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Geometry of L08-pad

(Miyazawa, Snieder & Venkataraman, Geophysics, 73, D35-D40, 2008)Roel Snieder, Interferometry



from Noise to Signal
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Surface waves

(Campillo and Paul, Science, 299, 547-549, 2003)Roel Snieder, Interferometry
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Surface wave
dispersion
from noise

(Shapiro and Campillo,
Geophys. Res. Lett.,
31, L07614, 2004)
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Raindrop model
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Correlation as volume integral
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Stationary phase contribution
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Stationary phase regions

“anti-Fresnel zones”

(Snieder, Phys. Rev. E, 69, 046610, 2004,
for reflected waves see:

Snieder, Wapenaar, and Larner, Geophysics, 71, SI111-SI124, 2006)Roel Snieder, Interferometry



Four derivations
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Derivation based on normal-modes

(Lobkis and Weaver, JASA, 110, 3011-3017, 2001)Roel Snieder, Interferometry



Displacement response
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Velocity response
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Uncorrelated excitation
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Correlation
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Correlation as a sum of modes
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For uncorrelated modes
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For uncorrelated modes
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Correlation
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Correlation and Green’s  function
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Displacement instead of velocity
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Wave field reconstruction

(Lin, Ritzwoller and Snieder, Geophys. J. Int., 177, 1091–1110, 2009)Roel Snieder, Interferometry



Seismic interferometry
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(Larose et al., Geophys. Res. Lett., 32, L16201, 2005)Roel Snieder, Interferometry



Seismic interferometry on the moon!
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Seismic interferometry on the moon
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Relative velocity change: single couple of sensor 

(Sens-Schönfelder & Larose, Phys. Rev. E, 78, 045601, 2008 )Roel Snieder, Interferometry
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By J. Carlos Santamarina1, 

Luis A. Torres-Cruz2, Robert C. Bachus3

O
n 25 January 2019, the structure 

damming a pond filled with iron 

ore mining wastes (tailings) burst 

at Brumadinho, Brazil (1), causing a 

massive mudslide that killed at least 

232 people. This tailings dam failure 

was only the most recent in a long list of 

catastrophic tailings dam accidents (see the 

first figure) (2, 3). Similar accidents also oc-

cur at electric power stations, where ponds 

are used to store coal combustion residuals 

such as fly and bottom ash. There are about 

1000 operating ash ponds in the United 

States (4), and coal consumption patterns 

suggest that there may be more than 9000 

worldwide. The catastrophic accident at the 

Kingston fossil power plant in Tennessee in 

2008 (5) highlights the destructive poten-

tial of ash pond failures. Detailed analysis 

of tailings dam and ash pond failures shows 

that little-understood processes such as 

time-delayed triggering mechanisms are 

more likely to manifest when best engineer-

ing practices are disregarded.

Failure of the containment structure 

around mine tailings and coal ash is often 

followed by a fast-moving mudflow, which 

can run downstream for several miles, with 

catastrophic consequences. This liquefac-

tion of the impounded materials may sug-

ENVIRONMENT

Why coal ash and tailings dam disasters occur
Knowledge gaps and management shortcomings contribute to catastrophic dam failures
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investigated the failure of 221 tailings 

dams and also concluded that most were 

avoidable (13).

Indeed, postfailure investigations often 

highlight departures from regulation and 

good practice. The internal review con-

ducted by the Inspector General of the Ten-

nessee Valley Authority after the accident at 

the Kingston fossil power plant noted that 

the spill could be attributed to “failure of 

the company management to respond to a 

problem that was identified several years 

earlier” (5). The postfailure investigation 

of the Merriespruit tailings dam in South 

Africa revealed that the water level in the 

dam was higher than prescribed (6). The in-

vestigation of the Mount Polley tailings dam 

failure in Canada noted departures from 

approved particle size and required beach 

width (7). At Brumadinho, the filling of the 

tailings dam appears to have proceeded 

without clear tailings disposal guidelines 

between 1976 and 2005, a departure from 

sound engineering practice (14).

