
Chapter 19
Determining the Precipitation Intensity
Threshold of Debris Flood Occurrence

Mohammad Ebrahim Banihabib and Mitra Tanhapour

Abstract In this chapter, the precipitation threshold at which debris floods occur
was evaluated experimentally, and the factors that influence debris flood occur-
rence, including the bed slope, sediment layer thickness, sediment grain size, length
of alluvial flow direction, precipitation intensity, and time of debris flood occur-
rence, were examined. The impacts of these factors on debris flood initiation were
investigated through dimensional analysis. Then, a method was developed to
estimate the precipitation intensity threshold based on a set of laboratory tests.
Furthermore, different methods for determining the precipitation intensity threshold
at which debris floods are initiated were assessed and discussed. The results of the
experiments showed that the effect of the sediment layer thickness on debris flood
occurrence can be ignored. Moreover, by independently evaluating the effect of
each factor on debris flood occurrence, it was found that the sediment length and
average diameter of sediments are influential to debris flood initiation. The results
of this research provide a better understanding of debris flood mechanisms and
occurrence thresholds of debris floods and can be employed to prepare a forecasting
model.
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19.1 Introduction

Heavy precipitation events lead to flash floods in mountainous areas. Flash floods
generally move quickly in rivers due to intensive precipitation in river basins and
can trigger landslides suddenly due to heavy rainfall in small basins (He et al.
2018a, b). Intensive rainfall can usually produce flash floods and debris floods. The
type of event (debris flood or flash flood) depends on different factors, e.g., the
hydrological, geotechnical, and geomorphological characteristics of steep slopes,
material sources, the volume of available sediments, and characteristics related to
the frequency and magnitude of precipitation events (Borga et al. 2014).

Debris floods are common phenomena in many areas worldwide (Mangeney
et al. 2010; Banihabib and Nazarieh 2019; He et al. 2018a, b). Debris floods are the
main factor affecting erosion and sedimentation in riverbeds or channels and create
many environmental hazards (Berger et al. 2011). These flows generally consist of
granular materials and concentrated compositions of water and sediments
(Banihabib and Forghani 2017; Banihabib and Masumi 1999). The sediment
concentrations of debris floods vary in different circumstances, from loose deposits
to flows. There is a wide range of debris flood sediment concentrations, which are
reported to range from 2 percent by volume to 80–90% (Banihabib et al. 2020;
Takahashi 1981; Coussot and Meunier 1996). For typical events, the water content
is small, approximately 10–30%. Furthermore, the range of the particle diameters is
approximately 10–6 to 10 m (Zhuang et al. 2015). These debris flood features make
them potentially powerful and disastrous factors due to their abilities to transport
large volumes of coarse-grained materials and destroy facilities, infrastructures, and
the environment (Hassan-Esfahani and Banihabib 2016; Iverson and Denlinger
2001). The hazards caused by debris floods are enhanced by their sudden occur-
rences. Therefore, understanding the processes of debris flood occurrences is nec-
essary not only to obtain insights into the mechanisms of debris flood occurrences
but also to predict and avoid hazards (Shu et al 2017; Banihabib and Tanhapour
2020). Due to the complexity of the mechanism of these floods and their high
speeds, laboratory methods are appropriate tools for studying debris flood initiation
processes (Cogan and Gratchev 2019).

Flash floods and debris floods are among the most destructive natural disasters
with the highest risk potentials in the world due to their rapid occurrences, very
short time intervals from the moments of precipitation initiation to flood generation,
and the spatial distributions of their affected areas (Borga et al. 2014; Kotlyakov
et al. 2013; Diakakis and Deligiannakis 2017; Ashley and Ashley 2008). According
to Barredo’s assessments, flash floods caused 49 fatalities per year in Europe on
average during the years from 1950 to 2005 (Barredo 2007). Salvati et al. (2010)
reported that more than 2204 landslides and debris floods occurred due to precip-
itation over a period of 59 years (1950–2008) in Italy and caused 4103 fatalities.
Furthermore, studies have illustrated that predicting and warning people about flash
floods and debris floods are difficult because of the sophisticated processes of their
formations, the uncertainty associated with intense and short-term precipitation
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events and the dependency of these types of floods on various physiographic and
hydrological factors of river basins (Sun et al. 2012; Diakakis et al. 2020).
Therefore, it is indispensable to provide a simple and practical approach for pre-
dicting debris floods to detract from the risks and damages caused by them.

