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To better assess potential earthquake hazards requires a better understanding of fault
friction and rupture dynamics. Critical slip-weakening distance (Dc) as one of the key
friction parameters, however, is hard to determine on natural faults. For strike-slip
earthquakes, we may directly estimate the Dc from D00

c—the double near-fault ground
displacement at the time of the peak velocity (Fukuyama and Mikumo, 2007). Yet near-
fault observations are very few, and, thus, there were only limited earthquakes with
such D00

c estimation. In 2014, an Mw 6.2 strike-slip event—the Ludian earthquake—
occurred in southwest China. The strong-motion station (LLT) that is ∼ 0:45 km from
the fault recorded the earthquake and enabled us to estimate D00

c from the accelero-
grams. We inspect the polarity of the accelerometers and compare the integrated veloc-
ities with waveforms of nearby broadband stations. We also analyze the particle
motion at the LLT station and retrieve the earthquake initiation at the intersection
of the conjugated faults. We then apply the baseline correction to the seismograms,
recover the ground velocities and displacements, and obtain the value of D00

c � 0:1 m
at the station. The recovered final displacements are compared with the predicted
ground displacements of a finite-fault model. The discrepancy of fault-parallel displace-
ments might imply limited underestimation of D00

c , and the estimated upper limit is
0.3 m. Comparison between the D00

c and final slip on the fault patch follows the scaling
of previous larger earthquakes. Analysis of the near-fault accelerometer data enhances
our understanding on the earthquake source of the Ludian earthquake. This case
extends the lower magnitude boundary of the D00

c values obtained from natural faults
and opens a window into the friction property in the seismically active region.

Introduction
Fault-weakening process is of great significance for both
understanding the earthquake source and seismic hazard mit-
igation. One of the governing laws—linear slip-weakening law
(Ida, 1972; Andrews, 1976a,b)—has been widely used to depict
the weakening process, in which the shear stress linearly
declines from peak strength (τs) to the dynamic stress level
(τd) during a portion of accumulated slip (Dc). As an impor-
tant fault weakening parameter, Dc could affect the earthquake
energy budget and influence the final earthquake slip and
extent. Because of the strong trade-off between Dc and the
strength excess (Guatteri and Spudich, 2000; Goto and
Sawada, 2010), the parameter Dc is of complexity to constrain
on natural faults from observational seismic data and may
require the combination of multiple observations (Weng
and Yang, 2018; Yao and Yang, 2020).

For strike-slip earthquakes with near-fault observations, a
direct method was arisen to estimate the critical slip-weakening

distance Dc (Fig. 1, Fukuyama et al., 2003; Mikumo et al., 2003;
Fukuyama and Mikumo, 2007). Dc by definition refers to the
slip amount at stress breakdown time (Fig. 1b); whereas accord-
ing to the proximity of time moments of stress breakdown and
peak slip rate, Dc could be approximated by the slip amount at
the latter, denoted as D0

c (Fukuyama et al., 2003; Mikumo et al.,
2003). For an off-fault station in the strike-slip fault (Fig. 1c),
assuming the symmetric displacement distribution across the
fault, twice of the fault-parallel displacement at the time of
peak velocity (D00

c ) could be regarded as an approximation of
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Dc (Fukuyama and Mikumo, 2007). The method provides a
direct and simple estimation of Dc in strike-slip earthquakes
with near-fault observations and may likely be used more
often, given the increasing number of dense near-fault arrays
with three-component sensors (e.g., Jiang et al., 2020; Yang
et al., 2021).

The method mentioned earlier has been investigated
through numerical simulation studies (Cruz-Atienza et al.,
2009; Cruz-Atienza and Olsen, 2010; Chen and Yang,
2020). Although the deviation of the calculated D00

c from the
true Dc on the fault could be affected by various factors related
to the ground motion, for example, off-fault distance, free-sur-
face effect, rupture speed, seismogenic fault width, and low-
velocity fault zone, the parameter of D00

c could provide a
first-order estimation of the frictional property Dc on the fault
(Chen and Yang, 2020). Besides, the distance of the station
from the seismogenic fault needs to be short enough to resolve
the weakening information (Cruz-Atienza et al., 2009). When
the rupture speed reaches supershear velocity, the resolution
distance from fault could increase to over 10 km (Cruz-
Atienza and Olsen, 2010), but additional correction is required
to get a reasonable estimation. In reality, it is rare to have near-
field instruments within several hundred to thousand meters
from the ruptured fault, which might be the main factor that

limits the application of this
method. So far, there have been
five earthquakes with near-
fault instruments to compute
the D00

c values (Fig. 2 and
Table 1), of which the off-fault
distances of the stations are
within 3 km (Fukuyama and
Mikumo, 2007; Cruz-Atienza
and Olsen, 2010; Fukuyama
and Suzuki, 2016; Kaneko et al.,
2017). The near-fault observa-
tion is essential for the applica-
tion of the method, and
obtaining more D00

c values
would help to understand the
frictional properties of differ-
ent fault systems.

