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Spatiotemporal evolution of interseismic coupling and stress accumulation near an asperity on a

vertical strike-slip fault: Insights from three-dimensional viscoelastic numerical simulation

Abstract: [Objective] Understanding the kinematic state and stress accumulation near fault protuberances is crucial for
accurate assessment of earthquake hazards. Interseismic coupling (ISC) is a widely used method for characterizing the
kinematic behavior of faults. Despite its importance, the correlation between the spatial distribution of ISC and the
positioning of fault asperities, areas of increased frictional resistance, has not been extensively studied. Furthermore, the
influence of the rheological properties of Earth materials on the temporal and spatial evolutions of slip deficits and shear
stress accumulation in close proximity to these asperities remains poorly understood. [Methods] We developed a set of
three-dimensional (3D) elastic and viscoelastic finite element models to investigate the effects of fault asperities on
interseismic deformation and stress accumulation. These models incorporate vertical strike-slip faults and use sophisticated
contact algorithms to simulate the mechanical locking associated with asperities. Our innovative approach, referred to as
the “binary fault-locking approach”, simplifies fault behavior into a binary system, categorizing states as either “locked” or
“unlocked”. The present study analyzes the spatial and temporal variations in the ISC and shear stress accumulation rates
around a single asperity, providing novel insights into the mechanics of fault systems. In addition, we validate the efficacy
of the “binary fault-locking approach” by applying it to the Xianshuihe fault, thereby reinforcing the relevance of our
findings to real-world fault behavior. Through this study, we aim to enhance our understanding of fault mechanics and
improve earthquake hazard assessments, which ultimately contributes to more effective risk-mitigation strategies. [Results]
Because of the mechanical locking of the asperity, a fault-sliding surface within a certain distance from the asperity cannot

slide freely, resulting in a slip deficit in an area centered around the asperity. Consequently, the degree of fault-locking
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displays a ring-shaped attenuation pattern centered on this asperity. Under purely elastic conditions, the ISC and shear
stress accumulation rates near the vicinity of the asperity remained constant over time. Conversely, under viscoelastic
conditions, the contours of the ISC and shear stress accumulation in the areas surrounding the asperity expanded with time
under loading, and the effects of temporal changes in the locking degree became more pronounced. In scenarios where the
viscosity differs on either side of the fault, the interseismic deformation and stress accumulation rate of the fault are
primarily controlled by the rheological properties of the material on the side with a lower relaxation time, owing to the
different relaxation times on either side of the fault. [Conclusion] (1) Because of the continuity of the medium, although
the region adjacent to an asperity is not fully locked, its slip velocity is still lower than the movement velocity of block,
resulting in a spatial pattern of decreasing ISC outward from the fault asperity. (2) Viscoelastic effects regulated the
deformation near a fault asperity, leading to an increase in the spatial extent of the ISC over time. (3) The ISC can serve as
an approximate indicator of the shear stress accumulation rate. Irrespective of viscoelastic effects, a value of approximately
0.5 can be used as the threshold for moderate to strong locking, and shear stress accumulation is insignificant below this
value. (4) Considering the spatially nonuniform fault coupling along the Luhuo-Kangding segment of the Xianshuihe fault,
the simulated surface velocities closely matched the GPS observations, thus confirming the reliability of the method.
[Significance] This study establishes an important connection between ISC and shear stress accumulation rate, providing
valuable insights for identifying potential seismic hazards. Overall, this study emphasizes the intricate interactions between
fault dynamics and geological structures, and highlights the significance of detailed modeling for understanding earthquake
mechanisms. By addressing the gaps in knowledge regarding the influence of protuberances on fault behavior, this research
contributes valuable information to the field of seismic hazard estimation, thereby enhancing our ability to effectively
mitigate earthquake risks.

Keywords: numerical simulation; asperity; interseismic coupling; stress accumulation; viscoelasticity; crustal stress;
earthquake dynamics
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Fig. 1 Mesh of the finite element method (FEM) model
An east-north-up (ENU) system is used in the model.
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E PR i /Pa bEEAYA W (kg/m’®)
i 8x10" 0.25 2700
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Table 2 Viscosity parameters used in the model
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Fig.2 Elastic model results

