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Abstract: Investigating landslide deformation patterns in different evolution stages is important
for understanding landslide movement. Translational landslides generally slide along a relatively
straight surface of rupture. Whether the post-failure spatiotemporal deformation for certain trans-
lational landslides follows the pre-failure pattern remains untested. Here, the pre- and post-failure
spatiotemporal deformations of the Simencun landslide along the Yellow River in 2018 were analyzed
through multi-temporal remote sensing image analysis, Interferometric Synthetic Aperture Radar
(InSAR) deformation monitoring and intensive field investigations. The results show that the pre-
and post-failure spatial deformations both follow a retrogressive failure pattern. The long time
series of the displacement before and after failure is characterized by obvious seasonal and periodic
stage acceleration movements. Effective rainfall played an important role in the increase of the
displacement acceleration, and the change in temperature might have accelerated the displacement.
Finally, there is a possibility that the post-failure spatiotemporal deformation pattern of translational
landslides does follow the pre-failure pattern when certain conditions are satisfied. The results are
of great significance to improving our understanding of the spatiotemporal deformation pattern of
landslides and to post-failure risk prevention and control.
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1. Introduction

Landslides are a common geological hazard worldwide, causing huge casualties and
economic losses every year [1-4]. Gathering landslide deformation information plays an
important role in landslide risk prevention and control [5,6]. It is well known that most
landslides have different deformation characteristics in different evolution stages [7-9].
Therefore, it is necessary to study the deformation patterns of landslides in different stages
to formulate corresponding prevention strategies and reduce the risks landslides pose [10].

In recent years, many studies have been carried out on the deformation patterns
of landslides. Some scholars made use of Deep Learning (DL) approaches, especially
using Convolutional Neural Network (CNN) and Fully Convolutional Network (FCN)
algorithms to conduct automatic landslide detection and obtain landslide spatial infor-
mation [11-14]. The DL approaches show great advantages in landslide deformation
prediction, but they cannot realize real-time monitoring of landslides [15]. Traditional
landslide deformation detection methods, such as the Global Positioning System (GPS) and
leveling techniques [16,17], can obtain landslide surface deformation information, but it
is difficult to meet the needs of landslide monitoring because of the limited equipment.
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With the development of the Remote Sensing (RS) technology, unmanned aerial system
(UAS) photogrammetry [18-21], light detection and ranging (LiDAR) [22-25], terrestrial
laser scanning (TLS) [26,27] and other advanced measurements, technology is gradually
applied in the field of landslides. By using these remote sensing techniques, the defor-
mation process can be detected in real-time, and the changes in topographic features can
be quantitatively analyzed [28]. Although these methods have high accuracy, they are
difficult to be widely applied to the analysis of landslides due to their high cost and low
efficiency. The Interferometric Synthetic Aperture Radar (InSAR) is characterized by being
all-weather, low cost and having convenient operation [29-31]. A variety of time-series
InSAR approaches were developed by different researchers, for example, the Small Baseline
Subset Approach (SBAS) [32,33], the Permanent Scatterer InNSAR (PS-InSAR) [34,35] and
pixel offset tracking (POT) [36]. It can trace landslide displacement and monitor defor-
mation processes in real-time with centimeter to millimeter-scale accuracy; INSAR has
gradually been widely used in the study of landslide deformation [37,38].

Because translational landslides are the most common type of landslide that causes
catastrophic damage around the world [39,40], it is important to study their deformation
pattern changes for building corresponding prevention and control projects. Detecting the
deformations of landslides by using InSAR has attracted the attention of many scholars.
Some scholars have studied regional stability by detecting the deformations of potential
landslides in large regions [41-44]. Several scholars traced the pre-failure deformation
process of landslides and studied the evolution characteristics and trigger factors [45-48].
Several studies analyzed the landslide movement trend and gave risk warnings by moni-
toring the long time-series displacement before and after the landslide occurred [49-52].
However, few early studies have directly focused on whether the deformation patterns
change after landslide failure. Li et al. [53] and Zhu et al. [54] found that there were different
failure patterns of retrogression and advancing progress before and after the failure of the
Huangnibazi and Jiangou landslides. In contrast, Zhao et al. [55] found that the Xinyuan
No. 2 landslide repeatedly exhibited retrogressive failure within the same landslide body.
However, the continuity of the post-failure deformation pattern has not been determined.
Under what circumstances the post-failure deformation follows the pre-failure deformation
is still a question that needs to be studied.

