinetic energies.
The viscous dissipated energy is the energy dissipated by viscous effects. Deformation
and flow of materials require energy. This mechanical energy is dissipated, i.e., during
the flow it is converted into internal energy of the material (Winter 1987).

The ALLIE diagram for the entire model describes strictly ascending function that
represents an increase of internal energy during the run time (Fig. 10a). ETOTAL
diagram for the whole model describes a semi strictly ascending function showing an
increase for total energy during the run time (Fig. 10b). However, the initial implemen-
tation stage is the time to see an energy drop during the initial run time. Subsequently,
the ALLKE diagram for the whole model describes descending function that represents
a decrease of kinetic energy during the run time (Fig. 10c). Similar to the previous
diagram, the initial implementation stage is the time to see energy drop. Finally, the
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Fig.9 Stress accumulation zones on the NTF plane in failure mode. The positive x-axis corresponds to east,
and the positive z-axis represents to elevation

tags

Time Time

(b)

Time Time

Fig. 10 Mechanical energy changes for the whole model. a ALLIE diagram representing the rate of inter-
nal energy per time, b ETOTAL diagram representing the rate of total energy per time ¢ ALLKE diagram
representing the rate of kinetic energy per time, and d ALLVD diagram representing the rate of viscous dis-
sipated energy per time. The time axis is based on the number of months after first implementation
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ALLVD diagram for the whole model describes ascending semi-linear function showing
an increase in viscous dissipated energy during the run time (Fig. 10d).

7 Results and discussion

A validated solid model has analytical characteristics for our meshed topographic block.
The FEA of the block diagram suggests the most stress bandwidth about 13 km in pre-
failure mode. In this mode, stress accumulation is mainly around the NTF and there is
no stress accumulation evidence anywhere else in the study area. In addition, northeast
stress bandwidth along the fault strike is more than two times the southwest bandwidth of
the fault line. Pre-failure mode-related stress accumulation anomalies in the southeast and
northwest sectors of the NTF are mostly in the deeper and shallower areas, respectively.
Most variations of the stress field are around the SBF in the upper layer of the crust that is
made up of lighter rocks called SiAl. According to the Fig. 7b, the zone with highest stress
accumulation appears in the shallow areas of the northwest sector of NTF. This stress accu-
mulation seems to be influenced by the incremental topography in this sector of the fault.
The most elongations of stress accumulation zones belong to the bottom of the SiAl zone
in the central sector of the NTF, where Tabriz city is located next to it.

The results represent the high-stress accumulation zones around NTF in failure mode.
However, the stress accumulation zones are evident in other locations of the research area.
In these conditions, most stress bandwidth is about 60 km, which is three times the width
of the NTF. The northeast stress bandwidth along the fault strike, at the same time, is
almost equal to the southwest stress bandwidth along the fault line, but the northeast stress
band has higher stress accumulation. In addition, maximum stress accumulation can be
seen in the northwest, central, and southwest sectors of NTF respectively.

In other locations of research area, there are stress field anomalies around the tips of the
main active faults. Some of these anomalies include stress accumulation zones related to
the AF, AhF, and SBF.

A notable issue with this output is the high average stress accumulation in the southeast
block of the NTF relative to the northeast block. Since incipient failure and instability is
due to the differential stress and Mohr’s circle touching the Mohr—Coulomb failure surface,
unlike the northeast block, the southwest block is expected to have more stability because
tolerate more differential stress. Based on output results of stress analysis stress accumula-
tion zones have most anomalies and high differential stress in depth areas of the southeast
sector of NTF so that most anomalies are zones close to the SBF in SiAl zone. In addition,
the zones with highest stress accumulation appear in the shallow areas at the end of the
northwest sector of NTF (Fig. 9). This stress accumulation seems to be influenced by the
incremental topography in this sector of the fault. The most elongations of stress accumula-
tion zones belong to the bottom of the SiAl zone in the central sector of the NTF.

The ALLIE diagram gives us an insight into the internal strain energy. The internal
strain energy is equal to the area under the stress—strain curve in both pre-failure and failure
modes. The linearity of the stress—strain graph at the elastic behavior stage indicates the
constant stress—strain ratio. In this analysis, the strictly ascending ALLIE function suggests
the nonlinearity of the stress—strain graph in the elastic behavior stage. Therefore, during
the loading time, the stress—strain ratio is constantly increasing. This means that after each
seismic event, more stress is required to deform the fault block elements and to achieve
the next seismic event. The energy drop at the beginning of the run time in the ETOTAL
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diagram indicates the locking of the elements as a result of the collision of the shear zone
blocks, resulting in an energy drop in the ALLKE and subsequently a total energy drop. In
addition, the decrease in ALLKE during run time is the main cause of the low slope of the
ETOTAL diagram.

The mechanical energy required for the deformation and flow of the rock materials is
dissipated during the flow and converted to the internal energy of the rock material. There-
fore, the ascending ALLVD function represents the conversion of ALLVD to ALLIE dur-
ing the run time. By defining an appropriate time scale to the analytical model, the pattern
of these four diagrams together can be a model to guide us in recognizing the time of maxi-
mum stress accumulation and an impending event.

8 Conclusions

Stress accumulation results in pre-failure mode represent that stress accumulation is
mainly around the NTF and there is no stress accumulation evidence anywhere else in the
study area. In addition, northeast stress bandwidth along the NTF strike is more than two
times the southwest bandwidth along the fault line. Stress accumulations related to both
pre-failure and failure modes have more anomalies in the deeper and shallow areas of the
southeast and northwest sectors respectively in the NTF. The most elongations of stress
accumulation zones in both pre-failure and failure modes belong to the bottom of the SiAl
zone in the central sector of the NTF. The outputs of failure mode suggest that stress accu-
mulation zones are evident to the tips of the main active faults. Energy diagrams, based on
the total energy consumed in the form of internal strain energy, show a nonlinear increase
in the stress—strain ratio in the progressive stages of analysis. The pattern of stress accu-
mulation distribution along with the hybrid model of energy diagrams can provide insight
into the location and timing of earthquakes and events, if accompanied by a suitable time
scale. This study is a preliminary numerical analysis of the three-dimensional model and
has many shortcomings. This modeling can be an approach for understanding the physical
behavior of the Earth at different time scales. Subsequent work will include a more detailed
definition of model rheology at different layers, advanced boundary conditions, consider-
ing the underside topography of the model layers, and the definition of a suitable time scale
over a specified interval.
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