
ORI GIN AL PA PER

A new total volume model of debris flows
with intermittent surges: based on the observations
at Jiangjia Valley, southwest China

N. Sh. Chen • Ch. L. Yang • W. Zhou • F. Q. Wei • Z. L. Li •

D. Han • G. Sh. Hu

Received: 28 October 2008 / Accepted: 22 April 2010 / Published online: 21 May 2010
� Springer Science+Business Media B.V. 2010

Abstract Debris flow with intermittent surges is a major natural hazard. Accurate esti-

mation of the total volume of debris flow is a challenge for academic researchers and

engineering practitioners. This paper has proposed a new model for the total volume

estimation based on 15 years of observations in Jiangjia Valley, China, from 1987 to 2004.

The model uses two input variables: debris flow moving time and average surge peak

discharge. The Weibull distribution formula is adopted to describe the relationship between

the debris flow surge peak discharge and its relative frequency. By integrating the Weibull

function and two-point curve fitting, the relationship between the maximum discharge and

average surge peak discharge can be established. The total debris flow volume is linked

with the debris flow moving time and the average peak discharge. With statistical

regression, the debris flow moving time is derived from the debris flow total time. The

proposed model has fitted very well with the validation data and outperformed the existing

models. This study has provided a new and more accurate way for estimating the total

volume of debris flows with intermittent surges in engineering practice.
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1 Introduction

Debris flows are one of the most dangerous natural hazards, which can occur suddenly and

destroy towns, highways, bridges etc. in a matter of minutes. Debris flows can be divided

into two types, viscous and non-viscous debris flows. The bulk density of a viscous debris

flow is usually above 1.8 g/cm3 and that of a non-viscous debris flow is normally less than

1.8 g/cm3. Non-viscous debris flows usually travel continuously from the beginning to the

end, but viscous debris flows with a bulk density greater than 1.8 g/cm3 tend to proceed in

intermittent surges. It has been observed that viscous debris flows with intermittent surges

are quite common and have caused many devastating disasters in the world. It has been

reported that the most damaging intermittent debris flow disaster happened in the central

downtown of Nianguaá in Venezuela during December 15–16, 1999, which led to at least

30,000 deaths and 100,000 people homeless (Garcı́a-Martı́nez and López 2005; Francisco

2001). In China, intermittent debris flows are also widely distributed. For example, from

June to August in 2003, there were ten disastrous debris flow events in southwest China

with 144 people killed, among them eight were viscous debris flows with intermittent

surges (Gerald and Nancy 2000).

To alleviate damages from debris flows, engineering measures such as trap dams and

diversion channels have been widely used around the world. A key design parameter for

these engineering structures is the total debris flow volume. Accurate estimation of this

parameter is a challenging task, especially for those with intermittent surges. So far, there

are still many problems with the existing volume estimation models, and this study was set

to develop a new suitable model for debris flow volume with intermittent surges.

2 Background

2.1 Basic concept about debris flow with intermittent surges

Based on the long-period observation, we normally divide debris flows into continuous

debris flow, intermittent debris flow with surges and hybrid debris flow (a mixture of both).

It has been found that non-viscous debris flows usually move continuously, but viscous

debris flows tend to move in intermittent surges or a hybrid state. Since intermittent debris

flows are made of many individual surges, the total volume estimation of such debris flows

is much harder to do than that of continuously debris flows.

2.1.1 The surge profile shape

An intermittent debris flow is composed of tens or hundreds of surges. A debris flow surge

is divided into three parts: the front, tail and body. The three parts usually make the debris

flow surge with a triangular profile shape (Matthias and Oldrich 2005) (Fig. 1). This

triangular shape has been observed through the flow surface velocity, and it changes with

flow thickness (Gerald and Nancy 2000).