TOWARD PREVENTING DAM FAILURES
The key to understanding the cause of ash 

impoundment and tailings dam failures 

lies in identifying the triggering mecha-

nisms that lead to the failure of the con-

tainment system. On the other hand, the 

key to anticipating the potential conse-

quences of the failure lies in determining 

whether the impounded waste is prone to 

liquefaction and flow should the dam fail.

Little-understood processes such as 

time-delayed mechanisms are more likely 

to manifest and define the response of tail-

ings and ash impoundments when best 

engineering practices are disregarded. 

Thus, preventing failures and subsequent 

destructive mudflows requires enhanced 

physical understanding, effective engi-

neering and management, and enforce-

ment of regulations. Furthermore, these 

failures underscore the need for new 

performance-monitoring instrumentation, 

better technologies for characterizing exist-

ing impoundments, and appropriate retro-

fitting strategies.

Following the Brumadinho dam failure, 

the Brazilian authorities have banned the up-

stream construction method. However, most 

upstream dams have performed well, and 

storage dams built using the downstream 

and centerline methods have also failed. 

Clearly, no construction method is immune 

to mismanagement and poor engineering 

practices. In the wake of failu res, special ef-

forts should seek to identify the true trigger-

ing mechanisms and the underlying causal 

factors that are critical for the prevention of 

future accidents.

Given the number of tailings and ash 

impoundments around the world and their 

historical failure rate, more failures can be 

anticipated. The situation is aggravated by 

the tragic consequences often faced by the 

populations living downstream from the 

impoundment. Each incident prompts us 

to gain better physical insight, improve en-

gineering practices, and implement regula-

tions to minimize the potential for future 

catastrophes.        j
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Mechanisms and processes of tailings dam and ash pond failures 
Many different aspects of impounded ash and mine tailings and the associated dams can contribute to dam failures and the resulting fast-moving mudflows.
The figure shows upstream construction as an example; most processes and mechanisms shown also apply to centerline and downstream construction methods.
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Monitoring a dam

reconstructed waves – and thus the spatial resolution of any
subsequent processing – is constrained by the frequency con-
tent of the ambient noise and the wave propagation velocity
of the studied medium. In the experiments presented in the
following, the studied wavelengths are of the order of a few
metres. To improve the quality of the reconstructed signals,
several pre-processing and post-processing steps can also be
applied (Bensen et al., 2007; Behm et al., 2014).

Time-lapse velocity monitoring
By reconstructing the CHFs between different pairs of sen-

sors and at different time intervals, it is possible to monitor
changes in a medium over elapsed time. The temporal evol-
ution of wave velocity can be analysed by comparing the
arrival time of a specific seismic phase in the CHFs at two
different times. Here CHFAB

1 (resp. CHFAB
2 ) is the CHF

between A and B at time 1 (resp. time 2). The temporal delay
δt of the arrival at time 2 compared to arrival at time 1 can be
measured using cross-correlation

CCðτÞ ¼
Ð
Δt CHF1

ABðt′ÞCHF2
ABðt′þ τÞdt′

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiÐ
Δt CHF1

ABðt′Þ
2dt′

Ð
Δt CHF2

ABðt′Þ
2dt′

q ð4Þ

where Δt is a time window that encompasses the seismic
wavelet of interest. The actual time delay δt is the value of τ
for which the normalised cross-correlation CC reaches its
maximum value CCmax. Let tc be the centre of the time
window Δt. The relative velocity change between times 1
and 2 is obtained by

dv
v
¼ % δt

tc
ð5Þ

Wave velocity changes reflect changes in soil properties,
namely bulk modulus, shear modulus and density. These
parameters are themselves affected by the effective stress and
the void ratio/porosity of the soil. The relationships between
low-strain elastic moduli, void ratio and effective confining
stress state are well established across soil types (Ishihara,
1996; Santamarina et al., 2001). In sands, for instance, the
low-strain shear modulus G0 has the following general

empirical relation

G0 ¼ AFðeÞσ′n0

FðeÞ ¼ 2&17% e2

1þ e
ð6Þ

where e is the void ratio, σ′0 is the effective mean confining
stress, and A and n constants that are dependent on the soil.
The function F(e) decreases with increasing void ratio (up to
e' 2).
The S-wave velocity is defined as vs¼ (G0/ρ)