Therefore, the main objective of this study was to determine whether the pre- and
post-failure deformation patterns of certain translational landslides are consistent. First,
we retrieved the pre- and post-failure spatiotemporal deformation process through InNSAR
deformation monitoring. Then, the pre- and post-failure spatial movement trends were
compared. In addition, the long time-series displacement data of the landslide were
extracted and were comprehensively analyzed, along with the effective antecedent rainfall
and temperature. The results of this study are of great significance for improving our
understanding of the spatiotemporal deformation patterns of landslides and for conducting
corresponding post-failure prevention and control work.

2. Study Area

The study area is located in Kangyang Town, Jianzha County, Qinghai Province
(Figure 1a), in the transition zone between the strongly uplifted Tibetan Plateau and the
relatively less uplifted Loess Plateau. This region is characterized by active regional tectonic
movement and poor stratigraphic stability. Various landforms, such as valleys, hills and
mountains, are widely developed, and the vertical difference in the terrain is significant.
The Yellow River flows through this area from northwest to southeast (Figure 1b), and
it has an erosion and cutting effect on the front edge of the slope, providing favorable
topographic and geomorphological conditions for landslide development. The average
annual temperature in this area is 7.8 °C. The average annual precipitation is 350-500 mm,
which is mostly concentrated in summer and autumn [56]. Therefore, owing to the climatic
conditions, landforms and other factors, landslides are widespread in this area, and the
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large, extra-large and giant landslides are typical and representative of those around the
world [57,58].
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Figure 1. (a,b) Location of the Simencun landslide. (¢) Geomorphological features of the Simen-
cun landslide.

On 3 April 2018, the Simencun Landslide in Qinghai Province began to slip. By 18:00
on 4 April 2018, the minor scarp had become temporarily stable, and the landslide had slid
down 5 to 10 m, making it a typical translational landslide. The landslide was composed of
Quaternary alluvial loess-like soil Q4P and Neogene mudstone (N) (Figure 2). The slope
direction was 100°, and the main sliding direction was the same as the slope direction [59].
The height of the main scarp was about 8 to 25 m (Figure 3b). The main body was about
390 m long and 500 m wide. The landslide severely damaged the Makang highway
(Figure 3c,e), power transmission lines (Figure 3b), drainage channels (Figure 3d) and other
public facilities, causing huge social and economic losses.
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Figure 2. Longitudinal profile of the Simencun landslide (modified from Shi et al. [59]). A—A’ in
Figure 1c is the Longitudinal section position.
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Figure 3. Field investigation of the Simencun landslide: (a) Landslide’s main body, (b—e) damaged
public facilities and (f) sinkhole.

3. Materials and Methodology
3.1. Time-Series InSAR Analysis

Interferometric Point Target Analysis (IPTA) was used in this study, which was devel-
oped based on Persistent Scatterer Interferometry (PSI) [60,61]. First of all, the obtained
image formed the image interference pair of time series by differential interferometry.
Second, the points that had low spectral diversity [61] and low amplitude dispersion [35]
were selected for analysis. Third, based on the two-dimensional (2D) linear regression
pattern, differential interference calculation, adaptive filtering and phase unwrapping were
carried out on these points through iterative regression analysis. We removed the orbital
error, topographic phase, atmospheric phase, and then refined the unwrapped phase. Then
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the Singular Value Decomposition (SVD) method [62] was used to extract the linear time
series displacement. After separating the linear deformation, the residual phase could be
expressed by the following equation:

res

P = o + ¢ + ¢ (1)

where @;" is residual phase, ¢;"! is nonlinear deformation phase, ¢; is atmospheric

delay phase and ¢;" is phase noise. Because the nonlinear deformation and atmospheric
delay phase were spatially manifested as low-frequency characteristics, the noise was
manifested as a high-frequency phase. Therefore, low pass filtering was carried out to
remove interferometric decorrection and other noise components, and then high pass
filtering was carried out to obtain nonlinear deformation. Finally, the true deformation
phase was obtained by adding linear deformation and nonlinear deformation.