2.1.2 The surge gap time and surge moving time

An intermittent debris flow moves with many surges. The time from a surge’s initiation to

stop is called the surge moving time (Tm). There is a quiet time between adjacent surges,
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and it is called the surge gap time (Tg). During the surge gaps, no debris movement could

be observed. The debris flow process time contains the surge moving time Tm and surge

gap time Tg, therefore the process time for a surge T = Tm ? Tg, and the total time for an

intermittent debris flow Ts ¼
P
ðTm þ TgÞ ¼TM þ TG.

2.1.3 The total volume

The total volume of a debris flow can be defined as all the liquefied geo-materials and

water passing through a fixed cross-section perpendicular to the debris flow path. Similar to

the total volume of water in a river, a debris flow total volume is a function of time and

discharge. The peak discharge for each surge is a useful value for estimating the debris

flow surge volume. The maximum discharge of a debris flow is defined as the largest peak

discharge among all the surges.

2.1.4 The solid volume

A debris flow total volume includes both the solid material and water. The solid volume

means the total amount of solid materials in a debris flow (excluding the water). The debris

flow total volume Mc and debris flow solid volume Wc can be converted via the density

relationship.

2.2 Empirical methods for debris flow volume

There are two main approaches for estimating the total debris flow volume: empirical

methods and physics-based methods. Through literature review, we listed some typical

empirical methods in Table 1. Models 1–2 in the table show that the debris flow total

volume can be estimated by the maximum discharge and the process time. In the models

3–4, the debris flow solid material volume is linked to the maximum discharge of a debris

flow.

2.3 Model simulation for debris flow volume

An alternative approach to empirical methods is physics-based model, such as the Newton

fluid model and the two-phase debris flow model (Macro 1996; Takahashi and Tsujimoto

2000). By these models, the debris flow processes and the total volume could be obtained

indirectly. Such a model has been applied in Nianguaá basin in Venezuela to simulate the

debris flow processes of December 15–16, 1999.

Fig. 1 The sketch map of debris flow surge processes
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2.4 Problems with the existing methods

Although some useful achievements have been made in the total volume estimation of

debris flows, there are still many problems that need further research.

1. Many empirical methods are mostly relevant to a specific location. It is usually

difficult to verify such empirical relations because they need a sufficient number of

debris flows to occur at the same site; therefore, a long observation record is needed.

2. The physics-based model approach suffers from its difficulty in obtaining reliable

model parameters either directly or indirectly. In addition, the model’s accuracy is

uncertain, and there is a lack of model validation. As a result, physics-based model is

not widely used in practical engineering projects.

3. The debris flow maximum discharge and moving time have been widely used to

estimate the total volume of a debris flow. However, it is not easy to find out the

moving time due to the lack of observation at the project site.

4. The relationship between the maximum discharge and the average discharge and the

relationship between the debris flow moving time and the total time have not been

reliably established.

Therefore, there is an urgent need to build a new effective model to overcome the

problems in the existing methods so that more accurate estimation for the total volume

could be achieved for practical debris flow mitigation projects. However, it should be noted

that the following difficulties in the model development have normally hampered many

researchers to build and validate a reliable total volume model:

1. Only limited cases of the actual debris flows have been investigated and reported on

their total volumes in the literature;

Table 1 Some typical models for the solid material and total volume calculations

No. Reference Methods Explanation Notes

1 Ministry of
Land and
Resources
(2006)

Mc = KTSQc Mc: The debris flow
total volume

TS: The total process
time of debris flow

Qc: The maximum
discharge

K: F (catchment area)
F \ 5 km2, K = 0.202
F = 5–10 km2, K = 0.113
F = 10–100 km2, K = 0.0378
F [ 100 km2, K \ 0.0252