1/2, with ρ the
density of the soil. A reduction in S-wave velocity thus results
from an increase in void ratio (or porosity) and/or a decrease
in effective confining stress. Internal erosion involves an
increase in void ratio within the area of concentrated seepage
as particles are washed away. The resulting localised stiffness
reduction induces effective stress redistribution by way of
arching.

CANAL EMBANKMENT FAILURE: A
LABORATORY-SCALE EXPERIMENT
Experimental set-up
A scaled canal embankment model was constructed and

tested to failure by internal erosion in an indoor laboratory
by the US Bureau of Reclamation in Denver, Colorado. This
model was part of a series of tests designed to study the
breach processes of typical irrigation canal embankments,
considering various material properties and failure initiation
conditions (Wahl & Lentz, 2012).
The test facility consists of a 21·3 m long trapezoidal canal

constructed between two headboxes – upstream and down-
stream – for supply and recovery of water (Fig. 2). The canal
is formed by non-erodible plywood walls, except for a 6·10 m
long section where one sidewall is replaced by a compacted
silty-sand embankment (Wahl & Lentz, 2012). The embank-
ment was constructed of low-plasticity (plasticity index,
PI¼ 6) silty sand (Unified Soil Classification System (USCS)
designation SM) including 15% clay, 20% silt and 64% sand
(coefficient of uniformity Cu¼ 94). The soil was placed and
compacted 0·5% dry of standard Proctor optimum moisture.
The lower 30 cm was compacted to 98% of maximum dry
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Fig. 2. (a) Schematic front view and (b) cross-sectional view of the canal embankment. A 1·3 cm diameter metal rod was embedded in the middle
of the structure during construction, 25 cm below the crest. Ten vertical component geophones were deployed on the crest, with a 61 cm spacing.
(c) Photograph of the embankment and flowing breach, 5 h after the piping initiation
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breach created by pulling a 
metal rod out of the dam
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Change in shear velocity in a dam

Temporal monitoring
To monitor the wave velocity with elapsed time, the 50 Hz-

centred frequency band is chosen as a trade-off between spatial
resolution and stability/coherence of the waveforms to provide
stable measurements. For each pair of sensors, a reference
DCF is first computed by stacking about 10 min of DCFs
from elapsed time 15 min to 25 min of the experiment, during
the early limited pipe flow. At each elapsed time of the
experiment, the current DCFs are then compared to the
reference DCFs. Velocity variations during the experiment are
computed following equation (4). These variations are shown
for the 1·2 m offset pairs of sensors in Fig. 5. The velocity
variations can be estimated either on the causal or anticausal
wavelet. In practice, the one that has the best signal-to-noise

ratio is selected. In this figure, the causal wavelet is selected
for pairs 1–3 to 6–8, and the anticausal wavelet is selected for
pairs 7–9 and 8–10. Fig. 5 data reflect the first 4 h of the experi-
ment, where significant piping erosion progresses (Fig. 3).
After these 4 h, the structure becomes too damaged and the
interferometry fails to produce stable results, that is, the
waveform coherence decreases dramatically.
Sensors pairs 4–6, 5–7 and 6–8 show the strongest velocity

