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Abstract: The distribution of damage zones around a fault has long been regarded as a frontier and
hot spot in the field of geoscience but is still not fully understood. In this study, we conducted field
investigations and tests around the Xianshuihe fault zone (XSHF), a left-lateral strike-slip fault with a
length of about 400 km located in the eastern margin of the Tibetan Plateau. The results reveal that
the fracture frequency and rock strength parameters present a spatially asymmetric distribution along
the fault and have a negative power-law correlation with the distance from the fault. The widths of
the damage zones are approximately 20.8 km and 17.1 km in the southwest and northeast directions,
respectively. Combined with the previous studies, we presented a negative power-law function to
depict the correlation between slip displacement and the width of the damage zone and found that
the growth rate of damage zone in faults with low displacement is greater than that in those with
large displacement. The study demonstrates that the asymmetric distribution of the damage zone
surrounding the XSHF is mainly due to the stress redistribution in different damage zones stemming
from the left echelon and different activity rates of the blocks on both sides of the XSHF.

Keywords: Xianshuihe fault zone; strike-slip fault; damage zone; fracture frequency; rock strength

1. Introduction

Fault zones are generally considered to have a bunch of shear zones characterized
by tectonically damaged rock fabrics [1]. The damage zones here refer to the highly
deformed area on both sides of the main fault [2,3]. Based on position, the damage zones
associated with a geologic fault can be classified either as fault tip damage zones, fault
wall damage zones, and fault linking damage zones or damage zones along-fault, damage
zones around the fault tip, and cross-fault damage zones [4]. Additionally, based on
the kinematic and geometric interaction of the fault, the associated damage zones have
been further divided into fault-approaching damage zones and fault-intersecting damage
zones [5]. The mechanical characteristics of the rock and the regional strain distribution
can be greatly influenced by fault damage zones [6,7], Therefore, identifying the width and
distribution pattern of fault damage zones is essential for recognizing some very important
aspects, i.e., the regional tectonic evolution [8,9], seismic characteristics [10,11], crustal fluid
permeability [3,12], subsurface sequestration of CO2 [13,14], and distribution of the ground
stress field [15,16].

The developmental characteristics of fault damage zones have been the subject of many
studies over the past decades. These previous studies include the structural characterization
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of damage zones based on geologic maps, field surveys, and microstructural analyses
of orientated rock samples [2,17], as well as the characterization of the damage zone
evolution associated with geologic faults, based on numerical models and diagenetic
environments [11,18,19]. In general, determining the width of the fault damage zone is
crucial. It is usually defined by the distribution and frequency of the cracks, fractures, and
deformation zones of the damaged structures, which normally decreases with increasing
distance from the main fault core [20]. For quantitatively portraying the width of fault
damage zones, some scholars carried out studies on the scalar correlations between the
width and displacement of fault damage zones based on fault evolution models [21],
while others studied the distribution pattern of the damage zones based on the statistical
evaluation of the fracture frequency at a distance from the fault zone [22,23].

There often exists a close correlation between the width of the damage zones and the
cumulative displacement of the fault, but it is still relatively difficult to accurately quantify
the extent of width of the damage zones associated with an active fault because the physical
and mechanical characteristics of the rock in the damage zones change progressively away
from the core of the main fault [24,25]. Most of the studies regarding the determination of
the width of the fault damage zones targeted small-scale faults [4,23], and knowledge of the
rock damage conditions surrounding large-scale active fault zones is still absent, especially
when they have a length of more than 100 km. However, large-scale fault zones, which
usually act as boundary faults between lithospheric plates, have a significant impact on the
control of the regional crustal stress–deformation field and profoundly influence seismic
activities [26,27]. The development of the damage zones around such large geologic faults
is closely related to the regional geomorphic evolution and mountain hazards [28,29] in that
area. Since the 21st century, many major strategic projects have been proposed in southwest
China; therefore, for safe and resilient construction of these projects, prior determination of
the width of the damage zones along major faults is a crucial activity.