In this study, utilizing the
near-fault accelerograms of
the 2014 Mw 6.2 Ludian earth-
quake, we apply the D00

c method
to the accelerometer data after
instrument inspection, source
process validation, and careful
data processing. The D00

c value
provides an estimation value
of the critical slip-weakening
distance on the seismogenic

fault of the Ludian earthquake, of which the large shallow slip
causes severe hazards to the local residents and requires com-
prehensive research on the earthquake source.

Ludian Earthquake and Tectonic
Settings
In 2014, an Mw 6.2 strike-slip earthquake occurred in Ludian
county, Yunnan province. The earthquake is located on the
southeast edge of the Tibet plateau, which is tectonically com-
plex and seismically active (Fig. 3a). The Ludian earthquake
produced strong ground motion and induced secondary disas-
ters, which caused 617 fatalities and economic loss of over 19.8
billion CNY (according to a Chinese report from Yunnan
Earthquake Prevention and Disaster Reduction website).
The large near-ground slip asperity is one of the factors leading
to the severe ground damage (Yang and Yao, 2021) and has
been constrained by multiple studies; for example, kinematic
rupture inversion studies resolve large slip patch in the shallow
0–10 km depth (Liu et al., 2014; Zhang, Xu, et al., 2014; Niu
et al., 2020); the Ludian earthquake is reported to rupture the
ground surface according to the observations of field surveys
(Xu et al., 2015).

The seismogenic fault of the Ludian earthquake was
unmapped before the earthquake occurrence. Determination
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Figure 1. Illustration of the D00
c method using a dynamic rupture model. (a) A 3D dynamic rupture

model showing slip distribution on a vertical planar strike-slip fault. Curves on the fault are iso-
chrones of the rupture fronts. Red triangles indicate the locations of the grids in subfigures (b) and
(c), respectively. (b) Time history of stress change (purple curve), slip development (orange curve),
and the definition of Dc for the grid on the fault shown in (a). (c) Time history of the fault-parallel
ground velocity (purple curve), ground displacement evolution (orange curve), and the definition of
D00
c for the off-fault grid on the ground shown in (a). The color version of this figure is available only

in the electronic edition.
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of the fault plane is obtained from various observations, such as
the aftershock distribution (Fang et al., 2014; Wang et al., 2014;
Zhang, Lei, et al., 2014; Cheng et al., 2015) and field investiga-
tion (Li et al., 2015; Xu et al., 2015). The complexity is that the

Ludian earthquake involved a
conjugate fault system, as
revealed by the aftershock dis-
tribution shown in Figure 3b
(Cheng et al., 2015), which
brings in uncertainties about
the rupture process of the
Ludian earthquake. According
to the aftershock distribution,
two branches of the conjugate
faults roughly extend on
northwest–southeast and
northeast–southwest direction
(Fig. 3b). The northwest–south-
east-trending branch is named
Baogunao–Xiaohe fault in
previous literatures, whereas
another northeast–southwest-
striking branch belongs to
Zhaotong–Ludian fault.

To figure out the primary
ruptured fault is essential for
understanding the rupture
process and for the acceleration
data analysis. It is generally
accepted that the northwest–
southeast-trending fault is the
primary seismogenic fault by

multiple studies. As revealed by the finite-fault slip inversion,
most of the coseismic slip is dominantly contributed by the
northwest–southeast-striking fault (Liu et al., 2014; Zhang,
Xu, et al., 2014; Luo et al., 2018; Niu et al., 2020), and the

TABLE 1
Global Application of the D00

c Method (Modified after Chen and Yang, 2020)

Earthquake
Information Magnitude D00

c (m)
Station Off-Fault
Distance (km)

Slip on the
Corresponding
Fault Segment (m) D00

c /Total Slip References

1999 İzmit Mw 7.6 1.7* 2.8 4–5 ∼0.38 Cruz-Atienza and Olsen (2010)

