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ABSTRACT 
 
Debris flow is known to generate ground vibration, and it is confirmed that ground vibration 
starts to increase 20-30 seconds before the arrival of the flow, while the discharge increases at 
the instant of arrival at an observation site. This is because seismic wave of debris flow far 
from observation site was observed. Also ground vibration is increased by approach of the 
debris-flow. Thus it can be estimated the frontal velocity of debris flow from the amplification 
rate of seismic waves. It is considered that frontal velocity is used effective early warning 
against sediment-related disasters. The authors proposed the method to estimate the velocity 
of the debris flow from amplification rate. The ground vibration of 35 data due to debris-flow 
has been observed at the Kamikamihorizawa torrent of Mount Yakedake, in Nagano Japan, 
are applied to this method. The result suggests that frontal velocity of debris flow can be 
approximately estimated from this method. 
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INTRODUCTION 
 
Japan is still prone to sediment-related disasters, and many human lives are lost due to debris 
flows almost every year. In order to protect human lives from sediment-related disasters, it is 
important not only to construct erosion and sediment control facilities but also to establish a 
warning and evacuation system. It is generally thought that using sensors to detect the 
occurrence of a debris flow is an effective way to make it possible to evacuate from debris 
flow before its attack. 
 
Wire sensors have been used to detect debris flows so far; however they are designed to work 
only once, and must be restrung in order to ready for another debris flow. This problem has 
prompted a spate of research (such as Osumi et al., 2006 and Kuroda et al., 2006) into debris 
flow sensors designed to detect the ground vibration generated by the debris flow (called 
“vibration sensor”).  
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If vibration sensors could also determine the magnitude of the debris flow, this information  
would prove highly useful to the warning and evacuation system. The correlation between 
debris flow vibration and peak discharge has already been confirmed by Suwa et al. (Suwa et 
al., 1999); however this relationship is predicated on the relationship between particle size 
and flow rate of the debris flow. In order to estimate the peak discharge of the debris flow 
from the vibration, we would need to determine the relationship between particle size and 
peak discharge, which would require expensive solutions such as installing video cameras 
close to sensor equipment to monitor the debris flow. 
 
By the way, Suwa et al. (1997) has shown that the ground vibration of debris flows which 
occurred in Mount Yakedake in Japan confirmed observation data set of that ground vibration 
starts to gradually increase 20-30 seconds before the arrival of the flow, while the discharge 
suddenly increases at the instant of arrival at an observation site. Arattano (2003) and 
Kurihara et al. (2007) argue that this phenomenon serves as a sign for approaching debris 
flow. 
 
We thought, this is because it is involved that the propagation velocity of the seismic wave 
(about several hundred meter per second) is much faster than the frontal velocity of debris 
flow (about several meter per second), and ground vibration increases with the approach of 
the debris flow. So, the more frontal velocity of debris flow increases rapidly, the more 
amplification rate of ground vibration becomes rapidly. This means that we can predict frontal 
velocity of debris flow from 
amplification rate of ground 
vibration. Because the frontal 
velocity indicates that it shows 
magnitude of debris flow, it makes 
possible that estimate magnitude of 
debris flow from ground vibration 
without information of boulder. 
When the amplification of the 
vibration waveform and the frontal 
velocity of debris flow are known, 
the magnitude of debris flow can be 
calculated with much greater 
precision, and this information can 
be utilized in the detection system. 
 
 
ANALYSIS DATA 
 
The analysis is based on data taken 
from 35 debris flow incidents 
occurring between 1988 and 2005 at 
the Kamikamihorisawa torrent of 
Mount Yakedake : a volcano in 
Nagano, Japan (Disaster Prevention 
Research Institute at Kyoto 
University and Matsumoto Sabo 
Office, 1988, 1999, 2003, 2005 and 
2006; see Figures 1 and 2). 