Although debris floods often occur due to key factors such as heavy precipita-
tion, abundant sediment, and steep slopes (Jomelli et al. 2015; Banihabib et al.
2020), they can also begin due to landslides, snowmelt, and failure of temporary
dams blocking rivers (Procter 2012; Evans et al. 2001). Most previous studies
primarily evaluated the influences of one or more specific factors, e.g., bed slope,
particle size distribution, and precipitation intensity on debris flood initiation. Hu
et al. (2014) used laboratory flumes to study the effects of discharge and slope on
the mechanism of debris flood initiation. They found that the effects of slope on
erosion and the volume of flow deposits were greater than the effects of flow
discharge (Hu et al. 2014). Pellegrino and Schippa (2018) investigated the impacts
of particle concentrations and coarse materials on the triggering of debris floods.
Based on experimental evidence, they revealed that the viscous features that
comprise the stresses and the volumetric viscidity are affected by coarse materials.
Moreover, the flow features are sensitive to variations in solid content and particle
size (Pellegrino and Schippa 2018). An empirical equation was proposed by
Takahashi (1977). He performed a set of experiments to investigate debris flow
occurrence under different discharge flow and bed slope values. According to his
proposed equation, the concentration of solid materials was obtained based on the
bed slope (Takahashi 1977). Dong et al. (2009) presented an equation to obtain the
average volume of sediments in debris flows by collecting data on debris floods that
occurred due to the Toraji typhoon (Dong et al. 2009). In another study, Takahashi
and Kuang (1986) presented equations for the deposition rate and erosion rate of
debris floods. Egashira (1993) evaluated the mechanism of debris floods over an
erodible bed and proposed a formula for the bed erosion rate.

Most previous studies did not investigate the influence of altering the sediment
layer thicknesses on debris flood occurrence. In the present study, a set of labo-
ratory tests were performed at different sediment thicknesses and bed slopes to
estimate the precipitation intensity threshold that triggers debris floods. A key piece
of information associated with debris flood warning systems is that all precipitation
events cannot produce debris floods. Therefore, it is crucial to determine the pre-
cipitation intensity threshold that triggers debris floods. In these laboratory tests, the
precipitation intensity and the timing of the debris flood occurrence were measured.
Then, using dimensional analysis, empirical equations between precipitation
intensity (as the dependent variable) and each dimensionless variable, including bed
slope, sediment layer thickness, average grain size, and sediment sample length (as
the independent variables), were obtained separately. In addition, different methods
for deriving the precipitation intensity threshold of debris floods were discussed in
this chapter. Finally, the proposed equation obtained in the present research was
compared with the equations obtained in other studies.
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19.2 Material and Methods

19.2.1 Experimental Facilities

A laboratory flume was used for the tests. Its length, width, and depth were 7.6, 0.3,
and 0.25 m, respectively. The laboratory tests were performed in a Plexiglas tilting
flume. A gauge was utilized to obtain the slope of the flume, and the gauge could be
installed anywhere in the flume. In addition, we applied a rain simulator to produce
precipitation over the loose deposit sample. A Casio EX-F1 video camera was used
to record the timing of the debris flood occurrences.