For this study, we selected the Xianshuihe fault zone (XSHF) in the eastern margin of
the Qinghai–Tibet Plateau (Figure 1a) [30]. In the Cenozoic, the Tibetan Plateau uplifted
and its materials moved and extruded eastward. As a result, the Mesozoic structures in the
western margin of the Yangtze block were superimposed and transformed into large-scale
strike-slip faults and thrusts [31,32], and the XSHF is one of the most active faults and
serves as the eastern boundary of the Qinghai–Tibet Plateau; it also has unique intraconti-
nental deformation characteristics [33]. The XSHF is a prominent arclinear, northwestern–
southeastern trending fault. In the vicinity of the Huiyuan temple basin, the XSHF can
be divided into northwestern and southeastern segments. The northwestern segment of
the XSHF is characterized by a left echelon pattern, while in the southeastern section, four
secondary sub-faults diverged through the Huiyuan temple basin and eventually devel-
oped southward in Kangding, where XSHF splays coincided. In Shimian, the splays of the
XSHF are connected with the Anninghe fault zone and the Daliangshan fault zone, forming
the west boundary of the “Y” structural belt and the northeastern (NE) boundary of the
Sichuan–Yunnan block, as well as the southern boundary of the Bayan Har block [27,30].
The XSHF plays an important role in accommodating late Cenozoic crustal deformation
of the eastern Tibetan Plateau [27,34], where there is a drop in elevation from the western
Sichuan Plateau (4.5~5 km) to less than 1 km in the Sichuan Basin within a distance of
50~200 km [35]. Other studies regarding the tectonic uplift of the eastern margin of the
Qinghai–Tibet Plateau have also demonstrated the indelible role of the XSHZ [35–37]. Due
to block interactions, many destructive earthquakes have occurred along the XSHF [38,39],
including the 1923 Daofu earthquake (M7.3), 1955 Kangding Earthquake (M7.5), and 1973
Luhuo Earthquake (M7.9), etc., (Figure 1b).

Therefore, we attempt to quantitatively characterize the development of the rock dam-
age parameters in different parts of the XSHF zone through extensive field investigations.
In this study, we combine the detailed acquired data and analysis for identification of the
width of the damage zones under multifactorial perturbation and to quantitatively evaluate
the quality of engineered rocks. Finally, we discuss the influence of the tectonic activity
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and stress field on the development of these damage zones along the XSHF. This detailed
study is intended to provide a reference for understanding the development pattern of the
damage zones of large-scale active faults and for selecting suitable sites for ongoing as well
as proposed major projects in the region.

Figure 1. (a). Topography and principal active faults of Qinghai–Tibet plateau and adjacent regions.
White arrows indicate motions of India, central Tibet, northeastern most Tibet, and Sichuan rela-
tive to Siberia (modified after Tapponnier, et al., 2001 [37], based on the Geographic Coordinate
System—GCS_WGS_1984, DEM (Digital Elevation Model) data from ASF Data Search (alaska.edu));
(b). Spatial distribution and seismic development of XSHF; historical earthquake data are from Wen
et al., 2008 [39] and China Earthquake Network (http://www.ceic.ac.cn). (XSHF—Xianshuihe fault

http://www.ceic.ac.cn
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zone, GZ-YSF—Ganzi–Yushu fault zone, XJF—Xiaojiang fault zone, ANHF—Anninghe
fault zone, DLSF—Daliangshan fault zone, LTF—Litang fault zone, LRBF—Longriba fault
zone, MEKF—Maerkang fault, YLXF—Yulongxi fault zone, LMSF—Longmenshan fault zone;
LHS—Luhuo segment, DFS—Daofu segment, QNS—Qianning segment, KDS—Selaha–Kangding
segment, YLS—Yalahe segment, ZDS—Zheduotang segment, MGS—Mugecuo segment, MXS—Moxi
segment).