2000 Tottori Mw 6.6 0.3 0.1 1 0.3 Mikumo et al. (2003), Fukuyama
and Mikumo (2007)

2002 Denali Mw 7.9 2.5 ∼3 6.5 0.38 Fukuyama and Mikumo (2007)

1.5* 0.23 Cruz-Atienza and Olsen (2010)

2016
Kumamoto

Mw 7.1 1 0.5 ∼2.3 0.43 Fukuyama and Suzuki (2016)

2016 Kaikōura Mw 7.8 4.9 2.7 14 0.35 Kaneko et al. (2017)

2014 Ludian Mw 6.2 0.1 0.45 0.3 0.33 This study

*The D00
c values are obtained with the Mach-wave asymptotic correction and near-field adjustment, and, considering the free-surface amplification, a factor of 2 is divided

compared to the definition of D00
c in Fukuyama and Mikumo (2007).
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Figure 2. Distribution of the current application cases of the D00
c method in natural earthquakes

(Fukuyama and Mikumo, 2007; Cruz-Atienza and Olsen, 2010; Fukuyama and Suzuki, 2016;
Kaneko et al., 2017). The 2014 Ludian earthquake is the focus of this study. Information on focal
mechanisms and earthquake locations is from the Global Centroid Moment Tensor (Global CMT)
catalog (see Data and Resources). The color version of this figure is available only in the electronic
edition.
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single-plane inversion result shows that the northwest–south-
east-trending faulting makes better waveform fitting, especially
in the stations located in the strike direction (Liu et al., 2014).
The rupture directivity analyses from the difference of the cent-
roid location and the hypocenter (He et al., 2015) and apparent
rupture duration inversion (Zhao et al., 2014) suggest a rupture
direction from northwest direction toward southeast direction.
Besides, the elongated isoseismal distribution in the northwest–
southeast direction on the ShakeMap (Cheng et al., 2015) and
the early aftershock trending within 1–2 hr after the mainshock
(Fang et al., 2014; Liu et al., 2014) also imply the northwest–
southeast-striking fault as the primary seismogenic fault of
the Ludian mainshock.

Instrument and Data Inspection
Acceleration data and method
The application of D00

c estimation relies on the availability of
near-fault coseismic observations. During the Ludian earth-
quake, a strong-motion station, the LLT station is located
extremely close to the seismogenic fault of the Ludian earth-
quake (Fig. 3b) and captures the near-source strong-motion
record of the earthquake, which provides us the chance to
apply the D00

c calculation to the Ludian earthquake and take
a close look at the earthquake process.

The LLT station is located at 103.384° E, 27.104° N, which is
∼0:45 km off the northwest–southeast-trending seismogenic
fault plane inferred by Niu et al. (2020) and ∼3 km from
the relocated mainshock epicenter (Cheng et al., 2015).
It recorded a peak ground acceleration of 949 Gal in the
east–west component during the Mw 6.2 Ludian mainshock.
The LLT station is equipped with a Kinemetrics ETNA

accelerograph, and the inner sensor is force-balance type
SLJ-100 with a scale range of �2g. This station is a part of
the accelerometer network operated by the China Strong
Motion Networks Center (see Data and Resources), of which
more than 10 instruments are located within 100 km from the
2014 Ludian earthquake, and most of them are equipped with
the same type instruments.

We first briefly describe how to estimate critical slip-weak-
ening distance Dc from near-fault observations. In Figure 1a,
we show a synthetic strike-slip earthquake rupture. For a slip
patch on the fault, the critical slip-weakening distance Dc refers
to the accumulative slip when the stress declines to the
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Figure 3. (a) Seismotectonic setting of the 2014 Ludian earthquake
and the seismicity in the surrounding region. Mainshock of the
2014 Ludian earthquake is shown as the red stars. Gray solid circles
mark the M > 3 earthquakes in the region since 2009. The
earthquake catalog is obtained from National Earthquake Data
Center (see Data and Resources). Focal mechanism plots show the
available earthquake focal mechanisms from the Global CMT
catalog. The overlapping blue triangles and pink squares are the
adjacent accelerometers and broadband stations in Qiaojia and
Zhaotong, respectively. Inset: Location of the mainshock (red star).
(b) Zoom-in map of the near-fault region of the 2014 Ludian
earthquake shown in blue rectangular in (a). Gray hollow circles
show the relocated aftershocks of the 2014 Ludian earthquake
(Cheng et al., 2015). Two dashed lines indicate the conjugated fault
planes (Niu et al., 2020), in which the thicker dashed line labeled
AA′ is the primary fault that contributed most of the coseismic slip
(Niu et al., 2020). Blue triangles mark the accelerometer locations.
Red focal mechanism plot shows the focal mechanism of the 2014
Ludian mainshock from Liu et al. (2014). The color version of this
figure is available only in the electronic edition.
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dynamic friction level (Fig. 1b). According to the proximity of
the time moments of stress breakdown and peak slip velocity
(Fukuyama et al., 2003; Mikumo et al., 2003), the displacement
at peak slip velocity (D0