drops, starting around T¼ 2 h and decreasing about 20%.
The other sensor pairs show a smaller and more continuous
velocity decrease of about 10%. These measurements are in
agreement with the physical location of the pipe that is
expected to influence much more the centre of the structure
than its sides. Given the wavelengths involved (" 2 m), the
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Fig. 4. Correlograms obtained from 20 min of noise recorded on the crest of the embankment during the first hour of the experiment (low piping
flow). Sensor 1 is chosen as the virtual source. In the (a) 30 Hz-centred and (b) 50 Hz-centred frequency bands, both the causal – left to right wave
propagation – and anticausal – right to left wave propagation – branches are observed. In the (c) 70 Hz-centred and (d) 90 Hz-centred frequency
bands, only the causal branch is observed and higher signal attenuation is noticed
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Fig. 5. Relative velocity changes for the 1·2 m offset sensor pairs, along the first 4 h of the experiment. The largest velocity drop (" 20%) is
observed around the centre of the structure, where the piping process is expected to induce strong stress redistributions
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Sensor 1 as virtual source

Temporal monitoring
To monitor the wave velocity with elapsed time, the 50 Hz-

centred frequency band is chosen as a trade-off between spatial
resolution and stability/coherence of the waveforms to provide
stable measurements. For each pair of sensors, a reference
DCF is first computed by stacking about 10 min of DCFs
from elapsed time 15 min to 25 min of the experiment, during
the early limited pipe flow. At each elapsed time of the
experiment, the current DCFs are then compared to the
reference DCFs. Velocity variations during the experiment are
computed following equation (4). These variations are shown
for the 1·2 m offset pairs of sensors in Fig. 5. The velocity
variations can be estimated either on the causal or anticausal
wavelet. In practice, the one that has the best signal-to-noise

ratio is selected. In this figure, the causal wavelet is selected
for pairs 1–3 to 6–8, and the anticausal wavelet is selected for
pairs 7–9 and 8–10. Fig. 5 data reflect the first 4 h of the experi-
ment, where significant piping erosion progresses (Fig. 3).
After these 4 h, the structure becomes too damaged and the
interferometry fails to produce stable results, that is, the
waveform coherence decreases dramatically.
Sensors pairs 4–6, 5–7 and 6–8 show the strongest velocity

drops, starting around T¼ 2 h and decreasing about 20%.
The other sensor pairs show a smaller and more continuous
velocity decrease of about 10%. These measurements are in
agreement with the physical location of the pipe that is
expected to influence much more the centre of the structure
than its sides. Given the wavelengths involved (" 2 m), the
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propagation – and anticausal – right to left wave propagation – branches are observed. In the (c) 70 Hz-centred and (d) 90 Hz-centred frequency
bands, only the causal branch is observed and higher signal attenuation is noticed
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breach point

Temporal monitoring
To monitor the wave velocity with elapsed time, the 50 Hz-

centred frequency band is chosen as a trade-off between spatial
resolution and stability/coherence of the waveforms to provide
stable measurements. For each pair of sensors, a reference
DCF is first computed by stacking about 10 min of DCFs
from elapsed time 15 min to 25 min of the experiment, during
the early limited pipe flow. At each elapsed time of the
experiment, the current DCFs are then compared to the
reference DCFs. Velocity variations during the experiment are
computed following equation (4). These variations are shown
for the 1·2 m offset pairs of sensors in Fig. 5. The velocity
variations can be estimated either on the causal or anticausal
wavelet. In practice, the one that has the best signal-to-noise

ratio is selected. In this figure, the causal wavelet is selected
for pairs 1–3 to 6–8, and the anticausal wavelet is selected for
pairs 7–9 and 8–10. Fig. 5 data reflect the first 4 h of the experi-
ment, where significant piping erosion progresses (Fig. 3).
After these 4 h, the structure becomes too damaged and the
interferometry fails to produce stable results, that is, the
waveform coherence decreases dramatically.
Sensors pairs 4–6, 5–7 and 6–8 show the strongest velocity

drops, starting around T¼ 2 h and decreasing about 20%.
The other sensor pairs show a smaller and more continuous
velocity decrease of about 10%. These measurements are in
agreement with the physical location of the pipe that is
expected to influence much more the centre of the structure
than its sides. Given the wavelengths involved (" 2 m), the
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propagation – and anticausal – right to left wave propagation – branches are observed. In the (c) 70 Hz-centred and (d) 90 Hz-centred frequency
bands, only the causal branch is observed and higher signal attenuation is noticed
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Change in shear velocity in a dam