2 Zhou et al.
(1991)

Mc = 19TSQc/72 TS: The total process
time of debris flow

Qc: The maximum
discharge

Mc: The debris flow
total volume

Pentagon
calculation
method

3 Costa (1988) Qc = 0.293Wc
0.56 Wc: The solid material

volume
Qc: The maximum

discharge

Indirect
empirical
method

4 Costa (1988) Qc = 0.0163Wc
0.64 Wc: The solid material

volume
Qc: The maximum

discharge

Indirect
empirical
method
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2. The direct observation of debris flow processes is usually very difficult, because they

normally develop and finish very rapidly in mountainous areas;

3. The content, property and volume of a debris flow change with time during its

movement (Pierson and Costa 1987; Hungr 1995). Therefore, the total volume of a

debris flow is not easy to obtain;

4. In practice, most debris flow investigations could only provide the maximum discharge

and total time, not the average discharge and debris flow moving time.

The long debris flow observation at Jiangjia Valley in China has provided us with useful

comprehensive records in this study, which enabled us to overcome many of the afore-

mentioned difficulties.

3 General framework

A general framework for the new model development is illustrated in Fig. 2. The key

processes are: (1) The debris flow observation data in Jiangjia Valley of China between

1987 and 2004 were collected; (2) peak discharges of debris flow events were selected and

the function between debris flow surge peak discharges and the relative frequency were

built up; (3) On the basis of the function, the relationship between the total volume, the

average peak discharge and debris flow moving time was established; (4) Build the rela-

tionship between the debris flow moving time and total time (this is because that in

practical debris flow field work, we can only estimate the debris flow total time and the

maximum discharge by measuring the mud line); (5) Validate the proposed model to show

its effectiveness and errors; (6) Apply the model to debris flow total volume calculations in

practice.

4 Observation site and data

Around the world, there are a few debris flow observation sites, such as St. Helen lahar

(USA), Jinagjia valley (China), Shaoyue valley (Japan), Southern Italian (Zanchetta et al.

2002; You and Cheng 2005). Among them, the longest debris flow observation is in

Jiangjia Valley and its data have been widely used in debris flow research, such as the case

studies, debris flow impact force analysis, debris flow processes model, debris flow

properties (Takahashi 1994; Cui 2005). Usually, there are more than ten debris flow events

at the site every year, and they tend to last about 2–4 h each. Since 1987, modern ultrasonic

devices for debris flow depth have been widely used in the observation to improve the

measurement accuracy. The data have been collected at the Dongchuan Debris Flow

Observation and Research Station. This station is a unique facility in the world with the

longest and most complete record of debris flow processes (established since 1961). It is

located in the lower reaches of Jiangjia Valley (103�080E, 26�140N), 30 km to Dongchuan

and 190 km to Kunming. Further information on the station can be found at

http://english.imde.cas.cn/fos/fs/dc/.

4.1 The overview of Jiangjia Valley

Jiangjia Valley lies between N 26�130 to 26�170 and E 103�060 to 103�130, which is on

the right bank of the Xiaojiang River, a tributary of the Yangtse River. The drainage area
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of Jiangjia Valley is 48.6 km2. The valley goes from the east to the west into the

Xiaojiang River with a main channel of 13.9 km long and lies in a sub-tropical dry and

hot area with a steep terrain. The bedrocks of the catchment are slate and schist of

Precambrian, which have been highly weathered and weak in strength. The average

annual precipitation of the area is about 700 mm. The annual evaporation varies between

1,700 and 3,700 mm. The precipitation in the summer between June and August takes up

80% of the whole year. The vegetation coverage rate of the catchment is less than 5%.

Jiangjia Valley situates in the Xiaojiang fault and earthquake belt. During monsoon

seasons, debris flows of different types happen frequently. In this study, we chose

two sections with 200 m distance to observe debris flow’s moving time and velocity

(Figs. 3, 4).

4.2 Debris flow observation

Before each debris flow event, the width, depth and the cross-section area were measured.

During the debris flow, an ultrasonic depth device UL-2 was used to check the debris flow

depth (Fig. 4). The debris flow’s front and its maximum depth were worked out from the

difference between the surface and the channel bed. The peak discharge of a debris

flow surge can be estimated on the basis of debris flow cross-section area and the aver-

age velocity. According to the triangular profile, the debris flow total volume can be

calculated.