2. Materials and Methods
2.1. Geological Setting

The XSHF has been one of the most active strike-slip faults in the eastern margin of
the Qinghai-Tibet Plateau since the Cenozoic [27]; it is slightly arc-shaped towards the
northeast, with a total length of approximately 400 km, a strike of 40◦–50◦ NW, and a dip of
55◦–80◦ [40]. The XSHF can generally be divided into northwestern (NW) and southeastern
(SE) segments using the Huiyuan Temple Basin. The NW segment is developed in a slightly
overlapping left-stepped echelon and can be divided into three segments from northwest to
southeast: the Luhuo segment (LHS), Daofu segment (DFS), and Qianning segment (QNS).
The SE segments diverge through the Huiyuan Temple Basin to form multiple secondary
faults, i.e., the Zheduotang segment (ZDS), Selaha–Kanding segment (KDS), and Yalahe
segment (YLS); the fault trace overlaps with the Moxi segment (MXS) in the Kangding
area and connects with the Anninghehe and Daliangshan fault zones near Shimian County
(Figure 1b), forming a large strike-slip fault system. The XSHF divides the Songpan–Ganzi
terrane into two, the Bayan Har block to the northeast and the Sichuan–Yunnan block to the
southwest, with nearly 80–100 km of left-lateral slip displacement [27,41]. As the northern
boundary fault, the XSHF coordinates the extrusion and deformation of the Bayan Har
block and Sichuan–Yunnan block.

2.2. Data Source

The characteristics of fracture frequency and rock strength can be significantly affected
by faults within a certain width [42]. The consistencies of the fracture frequencies and
rock strengths in different parts of the damage zones along a fault are still somewhat
controversial. Some studies in this regard have pointed out that variations exist in the
degree of fracture frequency and rock strength in different damage zones along a fault [1,4],
whereas others are of the opinion that for the same distance from the fault, the width of the
damage zones would be relatively consistent [29].

In order to further characterize the spatial distribution of the rock’s properties in the
damage zones, we conducted a field survey along five NE-directed profiles, with a focus
on the intersection area of the secondary faults. All five profiles traverse the XSHF zones in
detail and provide good tectonic and bedrock exposures for study (Figure 2a). Considering
the activity of the XSHF, its geometric spreading, strain field, and displacement field are
spatially distributed with a somewhat non-uniform pattern [43,44], we believe that the
width of the damage zones in different parts of the XSHF may not be consistent. To study
three different types of damage zones, one tip damage zone (TDZ), one wall damage zone
(WDZ), and three linking damage zones (LDZ) were identified in different parts of the
XSHF (Figure 2b).
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Figure 2. (a). Locations of the investigation sites and geological map of XSHF (the geological data are
from the engineering geological petrofabric database [45]); (b). Simple 2D schematic illustration of
the fault damage zones around a segmented left-lateral fault (modified after Kim et al. 2004 [1]).

2.3. Characterization of Fracture and Strength Characteristics

In each profile that is generally perpendicular to the strike of the XSHF, point observa-
tions were taken at unequal intervals, with shorter intervals closer to the fault walls and
longer intervals away from fault walls. These observations were made on both sides of
the fault while taking the fault core as the central axis (Figure 2a). The precise geographic
coordinates, topographic features, lithologic features, and structural features of the rock
were recorded for each point.

Understanding the fracture frequencies of rock mass in the damage zones along ge-
ologic faults is an essential parameter for quantifying their geometric characteristics [46].
Therefore, three-dimensional geomechanical data has been employed to estimate the frac-
ture frequency (Jv) in the damage zones along each profile (Equation (1)) [47]. We char-
acterized the spatial degree of deformation on both walls of the fault and found that a
negative power-law function can well fit the rock fracture frequency at different locations
from both walls of the fault (Equation (2)) because the stress generated from the line or
point source showed a tendency of power-law decay [48]. During the field survey, the in
situ strengths of the bedrock on both sides of the XSHF were measured using the Schmidt
hammer rebound test [49].

Jv = ∑n
i=1

1
Si

(1)

D = ax−n (2)

where Si is the mean fracture frequency for each surveying site, D is the fracture frequency
(m3), x is the distance from the fault (km), a is a constant, and n is the decay parameter,
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which characterizes the degree of decay of the fracture frequency in the damage zones; a
larger decay parameter indicates that the damage is attenuated more rapidly [50].