Temporal monitoring
To monitor the wave velocity with elapsed time, the 50 Hz-

centred frequency band is chosen as a trade-off between spatial
resolution and stability/coherence of the waveforms to provide
stable measurements. For each pair of sensors, a reference
DCF is first computed by stacking about 10 min of DCFs
from elapsed time 15 min to 25 min of the experiment, during
the early limited pipe flow. At each elapsed time of the
experiment, the current DCFs are then compared to the
reference DCFs. Velocity variations during the experiment are
computed following equation (4). These variations are shown
for the 1·2 m offset pairs of sensors in Fig. 5. The velocity
variations can be estimated either on the causal or anticausal
wavelet. In practice, the one that has the best signal-to-noise

ratio is selected. In this figure, the causal wavelet is selected
for pairs 1–3 to 6–8, and the anticausal wavelet is selected for
pairs 7–9 and 8–10. Fig. 5 data reflect the first 4 h of the experi-
ment, where significant piping erosion progresses (Fig. 3).
After these 4 h, the structure becomes too damaged and the
interferometry fails to produce stable results, that is, the
waveform coherence decreases dramatically.
Sensors pairs 4–6, 5–7 and 6–8 show the strongest velocity

drops, starting around T¼ 2 h and decreasing about 20%.
The other sensor pairs show a smaller and more continuous
velocity decrease of about 10%. These measurements are in
agreement with the physical location of the pipe that is
expected to influence much more the centre of the structure
than its sides. Given the wavelengths involved (" 2 m), the
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propagation – and anticausal – right to left wave propagation – branches are observed. In the (c) 70 Hz-centred and (d) 90 Hz-centred frequency
bands, only the causal branch is observed and higher signal attenuation is noticed
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Change in shear velocity in a dam

Temporal monitoring
To monitor the wave velocity with elapsed time, the 50 Hz-

centred frequency band is chosen as a trade-off between spatial
resolution and stability/coherence of the waveforms to provide
stable measurements. For each pair of sensors, a reference
DCF is first computed by stacking about 10 min of DCFs
from elapsed time 15 min to 25 min of the experiment, during
the early limited pipe flow. At each elapsed time of the
experiment, the current DCFs are then compared to the
reference DCFs. Velocity variations during the experiment are
computed following equation (4). These variations are shown
for the 1·2 m offset pairs of sensors in Fig. 5. The velocity
variations can be estimated either on the causal or anticausal
wavelet. In practice, the one that has the best signal-to-noise

ratio is selected. In this figure, the causal wavelet is selected
for pairs 1–3 to 6–8, and the anticausal wavelet is selected for
pairs 7–9 and 8–10. Fig. 5 data reflect the first 4 h of the experi-
ment, where significant piping erosion progresses (Fig. 3).
After these 4 h, the structure becomes too damaged and the
interferometry fails to produce stable results, that is, the
waveform coherence decreases dramatically.
Sensors pairs 4–6, 5–7 and 6–8 show the strongest velocity

drops, starting around T¼ 2 h and decreasing about 20%.
The other sensor pairs show a smaller and more continuous
velocity decrease of about 10%. These measurements are in
agreement with the physical location of the pipe that is
expected to influence much more the centre of the structure
than its sides. Given the wavelengths involved (" 2 m), the
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Fig. 4. Correlograms obtained from 20 min of noise recorded on the crest of the embankment during the first hour of the experiment (low piping
flow). Sensor 1 is chosen as the virtual source. In the (a) 30 Hz-centred and (b) 50 Hz-centred frequency bands, both the causal – left to right wave
propagation – and anticausal – right to left wave propagation – branches are observed. In the (c) 70 Hz-centred and (d) 90 Hz-centred frequency
bands, only the causal branch is observed and higher signal attenuation is noticed