Fig.1 Study site of debris flows at Mount Yakedake 

Fig.2 longitudinal profile at Kamikamihorizawa torrent (The 
numbers in the figure shows channel bed slopes) 
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These debris flow observed vibration 
waveform (as measured by SM-335 
vibration sensor from Tokyo Sokushin 
corporation ; frequency range = 1 – 
100 Hz), peak discharge, flow depth, 
and flow velocity. Several of its 
consisted of a first surge followed by a 
second surge several minutes later; for 
the purpose of this study, these were 
thought as independent. Debris flows. 
Table 1 shows the debris flow data 
used in the study. Kamikamihorizawa 
torrent has catchment area of 1.37 km2. 
The gradient of river bed in the 
vicinity of the vibration sensor is 
approximately 8 degree. The sensor is 
located 12 m from the center of the 
river. 
 
Figure 3 shows the vibration waveform 
(vertical direction) of the debris flow 
observed on July 17, 1997. The 
vibration sensor caught 1,500 data 
measurements per second. In order to 
illustrate the vibration waveform more 
clearly, the maximum data value in 
each one second is taken as the 
representative value and shown as an 
absolute value. The lower section of 
Figure 3 also shows an expanded 
version of the first 100 seconds. It can 
be seen that, rather than peaking 
suddenly, the debris flow vibration 
starts increasing gradually from about 
50 seconds and reaches the peak at 68 
seconds. This study focuses on this 
amplification rate of ground vibration. 

Table.1 Debris flow data used in this study 

1 3:12:50 15.8 2.8 1.9
2 3:16:38 10.2 4.8 1.2
3 3:19:30 5.8 3.0 0.9

4 3:35:21 67.5 5.7 3.2
5 3:39:04 48.3 5.5 2.8
6 3:40:56 22.6 4.7 2.2
7 3:42:20 17.4 4.2 1.8

8 16:21:20 22.0 3.6 2.7
9 16:23:38 18.2 4.0 2.1
10 16:29:04 15.8 3.0 2.3
11 13:25:59 127.0 6.4 4.3
12 13:27:31 46.0 5.6 2.0

13 13:28:30 67.0 6.6 2.3
14 13:30:51 33.0 5.2 1.6
15 13:31:51 36.0 5.1 1.7
16 13:32:55 28.0 5.2 1.4

17 13:33:54 22.0 5.1 1.2
18 13:34:57 38.0 5.3 1.9
19 13:39:01 30.0 4.7 1.6
20 9:56:55 9.6 2.6 1.4

21 10:00:23 5.5 2.8 1.1
22 10:05:01 1.4 2.0 0.5
23 3:29:29 8.1 1.8 1.4
24 3:30:56 5.0 3.6 0.6

25 3:32:47 1.6 2.7 0.3
26 3:34:03 7.9 4.0 0.8
27 3:35:52 6.3 3.5 0.7
28 3:39:23 22.5 4.8 1.7
29 3:40:02 3.8 3.4 0.4

30 3:41:46 6.7 3.5 0.7
31 3:43:55 1.3 2.5 0.2
32 3:48:45 5.7 2.4 0.9
33 2002.7.13 20:41:57 7.8 2.4 0.8

34 2004.7.18 4:20:00 117.0 6.9 2.9
35 2005.7.12 8:33:00 105.0 5.9 2.6
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Fig.3 Time history waveform for debris flow vibration - 
upper graph shows total period, lower graph shows first 100 
seconds (section enclosed in dotted line) 

 
 
EVALUATING VIBRATION 
WAVEFORM AMPLIFICATION 
BASED ON FRONTAL 
VELOCITY OF DEBRIS FLOW 
 
The debris flows observed at Mount Yakedake are mainly boulder-rich type of debris flows. 
Okuda et al. (1977) has defined the following characteristics of the boulder-rich type of debris 
flows: 
(1) The forefront looks like a bore and rises very much 
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(2)The front part of the flow where big 
boulders are concentrated continues 
only for a few tens of seconds and the 
following part looks like a mud flow of 
gradually deceasing discharge. 
 