Calibration data between 
1987-1996

Validation data between 
1997-2004

Collect intermittent debris-
flows in Jiangjia valley 

between 1987-2004

Based on the function of probability 
distribution, a total volume model of surge 
debris-flow expressed by the average peak 

discharge and the moving time 

Calculate the coefficient of 
the model

Validate the model

Analyze the peak discharge 
probability distribution

Confirm the moving time and 
the total process time of a 

debris-flow

Confirm the average peak 
discharge of surge debris-

flow

Application

Fig. 2 The general flowchart of the model
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Fig. 3 Jiangjia Valley map

Fig. 4 The debris flow observation section and the flow chart of ultrasonic sensor system

Nat Hazards (2011) 56:37–57 43

123



4.3 Data selection

From 1987 to 2004, there were 128 intermittent debris flow recorded and there were 8,900

surges with these debris flows. On average, a debris flow lasts 4.2 h, varying between 0.7

and 16.4 h. There is a wide distribution of surge gap times. Take the debris flow of the No.

5 in 1989 as an example, we found the surge gap times were between 1 and 238 s and the

average time is 65 s. An initial data analysis revealed that larger gaps between surges

resulted in poor debris flow volume estimations. To derive a reliable statistical analysis, we

limit the maximum surge gap time for each debris flow as 180 s (i.e., if a gap between two

surges is greater than 180 s, the debris flow is divided into two different debris flows. They

are called ‘statistical’ debris flows). Therefore, there were more ‘statistical’ debris flows

than 128 as in the original data set. In addition, the minimum number of surges in a debris

flow has been set to be greater than 15 (again, for statistical purposes). In this way, 151

‘statistical’ debris flows with 7,953 surges were chosen in this study. The duration for these

debris flows varied between 0.3 and 9.3 h with an average duration of 1.1 h. The 151

debris flows were divided into two groups, of which 78 events in 1987–1994 were used to

develop the model and the other 73 events in 1997–2004 were used for model validation

and error analysis.

5 The total volume model

5.1 The distribution of surge peak discharges

A debris flow is composed of many surges, and there is a peak discharge for each surge.

The debris flow peak discharges of surges are grouped according to their values. His-

tograms of surge peak discharges were developed for all the 78 debris flows in Table 2

with a bin size of 20 m3/s. Two typical peak discharge distributions have been found,

and they are illustrated in Fig. 5 based on Event No. 8806 and Event No. 8908-3. The

curve type on the left represents 88% of the 78 debris flows and the one on the right

represents 12%.

As the Weibull function is a widely used curve in environmental modeling(Sun 2001)

and it is flexible to cope with both distributions in Fig. 5, we decided to use it to fit the

surge peak discharge distributions. The Weibull probability density function is expressed

as follows:

f ðxÞ ¼ crxr�1e�cxr ðx [ 0Þ ð1Þ
The shape parameter r [ 0, which controls the shape of the Weibull distribution

curve; c is the scale parameter and shows the spread of the curve; x is the debris flow

surge peak discharge (m3/s). As illustrated in Fig. 5, the Weibull distribution can fit both

histogram types reasonably well. In this study, no statistical test is performed on the

curve fitting results. Traditionally, the chi-square test is used to work out the goodness of

fit for curve fitting result. However, this is very subjective (i.e., the choice of statistical

significance level) and controversial (from Bayesian statistics). The best way to avoid

any subjectivity and controversy is to test the developed model with the validation data.