1 2 3 4 5 6 7 8 9 10

E
la

ps
ed

 ti
m

e,
 T

: h

1−3

0

0·5

1·0

1·5

2·0

2·5

3·0

3·5

4·0

–20020

2−4

dv/v: % dv/v: % dv/v: % dv/v: % dv/v: % dv/v: % dv/v: % dv/v: %

0

0·5

1·0

1·5

2·0

2·5

3·0

3·5

4·0

–20020

3−5

0

0·5

1·0

1·5

2·0

2·5

3·0

3·5

4·0

–20020

4−6

0

0·5

1·0

1·5

2·0

2·5

3·0

3·5

4·0

–20020

5−7

0

0·5

1·0

1·5

2·0

2·5

4·0

–20020

6−8

0

0·5

1·0

1·5

2·0

2·5

3·0

3·5

–20020

7−9

0

0·5

1·0

1·5

2·0

2·5

3·0

3·5

4·0

–20020

8−10

0

0·5

1·0

1·5

2·0

2·5

3·0

3·5

4·0

–20020

3·5

3·0

4·0

Fig. 5. Relative velocity changes for the 1·2 m offset sensor pairs, along the first 4 h of the experiment. The largest velocity drop (" 20%) is
observed around the centre of the structure, where the piping process is expected to induce strong stress redistributions

MONITORING OF INTERNAL EROSION IN EARTHEN DAMS AND LEVEES 305

Downloaded by [ SAN 301-9268 CO SCH MINES] on [02/03/16]. Copyright © ICE Publishing, all rights reserved.

(Planes et al., Geotechnique, 66, 301-312, 2016)

breach point

tim
e 

(h
ou

rs
)

Roel Snieder, Interferometry



Near-surface structure from Kik-Net
free surface

Borehole
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Data at station NIGH13

Roel Snieder, Interferometry



Annual stacks at station NIGH13
correlation                             deconvolution

Roel Snieder, Interferometry



Correlation vs. deconvolution

u(z,ω) = S(ω)e−ikz

correlation = u(z = 0,ω)u*(z = D,ω) = S(ω)
2
eikz

deconvolution =
u(z = 0,ω)

u(z = D,ω)
= eikz
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When there is one source

D =
uA

uB
=

GASS

GBSS
=

GSA

GSB

uA = GASS

uB = GBSS

Independent of source signal
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When there are two sources

uA = GAS1S1 +GAS2S2

uB = GBS1S1 +GBS2S2

D =
uA

uB
=

GAS1S1 +GAS2S2

GBS1S1 +GBS2S2

Source signal does not divide out
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S-waves in Niigata and earthquakes
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Velocity change
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(Nakata and Snieder, Geophys. Res. Lett.,18, L17302, 2011)Roel Snieder, Interferometry
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S-velocity changes with seasons
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Rainfall/vs for soft-rock sites

Roel Snieder, Interferometry



Rainfall/vs for hard-rock sites

Roel Snieder, Interferometry



Seismic interferometry in Millikan Library
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Shear velocity from different quakes
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Shear velocity vs. shaking
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The Project SiteWhen the source-timing can be used 
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Displacement deconvolved with pressure
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(UNG40/SW40, 40 kHz)

VEB Projektierung 
Wasserwirtschaft

Roel Snieder, Interferometry



(Niederleithinger, E.; Krompholz, R.; Müller, S.; Lautenschläger, R. & Kittler, J. 36 Jahre Talsperre Einbenstock - 36 Jahre Überwachung des 
Betonzustands durch Ultraschall Proc. 38. Desdner Wasserbaukolloquium 2015 ''Messen und Überwachen im Wasserbau und Gewässer, 2015, 1-

10)
Roel Snieder, Interferometry