19.2.2 A Theory for Initiating Debris Floods

Hirano (1997) demonstrated that the critical conditions for debris flood occurrence
may be incurred at the thickness of the sediment layer (D) if the shear stress is
greater than the shear strength (Fig. 19.1). He noted that debris floods occur if the
cumulative precipitation at the concentration time (T) is more than the specified
amount (Eq. (19.1)):

Rðt; TÞ ¼
Z t

t�T

rðtÞdðtÞ� DK
L

tan h ¼ Rc ð19:1Þ

where L is the alluvial length, h is the bed slope, Rc is the precipitation threshold of
debris flood initiation, D is the depth of loose materials, K is the hydraulic con-
ductivity, t is the time, and rðtÞ is the precipitation intensity.

To determine the precipitation threshold of debris flood initiation in Eq. (19.1),
K and D must be measured; however, the determination of these factors is difficult
under field conditions, and they cannot be determined precisely. Therefore, we
tested other available factors to obtain the precipitation threshold of debris flood
initiation.

Fig. 19.1 Schematic plan of
a slope bed
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19.2.3 A Set of Influential Factors

Hydrological, climatic, and topographic factors are the most important factors that
are effective in triggering debris floods (Liang et al. 2012; Chang et al. 2010).
Generally, physiographic parameters (e.g., loose material, river length, and steep
slopes) and hydrological factors (e.g., antecedent soil moisture, and heavy pre-
cipitation) influence debris flood initiation (Banihabib and Tanhapour 2019). The
influencing factors and their relevant abbreviations and units are shown in
Table 19.1. The grain mean diameter was estimated to be 0.7 mm using the sedi-
ment aggregate curve. The sediment length was 25 cm (equal to the length of the
rain simulator). The layer thickness of the particles ranged from 1 to 3.5 cm. The
bed slope was variable between 36° and 58° during the tests.

In the current study, the Buckingham theorem was applied to extract the
dimensionless factors and to analyze the factors that influenced the occurrence of
debris floods. Based on Hirano’s research results, the set of factors used in this
study was as follows (Eq. (19.2)):

FðI; t; d50; tan h; L;D; gÞ ¼ 0 ð19:2Þ

Based on the Buckingham theorem, with N factors and M main dimensions, we
can extract N �M dimensionless factors. If we show dimensionless factors as
P1;P2, etc., Eq. (19.2) can be rewritten as Eq. (19.3):

F ðP1;P2;P3; :::;PN�MÞ ¼ 0 ð19:3Þ

Length and time are the main dimensions of the factors used in this study.
Furthermore, the number of repetitive variables must be equal to the number of
main dimensions. Moreover, the timing of debris flood occurrences and gravita-
tional acceleration were considered to be repetitive variables. Based on the men-
tioned explanations, a total of five dimensionless factors were obtained, which are
presented in Eqs. (19.4)–(19.8) as follows:

Table 19.1 Factors that influence the occurrence of debris floods

Factor Abbreviation Unit

Precipitation intensity I Meter per second

Time t Second

Grain mean diameter d50 Meter

Bed slope tan h Radian

Sediment layer length L Meter

Sediment layer thickness D Meter

Gravitational acceleration g Meter per second squared
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P1 ¼ tan h ð19:4Þ

P2 ¼
ffiffiffi
g

p
tffiffiffiffiffiffi

d50
p ð19:5Þ

P3 ¼
ffiffiffi
g

p
tffiffiffiffi

D
p ð19:6Þ

P4 ¼
ffiffiffi
g

p
tffiffiffi
L

p ð19:7Þ

P5 ¼ I
g t

ð19:8Þ

Thus, the threshold of precipitation intensity at which debris floods are triggered
was obtained by other nondimensional variables using regression analyses based on
Eq. (19.9):

I
gt

¼ F tan h;
ffiffiffi
g

p
tffiffiffiffiffiffi

d50
p ;

ffiffiffi
g

p
tffiffiffiffi

D
p ;

ffiffiffi
g

p
tffiffiffi
L

p
� �

ð19:9Þ

19.2.4 Experiment Procedures

The average size of the sediments used in the laboratory tests was determined using
the sieving method, and a sediment gradation curve was obtained (Fig. 19.2).
According to Fig. 19.2, more than 90 percent of the sediments consisted of sand,
and a small percentage of sediments were fine grains or coarse grains, such as clay
and gravel. Thus, based on the ASHTO classification system (Zidan et al. 2019), the
sediments were sandy-type with a mean grain size equal to 0.7 mm. The laboratory
test steps used to determine the precipitation intensity thresholds at which debris
floods were initiation in the different sediment layer thicknesses and bed slopes
were as follows.

