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SEISMIC
OBSERVATIONS

|

Power spectral density of ground velocity at location x

4

U(f,x)’

AN
P(f,x) =
U(f,x)=S(f, parameters,x,)G(f,X;X,)

\ I
NYCU-ColLLab |p2 U(f’ X) — 00

T

" Phote@BulugWan

Seismdieter

( 3

Signal duration (T)

Ground velocity to be observed data

Ul(t,x)

e 2Pt




FLUID DYNAMICS

body
Debris flow model

Farin et al., 2019, ESPL

L
U(f,x) =iwS(f, parameters, X,)G(f, X;X,) lip

SEISMIC SOURCE (S)
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Tsai et al. 2012

Assumptions

Grains impact the river bed vertically

Impacts occur randomly in time, they are uncorrelated with each other

Constant values for hop time and impact velocity

Impact contact time (tc) ~¥1 ms, resulting f

~1000 Hz

maXx

U(f,x)=iwS(f, parameters,x,)G(f, X;X,)

GREEN’s Function (G)

GR (w) = ety | 2
8(7}3{]};311{?L ﬂ'er

Tsai and Atiganyanun (2014), BSSA
NYCU-CoLLab |p4

Vertical-to-vertical G for Rayleigh wave in vertically
heterogeneous medium :

ri(z)ri(h) cos® ¢
ri(z)ry(h)sin ¢ cos ¢
ir,(z)ri(h) cos ¢

ri(z)ry(h)singpcos¢p —ir;(z)r,(h)cosq |
ri(z)ry(h) sin® ¢ —iry(z)ry(h) sin ¢
iry(z)ry(h) sin¢ [ "2(2)7‘2(’1)]




UCF x) = nS(f. parameters,x)G(f.xx,)  FLUID DYNAMICS

Power Spectral Density (P) caused by
Sed i m e nt Sa Itat i O n Average hop time betwe'en in.1pacts of grains oiigir::\\::(ier:d;‘(’:hg;

The number of moving grains per unit grain size and per unit river length (n)

_ ‘U(f,x,D;xo)‘2
T

_ny(D) - NG ¥ x
_fhop(D)F (fs D, x,)G*(f, X, x,)

P(f,x,D;x,)

NYCU-ColLLab |p5



BED SHEAR VELOCITY: u* (assuming steady and uniform flow)

u* = \/ gHsing

TERMINAL SETTLING VELOCITY: Wst
= J4RgD13C,

SHIELDS STRESS: t*

t* = (u*)" I (RgD)
CRITICAL VALUE OF SHIELDS STRESS: t™
t.=t,,(D/ D50)

C
FLAT IMPACT AMPLITUDE SPECTRUM:
F(f,D,x,)= mo a(t)dt =m(W,

Total vertical |mpact at location x,;:

F(f,x0)= 0 22 k(£ D, x,)dD

D hop

inc

NYCU-ColLLab |p6

W)= (1+C)mW

Saltation model

Tsaiet al., 2012, GRL
Gimbert et al., 2019, ESPL

Water Depth (H)

Gravity (g)

Slope Angle of riverbed (0)
Relative Density Ratio (R)
Grain Diameter (D)

Drag Coefficient (Cd)
@ U,
g
Flow depth Grain trajector H P N
/’\\//’ 7 By = /-1
Mean bed ,_( A
clevation T i e AR Bed slope angle
b Vertical _
(b) YV VOut S Trajectory

o OGS
IHC\ | ! / .
i 2
®mod @\/ 1 |

Horizontal

Parker (1990); Dietrich (1982); Sklar and Dietrich (2004); Lamb et al., (2008)



F(f,x,)= 0 (D)

D

F(f, D, X, ) D Average hop time between impacts of grains of diameter D (t; )
A The'number of moving grains per unit grain size and per unit river length (n)
hop The average stream-wise bedload velocity (u,)

‘ Bedload layer height (H,)
Vertical incident Impact Velocity (W )

— nD (D) — quW 2 WS Water Depth (IrI:)

[ Particle mass (m)

' [ |4 3 MSHb Grain volume (V)

ho
P Bedload flux per unit grain size per unit length (q,;)
. Total bedload flux (q,)

Ic — .
F(f,D,x) = m a(t)dt = m(W, + W, ;) = A+ C)mW, ™ 5T
0

Inc

0.5

1 : 2 o ool
¥ 03¢, r,1.44D¢ 8759 L i
_ |4RgD |,1 e eRgDt (D)g ()
e 4\l 3¢ vOSg It eXPe 2 r DCOoS 4
d _I_ A s q u_l_

Jl‘ é Htl) Saltation model

NYCU-ColLLab |p7 Tsaietal.,, 2012, GRL



Integrated P along entire river length R for a

specific diameter D:

P(f,x,D;x,) = ‘U(f’x’TD;XO)‘ — ZZ((IIDD))FZ(f,D,xo)GZ(f,x;xo)
P(f,x,D)=( P(f,x,D;x,)dx,

R

- t((g)) 0 F(/Dx)G (f xxo K

assumption . R >> r,
nD(D) pzfstVI/isc
thop (D) I’-Szvas

c(b)(1+C.) C; (f)



Seismic Turbulent Flow Model FLUID DYNAMICS

(b) § (H/ks) account for the effect of variations in

average velocity and turbulent intensity with
apparent roughness into variations in the
amplitude of flow force spectrum

W (f) accounts for geometrical spreading and
inelastic attenuation of seismic waves as they
propagate into the ground

¢, (f) accounts for the modulation of ground
motion power by grain size (m?)

Kolmogorov constant (K=0.5)

Tl
2
>

Gimbert et al. (2014)
Turbulent flow model

NYCU-ColLLab |p9



WRA PROJECT

Turbidity Sensor VisoTurb® 700 1Q

Optic Turbidity

Particle

- | Detector
Scattered

Lig

e e——

CHANGYUNG BRI
ETWN"‘“' | ,
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Selsmlc station installation

instrument Box

DATA
Communication
«pv <9
Ll[(
1
Vs Wi | hems [ e \ : o) b
Trillium Compact b . b o |
W{eIFe: Seismometer g i 3 b "
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Phase diagrams showing the primary mechanism
Water flow(dot),

1

S

Apparent roughness of flow Hk;

100 -

10 -

NYCU-ColLab |p12

Fernandez Luque & van Beek (1976)

Distance between station and river r, [m]

db = dbc (Bedload Transport Capaat ) 100
*imiER ]
. wlatér;flo
CYBGEEIEMMCF
EBedIoad Dominates
e E TS L. L.

 EEEEEEEEAEEEEAREERERRRREREEEE |
AR o7 7 OISR
1 10 100 1000

RATREBRERSHERNEDZ—

Distance between station and river ry [m]

{dpb = OIbc/ 100 J
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Typhoon Khanun

i. 2023-08-01 8:00 [local time] CLBB Z-component Total Bedload Volume: 11.289 7m3
. p .

£
= 5 KHANUN [£53 B8 /a]
& 4 -
(M)
b
m -
=
X
O
n

100 +

-100

-120

Frequency (Hz)

[dB] rel. (m/s)2/Hz

~140

-160

0 48 96 144
NYCU-ColLLab |p13 Time (hour)



Typhoon Khanun

Total Bedload Volume: 11,289.7m?3

B. 2023-08-02 08:00 [local time] 5-40 Hz C 2023-08-02 08:00 [local time] Width 100 m
_120 ................... 4 001
12238508 M\ 373m
_ 73m |
_ 122.385dB < - 10000
E - SE (% E
S I .
£ - o = 000 1000§
= 0 3 S
[ - 29 = S
— © = o
) = 3 1005
=, v ke, b
m @ ©
& e @ S
) 10—
J ' 58hr
. [08-04 18:00]
150 +———— y . 0 1e-05 1
0 12 24 36 48 60 72 84 96 108 120 0 12 24 36 48 60 72 84 96 108 120
Time (hour) Time (hour)
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Mode prediction features Typ h oon Kh anun
— KHANUN G ﬁ—

Frequency (Hz)

"Observation

100 %
No prediction

No prediction

Frequency (Hz)
S

Tu;_bulent ‘ o ;é\
Saltation 0%
‘- - Perfect?
100 - g
L No prediction % No prediction  |{
>
£ 10
3
= 1_S;_avltation
160

100

No prediction | No prediction

10

Frequency (Hz)

1 Turbulent
NYCU-ColLLab |p15 0

96 120

Time (hour)



Frequency (Hz)

_SOBEK Water Depth (m) >>

o
o

2022-09-01 8:00 [local time] CLBB Z-component

HINNAMNOR [#f &7 fe /& ]

O = NN WO
L

B.
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-120 . : -
I .- R, |
L
o 1
@ '
\E, l
©-130 1
o |
S, .
[a) ]
(D [
o :
525hr
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-140 . .'[ . I
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Time (hour)
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N

SOBEK Water Depth (m)

Time (hour)

C.

0.01

q, m?%/s
o
§

Bedload flux
S
o
8

1e-05

Hinnamnor#f & 5% e [
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‘/\
Ll g
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CHALLENGE e

thop
— 0.8
F(f’xo): O nl;(D)F(f,D’xO)dD LS (D) - 2'3Dtstage Auel et al., 2017
— L(D)=1.19\RgDt" x0.141°%
ny(D) =2
L r.-r,
_ 9V R=
"'p (D) B VuS rf Gimbert et al., 2019
ny(D) _ g, _ 4V _ 0.18
(D) Vur(D) VL. Wine = 0-84\/ RgDIL .
Lajeunesse et al., 2010
— 0.25
W,.=051/RgDt%




CHALLENGE seismic wave propagation?

