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Abstract: Flow resistance is a fundamental control of flow hydraulics in streams and rivers. In this
paper, five dimensionless factors affecting the Manning roughness coefficient n and attributed
to the external roughness coefficient 7; and the internal roughness coefficient 1, were analyzed
comprehensively. And then, dimensionless factors affecting #; and n, with precise physical meanings
were proposed. With a calculation method for roughness coefficient fitted and analyzed based
on observation data from published research papers, the analysis results showed that the external
resistance coefficient is closely related to the dimensionless factor Dgs/R. The correlation between the
dimensionless factor (D14/Ds50) and the internal roughness coefficient 1, was not significant. While
the factors H/Ds, |, and S, showed significant correlation. In addition, the expression of external
roughness n; is calibrated based on the observation data of 102 cross-sections listed in previous works,
while the internal roughness 1, is calibrated by 20 experimental model tests. Finally, an equation
describing the Manning’s roughness coefficient is presented and verified based on 24 groups of
observation data from Dongchuan Debris Flow Observation Station (DDFORS) in China. This study
is contributing toward a comprehensive model for the Manning coefficient, which provide a scientific
reference for the research on disaster prevention and mitigation of debris flow.

Keywords: Manning’s roughness coefficient; debris flow; dimensionless factors; DDFORS

1. Introduction

Flow resistance is a fundamental control of flow hydraulics in streams and rivers [1], not only
determining the amount of water a channel can convey through its influence on velocity (and thus
flow depth), but also controlling the distribution of shear stress around the channel boundary and
the magnitude and distribution of bed and bank erosion [2]. Therefore, a thorough understanding of
flow resistance is necessary to improve natural hazard prevention and mitigation. Three well-known
relationships link velocity and flow resistance:
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Here, Q is the flow discharge (m3/s), A is the cross-sectional area (m?) of the channel, 7 is the
Manning resistance coefficient, R is the hydraulic radius (m), | is the friction slope (often approximated
using water surface slope or channel slope), g is acceleration due to gravity, f is the Darcy-Weibach

Water 2020, 12, 2341; d0i:10.3390/w12092341 www.mdpi.com/journal/water


http://www.mdpi.com/journal/water
http://www.mdpi.com
https://orcid.org/0000-0002-3935-6288
http://www.mdpi.com/2073-4441/12/9/2341?type=check_update&version=1
http://dx.doi.org/10.3390/w12092341
http://www.mdpi.com/journal/water

Water 2020, 12, 2341 20f15

resistance coefficient, and C is the Chezy’s resistance coefficient. Therefore, the relationship between
the three resistance coefficients can be written as [3].

8g 1

Of the three resistance coefficients, the most commonly used is the Manning equation [4-7]. Since
flow resistance results from forces that act on and within a flow to resist motion [8], scholars have
conducted a significant amount of research on flow resistance. Rouse [9] studied large-scale roughness
conditions and found that stream flow is affected by skin friction, drag resistance, wave resistance,
and local acceleration. Hey [10] analyzed the influence of gravel-bed channels on flow resistance by
considering the effects of cross-sectional shape and sediment distribution based on field and model test
data. Bathurst [11] pointed out that flow resistance is a function of the ratio between hydraulic radius
and Dgy, the aspect ratio (defined as section width divided by depth), and the rock basal concentration.
Rickenmann [12,13] found that Manning's resistance coefficient is a function of flow rate, slope, and the
characteristic grain size of the channel bed.

A debris flow, which is fundamentally different from flood in Figure 1a, always transforms from a
saturated landslide or forms through the erosion of loose slope material due to surface runoff [14,15].
Compared with an open channel flow of pure water, where the resistance behavior is mainly attributed to
boundary turbulent shear stresses and the mechanisms of momentum transport and energy dissipation
are essentially universal, the resistance behavior of a debris flow depends on the relative importance of
the shear stresses arising from boundary resistance and internal resistance in Figure 1b. As is well
known, Manning’s resistance coefficient # is not physically based, and its fundamental weakness in
use is that the physical mechanisms involved in the frictional energy dissipation of mud/debris flows
are significantly different from those associated with turbulent pure water flows for which Manning’s
equation is well established [16]. Notwithstanding this limitation, Manning’s n technique is still useful
for its simplicity.
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Figure 1. The photo and sketch of debris flow flowing in channel. (a) Debris flow in Jiangjia gully,
Dongchuan, China [17]; (b) flow resistance in channel [18].