I. The sediment weight was determined with the scale.
II. To consider the influence of moisture due to antecedent precipitation, a

constant moisture content (5% of the dry weight of the sediments) was added
to the sediments.

III. The flume slope and camera were set.
IV. The rain simulator and its bases were prepared and placed on the flume.

Then, the rain simulator reservoir was filled with water. Finally, the pre-
cipitation intensity was adjusted by calipers.

V. The instability of the slope of the particles was determined, and the sediment
sample was transferred into the flume/channel.
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VI. The rain simulator was laid on its base, and raindrops were poured/fell over
the sediments. Then, the time to the failure/collapse of the sediment sample
was recorded using a camera.

For each sediment layer thickness, the laboratory tests were repeated a minimum
of 7 times. In total, laboratory tests were carried out 57 times for diverse particle
layer thicknesses and different bed slopes. This research examined debris floods that
occurred on bedrock. For this reason, these experiments were performed using thin
sediment layers (Banihabib and Tanhapour 2020).

19.3 Results and Discussion

Debris floods occur due to a set of climatic, topographic, and geological factors, and
debris floods have complex relationships with the factors that affect them.
Therefore, it is necessary to understand the conditions under which these floods
occur and to determine the relations between debris floods and other related factors.
Steep slopes, large volumes of loose deposits, and intense precipitation are essential
for producing debris floods (Zhuang et al. 2015). To address the effects of these
main criteria on debris flood initiation, a series of effective variables, including
slope, depth of loose material, mean grain size, length of alluvial material in the
flow direction, timing of the debris flood, and precipitation intensity at debris flood
initiation, were selected. In this section, first, the influence of each dimensionless
factor on the threshold of the precipitation intensity that triggers debris floods was
investigated separately. Then, different methods for determining the precipitation
intensity threshold of debris floods were examined.
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Fig. 19.2 Sediment gradation
curve
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19.3.1 Assessment of the Impacts of Dimensionless
Variables on the Precipitation Intensity Threshold

In this section, the impacts of dimensionless variables on debris flood occurrence
were examined as a simple regression model. Figure 19.3 illustrates the simple
nonlinear regression equation between P5 (the dimensionless precipitation inten-
sity) and P2 (the dimensionless sediment mean diameter), and their good corre-
lation was observed between them. Based on the observed results of the laboratory
tests, a large volume of the soil texture was made up of fine sand particles. These
particles are easily eroded by various precipitation intensities due to their negligible
cohesion and relatively low weights, while the erosion rates of the coarse-grained
particles and the clay materials are lower. This result is consistent with the results of
other research (Vaezi and Ebadi 2016; Williams et al. 1997; Papa et al. 2004).
Therefore, loose materials and fine sand particles provide suitable conditions for
debris flood initiation, and there is a good relation between the precipitation
intensity and this dimensionless factor.

Figure 19.4 demonstrates the nonlinear equation between the dimensionless
precipitation intensity (P5) and the dimensionless sediment layer thickness (P3).
Based on this figure, it is obvious that there is a fair correlation between these two
factors. Generally, the precipitation intensity threshold increases with enhanced
sediment layer thickness on a certain slope, which is mostly in agreement with the
results of this research. For example, for thin sediment layers (between 1 and 2 cm),
the minimum precipitation intensity for debris flood initiation is 109 mm/h, while
the required precipitation intensity increases to 153 mm/h for thicker sediment
layers (more than 2 cm). It can be deduced that the sediment layer thickness alone
is not sufficient to estimate the precipitation intensity threshold, and the sediment
layer thickness alone cannot accurately estimate the precipitation intensity.