In this study, we used GAMMA synthetic aperture radar interferometry software,
which is a fully functional data platform developed by GAMMMA Remote Sensing AG
in Switzerland for interferometric radar data processing. Since the pre- and post-failure
surface displacement changed dramatically, spatial and temporal decorrelation of the radar
SAR images occurs [63,64]. Serious decorrelation affects the quality of the interference
results, making it difficult to extract accurate deformation information. Separately mon-
itoring the pre- and post-failure can greatly improve the accuracy of the measurement
results. Thereby taking the time at which the landslide occurred as the node, two sets of
pre-failure (from 7 January 2017 to 27 March 2018) and post-failure (from 8 April 2018 to
28 April 2021) Sentinel-1 datasets were processed and analyzed, and 117 and 264 interfer-
ometric pairs were generated, respectively (Figure 4). In addition, we selected coherent
targets with a coherence of greater than 0.5 as the PS points for the subsequent deformation
processing. POD Precise Orbit Ephemerides were used to remove orbit error, and Shuttle
Radar Topography Mission (SRTM) digital elevation model (DEM) data covering the study
area with a resolution of 30 m was used as the reference elevation data to eliminate the
topographic phase.
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Figure 4. Spatial and temporal baselines of the Sentinel-1 data used in this study: (a) pre-failure
spatial and temporal baselines, (b) post-failure spatial and temporal baselines.

3.2. Effective Antecedent Rainfall

The amount of water that actually seeps into a hillside during the rainfall before
the landslide occurs is defined as the effective antecedent rainfall [65]. The effective
antecedent rainfall reduces the stability of the soil and is an important factor inducing the
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landslide [66,67]. The influence of the rainfall on the slope during a period of time before a
certain day is an attenuation process, and the influence of the rainfall on the soil moisture
during the previous n days is related to the precipitation during the previous (n — 1) days.
Thus, in this study, the effective antecedent daily rainfall was calculated using the following
weighted summation equation [68,69]:

P, =) PK; ()
1

where Py is the effective antecedent rainfall, P; is the daily rainfall on the i-th day proceeding
the landslide event (1 < i < n) and K; is the decay coefficient due to evaporation. Here,
following [70], K; was set to 0.84, and n was set to 10.

4. Results and Analysis
4.1. Basic Displacement Characteristics of the Landslide

Through visual interpretation of multi-temporal optical remote sensing images, the
vector data for the landslide’s surface displacement can be extracted [71]. We obtained the
Planet satellite’s high-resolution remote sensing images of the pre-failure (3 June 2016) and
post-failure (1 December 2018) conditions in the study area, with a resolution of 0.5 m.
The pre- and post-failure visible ground objects and characteristic points were vectorized
(Figure 5). It was found that the landslide was greatly deformed and slid downward,
causing serious damage to a road. The middle and lower parts were the most seriously
deformed areas, with an average displacement of about 30 m, which was mainly caused by
river erosion. Moreover, the cross-section of the Yellow River at the foot of the Simencun
landslide (about 1/2 or 1/3 of the normal width) was significantly smaller than upstream
and downstream (Figures 1b and 3a). Such a bottleneck shape was prone to rapids and
thus aggravated the erosion intensity of the lateral impact [72].