Seismic Parameters: C(0),v.,v ,C,, C,,C;

np (D) pzfstVV,-,fc
thop (D) ,fVSVj

& 10 -2b b\ -b |2
c(b)@ZIngl+Zae +(1_e )e /7

b=2pr, (1"' C4)f1+c4_c5 [ (v,Cs 0C4_C5)

P(f,D,1,) @ c(b)L+G) G (/)

NYCU-ColLab |p18



CHALLENGE Seismic Parameters: ¢(0),v.,v,,C, C,,C,

Large uncertainties in estimation of bedload flux caused by indirect
measurements of water depth, grain size distribution, suspended load

and seismic velocity model.

Number of Channels | 54

Receiver: SmartSolo Geophone Ch54

Receiver Spacing dx| 10 m Ch52 Ch53
[ Ch51 > ¥
B nes)

254mm Ch3 S Jers {«Ge,ﬂp‘[‘-
Ch1 Ch2 o ---éﬁ;i_é_‘-lﬁtme Rrece
- - ---_____;,.--' c
’ "~ pacne
Rece!

NYCU-ColLab |p19



CHALLENGE Seismic Parameters: ¢(0),v.,v,,C, C,,C,

Large uncertainties in estimation of bedload flux caused by indirect
measurements of water depth, grain size distribution, suspended load
and seismic velocity model. =y

—_ Cs
vu _Vc/(1+C4) Q_QOf
28 OCTOBER 2020 1200 +——+——+—— L
100 - oo C,=0.33 281 Observation
g | Prediction
g _ | efa:029 ¢,
- 197 2 800+ 20
- a = | 2
5% 2 l s ] i
P § W - Q(f)=3.88(f/f,)*29|
0 v > 600- s
5 : & 1 I
“ ?‘;’ s 2124 /
0 A -10 ? § 400 - § 1 M L
188 300 °
Hammer Impact Experiment -20 ! 200 + 4 /
-y =5 100 - _
0 o————F—7— 717 7T 71T T 17—

NYCU-ColLab |p20

0O 6 12 18 24 30 36 42 48 0 10 20 30 40 50 60 70 80 90 100

Frequency (Hz) Frequency [Hz]

cooperation with NCHU, Prof. Su-Chin Chen



,‘A ‘ : ; 3D Broadband
'L * N SN I8 Scismometer

£
3D Broadband ﬁ;

o] EERD RS E
& &9 FHIEL20 mm

ST R 5 ea (P ko HE
/ N | nm&me.cb-
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Flume experiment

U Dizgy= 2D 7olD)

Fz(f’ D, xo)Gz (fs x5 %)

Particle Kinematics: tD W, C,
hop

C(b) Ver Vi C,, C,, C,

in size fitting
RPIGS
‘scanner

SR E

NYCU-ColLab |p22



Smart Rock Drop Experlment Flume Green’ s function, G;

GFlume (f) = \/TP(f) /E,vertical (f)2
F [,vertical g m dep

mmc

7 dror = \/2 gZdrop

mc

z% = 40cem

Hydrophone Time Series Data Ex#29 2023-12-21 02:25+30

Frequency (Hz)

Time (second)
2023-1221-02:35+30

12000 A

6000 -

©
o
2
S

Raw ground velocity (m/

5

0

Amplitude

Frequency (Hz)

— WS~ 0OTY —=OSO0T

5
Time (seconds)
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Flume experiment

Particle Kinematics: —2 W, C,

[
hop
The average downstream velocities of transported sediments, u




Base Station: DEMO 1 White SR S:1.04% D:20 mm Hydrophone Time Series Data Ex#6 2023-11-06 08:33+30

36000!! 1 FEEEEE TR BRI RS RSN RS B EST AT R |
30000 1
24000 1 |
18000
o 12000
5 6008
£ —6000
<—12000
-18000
-24000
-30000
-3%000 -+—-+""++—7-"—""—""7r"r——"—7"———r—————— |
L o S B S 0 ) 10 15 20 25 30 35 40 45 50 55 60
0 5 10 15 20 25 30 35 40 45 50 55 60 Time {second

Time (second)

2023-1106-08:33fp

100 1

Frequency (Hz)

10000 4

(dB)

Pt TN B B

92 /.mpau

S
o
S
S

1000 { = = /impact = ————

100'5

Al 0.0000

Frequency (Hz)

10 - 9
0 5 10 15 20 25 30 35 40 45 50 55 60
Time (seconds)