Figure 19.5 indicates the relationship between the dimensionless precipitation
intensity (P5) and the dimensionless factor P4. According to Fig. 19.5, there is
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good consistency between the observed and estimated results, and the correlation
between them is high. The value of the determination coefficient is 0.979.
Therefore, it can be inferred that there is a significant relation between the pre-
cipitation intensity threshold and sediment layer length.

Figure 19.6 shows the relation between the dimensionless precipitation intensity
(P5) and bed slope (P1). The relation between these two factors is not significant.
The results of this research revealed that precipitation intensity and bed slope are
the main factors responsible for initiating debris floods, but the role of precipitation
intensity on sediment layer failure is greater than the role of the bed slope. When
the precipitation intensity increases, more runoff is produced, which leads to the
destruction of the sediment layer and the initiation of debris floods. Therefore, by
evaluating the relation between the roles of precipitation intensity and bed slope on
debris flood initiation, it was found that precipitation intensity is more effective on
the occurrence of debris floods than the bed slope is.
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19.3.2 Proposed Equation of This Study

The derived equations in the previous section are shown in Table 19.2. More
accurate results can be obtained based on the dimensionless sediment layer length
and dimensionless sediment mean diameter (Eqs. (19.10) and (19.12)).

Since measuring the sediment mean diameter is easier than measuring the sed-
iment layer length in practical uses, the relationship between P5 (the dimensionless
precipitation intensity) and P2 (the dimensionless sediment mean diameter), rep-
resented by Eq. (19.10), is introduced as the proposed equation in this research.
After rewriting, the equation is as follows:

I ¼ 39482 g0:517 t0:034 d0:48350 ð19:14Þ
where I is the precipitation intensity (m/s) and the other variables are introduced in
Table 19.1. The unit of the precipitation intensity is m/s in Eq. (19.10). Because the
precipitation intensity is often expressed in millimeters/hour, its unit was changed
to mm/h in Eq. (19.15). Therefore, Eq. (19.10) was rewritten as Eq. (19.15):

I ¼ 1421:3 g0:517 t0:034 d0:48350 ð19:15Þ
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Table 19.2 Equations
relating the dimensionless
precipitation intensity and
other dimensionless factors

Number Equation R2 MARE

19.10 I
gt ¼ 39482

ffiffi
g

p
tffiffiffiffiffi

d50
p

� ��0:966 0.98 0.047

19.11 I
gt ¼ 2387:5

ffiffi
g

p
tffiffiffi

D
p

� ��0:824 0.83 0.163

19.12 I
gt ¼ 2339:3

ffiffi
g

p
tffiffi

L
p

� ��0:966 0.98 0.047

19.13 I
gt ¼ ðtan hÞ0:345 0.14 0.5
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19.3.3 Different Methods for Determining the Precipitation
Intensity Threshold of Debris Floods

Caine (1980) presented an intensity–duration threshold for shallow landslides and
debris floods. He collected precipitation intensity–duration data that triggered
landslides and debris floods in different areas worldwide. He utilized a series of 73
events to develop a global precipitation intensity–duration threshold equation. His
proposed relationship is as follows:

I ¼ 14:82 t�0:39 ð0:167� t� 240Þ ð19:16Þ

where I and t are the precipitation intensity (mm/h) and rainfall duration (h), respectively.
Cogan and Gratchev (2019) proposed an intensity–duration threshold for

rainfall-induced landslides using a laboratory study. They carried out a series of 12
experiments to investigate the influences of the precipitation intensity and bed slope
on triggering landslides and altered the bed slopes, precipitation intensities, and the
amounts of initial moisture in the experiments. Flume experiments were performed
for precipitation intensities equal to 40, 70, and 100 mm/h. According to the
experiments, the slope angle and the amount of initial moisture were altered in the
ranges of 45–55° and 5–12%, respectively. Then, the failure time was recorded in
all experiments (Cogan and Gratchev 2019). Finally, the authors developed the
intensity–duration threshold based on the observed landslides as follows:

I ¼ 80:07 t�0:596 ð0:5� t� 4Þ ð19:17Þ

where I and t are the same as those introduced in the previous equation.
Zhuang et al. (2015) used 47 debris flood events to determine the intensity–

duration threshold in Jiangjia Gully, China. They employed past precipitation
events to empirically derive the intensity–duration threshold and historical debris
flood events to validate the threshold. They obtained 50, 70, and 90% probability
thresholds to forecast debris flood events using the intensity–duration threshold.
These probability curves include 50, 70, and 90% of the debris flood event points.
These probability thresholds can be employed to forecast debris flood occurrences
and to alert the public about possible occurrences. The authors proposed the fol-
lowing thresholds for debris flood occurrence:

I ¼ 15:87 t�0:595 ðfor curve 50%Þ ð19:18Þ

I ¼ 11:92 t�0:595 ðfor curve 70%Þ ð19:19Þ

I ¼ 7:27 t�0:595 ðfor curve 90%Þ ð19:20Þ
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Hirano (1997) proposed the system analysis method to obtain the concentration
time (T) and critical precipitation (Rc) necessary for debris flood initiation. He
determined the cumulative precipitation Rðt; t0Þ as follows:

Rðt; t0Þ ¼
Z t

t�t0

rðsÞds ð19:21Þ

where s is the shear stress and t is the precipitation duration.
Based on this method, the maximum value of Rðt; t0Þ for each rainfall duration

was plotted versus t0. According to Fig. 19.7, if there is no error present in the
information or data, the lines should cross above point RmaxðTÞ when debris floods
occur (Fig. 19.7a) and should cross below point RmaxðTÞ when debris floods do not
occur (Fig. 19.7b).

The difference between the upper bound curve of the nonoccurrence plot and the
lower bound curve of the occurrence plot is minimal at point RmaxðTÞ, which is
shown in Fig. 19.8. Consequently, if the cumulative precipitation at the concen-
tration time is greater than the upper bound curve of the nonoccurrence plot, debris
floods occur. If the cumulative precipitation at the concentration time does not
exceed the lower bound curve of the occurrence plot, debris floods do not occur.
The distance between these two curves is a critical area for triggering debris floods
(Fig. 19.8) (Hirano 1997).

Tanhapour and Banihabib (2019) investigated the cumulative rainfall thresholds
based on Hirano’s method (system analysis method) in the northern areas of the
Alborz Mountains, Iran, including the Karganrud, Navrud, Neka, and Babolrud
basins. They used rainfall data to derive cumulative rainfall thresholds and

Fig. 19.7 Maximum cumulative precipitation against time for a debris flood occurrence and
b nonoccurrence (Tanhapour and Banihabib 2019)
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developed a regional intensity–duration threshold for debris flood occurrence
(Tanhapour and Banihabib 2019). The threshold curve can be determined using
Eq. (19.22):

I ¼ 6:14 t�0:536 ð0:7� t� 15Þ ð19:22Þ

19.3.4 Precipitation Threshold for Flash Floods

In dealing with floods, early warning systems often need an indicator to detect flood
events. Precipitation threshold-based methods and assessments of local soil mois-
ture conditions for predicting debris floods and flash floods have long histories.
Precipitation thresholds can be used to construct early warning systems for debris
floods and flash floods (Bezak et al. 2016). Flash flood predictions depend on
various factors, e.g., precipitation, soil moisture, water level, time of occurrence,
flood duration, and flood peak time (Ngo et al. 2020). One of the simplest
threshold-based approaches for predicting flash floods is to detect extreme weather
conditions using weather parameter-based indicators, such as cumulative precipi-
tation. Norbiato et al. (2008) revealed that the inclusion of the effect of initial soil
moisture conditions in humid climates is important in assessing the potential of a
flash flood occurrence and especially in determining the occurrence and nonoc-
currence thresholds. Bezak et al. (2016) proposed intensity–duration–frequency
curves and precipitation thresholds for flash floods and landslides.