- Main scarp [\ Pre-failure Polygon Post-failure Polygon
— Displacement +  Pre-failure Point Post-failure Point

Figure 5. Surface travel distance of Simencun landslide: (a,b) ground objects, (c,d) feature points.
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In the direction perpendicular to the sliding direction, the displacement of the northern
side was stronger than that of the southern side, and a large area of the north side of the
toe collapsed (Figure 5). This is consistent with the field investigation results. The different
deformation degrees on the north and south sides could be caused by the differences in
the intensity of the river erosion. The northern edge of the landslide has a more convex
shape and is located upstream of the river (Figure 1b), which may be the reason for the
more intense deformation of the north side [73].

4.2. Spatial Deformation Pattern of the Simencun Landslide
4.2.1. Pre-Failure Spatial Deformation

Figure 6 shows the pre- and post-failure mean Line of Sight (LOS) deformation velocity,
negative values indicate movement away from the satellite, and positive values represent
movement toward the satellite. The deformation velocity was not uniform in the interior
part of the landslide. The middle and lower parts had the largest deformation velocities,
and the maximum LOS deformation velocity was up to —124 mm/a.

Pre-failure
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Deformation
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Figure 6. Pre-failure mean LOS deformation velocity.

To further research the spatial deformation of the landslide, we studied the pre-failure
cumulative LOS displacement (Figure 7). The lower part became unstable the earliest,
which is mainly attributed to the river eroding away the weak structural plane at the
bottom of the slope (Figure 3a). Then, because the original balance of the structure of
the lower part was destroyed, the upper part lost its support, and the deformation area
gradually extended into the upper and surrounding areas. By 27 March 2018, the maximum
cumulative LOS displacement deformation reached —135 mm, and the evolution exhibited
a typical retrogressive failure pattern.
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Figure 7. Pre-failure cumulative LOS displacement.

4.2.2. Post-Failure Spatial Deformation

The toe was continuously eroded by the river, and no obvious accumulation was pro-
duced at the front edge after the landslide occurred. In Figure 8, the mean LOS deformation
velocity was relatively small, only 1/3 that of the pre-failure value, but the area with the
largest deformation velocity after the landslide occurred was still located in the lower part
of the main body.

Deformation
rate (mm/y)

e -50 --40
e -40--30
e -30--20
e -20--10
e =-10-0
© 0-10
® 10-20

)\ Landslide
boundary

0 80 160m
———

Figure 8. Post-failure mean LOS deformation velocity.
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Furthermore, the post-failure cumulative LOS displacement was divided at the same
scale as the pre-failure displacement (Figure 9). There was still a deformation trend extend-
ing from the middle and lower parts to the surrounding area after the landslide occurred.
The deformation area extended to the entire landslide, and the overall deformation of the
landslide was apparent. Until 28 April 2021, the landslide was still deforming, with a maxi-
mum cumulative LOS displacement of —145 mm. In conclusion, after the occurrence of the
Simencun landslide, it was still in an unstable state, the post-failure spatial deformation
pattern followed the pre-failure retrogressive failure pattern, and the deformation trend of
extending from the middle and bottom into the surrounding area was maintained.

120180408-20181005
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L 5-150 0 2150
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Figure 9. Post-failure cumulative LOS displacement.
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4.3. Time-Series of Landslide Displacement
4.3.1. Acceleration of Displacement before Failure

The temporal variation of displacement was complex. To explore the temporal evolu-
tion of the Simencun landslide, the time series LOS displacement at representative points
in areas with different deformation velocities were calculated (Figure 10). The deformation
before the rainfall was gentle but accelerated in the late period of seasonal rainfall. From
January to August 2017, the main body was still in a relatively stable state and moved
slowly at certain acceleration, with a cumulative LOS displacement of about —23 mm. In
August 2017, in the later period of the seasonal rainfall, the continuous rainfall reduced the
stability of the landslide and changed the acceleration of the time series LOS displacement.
In addition, the deformation velocity began to increase. Furthermore, after the rainy season,
the landslide continued to accelerate during the winter. By March 2018, the cumulative
LOS displacement of point P3, which was located in the most active area, had reached
—97 mm. In conclusion, according to the INSAR deformation monitoring results, the pre-
failure displacement deformation of the Simencun landslide experienced an accelerated
movement stage in the late period of seasonal rainfall.