c) could be an approximation of Dc. In
reality, it is barely possible to have instruments located exactly
on the ruptured fault trace. For the off-fault station, assuming
that the displacement is roughly equal on both sides of the
strike-slip fault, double of the fault-parallel ground displace-
ment at the time moment of peak fault-parallel ground veloc-
ity, namely D00

c , is calculated as a further approximation of
the critical slip-weakening distance Dc (Fig. 1c). According
to the definition, when dealing with strong-motion data, we
need to integrate the original acceleration data properly into
velocity and then displacement for obtaining the D00

c value.
Therefore, to recover reliable velocity and displacement is
essential for the accurate calculation of D00

c .

Accelerometer performance inspection using
nearby broadband station
To calculate the D00

c value and study the earthquake source
process demands the information in velocity and displacement
waveforms. At a close distance from the fault, the only available
instrument is the accelerometer. To confirm that the displace-
ment and velocity integrated from the accelerograms are reli-
able, we inspect the velocity waveforms integrated from the
same kind of accelerometers in other areas where close broad-
band stations are also available, so as to compare the wave-
forms from accelerometers and nearby broadband stations.
By exploring the regional broadband stations of China
Digital Seismic Observation Network, we find that the regional
permanent broadband seismometers are in the proximity of
the accelerometers in Zhaotong and Qiaojia, and all recorded

the Ludian earthquake (Fig. 3a). For the strong-motion sta-
tions in Zhaotong and Qiaojia, they are equipped with the
same instrument as in the LLT station. The interstation dis-
tance between the accelerometer and broadband station is
around 0.8 km in Zhaotong and is around 2.1 km in
Qiaojia, which are both negligible compared to the epicenter
distances (ranging from ∼44 km to ∼46 km). Therefore, we
inspect the integrated waveforms of the accelerometers at
the two spots using the broadband waveforms as references.

When comparing the velocity waveforms integrated from
the accelerometers with those on the adjacent broadband sta-
tions, we find that the polarity of the strong-motion data is
opposite to that of the broadband station. The waveform com-
parison is striking at Zhaotong stations, as the accelerometer
and broadband station are very close to each other. After flip-
ping the polarity of the velocity data from the accelerometer,
the velocity waveforms show high consistency on three com-
ponents (Fig. 4a). Because of the strong ground shaking
induced by the Ludian earthquake, the broadband stations
exhibit waveforms clipping at the station over 40 km from
the epicenter. Nonetheless, the initial segment after P-wave
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forms of accelerometers and of the nearby broadband stations
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recovered velocity waveforms from the accelerometers, in which
−1 is multiplied by the acceleration data for polarity flipping, and
the pre-event mean in each acceleration is removed before
integral. Red lines show the velocity waveforms from the
broadband stations with instrument responses removed. The
color version of this figure is available only in the electronic
edition.
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arrival within the scale range of the broadband seismometer is
almost identical to that integrated from the accelerometer
(Fig. 4a), and the later clipped segment shows accordant phase
with the integrated velocity. The slight deviation on the coda
part could be caused by the baseline drift of the accelerometer.
For the Qiaojia stations, due to the larger interstation distance
(∼2:1 km) between the accelerometer and the broadband sta-
tion, the waveform consistency is lower than that in the
Zhaotong stations, but we can still observe a good coherence
on the long-period trend of the initial segment after shifting the
polarity (Fig. 4b). Therefore, we reckon that the polarity of the
strong-motion station is in the opposite way of the broadband
station tradition. The velocity movement at the LLT station
after polarity shifting is consistent with the left-lateral move-
ment feature of the Baogunao–Xiaohe fault.