The usage of simple threshold-based approaches is crucial for several reasons.
These thresholds can be applied by flood risk managers in local flood prediction
centers. Consequently, communities’ preparation levels against floods can be
increased. In addition, precipitation threshold-based diagnostic methods and soil
moisture indices, which simplify the hydrological status of catchments, provide the
possibility of processing local precipitation information and promoting cooperation

Fig. 19.8 Lower bound of
the occurrence curve and the
upper bound of the
nonoccurrence curve
(Tanhapour and Banihabib
2019)
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between hydrologists and meteorologists (Borga et al. 2014). One of the most
important problems associated with this approach (the precipitation threshold
approach) is that the false warning ratio is high, which is due to uncertainties in the
spatial distributions of rainfall and errors in the precipitation thresholds (Bezak et al.
2016). In this study, a laboratory method was developed to determine the threshold
at which debris floods occur, and different approaches used in previous studies were
evaluated to determine the rainfall threshold for debris flood occurrences.
Depending on the local precipitation characteristics and the physiographic char-
acteristics of the basins, flash floods can lead to debris floods. Generally, deter-
mining the precipitation threshold along with a sufficient number of rain gauge
stations can be used as part of an early warning system to alert users to the
occurrence of flash floods and debris floods.

19.3.5 Comparing the Proposed Equation
with the Equations from Previous Studies

In this study, we used 40 debris flood events (70% of all data) to fit the empirical
equations and 17 debris flood events (30% of all data) to test the equations. The
previous studies’ equations describing the precipitation intensity threshold were
compared with the equation proposed in this study (Eq. (19.15)) using the labo-
ratory test data displayed in Table 19.3. It was thus found that the MARE coeffi-
cients for the equations proposed by Cogan and Gratchev (2019), Tanhapour and
Banihabib (2019), Caine (1980), and Zhuang et al. (2015) were 1.86, 0.81, 0.71,
and 0.43, respectively, while is the MARE coefficient was equal to 0.047 for the
equation proposed in this research. Thus, the equation proposed in this study is
better than the equations of previous studies, and the equation proposed here can
more accurately estimate the precipitation intensity threshold at which debris floods
are generated.

Table 19.3 Precipitation intensity thresholds from other studies with that obtained in this research

Study Study area MARE Equation

Zhuang et al. (2015) China 0.43 I ¼ 15:87 t�0:595

Caine (1980) Global 0.71 I ¼ 14:82 t�0:39

Tanhapour and
Banihabib (2019)

Northern areas of the
Alborz Mountains

0.81 I ¼ 6:14 t�0:536

Cogan and Gratchev
(2019)

Based on observed
landslides

1.86 I ¼ 80:07 t�0:596

This study Based on observed debris
floods

0.044 I ¼ 1421:3 g0:517 t0:034 d0:48350
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19.4 Conclusion

In the current study, a laboratory model was employed to determine the precipi-
tation intensity threshold at which debris floods occur using a set of factors,
including sediment layer thickness, bed slope, grain mean diameter, length of
sediment, precipitation intensity, and time of debris flood occurrence. Furthermore,
the equation developed in this study was compared with equations obtained in
former studies. To obtain the precipitation threshold at which debris floods are
produced, dimensional analysis was applied, and the influences of various dimen-
sionless factors on the precipitation intensity threshold were assessed separately. It
was found that dimensionless sediment length and dimensionless sediment mean
diameter were the most influential factors on the precipitation intensity threshold,
while the influence of the dimensionless sediment layer thickness was the lowest.
The results revealed that the equation proposed in this study can be used to estimate
the precipitation intensity threshold more accurately than the equations of previous
studies. The findings of this study can be used for identifying precipitation inten-
sities that produce debris floods and designing warning systems for debris floods.
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