E
£ 0
@ -40
E
8
@© -80L :
(=}
@ !
0-120 ! . :

50 T T T yo I I

—— Temperature Daily rainfallj; 30

40 \E Effective antecedent rainfall 5 o
= M ' e
: A WJW i o 8
e | w ; -0 ©
£ A : L i g
© [
g | ! --102

1or - -20

I i - -30
o—- e L BRI RN I U | I
20170107 20170412 20170717 20171021 20180125 20180327

Figure 10. The time-series LOS displacement, effective antecedent rainfall and temperature before
the landslide occurred. The locations of P1, P2 and P3 are shown in Figure 6. The red triangle
represents the beginning of the accelerated change. The gray bar represents the time span of the
accelerated displacement.

4.3.2. Seasonal Acceleration of Displacement after Failure

We can further understand the movement of landslides in different stages through
continuous monitoring. From April 2018 to April 2021, there were three acceleration
changes in the displacement of the Simencun landslide, which all occurred in the late
rainy season and winter (Figure 11). The time spans and cumulative LOS displacements
of the three accelerated deformation periods were as follows: from 23 September 2018
to 22 March 2019 (from —12.8 to —54.1 mm); from 18 September 2019 to 4 March 2020
(from —60.5 to —75.5 mm); and from 31 August 2020 to 4 April 2021 (from —77.1 to
—106.2 mm). The acceleration of the displacement changed, and the deformation rate
began to increase when seasonal rainfall acted on the landslide, reaching a certain threshold.
More importantly, every winter and spring, the displacement still exhibited an obvious
proportional relationship with the change in temperature, so it is considered to be affected
by seasonal freezing and thawing. Therefore, it was determined that the post-failure
displacement experienced the same accelerated deformation stage in the late period of
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seasonal rainfall as the pre-failure displacement, and the accelerated deformation period
exhibited seasonality.
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Figure 11. The time-series LOS displacement, effective antecedent rainfall and temperature after
the landslide occurred. The locations of P4, P5 and P6 are shown in Figure 8. The red triangle
represents the beginning of the accelerated change. The gray bar represents the time span of the
accelerated displacement.

5. Discussion
5.1. Periodic Acceleration of Landslides

To further illustrate the periodic acceleration of landslides, we removed the linear
component from the time-series cumulative LOS displacement obtained from the original
InSAR monitoring and compared the de-linearized INSAR measurements with the effective
antecedent rainfall and temperature data (Figure 12). The results demonstrate that the
time-series deformation evidently had seasonal variability and was most active in the late
rainy season and in winter and spring. The deformation had a period of one year on the
inter-annual, and it was highly correlated with the local climate and was similar to the
results of previous studies [74,75].

We confirmed that the effective antecedent precipitation played an important role
in controlling the change in the acceleration of the Simencun landslide displacement. In
Figures 10 and 11, there was no rainstorm (25 mm < precipitation < 50 mm within 24 h) in
seven days before the accelerated change, indicating that the accelerated change was not
caused by a rainstorm. The changes in the acceleration of displacement occurred in August
or September, which was late in the rainy season, and usually about 1 month after the
peak in the effective antecedent rainfall (Figure 12, red arrows). This demonstrates that the
continuous precipitation infiltration increased the soil moisture content and reduced the
shear strength of soil and slope stability. After reaching a certain threshold, the landslide
displacement velocity increased [76]. Therefore, it can be determined that the increase in
displacement acceleration was caused by the effective antecedent rainfall.