Results
Estimating epicenter from particle motion
To better utilize the D00

c method for Dc estimation, one of the
assumptions is that the earthquake rupture should pass through
the fault segment close to the station. The rupture initiation and

development process for the
Ludian earthquake have been
intriguing due to the complex
geometry of the conjugate faults
and the location uncertainties.
Here, given the near-field obser-
vation, we integrate the velocity
waveforms from the LLT station
and visualize the initial stage
particle motion (Fig. 5). The
P-wave arrives at ∼20:4 s on
the three-component velocity
waveforms (Fig. 5b). At the ini-
tial stage after the P arrival, the
horizontal particle motion
shows a northwest to southeast
movement, and the movement
direction is close to 135°
(Fig. 5a). Tracing the initial
point back according to the
movement direction, we find
that the direction vector inter-
sects with the fault traces and
the aftershock cluster at the
crossing part of the two fault
branches. Combing the tracing
result of the epicenter and the
slippatch distribution (Niu et al.,
2020), it indicates a rupture ini-
tiation from the intersection of
the fault branches and propa-
gating toward southeast, causing

main slip patches in the southeast portion of the fault. The ini-
tiation location at the intersection is consistent with the hypo-
centers used in the finite-fault inversion studies (Liu et al.,
2014; Luo et al., 2018). The southeast direction rupture propa-
gation is also supported by the rupture directivity analyses (Zhao
et al., 2014; He et al., 2015). It confirms that the rupture prop-
agates through the fault segment close to the LLT station, and
makes the LLT station a great position for applying D00

c method
and probing the earthquake source.

Recovering displacement and calculating D00
c from

accelerogram
D00
c is essentially near-field displacement in the fault-parallel

direction. We first rotate the horizontal accelerograms in
north-east coordinate system to the fault-parallel and fault-
normal directions. The fault strike direction is set at 337° in
accordance with the fault geometry in the previous inversion
study constrained by the aftershock distribution (Niu et al.,
2020). To obtain the displacement and velocity from the accel-
erograms requires integral of the acceleration; small errors
could be largely magnified after the integral and double
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motion. The blue triangle stands for the LLT station. Hollow circles represent the aftershock
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the time series. The red arrows indicate an azimuth = 135°. (b) The three-component velocity
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color version of this figure is available only in the electronic edition.

6 Seismological Research Letters www.srl-online.org • Volume XX • Number XX • – 2021

Downloaded from http://pubs.geoscienceworld.org/ssa/srl/article-pdf/doi/10.1785/0220210089/5364348/srl-2021089.1.pdf
by Chinese Univ Hong Kong user
on 03 August 2021



integral. One of the significant biases comes from the instru-
ment tilting (Graizer, 2005). As the near-fault accelerometer
experiences intense ground deformation, it may cause instru-
ment slant and lead to baseline drift, which will produce
improper velocity and displacement after integral. To recover
reliable velocity and displacement and calculate the D00

c accu-
rately, we conduct baseline adjustment and correction to the
acceleration data (Fig. 6).

In principle, the acceleration value should be zero in the
resting period before the disturbance of seismic waves,
whereas, in reality, the original acceleration value might be
deviated from zero due to noises and initial instrument
deviation. For example, the mean acceleration value in the
pre-event period is ∼0:064 m=s2 in the fault-parallel compo-
nent (Fig. 6a); such a small amount will lead to the velocity
overwhelmed by a strong linear trend with a slope of
0:064 m=s2 ending up at a velocity over 4 m=s after the
65 s time history. To remove the pre-event nonzero values,

we calculate the mean value of the initial 18 s for each of
the three-component acceleration records and subtract the
pre-event mean values from the entire records.

After removing the pre-event acceleration values and con-
ducting integral, velocities are around zero before the arrival of
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Figure 6. (a) Original three-component accelerograms output
from the LLT station. Horizontal components are rotated to the
fault-parallel and fault-normal directions. (b) Three-component
velocity waveforms before the baseline shift correction (black)
and linear fitting of the baseline drift (red dashed). (c) Three-
component displacement waveforms recovered after the base-
line correction in (b). Red circles show the predicted displace-
ments of the finite-fault model from Niu et al. (2020). (d) Location
of the LLT station and the coseismic slip patches on the fault
profile AA′ inverted by Niu et al. (2020). The red star shows the
estimated epicenter from Figure 5a on the ground. The color
version of this figure is available only in the electronic edition.
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earthquake waveforms, but the strong linear trends occur on
the three components after the passage of earthquake waves,
indicating that baseline drift happened on the station
(Fig. 6b). The baseline drift is prominent on two horizontal
components and is less significant on the vertical component,
which could be explained by the less sensitivity of the vertical
sensor to tilting (Boore, 2001; Graizer, 2005). The velocities do
not return to zero after the subsiding of seismic waves, which is
contrary to the common sense and will lead to huge spurious
displacements. Therefore, baseline correction should be con-
ducted to remove the linear trends and recover the true velocity
waveforms.