3. Results
3.1. Tip Damaged Zones

The tip damage zone (TDZ) of the XSHF (profile V) is located within the sandstone
rock (Figure 2a, Table S1). In the NE wall of the fault, there is fractured sandstone and
interbedded slate layer at 4.7 km that becomes blocky at 17.1 km (Figure 3b,d). Within the
range of approximately 1.1–2.5 km near the LHS, the fracture frequency is 55–70 per cubic
meter; moving away from the LHS, the fracture frequency of the rock gradually decreases
to approximately 10–20 fractures per cubic meter between 17.1 and 19.5 km, while the
in situ strength of the rock mass in the same region was restored from 28.68 ± 4.26 MPa
(within 1.1–2.5 km from the fault) to 47.78 ± 4.03 (within 17.1–19.3 km from the fault)
(Figure 4c). The rocks of the southwestern (SW) wall show large fracture frequencies and
steep dipping, mostly between 6.6 km and 20.8 km (Figure 3a,c); the distribution of the
fracture frequency shows a wave-like trend, decreasing from about 60–90 per cubic meter
in the range of 0.2–1.5 km near the fault to 25 per cubic meter at about 10.3 km from the
LHS. At 15.1 km from the LHS, due to the influence of the GZ-YSF, the fracture frequency
increases sharply to 90 per cubic meter and then develops to the southwest, decreases to
45 per cubic meter gradually, and the in situ strengths of the rock mass have the same
characteristics within the SW wall of the LHS, increasing from 28.90 ± 4.03 MPa near
the fault (within 0.2~1.5 km from the LHS) to 44.25 ± 2.19 MPa (10.3 km from the LHS),
then decreasing to 15.25 ± 1.27 MPa (15.1 km from the LHS), and finally recovering to
27.20 ± 3.93 MPa (Figure 4c).

Figure 3. Exposure of bedrock at different positions of two walls in the XSHF.
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Figure 4. Fault damage zone distributions (strike-slip fracture frequency as bar diagrams against
distance from the fault core at each profile).

3.2. Linking Damaged Zones

The linking damage zone (LDZ) of the XSHF (i.e., profiles II, III, and IV) is widely
found in rock assemblages like the meta-sandstone and slate formed by the low-grade
metamorphism of siltstone (Figure 2a, Tables S2–S4). During the field survey and mea-
surements along profile III at 5.9 km from the DFS on the SW wall, a sufficient quantity
of weathered products was observed in the rock mass; as an example, a large amount of
weathered denudation detritus exists in the rock mass. The structural planes of the rock
strata at the mentioned location are also generally open, with gaps ranging from 1~3 mm
and a fracture frequency of 50 to 60 per cubic meter (Figure 3e). At a distance of 16.2 km
from the DFS, the exposed bedrock presents a relatively complete block, returning to the
undamaged zone with a significant decrease in fracture frequency to 20 per cubic meter
(Figure 3g). In the NE wall, the sandstone at 6.1 km and 13.5 km from DFS is also fractured
(Figure 3f,h), and the fracture frequency gradually decreased from 70–80 per cubic meter
within the range of 0.9–1.4 km near the fault to 25 per cubic meter at 13.5 km, maintaining
a high joint density.

The in situ strength of the bedrock shows an obvious “V” distribution across the faults,
reaching the valley of the “V” in the fault-connected area, i.e., between the DFS and the
QNS, where the compressive strength measured by Schmidt hammer rebound test is about
26.24 ± 5.14 MPa. As it moves away from the DFS, it reaches about 19.5 km and 13.5 km
from the SW wall and NE wall of the DFS, respectively, recovered to about 56.35 ± 4.79 MPa
and 58.10 ± 5.68 MPa at about 19.5 km and 13.5 km, respectively (Figure 4b,c).

3.3. Wall Damaged Zones

The wall damage zone (WDZ) of the XSHF is found within the Zheduoshan granitoid
and traversed by profile I (Figure 2a, Table S5). Due to the active tectonic movements in
the study area, the “X” joints in the granitic rocks exhibit an opening of about 1–2 cm at a
distance of 5 km from both the walls of the KDS. These openings were found filled with
large amounts of detritus material (Figure 3i,j). As we move away from the faults, the
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sandstone outcrop in the SW wall, at about 16.1 km, is still characterized by a cataclastic
texture (Figure 3k). On the other hand, the rock mass is not very jointed, and the joints are
tightly closed at about 12.7 km in the NE wall (Figure 3l).