The main source of ground vibration 
until debris flow arrives at observation 
site is thought the collision of boulders 
against the channel bed. Thus, the 
forefront of debris flow, where the 
boulders are concentrated, is 
considered to be the main source of the 
vibration. So, we examined the 
amplification rate of ground vibration 
that assumed the debris flow front to 
be a point source. Details of the 
analysis of data are shown below. 
 
Environmental studies of vibration use 
equation (1) to express the distance 
decay effect for vibration (Shioda, 
1976). This expression can be 
transformed to obtain equation (2). 

Fig.4 Concept diagram for equations (1) and (2) (debris 
flow at closest point to vibration sensor) 
 

Fig.5 Concept diagram for equations (3) and (4) (debris 
flow at distance) 
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where p is the vibration amplitude (gal) at distance d, p’ is the standard vibration amplitude 
(gal) at distance d’, αis the internal damping coefficient,  d and d’are distances from the 
vibration source (m), n is the geometric attenuation coefficient. 
 
When the same vibration from the vibration source is observed at both p and p’ and the p’ is 
obtained, equation (1) estimates a vibration amplitude of p.  
 
The highest level of vibration from the debris flow will be observed when the flow is closest 
to the observation site. This occurs when the forefront of debris flow passes the point where 
the straight line between the sensor and the stream is perpendicular to the stream (point A). 
The vibration at point A is set as the standard vibration source. In equation (2), the distance d 
from the vibration source is same as the distance d’ from the standard vibration source. This 
concept is illustrated in Figure 4. 
 
Amplification of vibration is thought to be affected by the velocity of the debris flow, with the 
amplitude of vibration increasing as the vibration source (i.e., the debris flow) approaches the 
vibration sensor. This phenomenon can be expressed in equation (2) by incorporating debris 
flow velocity into the parameter d (distance from vibration source). The result is equations (3) 
and (4) as shown below. This is illustrated in Figure 5. 
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Where Pb is the vibration amplitude (gal) 
at distance Db, P is the vibration amplitude 
(gal) at distance D, Db is the distance from 
the debris flow to the vibration sensor (m), 
D’ is the distance from the debris flow to 
point A (m), D is the distance between the 
vibration sensor and point A (m), t is time 
(s), V is the velocity of the debris flow 
(m/s). 
Here, D’-Vt in equation (4) can be 
substituted as shown in equation (6). 
 
 
 
 
 
 
 
Where, t’ is the time required for forefront 
of debris flow to arrive at the point A (t’ = 
0 when the debris flow is closest to the 
vibration sensor). 
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Fig.6 Time history of waveform for the period of 
amplification and corresponding Fourier spectrum 
(Debris Flow No. 8 in Table 1)

Note that Pb decreases as t’ increases. Thus we can calculate the vibration attenuation curve 
retrospectively from t’ = 0 (when the debris flow is closest). namely, we can also evaluate 
amplification of debris flow vibration. Namely, the amplification rate of ground vibration is 
estimated by regarding the process of the flowing debris flow approaching the vibration 
sensor as the process decreasing in the distance of debris flow to the vibration source based on 
formula of the amplitude of vibration with distance from the vibration source. 
 
In this study, we estimate amplification rate of the debris flow vibration using use equations 
(5) and (6). Given the limited amount of data on the movement of a debris flow in the river 
basin, the velocity of debris flow was assumed to be 60% of the maximum surface flow 
velocity and this velocity was assumed to be flowing throughout constant speed. 
 
 
ANALYSIS CONDITIONS 
 

Internal damping coefficient and geometric attenuation coefficient 
 
The model in equation (3) requires values for the internal damping coefficientαand the 
geometric attenuation coefficient n. αis expressed as follows: 
 
 
 