(a) Interseismic coupling (/SC); (b) Shear stress accumulation rates

22 FiEMMEBER

A B LA R PR X T R Y b e A8 I RN
P AR A EEAEN . AR KB, A B
AR AN A Wi 52 5 A2, [R5 T R 8] 2R T A
RN S1 L8 (Wang et al., 2012; Kong et al., 2022; Zhu et
al., 2020) . {EAFEE AR, T Bk S
JE 3 A DL R AR R 25 S, A0 B O A
JoT e B A Al B A) B R A O R AR R
2008) o AU, S A AL R A R R 1) 2 4] (BT 2)
N ) 4E 3457 OB 3) 2 2] A 18 Sk 45138 7 A (] i AR
ERVE TR, TN (A B 0 P 400 A B R B N ) AR R A
A13 B B 25 8 AR REAE
22,1 HrE¥ 4 FRp A Al

X T Maxwell 442, B g #1 ith (4 45 AF 65 (8] 2 H 26
B MBS UIEL & G o, B A=n/G. X TR 2, iy
T e 8 0 26 5 R ), 8 sth s [R) s 2 AH R 9 (2.5%10°
s) o ANIR] 20 CiF 1] 23530 28 0.12, 0.5, 12 1 52) fy 1]

AR BRI A AR R B D) R T 1 S ] A A 1R 3 BT
AN E kRGN I S QLI R N TR i i K]
T 5 R B 7 o AR BR R [ 2R A 7 Ak, IR HL 4 B
) 76 1A% A st B[] LA P B A 00 R 38 5 A e, Y
[i4] Ay 5 35 Ao b B5F [0 BF T DA L DA R BB M 0.2 B AE
TS B A B o B B G K. MR, BT I LR
R 1Y A AR bR B BN, AR RIRELE S A5 A st B ]
AT LA AL A B i s
222 #HEIAEBHBAELEHN

BN 3 2% JET R ) R B AT Y E EE A5 AL, B T2
VG A B4 T Hb 5 A0 b b ) 26 R AH EE 5 — MR AIR —
B, BB N 110" Pas, I IF T2 7 00 52 08 fr
i st B[] () B8 Sy BT )23 2 000 2 18 s st B5F 1) () 1)
1/10, B 2,=0.14,=0.1A(/=2.5x10°s) ., J7fHAL WL, 1E 4] 4
AT SR T FH L 3 A B[] (IS JR) 43 331024 0.1 4, 0.5 4, 1
AR5 2, Hoh 0=2.5x10%s) o HH T 7 )2 PR 45408 5t 1 i)
)25 5, W72 AR S P e AR bR A, B2 T B Y



884

Wk 515 54k https://journal.geomech.ac.cn

2024

VREE/km
W [ )
(=) W (=)
I p

250 3

(=3

0

—_
(=3
S

150 200

R km
T
2 8 o

w2
(=3
(=}

250

—_
(=3
(=}

150 200

R /km
TS
)

w2
(=3
(=}

250

—_
(=3
(=}

150 200

VREE/km
W [ ]
(=) W (=)

250 3

(=3

0

—_
(=3
(=}

150 200
Wk 1 A A /km
0 0204060810

a— PHBIRR BE 5 b— BY i 1 AR R HR

25

0_

150

50
250 3

(=3
(=}

200

100
0

0

25

50

(=3

200
W)k 1) A A km
. loﬁgﬁjﬁ%ﬁiﬁ% (kPa/a)

250 3

(=3

0 150

0 2 4 6

B3 A f s AR A T ey A BR A BT I AR R R R R AR AE

Fig. 3 Spatiotemporal evolution of the /SC and shear stress accumulation rates derived from the homogeneous viscoelastic model

(a) Interseismic coupling (/SC); (b) Shear stress accumulation rates
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(a) Interseismic coupling (SC); (b) Shear stress accumulation rates
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Fig. 8 Spatiotemporal evolution of the ZSC and shear stress normalization factor near an asperity derived from the viscoelastic model

(a) Homogeneous viscoelastic model; (b) Heterogeneous viscoelastic model

Red lines represent the /SC contour lines at an interval of 0.1

Black lines represent the @, contour lines at an interval of 0.2. The four black lines extending outward from the asperity were 0.8, 0.6, 0.4 and 0.2.
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Fig. 9 Interseismic deformation near the Xianshuihe fault

(a) Map of the locking degree of the Xianshuihe fault (Jiang et al., 2015; The area outlined by the black line represents the asperities used in this

model.) (b) Comparison of simulated surface and GPS velocities (The red arrow with an error ellipse represents the simulated interseismic

velocity, blue arrow with an error ellipse represents the GPS velocity, and white arrow with an error ellipse represents the GPS velocity outside

the model domain.)
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