The fracture frequency generally shows a clear trend of gradual decrease as we move
away from the fault core. On the SW wall, the fracture frequency decreased from over
100 per cubic meter (0.6 km from the segment KDS) to 12–15 per cubic meter (within
5.1–6.1 km from the KDS) and then increased to 30–50 per cubic meter near the ZDS. As
the fracture zones continue to move away from the KDS and are affected by YLXF, the
fracture frequency is generally high, exceeding 20–30 per cubic meter. Similarly, on the
NE wall, the fracture frequency decreases from 65–80 per cubic meter (within 0.3–1.1 km
from the KDS) to 5–15 per cubic meter (within 2.4–3.1 km from the KDS) and then increases
to 20–60 per cubic meter near the YLS (within 3.9–4.2 km from the KDS); however, as
the fracture zones move away from the YLS, the fracture frequency rapidly decreases to
10–15 per cubic meter within the range of 9.8–12.7 km (Figure 4a). The in situ strength
of the exposed bedrock reveals a nearly “W”-shaped distribution with the distance from
the fault. The ZDS and KDS-YLS are at the bottom of the “W” valley, with magnitudes of
31.64 ± 5.74 MPa and 37.70 ± 18.44 MPa, respectively. However, the in situ strength of the
exposed bedrock between the ZDS and KDS (5.1 km away from the KDS), as well as away
from the fault (approximately 12.7 and 16.1 km from the NE and SW wall, respectively),
reaches “W” shaped peaks, with magnitudes of 60.20 ± 8.80 MPa, 60.40 ± 5.02 MPa, and
61.90 ± 3.38 MPa, respectively.

4. Discussion
4.1. Determination of Damage Zone

The statistical results indicate that the fracture frequency and rock strength on both
walls of the XSHF hold an obvious relationship with the distance from the fault core
(Figure 4). By observing the rock outcrops in the field, power-law function fitting, and
comparing the rock properties in the damage zones with the rocks of the same type but
undeformed (protolith zone) [50,51], we can determine the extents and boundaries of the
different types of damage zones associated with the XSHF (Table 1). When the fracture
frequency of the rock mass is less than or equal to 20–30 fractures per cubic meter, such
rock mass would be considered outside of the actual fault zone.

Table 1. The boundary of the damage zones of XSHF.

Profile ID
SW Wall NE Wall

Width (km) n Width (km) n

Wall damage zone I 16.1 0.39 12.7 0.42

Linking damage zones
II 16 0.42 15.7 0.44
III 16.2 0.30 13.5 0.34
IV >8.9 0.31 15 0.36

Tip damage zone V ≥20.8 0.25 17.1 0.38
Total ≥20.8 0.335 ± 0.085 17.1 0.39 ± 0.05

In the TDZ (Profile V), the inclination of the rock on the NE wall within the range of
0–17.1 km changes from steep to gentle and the completeness of the rock mass changes from
fragmented to blocky, indicating that the level of tectonic activity on the NE wall of the LHS
has significantly decreased within the range. On the SW wall, due to the superimposed
disturbance of the GZ-YSF and LHS, the fracture frequency has remained at a relatively high
level within a distance of 20.8 km from the LHS (Figure 4c), and the rock is also fragmented
(Figure 3a,c). Therefore, we believe that the boundary of the fracture zone on the SW wall
of the XSHF tip is at about 20.8 km (Table 1). The damage zone boundary associated with
the LDZ is more uniform, the fracture frequency decreased to less than 20 per cubic meter
at distances of 16.1 ± 0.1 km (Figure 4(b1,b2)) and 14.6 ± 1.1 km (Figure 4(b1,b3)) from the
SW wall and NE wall, respectively (Table 1). On both walls of WDZ, there is a composite
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disturbance of ZDS and YLS (Figure 2a), but the distance between the NE boundary and
the KDS is 12.7 km, which is less than the 16.1 km of the SW wall (Table 1). This seems to
indicate that the different damage widths of the two walls are affected by the fault activity,
as the activity rate of the YLS is 1.05 ± 0.45 mm/yr [52], which is smaller than that of ZDS,
which is 4.1 ± 0.7 mm/yr [53].