We adopt the two-segment linear fitting to fit the trend
on each component (Boore, 2001): two linear fitting trends
with different slopes in the time segment t1 ∼ t2 and in t2
to the end are subtracted from the velocity waveform. For
the stable linear trend in the end part of the waveform, we
use least-squares linear fitting to fit the data between
tf 1 � 40 s and tf 2 � 64 s with the fitting equation as follows:

EQ-TARGET;temp:intralink-;;53;496 vf �t� � v0 � af t:

The coefficients v0 and af are obtained from the linear fit-
ting. We choose tf 1 and tf 2 at where the earthquake waves have
subsided. The fitting trend is removed from the velocity wave-
form from t2 to the end.

For the former segment t1 ∼ t2, a linear baseline correction
with slope = am is performed on the velocity record, which is a
simplification of the complex change in the baseline during the
strong ground shaking. The linear trend gradually grows from
0 to connecting with the vf at t2; and the am is given by

EQ-TARGET;temp:intralink-;;53;340 am � vf �t2�
t2 − t1

:

The t1 and t2 are free parameters, and the choices of t1 and
t2 might lead to different final correction results. We test differ-
ent t1 values around the starting of strong ground shaking
when the acceleration component exceeds 50 cm=s2 (Iwan
et al., 1985; Boore, 2001). For the acceleration of three com-
ponents, the starting time points for strong ground shaking
are between 20 and 21 s. For t2, we investigate various values
between t1 and tf 1 to conduct the corrections. After testing, we
chose t1 � 20:5 s, t2 � 22 s for the fault-parallel component,
t1 � 20:9 s, t2 � 23 s for the fault-normal component, and
t1 � 22 s, t2 � 35 s for the vertical component to conduct
the two-segment baseline correction.

Using the method mentioned earlier, we correct the baseline
shift (Fig. 6b) and integrate the corrected velocities into dis-
placements (Fig. 6c). After the correction, the recovered dis-
placements show near stable permanent displacements at
the end of the records. According to the definition of D00

c , at
the time point of peak fault-parallel ground velocity, the double

cumulative fault-parallel displacement is the D00
c value. We

combine the corrected velocity and displacement in the
fault-parallel component and obtain a D00

c � 0:1 m from the
records (Fig. 7).

According to Cruz-Atienza et al. (2009), to ensure the D00
c

containing information on the fault weakening requires the
station off-fault distance within the resolution distance Rc.
They proposed that Rc ≈ 0:8VSTc, in which VS refers to the
S-wave speed, and the breakdown time Tc could be approxi-
mated from the time when the displacement starts to grow
until the peak velocity time. VS is 3:2 km=s according to
the explosion seismic profile and the receiver function result
(Xiong et al., 1993; Wang et al., 2014). We estimate Tc at
around 0.3 s from the waveform (Fig. 7). Substituting the val-
ues into the equation, we get Rc ≈ 0:77 km, and the LLT station
falls within the resolution distance. Thus, our D00

c calculation
from the LLT station may provide information on the critical
slip-weakening distance Dc.

Discussion
Constraints on the final displacements from
inversion results
One of the indicators of the proper baseline correction perfor-
mance is that the recovered displacement shows stable residual
displacement at the end of the record. However, as tested
by Boore (2001), correction schemes with various choices of
t1 and t2 could lead to different plausible final displacements.
Appropriate correction parameters and accurate velocity
and displacement require additional constraints on the
final displacement, such as the Global Positioning System
(GPS) measurements and Interferometric Synthetic Aperture
Radar (InSAR) observations. However, GPS stations near

20 22 24

Time (s)

−0.5

0.0

0.5

1.0

V
el

oc
ity

 (
m

/s
)

−0.2

0.0

0.2

0.4

D
is

pl
ac

em
en

t ×
 2

 (
m

)

Fault parallel
Dc" = 0.10 m
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figure is available only in the electronic edition.
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the Ludian region are relatively sparse and far from the fault
(Wei et al., 2018); for InSAR data, the near-fault region shows
low coherence to resolve reliable coseismic displacements (Niu
et al., 2020). In this study, we use the fault slip model of Niu
et al. (2020) that was constrained by InSAR and GPS data to
calculate the predicted ground displacements and use the val-
ues to serve as additional constraints on the recovered dis-
placements.