Manning’s coefficient can be used in any dynamic routing model with suitable modification.
For example, Kang et al. [19] found that the Manning roughness coefficient possessed a good correlation
with the flow depth, and presented an empirical equation to predict the Manning roughness coefficient
based on monitored data from debris flows in the Jiangjia Gully of China, written as:

n = 0.035H%3* (3)
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Fei [20] revealed an empirical relationship between the Manning resistance coefficient of debris flow
sand material composition, flow depth, and channel slope based on field data from southwestern China:
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Here, S, is the solid volume concentration of the debris flow, | is the hydraulic gradient, D1q
is the characteristic grain size for which 10% of the bed material is finer in diameter (m), and H is
the flow depth (m). For debris flow channels that lack monitoring data, Qian et al. [21] presented a
generic table from which the Manning roughness coefficient could be determined according to specific
channel characteristics. However, this method lacks theoretical basis and the resulting coefficients are
more subjective.

In this paper, all of the factors affecting the Manning roughness coefficient of debris flows are
analyzed in detail. Based on these factors, a dimensionless equation of the Manning roughness
coefficient, which divides the Manning roughness coefficient into two parts: external roughness and
internal roughness, is constructed. Then, based on the observation data of 102 cross-sections listed
in previous works, the expression of external roughness 7, is calibrated; meanwhile, the internal
roughness 1 is calibrated by 20 experimental model tests. Finally, a mathematical expression of the
roughness coefficient is proposed, and the expression is tested and corrected based on 24 groups
of observation data from Dongchuan Jiangjiagou Debris Flow Observation Station in China. These
research results provide a scientific reference for the research on disaster prevention and mitigation of
debris flow.

2. Method for Estimating the Roughness Coefficient of Debris Flows

2.1. Factors Influencing the Manning Roughness Coefficient

Compared with the roughness coefficient of a natural river channel, the Manning roughness
coefficient for a viscous debris flow must reflect the shape, roughness, hydraulic conditions, and internal
energy dissipation of the debris flow. Cowan’s approach to this problem was to break the roughness
estimate into six factors: sediment size, degree of surface irregularity, variation of channel cross section,
effect of obstructions, vegetation, and degree of meandering [22]. These factors required the following
variables: (1) turbulent shear stress due to channel boundary roughness; (2) the solid-liquid mixture’s
viscous stress and yield stress; (3) the mixture’s dispersive stress due to sustained frictional contacts;
and (4) the inelastic collisions of solid particles within the fluid mixture. Rouse [9] studied large-scale
roughness conditions and found that the stream flow was affected by skin friction, drag resistance,
wave resistance, and local acceleration. Hey [10] used both laboratory and field data to analyze the
influence of gravel-bed channels on flow resistance that considered the effects of cross-sectional shape
and sediment distribution. Analysis of the impact factors affecting the Manning roughness coefficient
for debris flows indicates the importance of the following five aspects:

(1) Roughness of the channel bed. The channel bed roughness is primarily determined by the particle
size composition of the bed. Many scholars have tried to establish a relationship between the
roughness coefficient and the representative particle size of the channel bed material [11,23-26].
The influence of particle size on roughness can be so great in some situations that many field
techniques will use sediment size to estimate flow resistance [8,23,27-29]. A rougher bed surface
provides a greater roughness coefficient. However, there are varying opinions in terms of the
representative particle size to use, with the most commonly used representative particle sizes
being Dgg, Dg4, and D50.

(2) Cross section geometry. In general, a larger contact area between the debris flow and the channel
boundary will result in a greater resistance to movement of the debris flow [30]. The wetted
perimeter is typically used to reflect the size of the contact area between a fluid and the boundary,
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with a larger wetted perimeter creating more resistance. In addition, if an irregular section appears
in a channel, or the cross-section changes locally, local head loss will occur that will also reflect
an increase in roughness. Due to the randomness of an irregular cross section, the local head
loss caused by debris flows through an irregular section is very complicated [1]. Therefore, it is
easier to select a straight section of channel as much as possible when measuring the roughness
coefficient of a debris flow.