We can see that there are obvious differences in the widths of different damage zones
and damage zones in the two walls of the XSHF, i.e., TDZ > LDZ > WDZ and SW wall > NE
wall (Table 1). Previous studies have indicated that the asymmetry of the damage zone may
include the deformation history [54,55], geometrical spreading [4], seismic rupture [56],
stratigraphic lithology [57], and so on. Considering the difficulty in calculating the surface
rupture caused by frequent earthquakes along the XSHF, as well as the fact that the lithology
of hard rocks such as sandstone and granite is relatively single, we discussed the differential
distribution of the damage zones of the XSHF caused by stress distribution and fault activity.

4.2. The Characterization of Rock Damage Distribution
4.2.1. Characteristics of Rock Damage Density Decay

Damage zones result from the initiation, propagation, interaction, and build-up of
slip along faults [1]. These fault damage zones can be influenced by factors such as fault
length, displacement, deformation history, and rock mechanical properties [58]. Based on
the power-law fitting of the fracture frequency in the study area, we found that the intensity
of the damage decay of the rocks in the two walls, as well as in other different damage
zones along the XSHF, is not consistent. Slower damage decay has been observed in the
three different damage zones of the SW wall, with decay parameters of 0.39, 0.34 ± 0.09,
and 0.25. In comparison, the largest decay parameter of the WDZ, the middle of the LDZ,
and the smallest of the TDZ are presented (Table 1 and Figure 5a).

Figure 5. (a) Damage decay parameters of different damage zones in the XSHF; (b) Trends of damage
decay parameters with displacement (modified after Savage and Brodsky (2011) [59], Savage et al.
(2021) [50]; (c) Distributions of the width of the damage zones in normal faults and strike-slip faults
with the cumulative slip on the faults (expressed in logarithmic form, normal faults and strike faults
are represented by circles and squares; the blue and red dashed lines represent the fitting curves for
the width of damage zone of normal and strike slip faults) [4,9,23,50,54,59–65].
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By comparing the damage decay parameters collected during the field survey from
the damage zones of the two walls of the XSHF with the data compiled by Savage and
Brodsky (2011), we found that it is very similar to other strike-slip faults, i.e., it experienced
the same amount of displacement (Figure 5b). In order to fully understand and further
clarify the relationship between rock damage decay and the rate of fault displacement, we
compared numerous published data [50,59] with the findings of this study. Subsequently,
we found that the fault displacement has a significant impact on the damage decay in
the rock mass associated with different types of faults. The damage decay parameter of
small-displacement faults is much stronger than that of large-displacement faults. As dis-
placement increases, the damage decay parameter “n” follows a single hump distribution
and is positively correlated with displacements of less than hundreds of meters. However,
when fault displacements further increase, the damage decay parameter decreases gradu-
ally, i.e., for displacements in the order of 104 m or larger, they seem to reach a threshold of
about 0.3, indicating a consistent damage decay parameter for large-displacement faults.

4.2.2. Width of the Fault Damage Zones

Combined with the previous studies, we found a power-law relation can depict the
relationship between them, even when the slip displacement reaches 100 km and the gap in
the damage zone widths can be up to 102~104 m or the slip displacement is less than 10−1 m
(Figure 5c). The power indices of 0.52 and 0.73 for normal faults and strike-slip faults,
respectively, are both less than 1, indicating that the development width of fault damage
zones slows down with the continuous increase in fault displacement. Previous studies
have shown that the threshold for this low displacement is approximately 2 × 103 m [50].
When the cumulative displacement is below this threshold, the rate of increase in the
width of fault damage zones becomes more severe with the increase in displacement. That
is, low-displacement faults have a larger proportion of damage zones compared to their
displacement, possibly because the damage zone in low-displacement faults increases
linearly with the displacement at certain locations [54] or only significantly increases
during the early sliding period of the fault [66]. By contrast, large-displacement faults
with cumulative displacements exceeding 2 × 103 m need to dissipate more energy to
become wider as fault slip increases, generating wider zones of damage in the surrounding
rock [67]. The significant difference in the width of the damage zones between normal
faults and strike-slip faults may be due to the different fault movement types. The damage
caused by the compressive stress state in the strike-slip fault is generally stronger than that
in the normal fault in the tensile stress state.