We calculate the coseismic ground deformation using the
finite element code PyLith (Aagaard et al., 2013). We set a kin-
ematic fault model with prescribed slip amounts and planer
fault dip angle as the same as that of the northwest–southeast
fault in Niu et al. (2020), and output the ground displacements
at the station position (Fig. 6d). The predicted ground displace-
ments at the station location are in good agreement with the
final displacements on the fault-normal and vertical compo-
nents, whereas the fault-parallel component is overestimated
compared to the final displacement integrated from the accel-
erogram (Fig. 6c). Given the nature of the strike-slip faulting,
we expect a larger displacement in the fault-parallel direction.
The fault-parallel component from the strong-motion data
might show an undervaluation on the final displacement.

The discrepancy in the fault-parallel direction could be
related to the lack of low-frequency components removed
by the built-in filter of the accelerograph. According to the cal-
ibration work of station PS10 after the 2002 Mw 7.9 Denali
earthquake, which is equipped with Honey well Sundstrand
Q-Flex accelerometer sensors (Ellsworth et al., 2004), the loss
of low-frequency energy could lead to the dramatic underes-
timation of the permanent displacement. We check the spec-
trum of the acceleration records on the LLT station and
observe a lack of frequency component lower than ∼0:2 Hz
(Fig. 8). Details about the low-cut frequency of the processing
system are not available from the instrument company, as the
ETNA accelerograph is obsolete. When a high-pass filter is
applied, the inadequacy in low-frequency components could
erase the static displacement from the waveform, which could
account for the small permanent displacement on the fault-
parallel component.

So far, we do not have the opportunity to conduct the onsite
calibration, such as the shake table test, for the instrument to
evaluate the low-frequency energy loss; fortunately, the under-
valuation of static displacement would not pose significant
effects on the D00

c value. The D00
c is obtained from the ground

displacement at the peak velocity time. Removing the low-fre-
quency components would change little of the peak velocity
time point. According to the calibration result of the PS10 sta-
tion (Ellsworth et al., 2004), the restoration of low-frequency
energy would cause a monotonically increasing displacement
rather than the undulant behavior, and the main changes occur
on the later fluctuation part of the displacement. As the D00

c is
obtained at the initial monotonically increasing segment of the
displacement of the LLT station, the influence of increasing

final displacement is limited on the D00
c value. Nevertheless,

we could use the total slip value as an upper limit for estimating
the critical slip-weakening distance, as Dc is a portion of the
total slip. According to the inversion result of Niu et al.
(2020), the nearest slip patch from the station shows a slip
of ∼0:3 m; thus, despite the discrepancy in the final displace-
ments, we could have an estimation value of D00

c between 0.1
and 0.3 m.

Free-surface effect and potential deviation on D00
c

estimation
The estimation of critical slip-weakening distance from D00

c is
affected by various factors related to the ground velocity and
displacement. One important factor is the free-surface ampli-
fication, which could impact not only the ground motion but
also the rupture features. Cruz-Atienza et al. (2009) pointed
out that there is no need to double the fault-parallel displace-
ment to account for the displacements in both sides of the fault
in the definition of D00

c , as the amplification factor of the free
surface is around 2. As such, Cruz-Atienza and Olsen (2010)
calculated the D00

c values for the 1999 İzmit and the 2002 Denali
earthquakes after applying the Mach-wave asymptotic correc-
tion and near-field adjustment for their supershear ruptures.
The estimates of D00

c were 1.7 m and 1.5 m, respectively, for
the two earthquakes. In contrast, Fukuyama and Mikumo
(2007) got the estimate of 2.5 m for the 2002 Denali earthquake
without taking into account the free-surface effect.

However, the amplification effects of the free surface on
D00

c seem to vary with parameter settings (e.g., fig. 11 in
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Cruz-Atienza et al., 2009). In some cases, multiplying a factor 2
or not would lead to similar deviation degrees of D00

c from the
real Dc, which are within the predicted 50% inaccuracy of the
method (Fukuyama et al., 2003; Mikumo et al., 2003). Based on
other simulation results on D00

c estimation (Kaneko et al., 2017;
Chen and Yang, 2020), the D00

c values obtained from the
doubled fault-parallel displacements show reasonable agree-
ment with the prescribed Dc. Furthermore, there is often a
low-velocity zone (LVZ) for crustal faults with widths ranging
from hundreds of meters to a few kilometers (e.g., Yang and
Zhu, 2010; Yang et al., 2014, 2020; Yang, 2015), which may
significantly modulate rupture propagation and slip distribu-
tion (Weng et al., 2016). It has been shown that the magnifi-
cation effects on D00

c estimation due to the LVZ could exceed
200% compared to the real Dc (Chen and Yang, 2020); thus, it
would become a more dominant factor when a prominent LVZ
exists in the near-fault area.