(3) Depth of debris flow. Du et al. [31] analyzed the effect of average depth on the roughness coefficient
of a mud flow, while Fei et al. [20] also pointed out that the depth of debris flow is one of the
main factors affecting the roughness coefficient [11,23-25].

(4) Solid volume concentration of the debris flow. A debris flow is a special solid-liquid two-phase
fluid [14,32] where the liquid phase is mainly a slurry mixed with water and fine particles and the
solid phase is mainly large stones and gravel. During movement of a viscous debris flow there
is a significant relative motion between the solid and liquid phases. In addition to the viscous
resistance of the slurry, the internal resistance also includes the collision and frictional resistance
between particles and the resistance generated by the relative motion between the solid and liquid
phases [33-35]. Takahashi [36] pointed out that the internal resistance of a two-phase flow was
dominated by particle collisions, while Iverson [37] believed that the friction between particles
was more important. In general, the magnitude of the collision resistance and the frictional
resistance are inextricably linked to the content of the solid particles of the debris flow.

(5) Particle composition of solid materials in the debris flow. The gradation of solid phase particles
is always wide in a debris flow, which makes the resistance characteristics very complicated.
The fine particles increase the effective viscosity of the liquid slurry [38], which inhibits the fluid
turbulence to a certain extent and thereby reduces energy loss during debris flow movement.
In addition, the coarse particles in a debris flow will undergo forceful collisions with the raised
sand bed at the boundary of the channel and thereby increase movement resistance.

2.2. The Roughness Coefficient of Debris Flows

By analyzing the five factors of debris flow roughness described above, we can see that the
roughness includes friction loss at the channel boundary during movement of the debris flow, as well
as energy dissipation inside the debris flow fluid [39,40].The channel bed surface and the sidewalls
may hinder movement of a debris flow; this hindrance caused by the boundary conditions can be
referred to as external resistance. The energy dissipation caused by the friction and collisions between
particles distributed in the mudflow liquid slurry is the internal resistance of a debris flow [18]. It is
the external resistance of a debris flow that is mainly determined by the channel roughness and the
geometry of the cross section.

In this paper, the characteristic particle size Dgq4 is used to reflect the roughness of the channel bed,
where a larger Dg4 indicates a coarser bed surface and a resulting greater roughness coefficient. In fact,
the choice of coarse characteristic particle size varies between researchers. However, a coarser-than
average grain size percentile is usually chosen to account for the disproportionate effect generated by
the protrusion of large grains into the flow. Several studies suggest that the most appropriate sediment
length scale is Dgy [8,10,29,41]. Therefore, we chosen Dgy4 in this manuscript. The wetted perimeter x is
used to reflect the characteristics of the channel cross section. Under the same flow conditions, a larger
wetted perimeter increases the external roughness.

Analysis of the factors affecting the internal roughness coefficient shows that the coefficient
increases with increasing solid matter content S and that the flow velocity of a debris flow is closely
related to the head loss during movement. However, it is difficult to predict debris flow velocity.
Alternatively, the channel gradient ] is closely related to the flow velocity [12,13], and so the channel
gradient | is used in this work to reflect the dynamic characteristics of debris flows. In addition,
the fine particle content has a significant influence on energy dissipation during debris flow movement,
with more fine particles increasing the viscosity coefficient of a debris flow due to the liquid phase.
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The characteristic particle size D14 is used to reflect the relative size of fine particles. Several studies
suggest to use Dgy as the representative coarse particle size and D¢ as the representative fine particle,
as they gave slightly better results than others [10,29]. Therefore, we chosen D¢ in this manuscript.
Increasing the volume of fine particles in a debris flow also brings the debris flow closer to a laminar flow.