If the new model can perform better with the validation data than the existing models, it

is a good model. On the other hand, if the new model has a poorer validation result, it is

a poor model regardless how well the peak discharge fits to a specific curve.
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Table 2 Source data used in the model development

No. Surges Maximum
discharge (m3/s)

TS (s) TM (s) Median
discharge (m3/s)

The 3rd quartile
discharge (m3/s)

8703 23 254.0 2,149 1,144 101.70 157.50

8705 28 265.6 2,880 845 52.00 107.98

8707 53 795.4 4,571 2,610 288.00 430.30

8713 31 853.0 2,610 886 113.20 248.50

8715-1 16 412.7 1,280 454 98.50 280.95

8715-2 27 776.0 2,166 694 48.50 112.00

8715-3 44 728.9 4,128 1,382 56.15 106.65

8715-4 18 241.7 1,368 453 32.50 46.85

8715-5 20 264.0 1,555 528 65.65 90.48

8805-1 31 818.1 2,267 264 449.80 613.60

8805-2 22 692.1 1,772 321 84.10 206.15

8806 48 545.4 3,121 302 187.45 276.53

8808-1 75 613.6 5,279 708 70.00 101.78

8808-2 37 208.2 2,811 412 96.10 127.30

8905-1 22 1,029.0 2,173 720 222.95 556.23

8905-2 37 1,050.0 3,440 1,324 130.10 251.20

8905-3 55 515.3 5,480 1,986 97.50 200.10

8906 22 216.0 2,347 1,270 87.85 121.70

8907-1 21 740.9 1,712 975 340.90 591.55

8907-2 87 472.0 6,812 2,117 35.00 69.00

8908-1 32 220.0 3,001 1,136 76.95 107.10

8908-2 17 87.5 1,723 436 57.10 68.50

8908-3 21 56.8 2,297 710 30.80 39.25

8909 141 220.0 14,193 3,039 62.50 82.30

8911 107 240.0 7,936 3,127 101.40 153.80

8912 43 617.2 3,058 1,480 30.60 42.00

8914 35 81.8 3,270 2,260 45.00 45.00

9001 16 98.2 2,736 1,747 49.20 61.58

9003 85 467.8 8,605 5,523 72.20 130.45

9005 17 251.4 2,165 1,080 91.00 147.70

9006 63 285.3 6,909 4,249 61.50 100.50

9007 37 710.6 2,606 1,520 261.20 341.55

9008-1 46 518.6 4,571 2,655 135.20 180.50

9008-2 33 626.3 3,422 1,302 91.70 259.05

9009 38 660.2 3,443 1,735 252.60 455.80

9010 126 397.4 11,620 3,568 117.15 211.08

9101 41 376.5 3,547 1,152 90.90 199.00

9103 18 35.3 1,976 793 9.10 23.10

9105 168 754.0 18,980 11,113 151.95 292.73

9106 385 653.6 33,458 19,367 81.20 155.20

9108 204 648.7 21,228 13,686 201.80 371.25

9109-1 18 583.2 1,660 539 141.50 270.30

9109-2 16 193.0 1,545 524 81.55 126.68
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5.2 The total volume model

As seen in Fig. 1, each debris flow is composed of many surges with the triangular shape

and the total volume can be derived as

Mc ¼
Xn

i¼1

Mi ¼
1

2

Xn

i¼1

QiTi ð2Þ

Table 2 continued

No. Surges Maximum
discharge (m3/s)

TS (s) TM (s) Median
discharge (m3/s)

The 3rd quartile
discharge (m3/s)