Geophone Hydrophone
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-0.0001

35-43 Hz ground velocity (m/s)

y 0 5 10 15 20 25 30 35 40 45 50 55 60
™ Time (second)

—_ T = M Tl

_— = — ™ DTSN



Impact velocity normal to bed roughness, v,

2023-11-06-16-33-50 Experiment#6 1 Black SR

Particle Kinematics:

% _D W;U(j
19—05;1 l-ho
Acceleration of smart rock (SR)

| at) = \/aSa (O

T > " Pick up the impact-induced spike,

5 "’ and then do integration
o PR """"“"' JIMW m W‘v w*w e f 9

y av =) a(t)dt

} 0 ' zIJ ' :1 ‘ Eli . Eli 10 12 14 15 1T§meé%m%z)) 24 6 8 30 3 s 36 38 40 _10 g — 1+ Cl - 1+ L I

% e N e S e— E"i"""'-'-'-'-:mm Vl

é uig Pgv,=v+v =adv

Pv=avlg
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Hydrophone audio and spectrogram (black SR)

50

24 (assumption a > 12 m/s?)

Hydrophone amplitude time series Experiment#6 2023-11-06 16:34

Impact number
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(white SR)

2023-12-20-05-28-30 Experiment#23 1 White SR
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Based on the observation PSD, the respective numbers of
transported grains can be inverted as

Ninv —_ P o (f )7]
SR —12 =2
[grsVSRVl] G

Flume,vertical

Inverted grains numbers can finally be converted into an
inverted sediment flux:

nv Ninv uSV:s‘R
b5k — 1Vsr
WL




Flume experiment
(Saltation, six SR)

Base Station: DEMO 6 BLACK SR S:1.04% D:20 mm
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Flume experiment
(Rolling)

Hydrophone spectrogram Experiment#23 2023-12-20 05:31+30
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Field-scale flume experiment

October 20, 2024



Nodal Seismic Array:

Hydro-instrument

HOBO-Onset U20 Water Interrogator

Gauge
Hydrophone H2a-XLR-
0+Zoom U22 amplifier

Sediment

measurements/Investig | _———=

ation:

Image and Camera
UAV Survey
Digital Camera
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Processor

Before

perturbation .

After
perturbation

DAS interrogator

FLUVIAL DAS

High temporal and spatial resolution in
measuring strain rate in riverbed

\ 2
Mass flow rate?

Flow dynamics?

Backscattered
« light
o ® o2 .,°
X e
) 'X. .

Laser
pulse




Field Experiment Setting

5534.5 Rasr
2534_0 Before Zom
L
0557 52 5 4 5 6 7 8 9 10 11 12 13
2664040- Dlstgnc?nglenlg prqflle [m] -
: Drop Site for
. Smart Rock
26640301 e
£2664020 1545
>-
>
|_ =
>
22664010 | Lsao
- 5 Channel Length 30 m
§ Channel slope 4°
A Trapezoid shape cross-section:
2664000 ¢ T %%  WaterGalge | G P P e
B — 2 m in bottom, 3.8 m top width,
. X f |:llmpact and RPIGS — depth 1m
o= Geophone Flow cross-section area~ 2.9 m?
2663990 SmartSoto 1530 '

251340 251350 251360 251370 251380 ;
W P st NYCU-ColLab |p35



Time-lapse photos:
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Grain size distribution before experiment

Circle grain sample

L

R:0.515.mm/pixel
h:0.988m
' S:1.297m

R;0.510 mm/pixel
-h:0.979m
S$:1.286m

R:0.538 mm/pixel
h:1.033m
" S:.356m

R:0.533 mm/pixel
h:1.024m
S:1:344m

20241016162104_0.533_mmperpx_1.344_m_1.024_m_raw

D50= 10mm~12mm

Grain Size Distribution Grain Size Distribution Grain Size Distribution
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DOD analysis
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Grain size distribution after experiment
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IMO9 Grain Size Distribution
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DOD analysis

Left bank sites:
IMQ9, IM17

Right bank sites:
IM24, IM34
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Spectrograms: left (erosion, CL09) and right (deposit, CL24)
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left (CL17) and right (CL34) banks

Spectrograms
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time after starting time (sec)

Fluvial DAS observations spacinginterval: 1m
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Impact Experiments
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Impact Experiments

IMO08 Impact time: Oct.24 2024 10:19:25s
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Take Home Message

* on-site, controlled experimental channel
* micro-seismic signals along river channels
* SMART ROCK six-axis sensors for gravel particle tracking
* First fluvial DAS observations
* AlI-RPiGS-Scanner

NEXT: Validation of seismic bedload saltation model

The project aims to develop and improve the application
evaluation procedure for the river seismic wave physical model,
promoting its technical value for application in other rivers.
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