Moreover, the period of severe displacement deformation was mostly concentrated in
autumn and winter (Figures 10 and 11). With the decrease in temperature, the landslide
displacement gradually accelerated, and the interval between the minimum temperature
and the midpoint of the accelerated deformation period was about 2 weeks (Figure 12, blue
arrows). In addition, the study area is located in the seasonal frozen soil area on the eastern
edge of the Tibetan Plateau, and thus, the slope may be subjected to seasonal freezing—
thawing [77]. The cyclic process of freezing in winter and thawing in spring destroys the
soil structure and weakens the physical parameters. Consequently, it is recommended that
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the post-failure prevention and monitoring be strengthened in winter and spring to reduce
the possibility of the landslide slipping again and minimize losses caused by landslides.
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Figure 12. Time-series INSAR with linear trend removal, effective antecedent rainfall and temperature.
The locations of P2 and P3 are shown in Figure 6. The locations of P5 and P6 are shown in Figure 8.
The black triangles denote the initiation of the accelerated change. The gray bar represents the time
span of the accelerated displacement. The red arrows represent the gap between the accelerated
change and the peak in previous effective rainfall. The blue arrows represent the gap between the
midpoint of the time span of the accelerated displacement and the lowest temperature value.

5.2. Continuity of Spatiotemporal Deformation Pattern

Addressing the deformation in different stages is significant for understanding the
mechanism of landslide evolution and for disaster warnings [78-80]. In this study, we inves-
tigated the pre- and post-failure spatiotemporal deformation by monitoring the Simencun
landslide for a long period of time. Before the landslide occurred, the lower part became
unstable the earliest, and then the upper part lost support and began to slide, corresponding
to a retrogressive failure pattern. After the landslide occurred, the deformation on the
lower part was more intense than on the upper part. What is more, the post-failure spatial
deformation still presented a retrogressive failure pattern. This was consistent with the
behavior of the Aniangzhai (ANZ) landslides [81], which were influenced by rainfall and
river erosion. The main reason was that there was no obvious accumulation changing
the original movement environment due to river erosion after the landslide occurred. In
addition, Zhao et al. [55] found that the xinyuan No. 2 landslide continued to slide forward
in a regressive progressive deformation pattern because there was no obvious accumulation
area in the lower part of the landslide. Jiao et al. [82] found that the landslide continued to
slide along the original sliding direction because the sliding body was not blocked. On the
contrary, the Jiangou landslide [54] shows different failure patterns of retrogression and
advancing progressive before and after the failure. The main reason was that the Jiangou
landslide had a formed dammed lake after the landslide occurred, the dammed lake con-
stantly acted on the landslide, the stress environment of the landslide was changed again
when the dammed lake collapsed, and its deformation pattern was changed. Therefore,
the post-failure deformation of certain translational landslides will follow the pre-failure
pattern if the original sliding and stress environment of landslides are not changed. It is
meaningful for improving our understanding of translational landslide deformation and
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conducting hazard prevention and control in advance in the areas and time periods in
which collapse may occur.

6. Conclusions

The goal of this study was to determine whether the post-failure deformation of certain
translational landslides follows the pre-failure pattern through long-term spatiotemporal
deformation monitoring. Driven by river erosion, the spatial deformation of the Simencun
landslide extended from the middle and lower parts to the surrounding area. The post-
failure spatial deformation followed the pre-failure pattern and exhibited a retrogressive
failure pattern on the landslide. In addition, the pre- and post-failure temporal displace-
ments had similar stage acceleration. We confirmed that the landslide displacement was
seasonal and periodic under the influence of climate, and the effective antecedent rainfall
was the primary factor affecting the change in the acceleration of the displacement. Our
results suggest that translational landslides will remain unstable after they occur, and
the post-failure spatiotemporal deformation may follow the pre-failure pattern when the
post-failure movement environment and the external forces remain almost unchanged. The
results provide a new idea for studying the landslide movement patterns before and after
a landslide has occurred and are helpful for elucidating the spatiotemporal evolution of
translational landslides and reducing the risk of landslides. The results of this study sug-
gest that there is a possibility for the continuation of the pre- and post-failure deformation
pattern, but further research still needs to be done to prove this possibility.
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