9110-1 20 621.4 2,241 647 389.70 469.60

9110-2 48 546.8 3,966 2,007 103.60 204.88

9110-3 16 344.4 1,988 934 39.15 68.30

9111-1 16 674.4 1,575 737 209.60 383.38

9111-2 37 132.2 3,935 1,707 45.80 85.05

9112 29 267.1 3,492 1,206 79.90 151.00

9113 34 324.7 2,962 1,032 151.20 185.38

9114 94 452.2 9,162 4,793 169.65 227.68

9115 152 801.4 12,307 4,540 138.25 228.53

9116 175 545.5 14,999 6,622 136.50 207.30

9117-1 31 380.1 2,395 788 190.40 236.80

9117-2 19 611.1 1,567 488 257.70 400.50

9117-3 139 570.0 11,011 5,949 117.70 225.00

9118 83 589.0 9,830 6,511 79.60 231.20

9119 46 238.1 3,916 2,317 84.20 133.13

9122 17 151.2 1,160 338 42.40 79.95

9202 61 826.5 4,413 2,796 291.60 474.80

9203 21 308.4 2,744 1,130 95.20 191.00

9205-1 20 1,053.0 1,323 535 537.20 949.65

9205-2 27 767.3 3,345 993 183.50 326.10

9205-3 24 141.2 2,178 681 40.00 80.55

9206-1 47 746.6 4,088 1,984 277.40 420.00

9206-2 23 113.6 2,384 689 55.40 73.20

9301-1 19 481.9 1,803 876 180.40 282.00

9301-2 55 571.9 5,318 1,265 160.10 254.50

9301-3 23 139.0 1,611 307 22.10 43.70

9302-1 16 344.2 1,841 745 187.35 264.75

9302-2 30 364.9 2,652 817 81.00 125.73

9402-1 47 889.0 2,475 1,015 432.30 520.65

9402-2 71 805.5 7,091 3,436 100.85 280.85

9403-1 31 1,751.4 2,427 1,070 634.00 1,025.10

9403-2 29 436.3 2,773 875 105.80 296.20

9404-1 77 929.2 6,627 1,676 318.10 435.30

9404-2 35 261.1 2,203 467 37.60 64.70

9405 45 585.0 3,271 863 196.90 339.90
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If an average surge peak discharge is known, the formula (2) can be simplified as

Mc ¼
1

2
QTM ð3Þ

where Mc is the debris flow total volume, �Q means the average surge peak discharge, TM is

the total debris flow surge moving time.

5.3 Average peak discharge calculation

From the Weibull distribution, the average surge peak discharge can be estimated from the

expected value in the formula (1).

Q ¼
Zþ1

0

xf ðxÞdx ¼ Cð1þ 1=rÞ
c1=r

ð4Þ

in the formula (4) C(r) is the Gamma function.

CðrÞ ¼
Zþ1

0

xr�1e�xdx ð5Þ

In order to calculate �Q, the parameters of c and r are to be decided. To work out these

two parameters, a curve fitting can be carried out by plotting the measured data points in a

frequency graph. As the Weibull distribution model contains two parameters, it is rea-

sonable to choose two points in the plot, at Q1/2 and Q3/4. Although more accurate esti-

mation by the least square method is possible, we decided to use the two-point method to

simplify the computation process.

Suppose a debris flow event consists of n surges, the derivation of the two points can be

carried out as:

1. Q1/2 Algorithm: Sort the surges by the peak discharge in an ascending order.

If n is odd, then Q1=2 ¼ Qðnþ1Þ=2

If n is even, then Q1=2 ¼ Qn=2 þ Qn=2þ1

� ��
2

(a) (b)

Fig. 5 The frequency curve of debris flow surge peak discharge
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2. Q3/4 Algorithm: Sort the surges by the peak discharge in an ascending order.

If 3(n ? 1)/4 is an integer, then Q3/4 = Q3(n?1)/4

If 3(n ? 1)/4 is not an integer, then

Q3=4 ¼ Q½3ðnþ1Þ=4� þ Q½3ðnþ1Þ=4�þ1 � Q½3ðnþ1Þ=4�
� �

� 3ðnþ 1Þ=4� ½3ðnþ 1Þ=4�ð Þ

(Note: the notation [] represents the rounded part of a number, for instance: [5.3] = 5)

On the basis of the Weibull probability function integration, the distribution function

can be obtained as:

FðxÞ ¼
Zx

0

f ðxÞdx ¼
Zx

0

crxr�1e�cxr

dx ¼ 1� e�cxr ð6Þ

Set it to 1/2 and 3/4:

1� e
�cQr

1=2 ¼ 1=2 ð7Þ

1� e
�cQr

3=4 ¼ 3=4 ð8Þ
Combining formulae (7) and (8), the parameter c and r are written as:

r ¼
ln 1

2

ln
Q1=2

Q3=4

� � ð9Þ

c ¼
� ln 1

2

� �

Qr
1=2

ð10Þ

Therefore, it is feasible to calculate the parameters of c and r via the median and 3rd

quartile peak discharge. The reason to choose both points Q1/2 and Q3/4 is that these two

discharge points are steadier comparing to other discharge points. Table 2 lists the max-

imum, median and 3rd quartile discharge from 1987 to 1994 debris flow records. From this

table, we can plot the relationship between the maximum discharge, median and 3/4 surge

peak discharges as shown in Figs. 6 and 7.

Linear regressions can be used to link the maximum discharge with the median and 3/4

surge peak discharges as

Q1=2 ¼ k1Qmax þ b1 ð11Þ

Q3=4 ¼ k2Qmax þ b2 ð12Þ

The parameters can be derived from the observed data, and the fitted regression

equations are

Q1=2 ¼ 0:3Qmax � 6 R2 ¼ 0:542 ð13Þ

Q3=4 ¼ 0:5Qmax � 16 R2 ¼ 0:650 ð14Þ

5.4 The surge moving time TM

The total debris flow time is relatively easier to obtain than the total surge moving time.

From the observed total debris flow time TS and moving surge time TM (1987–1994), the

scatter plot can be constructed as in Fig. 8. Clearly, there is a non-linear relationship

between these two variables. A curve can be fitted to this plot as:

TM ¼ 0:1088� T1:1502
S R2 ¼ 0:8157 ð15Þ
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Fig. 6 The maximum discharge
and median surge peak discharge

Fig. 7 The maximum discharge
and 3rd quartile surge peak
discharge

 T
M

 (
s)

 Ts (s)

Fig. 8 The total time and
moving time of debris flows
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Formula (15) is very useful for deriving the total surge moving time from the total

debris flow time; therefore, it has a practical usage in debris flow engineering designs.

6 Model validation

The newly developed volume model is validated with the observed data from 1997 to

2004. In addition, comparisons have been made with the existing models. To save space,

only the results from the pentagon model and Crosta’s first model are presented here (the

performances from the other two models are at the similar level): Qc ¼ 0:293W0:56
c

(Table 1). A density conversion was made to convert the solid volume to the total volume

in Crosta’s model. The results are listed in Table 3 and illustrated in Fig. 9. It has been

found that the total volume calculated from the proposed model is very close to the

observed data, but both Crosta’s first model and the pentagon model are far away from the

measurements. The error of the proposed model means: Epr ¼ ðQpr � QAÞ=QA � 100%.

7 Discussion

The model validation has demonstrated that the proposed model worked very well and had

a much better performance than the other two existing models. The average relative error

of the proposed model is 40.5% and that of the pentagon model and Crosta’s model are

475.6, 2,202.5%, respectively (Table 3). The reason underlining Crosta’s model’s poor

results is likely that the model only uses the maximum discharge to get the debris flow total

volume, without considering the effect of the total time. This would cause large errors in

the result of debris flow with intermittent surges. The pentagon model performed much

better than Crosta’s, but its error is still too large for practical engineering projects. The

proposed model is a huge improvement over the existing models. However, there are still

many uncertain issues with the proposed model, and more research is still needed to

address the following error sources: (1) the processes of debris flows with intermittent

surges are very complicated, but only two parameters (average peak discharge and debris

flow duration) have been taken into account in this study; (2) there is still a large uncer-

tainty in the relationship between the debris flow total time and total debris flow moving

time; (3) the maximum discharge is assumed in proportion to the total volume but in

reality, this relationship may change with different debris flow characteristics; (4) although

the Weibull distribution is used in this study, other probability distributions should be

explored to see whether further improvements could be made; (5) the superior performance

from the newly developed model may be attributed to the locally calibrated parameters and

the model’s generality is not proved in this study. The proposed model should be applied to

other debris flow sites to test its general applicability. A good performance at Jianjia Valley

site may not be replicated at other places.