Given the above analysis, the roughness coefficient of a viscous debris flow 7 can be decomposed
into two parts consisting of an external resistance 7; and an internal resistance 71, which can be written as:

n=mny+ny = f(x,Ds4) +8(h,S, Die, ) ©)
In Equation (5), f and g are two implicit functions.
3. The External Resistance of a Debris Flow

3.1. Expression of External Roughness

It can be seen from the above analysis that the external roughness 17 increases with increasing
wetted perimeter y and increasing characteristic particle size of the sand material Dgs. Given the
same wetted perimeter and Dgy, a larger cross-sectional flow area A increases the discharge capacity
strength of the section. That is, the friction loss is relatively small per unit volume. According to
the above analysis, the external roughness #; can thus be written as a function of the dimensionless
parameter Dgy/R:

XDgy Dg4

m = f(=")=f(%") (6)

where A is the area of the flow cross section, R is the hydraulic radius, and Dgy/R is a dimensionless

parameter that characterizes the relative roughness of the bed surface. The reciprocal of the dimensional

parameter Dg4/R is the “relative submergence”, a variable first proposed by Bathurst [11] to reflect the
characteristics of alpine rivers.

3.2. Determine the Unknown Coefficient of the Expression

Many scholars have proposed different methods for calculating the roughness coefficient of
mountain rivers based on the dimensionless factor R/Dg4 [10,11,23-25,29]. In this paper, the cross-section
characteristics of 102 streams distributed through different mountain rivers and listed in previous
works were collected. These cross sections include 15 in Ptarmigan Valley, Alaska [7], 44 sections in
upland British rivers [11], and 43 sections in Calabria, Southern Italy [42]. The relationship between the
Manning roughness coefficient and Dgy/R from these cross sections is shown in Figure 2. It can be seen
from the figure that the two exhibit a good correlation with Pearson’s correlation coefficient is 0.745.

Given the good correlation between the Manning roughness coefficient and Dgy/R, the following
function for the external roughness 7; can be constructed:

m = (A28 — (Ot 1 (B2) ”

where k; and o are two undetermined coefficients. Using the relevant data from the 102 mountain
river sections compiled in this work to determine k; and 4, an empirical version of Equation (7) can be

written as

Dsy 0.55

which gives a correlation coefficient R = 0.84. Alternatively, Bathurst [11] proposed using a Darcy-Wiesbach
coefficient, which fits a power law and is written as

8 1/2 d 0.547
7 =oloa) <9>
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If the Manning roughness coefficient and the Darcy-Wiesbach coefficient are converted according
to Equation (2), then the results for the 102 streams using Equation (8) can be compared to the calculated
results from Equation (9), with the results shown in Figure 3.

25

Dgs/ R

0.5

: A Data from Marcus (1992) 0
1 OData from Bathurst (1985)
1 ©Data from Carlo (1988) A
| n=0.058(Dg,/R)+0.027
0 R=0.745
O
A
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0 0.05 0.1 0.15 0.2

Manning resistance coefficient n

Figure 2. Relationship between the Manning roughness coefficient and Dg4/R.
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Figure 3. Comparison of measured and calculated values of the Manning roughness coefficient.

The average absolute error between the calculated value by Equation (8) and the measured value is

0.0178, with the average relative error is 27%. While the average absolute error between the calculated
value by Equation (9) and measured value is 0.0198, with the average relative error is 29%. Thus,
the accuracy of Equation (8) is slightly higher than that of Equation (9). The calculated results for both
equations are good when the Manning coefficient is less than 0.1, but the calculated values of both
equations are lower than the measured values when the Manning coefficient is greater than 0.1.
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4. The Internal Resistance of Debris Flow

4.1. Expression of Internal Roughness

For solid-liquid two-phase flows, the internal resistance mainly derives from the collisions between
solid particles [36] and the relative motion between the solid and liquid phases [33-35]. However,
there is still debate as to which of these two factors is dominant. In particular, more research is needed
due to the lack of understanding of the interphase interactions. As a first step in this direction, this
paper fully analyzes the correlation between the internal roughness coefficient and the dimensionless
parameters and proposes a semi-empirical calculation method for the internal roughness coefficient of
debris flows.