)7(2 ηπα
sV

f
=
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Where, αis the internal damping coefficient, f is the vibration frequency (Hz), Vs is the 
propagation velocity (m/s), ηis the loss coefficient. 
We conducted a spectral analysis on 
debris flows during the period of 
amplification, which is normally around 
20 seconds prior to the maximum 
acceleration. Figure 6 shows one example. 
The dominant spectrum of this vibration 
is 15-75 Hz. Focusing on low- frequency 
waves to evaluate vibration of debris flow 
flowing is more effective than focusing on 
high-frequency waves that are subject to a 
stronger attenuation. An investigation of 
dominant frequencies in the low- 
frequency range indicates that all debris 
flows exhibit a peak at around 15-20 Hz. 
Based on past research (Koyasu, 1978), 
the loss coefficient is estimated at 0.01 – 
0.03 or 0.05-0.06. Based on elastic wave exploration by Suwa et al. (2002, 2003), the 
propagation velocity at this site is 300 m/s. Given these parameter with the equation (7), for a 
vibration frequency of 20 Hz and a loss coefficient of 0.02, the internal attenuation is 0.008 
(or 0.023 when the loss coefficient is 0.055). 
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Fig.7 Correlation between maximum acceleration and 
relative frequency acceleration (Debris Flow No. 8 in 
Table 1)

 
The geometric attenuation coefficient n is 0.75. Originally, when seismic wave propagates 
surface ground (surface wave), n is 0.5, and when seismic wave propagates internal ground 
(body wave), n is 1.0. But it is difficult to separate the surface wave and the body wave from 
the vibration of debris flow. It is because distance from debris flow to observation site is short. 
Therefore, we set 0.75 as n that assumed composite wave both the surface wave and body 
waves. 
 
Acceleration 
 
The vibration waveform has a very superior data density of 1,500 records per second. For this 
reason, one second has been chosen as the base interval, using the representative absolute 
value for observations taken in each interval. 
 
In general, maximum acceleration would be used to evaluate the vibration amplitude. 
However, as the time history waveform in Figure 6 shows, the acceleration exhibits 
considerable variation, including localized instances of pulsing. Given that the focus of this 
study is the vibration amplification behavior, it was considered that the representative 
acceleration value in any given period would provide a more clearer feature than the 
maximum acceleration. Therefore, we calculated the 95%, 97.5% and 99% relative frequency 
acceleration values along with maximum acceleration values for each one-second interval, 
and chose the suitable value in accordance with the waveform shape. An example of the 
results is shown in Figure 7. It can be seen that the 99% relative frequency rejects pulsing 
acceleration completely and is conformed the vibration waveform shape. So, the 99% relative 
frequency acceleration value was adopted along with the maximum acceleration value in each 
one-second interval. 
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Analysis methodology 
The analysis conditions and methodology are described below. 
 
1) The analysis is based on vibration waveforms for the 35 debris flow incidents listed in 
Table 1. Only vertical direction of vibration is adopted. The value of vibration is converted to 
absolute values. 
 
2) The vibration acceleration adopted both 
the maximum acceleration value and the 
99% relative frequency value taken as the 
representative values in each interval. 
 
3) The observed time of the maximum 
vibration is matched to the observed time 
of the peak discharge of debris flow based 
on past reports (Disaster Prevention 
Research Institute at Kyoto University and 
Matsumoto Sabo Office, 1988, 1999, 2003, 
2005 and 2006).  
 
4) The period of amplification rate of 
vibration is 20 seconds, based on Suwa et 
al. (1997). 
 
5) The data from 4) above is applied to 
equations (5) and (6) using two types for 
accelerations and two values for the 
internal damping coefficient α  (four 
combinations in total). The residual sum 
of squares between the analysis data and 
observation data is calculated, and the 
lowest value is selected as the suitable 
parameter for estimating the amplification 
rate of vibration. The residual sum of 
squares is expressed as follows 
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Fig.8 Example of simulation results (Debris Flow No. 5 
in Table 1) 