Nevertheless, the factor 2 effect due to the free surface might
make a significant difference for larger D00

c estimation values,
such as the D00

c of the 2016 Kaikōura earthquake (4.9 m). In
contrast, the impact is quite minor for a small estimation value,
such as for the 2014 Ludian earthquake (0.1 m). So in this
study, we follow the definition of Fukuyama and Mikumo
(2007) and calculate D00

c from the doubled fault-parallel dis-
placement.

Apparent scaling of D00
c

Among all the earthquakes with D00
c calculation, the 2014

Ludian earthquake is the smallest earthquake so far. We
added the D00

c value of the Ludian earthquake into the com-
parison between D00

c and the fault slip, together with the pre-
vious five earthquakes (Fig. 9). We derive a new scaling
relationship with the least-squares fitting of the six events,
in which the Denali earthquake was taken the average of
the two estimates from different approaches (Fukuyama
and Mikumo, 2007; Cruz-Atienza and Olsen, 2010). We find
that the obtained fitting relationship does not change much
compared to that in Kaneko et al. (2017), who did not include
the D00

c values for the Ludian earthquake, the İzmit earth-
quake, and the Denali estimation with the Mach-wave
asymptotic correction. The D00

c value of the Ludian earth-
quake follows the scaling relationship of D00

c and the fault slip
for the previous larger earthquakes (Fig. 9). Comparing to the
final slip on the nearest fault grid from the inversion model
(Niu et al., 2020), the D00

c value accounts for around 33% of
the final slip (Table 1).

However, this may not necessarily indicate that the critical
slip-weakening distance Dc takes a roughly constant percent-
age of the total slip. Because D00

c is essentially the near-field dis-
placement, which is directly affected by the magnitude of the
earthquake, the increase of D00

c with fault slip is an apparent
scaling, rather than a representation of the scaling of real
Dc on the fault (Chen and Yang, 2020). Besides, in dynamic

rupture simulations comparing with near-field observations
(Weng and Yang, 2018; Yao and Yang, 2020), synthetic
near-field ground velocities show no distinct differences in
models with heterogenous slip-scaled Dc and a constant pre-
scribed Dc. To distinguish the scale dependency of Dc is chal-
lenging and demands further work to investigate.

Conclusion
In this study, we conduct waveform analyses of the near-fault
accelerometer data associated with the 2014 Ludian earth-
quake. We estimate the initiation of the rupture from the par-
ticle motion analysis and validate that the earthquake rupture
passed through the accelerometer. We conduct baseline correc-
tion for the accelerometer data with pre-event adjustment and
velocity drift fitting, and recover the ground velocities and dis-
placements from the accelerograms. We calculate the predicted
ground displacements of a kinematic fault model as additional
constraints on the displacements and the baseline correction
scheme. Using the data of the near-fault strong-motion station,
we obtain an estimation value D00

c � 0:1 m for the critical slip-
weakening distance by combining the recovered velocity and
displacement in the fault-parallel direction. As the smallest
event with the D00

c value, the Ludian earthquake follows the
apparent scaling law of the D00

c with fault slip. This work
presents a workflow for processing near-fault accelerometer
data to recover near-field velocities and displacements. The
obtained D00

c value provides a reference value of the critical
slip-weakening distance for the 2014 Mw 6.2 Ludian earth-
quake and could be incorporated into future numerical studies.

Figure 9. Comparison between the D00
c values and the corre-

sponding final slip D. The two purple dots indicate the two D00
c

estimates with the Mach-wave asymptotic correction and near-
field adjustment applied (Cruz-Atienza and Olsen, 2010). The
orange line shows the least-squares fitting of the data points. The
color version of this figure is available only in the electronic
edition.
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Data and Resources
The seismograms in this study are provided by the Yunnan
Earthquake Agency. The regional earthquake catalog is obtained from
National Earthquake Data Center (https://data.earthquake.cn). We
searched the Global Centroid Moment Tensor (Global CMT) data-
base for earthquake focal mechanisms (https://www.globalcmt.org,
Dziewonski et al., 1981; Ekström et al., 2012). Seismic Analysis
Code (SAC), ObsPy 1.2.1 (doi: 10.5281/zenodo.3706479), SciPy
(Virtanen et al., 2020), and NumPy (Harris et al., 2020) are used
for data analysis. The figures are made using Generic Mapping
Tools (GMT, Wessel and Smith, 1998). All websites were last accessed
in November 2020.
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