The roughness coefficient of a viscous debris flow increases as the sediment concentration Sv
and channel gradient | increases, as previously discussed. The sediment composition of the debris
flow has a significant influence on the energy loss inside the fluid. A smaller Dj4 value indicates a
greater concentration of fine particles within the debris flow, and the dimensionless parameter D14/Dsq
can represent the proportion of fine particles in the solid particle composition of a debris flow. In the
case of a given sediment concentration, the internal turbulence can be reduced if the fluid contains
more fine particles, which results in a reduction of internal energy dissipation. That is, the internal
resistance #; increases as D1¢4/Dsg increases. In addition, H/Dsg represents the linear concentration [43]
of particles in a debris flow. As the linear concentration increases, there is a higher probability of
collision between particles and resulting greater energy dissipation inside the fluid. Thus, according to
the above analysis, the internal roughness 1, can be written as

H D1

np = _—
g Dsy  Dsg

So-J) (10)
Since 1, is related to four dimensionless factors, the expression for the internal roughness coefficient
can instead be expressed as

_ H ' (Dis\® o s i
le—kZ'(D—SO) (D_50) “(50)7-()) (11)

where ky, B1, B2, B3, and B4 are all undetermined coefficients. In previous works in the literature, very
few have included all of the parameters involved in Equation (11).

4.2. Experimental Methods

Since there are 5 undetermined coefficients in Equation (11), and there are few existing references that
provide complete data which can cover all these parameters. In order to calibrate these 5 undetermined
coefficients, we designed and carried out 20 sets of experimental tests. The specific experimental
design, process, data collection and analysis are as follows:

(1) Experimental setup

Figure 4 gives a sketch of the experimental setup, which includes an experimental flume and a
tailings pond. The flume is 4 m long, 0.3 m wide, and 0.5 m high. The bottom of the flume is a rough
steel plate and the two sides are tempered glass, which made it convenient to observe the movement
process of debris flow in experimental flume. The slope of the flume could be easily adjusted between
6° and 35°. It can be found that a baffle with a height of 0.5 m and a width of 0.3 m is set at 2.0 m from
the upper end of the flume for the accumulation and release of debris flow. The tailings pond, which is
2 mlong, 2 m wide, and 0.8 m deep, is used to collect the experimental tailings.
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Figure 4. Sketch of the experimental setup.

(2) Experimental conditions and process

In this paper, we carried out 20 sets of experiments and recorded the movement processes of
single-phase flow (No. 2-9 tests) and solid-liquid two-phase flow (No. 10-20 tests). The specific
experimental conditions and preliminary experimental results are shown in Table 1. Among them,
the single-phase flow is formed by fully mixing the loess with a particle size of less than 1cm and water.
The liquid phase in the solid-liquid two-phase flow is formed by the loess below 1cm and the water,
and the solid phase is composed of mine waste particles larger than 1 cm. The particle size distribution
of 20 experimental tests is shown in Figure 5.

Table 1. Experimental conditions and preliminary experimental results.

No Fluid Type ken®) (m‘;s) O o o o o "™
1. pure water 1000 241 18 0000 0019 0017 0000 0000 0000 0016 0000
2. single-phase flow 1270 2.02 15° 0.159 0.041 0.032 0.026 0.170 0.700 0.026 0.010
3. single—phase flow 1320 2.09 18° 0.188 0.058 0.042 0.026 0.170 0.700 0.033 0.017
4 singlephaseflow 1550 127 15° 0324 005 0040 0026 0170 0700 0048 0.032
5. single-phase flow 1720 0.93 18° 0.424  0.061 0.043 0.026 0.170 0.700 0.076  0.060
6. Single—phase flow 1420 1.49 20° 0.247 0.059 0.042 0.026 0.170 0.700 0.049 0.034
7. singlephaseflow 1530 128 14° 0312 0063 004 0026 0170 0700 0.049 0033
8. single-phase flow 1630 1.08 16° 0.371 0.051 0.038 0.026 0.170 0.700 0.056 0.041
9. single—phase flow 1670 1.02 18° 0394 0.045 0.035 0.026 0.170 0.700 0.059 0.044
10, twophaseflow 1370 219 18° 0218 0065 0045 0042 0310 4100 0033 0.018
11. two-phase flow 1550 1.46 15° 0324 0.069 0.047 0.038 0.240 2.000 0.046 0.031
12. two—phase flow 1630 1.45 18° 0.371 0.068 0.047 0.051 0.350 5.600 0.051 0.035
13, twophaseflow 1680 131 15° 0400 0055 0040 0047 0340 6100 0046 0.031
14. two-phase flow 1700 1.43 18° 0.412 0.051 0.038 0.058 0.430 7.700 0.045 0.030
15. two—phase flow 1730 1.37 16° 0.429 0.063 0.044 0.039 0370 9.100 0.049 0.033
16.  twophaseflow 1760 112 14° 0447 0057 0041 004 0310 2400 0053 0.038
17. two-phase flow 1770 1.11 18° 0.453 0.049 0.037 0.038 0.260 2.600 0.057 0.041
18. two-phase flow 1810 1.01 15° 0.476 0.048 0.036 0.042 0.250 1.500 0.056 0.041
19.  twophaseflow 1830 123 20° 0488 0052 0039 0034 0430 14400 0056 0.040