To apply the proposed model in engineering practice, two basic parameters are to be

estimated: the average peak discharge �Q and debris flow moving time TM. From the

regression analysis, these two parameters can be derived from the maximum discharge and

the debris flow time TS. The practical method for maximum discharge estimation is to

measure the mud-line sections and estimate the velocity (Chen et al. 2006). For example,

Johnson and Rodine (1984), Rickenmann and Zimmermann (1993) and Crosta (2001)

estimated maximum discharges for several debris flow sites based on field measurements

of mud-line height and empirical equations such as the Manning–Sticker equation and the

50 Nat Hazards (2011) 56:37–57
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Chézy equation. Besides, on the basis of flood discharge and its possibly relative debris

load, the debris flow maximum discharge can also be estimated (Du 1986; Zhong 2002). In

addition, Dunne (1987) and Whipple (1992) calculated the maximum discharge of a debris

flow based on the amount and stability of the source materials. Chen (2001) proposed to

estimate the maximum discharges of debris flows with various frequencies using runoff

and precipitation records, equivalent flow duration contours in small basins and the ratio of

soil particles to water estimated from the sedimentary structure of debris flow deposits.

Zanchetta et al. (2002) developed empirical equations concerning debris flow volume and

maximum discharge and applied them to a volcaniclastic debris flow in the Sarno area,

southern Italy. Hungr et al. (1984), Rickenmann (1999), Matthias and Oldrich (2005) also

developed numerical models to calculate the maximum discharge of a debris flow from

empirical equations. Similar hydrological approaches were also taken by Macro (1996) as

well as by He and Chen (2001). Therefore, the maximum discharge of debris flow can be

obtained by many alternative approaches.

The debris flow total time can be estimated by the report from eye witnesses, which is

used widely in populous China. Besides, it also can be checked by the recorder of rain

gauges or weather radars. It is revealed that the triggering of most debris flow is due to

heavy rains, of which the intensity is beyond the precipitation threshold. The debris flow

processes usually accord with the raining processes well (Laurence and Greg 1994).

Usually, the apex of debris flow maximum discharge is the same with the peaking raining

time (Takahashi 1994). Therefore, the total time of debris flow processes can be estimated

by the rainfall record analysis. In this study, the recorded debris peak discharges and flow

moving times have been used in model validation and model comparison. This study did

not carry out the comparison between different estimation methods for debris flow peak

discharges and moving times, which should be a future study area.

8 Conclusion

The debris flow total volume is an important parameter for debris flow mitigation and

research. Based on the debris observation in Jiangjia Valley from 1987 to 2004, a new total

Fig. 9 The compare picture of three methods results and practice observation value 1 observed data, 2 the
proposed model, 3 pentagon model, 4 Crosta’s model
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volume calculation model has been developed and validated. The model uses two input

variables: debris flow moving time and average surge peak discharge. The Weibull dis-

tribution formula is adopted to describe the relationship between the debris flow surge peak

discharge and the relative frequency. By integrating the Weibull function and two-point

curve fitting, the relationship between the maximum discharge and average surge peak

discharge can be established. The total debris flow volume is linked with the debris flow

moving time and the average peak discharge. With statistical regression, the debris flow

moving time is derived from the debris flow total time. The proposed model has fitted very

well with the validation data and outperformed the existing models. This study has pro-

vided a new way for estimating the total volumes of debris flows with intermittent surges in

engineering practice, and it should also stimulate further research activities in this field to

search for more accurate methods.
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