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Kinematics of Deep-Seated Landslides

Sliding depth?

What are the geometry and
depth to the sliding surface of a
deep-seated landslide?

What is the impedance contrast
at the sliding interface? S ol bl

& Sliding direction

Is the landslide body stable?
What is the sliding direction and
its stability?

What are the responses of the Rainfall-induced slope
ENL R D e R e R-Ela i DEL ] [ nstability leading to failure?

and heavy rainfalls?

We use microtremor data to
examine these questions!

=== Sliding interface
=== Ground water level
& Sliding direction




Microtremor Measurements

2. Inversion of surface wave dispersion for

1. Horizontal to Vertical Spectral Ratio shear wave velocity model
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3. Time Frequency Polarization Analysis of Microtremor Signals



A Geologically Sensitive Area in Dalun Mountain of N Taiwan
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Surface cracks caused by
« 17-years long-term landslides!

displacement observations: [ TP SSesea |
20-30 mm/yr creeping ’ " " :

toward the southwest.

(Tseng et al., 2021)




5 triangular arrays
33 single stations

Microtremor Measurements
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Purposes:

Single-station measurement: sliding-depth detection

Array measurement parameters:

¢ Min. & max apertures: 3-21 m (D4); 4.5-35 m (D1, D2, D3, D5)
¢ Resolvable depths: 0 — 100 m

¢ Recording length: 2 hours




How to determine the sliding depth?

5 0.25Hz Hann 239 windows 20201208

microtremor measurement predominant fo
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H/V

(Nakamura, 1989)

F-K + inversion

(Capon, 1969; Herrmann, 1991)

velocity model v, (m/sec)
0 200 400 600 800 1000 1200

To find a high-impedance layer (sliding depth??)
e.g., layer between soil and rock
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How to determine the sliding direction and stability?

particle motion

@ : strike

o : dip

tan £ : ellipticity | -~ -7~

direction concentrated
~80 degrees

v
2
=
v
=
=
|51
2
G
o
)
%)
=
v
=
=
o
v
=
=)
4
=
-5
=
E

complex polarization analysis + continuous wavelet transform

(Burjanek et al., 2010)
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Polarization
vs. Movement
Direction

(modified from Tseng ef al., 2021)
-~ w

N
geodesy dafgz"\l
movement 480,
toward the -~
SW &

movement amount

-

27.79

potential sliding areas
ground crack




Polarization
vs. Strain Rate

c I moving rast

(modified i'l‘qm Tseng et al., 2021)

P
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contraction
pstrain/yr
- -0.5 0 0.5
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(D5, D1 and D2)



Polarization for Stability Evaluation

4 %
269 DL37
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The rock is more stable at the toe of the slope.



Towards Real-Time Monitoring

(modified from Tseng et al.,

ustrain/yr
-0.5 0 0.5

potential sliding areas
ground crack

SmartSolo IGU-BD3C-5

Monitor changes in sliding characteristics
under different forces (earthquake and
heavy rainfall)




Water level and interface at each station
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2024-04-03 M, 7.2 Hualien earthquake

Epicentral distance of 80-120 km
away from the Huafan campus
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Temporary Variation of HVSRs (Earthquakes)

Cumulative number of earthquake
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N ' i '-._' . A AT i
R _ .wf...__f.: bt Shdmiied iy
A B

04/22 (?:09 (M,4.55)

[ — —
| 4 § . i Y ! : |
& | 1 _ { I { e : | (1’ ol g et L et S » I v
’ o

g . .. - 1 ; ‘I b
Ufiods Al IR 200004 TR

08 ‘1:...:4‘.:,..&.‘.;,.% " t'“‘ ‘:.‘7 :““WT:*.L .' ,.'m-l.;n :,ﬂ”u' .r. i ".'f“."“'f

A Iﬁl mm«dﬂiﬁ'. b '“W#M"“Wi i# 1 i Ml l \ W ‘ #i tl‘ﬁhdlaﬂnv B ER T

Ly gt i
4/12

PGV (cm/s)

- D W A~ OO N

Amplification Factor Dropped

(modified from Tseng et al., 2021)

pstrain/yr

HVSR

0.5 0 0.5
potential sliding areas
ground crack

Nonlinear site effects!
Predominant frequency decreases, or
the amplification factor reduces.

When did it happen?

Multiple earthquakes happen
consecutively, and the peak ground
velocity exceeds 1 cm/s.




Temporary Variation of HVSRs (Earthquakes)

HFM1

earthquake

8

2 5
Frequency (Hz)

2
Frequency (Hz)

HFM1

1

2.

Ay : dropped 4 - 3.5 Hz
fo :unchanged 2.5 Hz
A4 :dropped 5 - 3.5 Hz
f1 :unchanged 4 Hz
Recovered in 6 days

[HFM2

: before

earthquake |

2 5
Frequency (Hz)

3
o
Nth hour

Nth hour

M>7 K M>6 k M>5 @ M >4

20240403 Hualien EQ,

number of earthquake

a o a
S © o
| | |

0 ]

0.8
G 0.6
S 0.4+
0.2

CCapg = 0.964 :

y =0.0499 * In(x) + 0.7119

8 0.0

10

(%]
L

n
|

Frequency (Hz)

PGV (cm/s)

.9
o 0 .

¥y =0.1817 # In(X) — 0.077

Frequency (Hz)

e s et

E¥ e WL PRI S R B SR I e
Pl o e e Y SN I St TP T T A

'IMWI'" i 0“ o

- N W s OO N

HVSR




Temporary Variation of HVSRs (Earthquakes)
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Peak frequency recovers to the initial value within a few days!



Temporary Variation of HVSRs (Rainfalls)
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Temporary Variation of HVSRs (Rainfalls)
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Temporary Variation of HVSRs (Earthquakes) ¢, - :_H » lower V, will decrese f,

HFM1 A -—
Depth: 20.3m N a ’\ ﬁ/
- m
Two sliding interfaces During shaking, fracture density  Postseismic period Returned to the initial
increased, shear wave velocity stage in a few days

and amplitude decreased

HFM2

Depth: 12.3m

One shallower interface During shaking, shear wave Postseismic period Returned to the initial

velocity and amplitude stage in a few days
decreased. Frequency also

decreased due to a shallower
interface.

21



Temporary Variation of HVSRs (Rainfalls)

HFM2

Depth: 12.3m

Groundwater level is lower Groundwater level increased, but
than the sliding surface did not reach the interface

HFM3

Depth: 40.2m

Groundwater level is higher Groundwater level increased and
than the sliding surface reached the interface. Lower the
impedance contrast, and the
amplitude decreases. 22



Summary

Microtremor analyses can be used to determine the geometry and
depth to the sliding surface of a deep-seated landslide

Slope stability can be determined by the time frequency
polarization analyses of microtremor signals

Continuous seismic recording reveals the mechanical properties of
the slope for various periods of the earthquake and rainfall cycle
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=== Sliding interface
=== Ground water level
&— Sliding direction
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