Table.2 Residual sum of squares by debris flow 

α=0.008 α=0.0023 α=0.008 α=0.0023

1 7.7 8.8 5.9 7.5

2 2.2 6.9 3.0 4.5

3 1.6 1.8 1.4 1.3

4 8.1 21.7 10.8 15.7

5 12.0 27.1 21.4 26.7

6 2.5 6.6 2.4 4.0

7 4.7 5.4 4.7 6.7

8 104.7 44.3 16.8 10.2

9 11.9 25.6 19.4 24.3

10 19.8 20.9 9.6 11.5

11 35.8 66.9 93.7 113.3

12 324.7 397.5 19.3 27.6

13 10.9 26.6 7.5 12.8

14 16.2 35.4 16.4 23.5

15 103.4 99.3 17.7 23.2

16 90.1 146.6 60.6 73.5

17 28.7 48.8 19.2 25.9

18 84.6 162.9 146.7 167.5

19 6.7 9.9 2.8 5.0

20 18.9 14.3 3.5 3.8

21 4.2 7.1 4.8 6.0

22 2.5 3.8 1.3 1.7

23 77.1 53.4 8.4 6.6

24 67.7 63.5 12.8 17.1

25 41.2 35.0 29.1 27.5

26 128.1 99.0 45.1 42.0

27 26.7 34.3 13.1 16.3

28 193.0 140.6 97.8 87.5

29 13.9 11.1 7.5 10.2

30 33.1 24.0 7.7 8.0

31 9.8 12.3 4.8 6.9

32 70.1 46.2 19.0 16.0

33 2002.7.13 8.2 12.2 4.6 5.9

1997.8.5

1988.09.12

1993.7.14

1997.9.8

1997.7.17

Residual sum of squares at
maximum acceleration

Residual sum of squares at
99%  relative frequency

acceleration
Debris

flow No.
Date of

occurrence

34 2004.7.18 4.5 16.0 15.5 22.7

35 2005.7.12 170.1 72.5 56.7 47.6  

 
( ) 8

220

1
∑
=

−=
i

ii CalObsSe ( ) 
 
Where, Se is residual sum of squares, i is 
time in period of amplification, Obs is 
observed acceleration value in i, Cal is 
calculated acceleration value in i.   
 
 
RESULTS OF ANALYSIS 
 
Figure 8 provides a sample of the results 
using the method described above. It can 
be seen that the amplification rate of 
vibration is most accurately represented by 
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the 99% relative frequency acceleration with α = 0.008. Thus, we suggest that this method 
estimates the amplification rate of vibration with the debris flow.  
For each debris flow, we analyzed four combinations of acceleration and internal damping 
coefficient and calculated the corresponding residual sum of squares for the respective debris 
flow vibration waveform. Table 2 shows the results. The colored cells in the table indicate the 
lowest residual sum of square values. At 99% relative frequency 99% acceleration with 
internal damping coefficient of 0.008, the figure drops to 23 debris flows (66%). 
 
 
DISCUSSION 
 
From the results in previous section, we 
confirm that the vibration amplitude in the 
debris flows observed at Mount Yakedake 
is best described by a combination of 99% 
relative frequency acceleration and 
internal damping coefficient of 0.008. 
Thus, we used these parameters to 
evaluate the accuracy of the reproduction 
on the velocity of debris flows 
Flow velocities for the 35 debris flows 
listed in Table 1 were calculated based on 
the vibration amplitude using this method 
(with acceleration = 99% relative 
frequency acceleration and internal 
damping coefficient = 0.008) and were 
compared with observation data. Figure 9 
is relationship between the calculated flow 
velocities (on the vertical axis) and the observed flow velocities (on the horizontal axis, as in 
Section 3 above). The solid line represents the calculated and observed values being equal 
(i.e., 1:1 relationship), while the dotted lines represent the 2:1 and 1:2 relationships 
respectively. From Figure 9, we can see that in 32 of the 35 debris flows (91%), the calculated 
flow velocity values fall within the range 50% - 200% of the observed values. It is clarified 
that this method can estimate with accuracy of this range 
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CONCLUSIONS 
 
We have demonstrated that the method proposed in this study can be used to reproduce the 
amplitude of the vibration waveform prior to the arrival of the debris flow. This means that 
observation data on the debris flow vibration waveform can be used to estimate the velocity of 
the debris flow based on the amplification rate. It should be noted that this study was confined 
to boulder-rich type of debris flows. 
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