4.3. Asymmetry of the Damage Zone
4.3.1. Differences in Damage Zones Due to Stress Distribution

Mechanical test results have shown that the size and angle of the pre-existing fractures
in rock samples significantly control the development of microfractures [68,69], because
the size and angle of the mentioned fractures in the rock samples greatly affect the stress
distribution pattern around the specimen during testing [70–72]. Similar variations in stress
distribution can also occur around active fault zones due to differences in the geometric
spreading of faults. It is well known that when all other factors are kept constant and
only different stress states are considered, the deformation characteristics of the rocks
in the damage zones remain constant [73,74]. Therefore, to understand the phenomena
behind the development of the rock damage pattern in different zones of the fault, we
analyzed the stress field distribution characteristics in different parts of the fault using
simple numerical models. In these models, we restrict the displacement of the model
in all directions except the applied load direction and kept the mechanical parameters,
fault lengths, load magnitudes, etc., the same in all models (Table 2). The simulation
results revealed that the angle (α) between the regional far-field principal stress orientation
and the fault strike significantly controls the stress distribution characteristics around the
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fault (Figure 6e). Stress concentration zones form at the tips of isolated faults and at fault
junctions, whereas stress relaxation occurs at the fault walls (Figure 6).

When the α increases from 0 to 90◦ for an isolated fault, both the magnitude and stress
disturbance area increase sharply at the fault tips. The stress disturbance area increases
while the magnitude decreases on the two sides of the fault wall (Figure 6(a1–d1)). We
performed similar numerical simulations for two neighboring faults. The stress magnitude
in the linking damage zone is higher than that at the tip, regardless of if faults are under-
lapping or adjacent (Figure 6(a2–d2), Figure 6(a3–d3)). However, this relationship becomes
reversed when the two faults partially overlap, with a stronger stress concentration at the
fault tip damage zone compared to the linking damage zone formed by the fault overlap
(Figure 6(a4–d4)). This explains why the width of the TDZ of the XSHF is larger than
that of the LDZ. The clockwise rotation of the NNW-NWW in the Sichuan–Yunnan block
maintains a small angle with the strike of the XSHF (Figure 6e), resulting in the spatial
spreading of the left echelon pattern, with slight overlaps of the XSHF in the region where
the regional stress field is similar to that in the generalized Figure 6(b4). However, the
WDZ is always in a low-stress zone and is lower than the stress zone in the TDZ or LDZ.
We believe that the damage driven by the wide-area stress concentration in the TDZ or
LDZ is more intense than that caused by fault slip in the WDZ, which may be an important
reason for the difference in damage widths in different damage zones along the XSHF, i.e.,
the width of the damage in the TDZ or LDZ is wider than that in the WDZ.

Figure 6. Two-dimensional numerical simulation of faults with different strikes and composite forms:
the stress magnitude of an isolated fault between 0 and 45 MPa and the stress magnitude of two
neighboring faults between 0 and 70 MPa ((a) regional principal compressive stress at 0◦ to the fault
strike; (b) 30◦; (c) 60◦; (d) 90◦; (e) Schematic diagram of the orientation of regional principal stress at
an angle α to the fault strike; the regional principal stress comes from the clockwise rotation of the
Sichuan–Yunnan block).

Table 2. Mechanical parameters of the model.