20. two-phase flow 1850 1.32 18° 0.500 0.041 0.032 0.061 0.550 8.100 0.044 0.028

Notes: p; is debris flow density (kg/m3); V is debris flow velocity (m/s); a is flume gradient (°); Sv is solid volume
concentration of the debris flow; H is the flow depth (m); R is the hydraulic radius (m); D1, Dsp, and Dgy are
characteristic particle size (mm); n is the Manning roughness coefficient; and n; is internal roughness.
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Figure 5. The particle size distribution of 20 experimental tests.

The experimental process is as follows: (1) Prepare a sufficient amount of solid material according
to the particle gradation shown in Figure 5; (2) weigh a certain amount of water into the solid material
according to the experimental conditions shown in Table 1, and repeatedly and fully stir to make a
debris flow slurry (as shown in Figure 6a); (3) adjust the flume gradient according to the experimental
conditions shown in Table 1, place the baffle, and seal the contact boundary with rubber mud (ensure
no leakage); (4) pour the agitated debris flow slurry into the upper part of the baffle, and set up three
cameras on the top, front and side of the flume to record the movement process of the debris flow;
(5) spread several buoys in the debris flow slurry, turn on the camera and quickly raise the baffle
(as shown in Figure 6b); (6) record the movement characteristics (flow velocity, flow depth, and so on)
of the debris flow in the flume through 3 cameras (as shown in Figure 6¢), and preset 4 pore water
pressure sensors along the flume to record the pore water pressure variation of the fixed sections
during its movement (as shown in Figure 6d). The velocity and flow depth of the debris flow can be
calculated or observed by the above two methods and compared with each other. (7) Clean the flume
and tailings pond, and continue the next set of experiment according to the above steps.

The roughness generated by the movement of clean water in the flume is the external roughness,
which can fully reflect the roughness of the side wall of the experimental flume. Therefore, the external
roughness 17 can be calibrated through No. 1 experimental test, which selected clear water. In No. 2-20
experimental tests, based on the experimental data, Manning’s roughness n corresponding to different
experimental conditions can be calculated with Equation (1). Then, after Manning’s roughness # is
subtracted from external roughness 1; determined by No. 1 test, the value obtained is the internal
roughness 7, which were also listed in Table 1.

4.3. Calibration of Undetermined Coefficient

Equation (11) expresses the correlation between the internal roughness n, and the four
dimensionless factors H/Dsy, D14/Dsp, Sv, and J. Combining the experimental data listed in Table 1,
Figure 7 shows the correlation between the internal roughness #, and the above four dimensionless
parameters, respectively.
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Figure 6. The process of our model experiments: (a) make a debris flow slurry; (b) raise baffle and
release debris flow slurry; (c) the movement characteristics of debris flow were recorded by cameras;
(d) the movement of debris flow were recorded by sensors.
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Figure 7. The correlation between the internal roughness 1, and H/Dsg, D14/Dsp, Sv, and .
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It can be seen from Figure 7 the external roughness n; has the best correlation with S,, with the
correlation coefficient R is 0.82; 11, shows a weak positive correlation with H/Dsj and ], with the correlation
coefficients R are 0.21 and 0.22. However, 1, and D14/Dsy showed a very weak negative correlation
with a correlation coefficient of 0.07. Therefore, D14/Ds5g is a non-sensitive factor, and Equation (11) can
be further simplified to:

(So)P - ()P (12)

Taking the logarithm of both sides of Equation (12), we can get:

H
lgny = gk, + ﬁllg(D—SO) + B3lgSy + Balg] (13)