Poisson’s
Ratio

Elasticity
Modulus

(GPa)

Shear
Stiffness

(GPa)

Normal
Stiffness

(GPa)

Cohesion
(kPa)

Friction
Angle (◦)

Rock 0.25 25.0 — — — —

Fault zone — — 2 2 100 15
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4.3.2. Driving Wall Effect in Strike-Slip Faults

Previous studies have shown that the hanging walls of dip-slip faults generally suffer
more damage than the footwalls, although the stress state and damage mode of the hanging
walls and foot walls are not the same [75,76]. In contrast, when it comes to strike-slip
faults, the widths of the surface ruptures in both walls suggest that the damage should
be distributed roughly symmetrically all along the fault core [23,77]. However, based
on our field investigations and data analysis, we found that the damage zones of the
two walls of the XSHF are asymmetrically developed. The width of the damage zone of
the SW wall is obviously wider than that of the NE wall (Figure 4, Table 1). One of the
most important reasons behind the differential distribution of the damage zones across
the XSHF may be due to the fact that the SW wall is a strike-slip driving wall. It is well
known that fault slip begins with the loading of plate tectonic motion, and the direction
of slip depends on the angle of oblique convergence of the plates and the direction of
relative motion with respect to another plate [78]. The active Holocene left-lateral slip of
the XSHF suggests that it was significantly controlled by the NE-trending extrusion and
collision of the Indian Plate against the Eurasian Plate (Figure 1a). The current studies
indicate that the slip rate of the XSHF gradually increased from NW to SE [43,44], with
a significant velocity difference between the two walls of the fault. This further suggests
that the Sichuan–Yunnan block on the SW wall is less constrained than the Bayan Har
block on the NE wall. The eastward movement of the Bayan Har block is absorbed by the
high shrinkage rate and strong crustal compression caused by the LMSF, which shortens
the crust [79,80], whereas the clockwise rotation of the Sichuan–Yunnan block continues
to extend into the north–south oriented fracture system [27]. This tectonic environment
and the crustal kinematics have made the XSHF a large-scale left-lateral strike-slip fault to
accommodate the different movement rates between the Chuan–Dian block and the Bayan
Har block. The response pattern of the rock mass to the loading provides insights into
the movement of faults. The mechanical test results indicate that during quasi-hydrostatic
loading of granite and sandstone, the volume expansion of granite and sandstone becomes
more obvious as the strain rate increases [81], showing a positive correlation between
the strain rate and rock damage [82]. The XSHF is located in an area comprising granite
and sandstone lithologies, and the numerical inversion results reveal that the SW wall
experiences a high strain rate environment, whereas the strain rate decreases rapidly from
west to east on the NE wall [43,83]. This suggests that the stronger activity of the SW wall
has caused a wider rock damage zone in the study area. In the context of the India–Asia
collision, the Sichuan–Yunnan block, i.e., the SW wall, acts as a driving wall, resulting in
the width of the damage zones of the SW wall being generally wider than those of the
NE wall.

5. Conclusions

The XSHF is the boundary fault located in the southeastern margin of the Tibetan
Plateau and was formed due to the India–Asia collision. The SW wall and NE wall
are surrounded by damage zones with widths of approximately 20.8 km and 17.1 km,
respectively. Observations of the rock structure around the XSHF show that the damage
zones in the two walls follow a negative power-law decay trend, but the distribution of
the fracture frequency and rock strength in the different damage zones in the two walls is
inconsistent, that is, the width of damage zone of the TDZ is larger than that of the LDZ
and WDZ. Combined with previous studies, this shows that the decay parameter is highly
influenced by the displacement if the displacement is smaller than hundreds of meters;
however, but the decay parameter tends to stabilize at large displacement scales (larger
than hundreds of meters), the width of the damage zone shows a negative power-law
correlation with slip displacement, and the expansion rate of the damage zone slows down
with the increase in slip displacement. Finally, we conclude that the differences in rock
damage characteristics among different damage zones in the XSHF are mainly caused by
the inconsistent stress distribution in different damage zones caused by tectonic movement.
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The asymmetric distribution of the damage zones across the fault is mainly attributed to
the differences in activity rates between the blocks on both walls of the fault.
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//www.mdpi.com/article/10.3390/app14062439/s1, Table S1: Exposed bedrock parameters of LHS
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