Based on the experimental data listed in Table 1, the expression of internal roughness is finally
obtained by using multiple linear regression analysis, which is shown in Equation (14), with the
correlation coefficient R? is 0.76:

0.70
1y = 0.0075 - (D—W) (S) 42 ()66 (14)

5. Verification of Manning’s Roughness Coefficient

According to Equation (5), Manning’s roughness coefficient can be decomposed into two parts
consisting of an external resistance 71 and an internal resistance n,. Equation (8) can be used to
calculate the external resistance 11, while Equation (14) can be used to calculate the internal resistance
np. By combining Equations (5), (8) and (14), we can write the equation for Manning’s roughness
coefficient of debris flows as:

Dgs \ M s 066
n :0.083-(—) +0.0075-(—) Sy (15)
R Dsy
As the influence factors in Equation (15) are all dimensionless, it can be applied to other case
studies of natural or laboratory debris flows. There are almost no complete observation data in the
literature that includes all of the parameters involved in Equation (15). One exception is data from the
Dongchuan Debris Flow Observation and Research Station (DDFORS) of the Chinese Academy of
Sciences, a Chinese national-level debris flow field observation station in Yunnan Province. Within
observation data released by DDFORS for the years 1965 to 1981 [44], the authors found 24 complete
sets data containing all of the above parameters. These observed data are given in Table 2.
Figure 8 shows the comparison of the observed and calculated value of Manning’s roughness.
It can be seen from Figure 8 that Manning roughness coefficient calculated by Equation (15) still has a
certain error compared with the observation value. The comparison results are generally satisfactory.
Of the 24 groups of observation data, 20 groups of errors are within 30%, but there are 4 groups of
data with errors greater than 30% (as shown in two circles in Figure 8). By more analyses, we found
that the calculated value by Equation (15) is larger than the actual value when Manning’s roughness
coefficient is less than 0.0375. However, when Manning’s roughness coefficient is greater than 0.0375,
the calculated value by Equation (15) is smaller than the actual value. Therefore, it can be inferred
that Equation (15) does not truly reflect the importance of some key parameters. In future studies,
it needs to be further corrected and optimized through a large number of field observations and model
experiment data.
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Table 2. Observation data for the Jiangjia Gully in Dongchuan Debris Flow Observation Station

(DDFORS).

No D-M-Y Ps SV u H R I D84 D50 D16 n no
1. 29 June 1974 1.57 0.34 3.98 0.17 0.17 0.055 2500 0.700 0.010 0.018 0.019
2. 29 June 1974 1.83  0.50 3.67 0.17 0.17 0.055 5.000 1.800 0.010 0.020 0.022
3. 16 July 1974 2.08 0.65 8.94 1.70 1.57  0.060 22.000 5.000 0.028 0.037 0.043
4. 16 July 1974 220 072 8.84 1.50 140 0.063 34.000 7.000 0.045 0.035 0.041
5. 16 July 1974 221 073 7.36 2.00 1.82  0.063 50.000 9.000 0.051 0.051 0.043
6. 16 July 1974 225 075 7.89 2.00 1.82  0.063 43.000 11.000 0.100 0.047 0.039
7. 16 July 1974 216 0.70 10 0.95 0.87 0.063 17.000 4.100 0.021 0.023 0.040
8. 16 July 1974 225 075 7.36 0.55 052 0.063 22.000 6.000 0.032 0.022 0.033
9. 16 July 1974 207 0.64 7.63 1.10 1.01 0.063 19.000 4.500 0.026 0.033 0.038
10. 16 July 1974 219 071 7.63 1.00 093 0.063 40.000 7.000 0.040 0.031 0.037
11. 16 July 1974 221 072 7.32 0.90 0.84 0.063 28.000 7.500 0.050 0.031 0.033
12. 16 July 1974 219 071 6.63 0.70 0.65 0.063 30.000 7.000 0.048 0.029 0.033
13. 16 July 1974 209 0.65 7.63 1.27 1.16  0.063 16.000 4.000 0.026 0.036 0.042
14. 8 July 1982 215 0.69 5.87 0.90 0.86  0.060 16.000 3.500 0.006 0.038 0.042
15. 8 July 1982 224 074 6.29 1.20 1.15 0.060 40.000 11.000 0.220 0.043 0.033
16. 8 July 1982 233 0.80 7.33 1.80 1.70  0.060 35.000 9.000 0.055 0.048 0.043
17. 8 July 1982 215 0.69 5.5 0.80 076  0.060 18.000 5.400 0.014 0.037 0.032
18. 8 July 1982 221 073 8.8 2.20 2.14 0.060 24.000 7.000 0.026 0.046 0.047
19. 8 July 1982 224 074 7.33 1.50 1.46  0.060 33.000 9.000 0.056 0.043 0.037

20. 8 July 1982 209 0.65 6.29 1.00 095 0.060 18.000 4.000 0.010 0.038 0.039

21. 8 July 1982 214 0.68 3.62 0.40 039 0.063 28.000 7.600 0.020 0.037 0.030

22. 8 July 1982 1.89  0.55 4.94 1.30 1.28 0.063 22.000 5500 0.014 0.060 0.032

23. 8 July 1982 229 077 4.54 1.20 1.18 0.063 22.000 6.400 0.020 0.062 0.041

24. 8 July 1982 1.72 043 3.26 0.30 029 0.063 40.000 5.000 0.010 0.034 0.034

Note: ps is density of the debris flow (g/cm?); Sy is solid volume concentration of the debris flow; U is mean debris
flow velocity (m/s); h is flow depth (m); R is hydraulic radius (m); Dgy is the bed material 84-percentile size (m); D5y
is the median particle diameter of sediment in the debris flow; Dy is the sand material’s 16-percentile size in the
debris flow (m); n is Manning’s roughness coefficient calculated by formula (1) based on the observation data; ng is
Manning’s roughness calculated by Equation (15).

0.08 T

(15)

Manning roughness coefficient n, calculated by Eq.

0.00

Line of prefect agreement

30% margin

30% margin

0.00

0.01

0.02
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Observed value n

0.06
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0.08

Figure 8. Comparison of the observed and calculated value of Manning’s roughness.

6. Conclusions

In this paper, five dimensionless factors affecting the Manning roughness coefficient n and

attributed to the external roughness coefficient ;1 and the internal roughness coefficient 1, were
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analyzed comprehensively. Debris flows were analyzed separately, with the internal resistance
coefficient, the external resistance coefficient, and Manning’s roughness coefficient of viscous debris
flows all presented based on observations and physical model test data. Through the above analyses,
the following conclusions were drawn:

(1) The Manning’s roughness coefficient of a debris flow is composed of the external roughness
coefficient 11 and the internal roughness coefficient 7, and is significantly different from the
roughness coefficient of a mountain river.

(2) Dimensionless factors affecting n; and n, with precise physical meanings were proposed,
with a calculation method for Manning’s roughness coefficient fitted and analyzed based on
observation data from published research papers. The analysis results showed that the external
resistance coefficient is closely related to the dimensionless factor Dgs/R in the debris flow channel.
The external roughness #; has the best correlation with S,, a weak positive correlation with H/Ds
and ], and a very weak negative correlation with D1¢4/Dsg.

(3) The expression of external roughness 75 is calibrated based on the observation data of 102 cross-
sections listed in previous works, and the internal roughness 7, is calibrated by 20 experimental
model tests. Finally, the mathematical expression of Manning’s roughness coefficient is proposed
and verified based on 24 groups of observation data from Dongchuan Debris Flow Observation
Station in China. Equation (15) is generally satisfactory but still does not truly reflect the
importance of some key parameters, as the calculated values have certain errors compared with the
observation values.

It is worth reiterating that the original use of Manning’s roughness coefficient was for measuring
the influence of an irregular shape and roughness of a river bed and sidewalls on water flow resistance.
As such, the Manning formula is theoretically only useful for describing turbulent roughness, and is
not inherently suitable to describe the movement of a debris flow that is mostly laminar or close to
a laminar flow. That being said, the work in this paper showed that it is possible to improve on
methods for calculating Manning’s roughness coefficient for debris flows. In addition, as debris flow
always transforms from a saturated landslide or forms through the erosion of loose slope material
due to surface runoff [14], the erosion process is extremely complex. Péhtz et al. [45,46] have made an
important step toward an analytical description of sediment transport under air or water shear stress,
which provide scientific references to quantify the erosion process.
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