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Abstract: Eco-geotechnical measures for debris flow
mitigation and control have attracted wide attention,
but the mitigation effect is lack of quantitative
evaluation of coordinated measures. In order to
evaluate the debris flow mitigation effect in the
combinations of geotechnical engineering and
ecological engineering, this study investigated the
different trends of debris flows behaviour based on
the sediment deposition on the gully bed and the
loose material on the hillslope. Besides, this research
proposed a new model involving vegetation coverage,
source gravity energy and debris flow volume based
on vegetation-erosion model. The new model
validated that the debris flow volume was
proportional to the gravity energy of gravel and rock
fragments on the hillslope and inversely proportional
to the vegetation coverage in a dry-hot valley setting.
Furthermore, a typical area in the valley of the
Xiaojiang River in Yunnan Province, China was
quantified with the new model. The results showed
that under different gravity energy conditions, the
implementation order of check dam construction and

afforestation was important for debris flow mitigation.
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1 Introduction

Debris flows are mixtures of soil, sand, stones,
and water that transport large amounts of sediment
downstream, which can cause serious damage and
economic losses (Lyu et al. 2020). Debris flows often
start from landslides and channel bed failures (Gabet
and Mudd 2006; Gregoretti and Dalla Fontana 2008;
Simoni et al. 2020), moraine lake outbursts (McCoy
et al. 2012), and glacial melting (Lyu 2017b).

In some places, hydraulics and geotechnical
measures have been adopted to mitigate debris flows,
such as check dams, drainage canals, and retaining
walls (Ali et al. 2017). Check dams, which are the
main hydraulic measure, are constructed across
debris flow gullies (Banihabib and Forghani 2017).
They are beneficial for reducing flow velocity and soil
erosion, controlling sediments and stabilizing gullies
(Mekonnen et al. 2015). Check dams could control the
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gully incision, thus the potential energy for hillslope
erosion was greatly reduced (Wang and Zhang 2019;
Wang et al. 2021). Even check dams that are filled by
debris flows deposits are useful in mitigating debris
flows by reducing the gully bed gradient (Ali et al.
2017).

Afforestation can increase the roughness of
debris flows, reduce soil erosion, and facilitate
sedimentation. Shen et al. (2016) studied the effect of
vegetation restoration on reducing soil erosion and
debris flow. Sediments from vegetated land had a
higher resistance to be debris flow even under strong
rainfall conditions. A combination of trees, shrubs
and grass can effectively reduce the solid matter
formed by debris flows and increase water infiltration
(Cui et al. 2013). The soil apparent shear strength
increased in vegetated areas owing to developed root
tensile forces and soil-root bonds (Bischetti et al.
2009). Morgan (2009) also showed that vegetation
increased the permeability of soil, hence boosting
water infiltration and decreasing surface runoff and
erosion. In many cases, reinforcement in the root
zone is a more important slope stabilizing agent than
the effects of transpiration or the creation of
preferential flow paths (Sidle and Ochiai 2006). It
takes three to five years or more for afforestation to
play a significant role in the areas with great potential
energy of landslides and creeping (Cui and Lin 2013).
However, root systems can also facilitate preferential
flow in soils; this can enhance rain age and, thus,
dissipate pore water pressure in unstable slope
sections (Uchida et al. 2001).

Combination of afforestation and check dams
could form a soil and water conservation system, and
greatly mitigate debris flow or landslide formation
and motion (Promper et al. 2014). Check dams and
vegetation development affected erosion and potential
energy of the loose material on the hillslope (Lyu 2019;
Liang 2020). Wang et al. (2005) developed the
vegetation-erosion model, which analyzed the
relations among the rate of soil erosion (D),
vegetation cover (V), and human activities. The
varying rate of vegetation in Wangs model was
proportional to the vegetation but negatively
proportional to the erosion rate. However, Wang’s
model did not consider the potential energy for
hillslope erosion. It is necessary to develop a new
model including the source energy (E) in serious
hillslope erosion or gravity erosion area to evaluate
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the combined effect of afforestation and check dams
for debris flow mitigation. This research used the
three tributaries of Jiangjia Gully as a case study to
build a model including the source energy to
investigate the combined effect of check dams and
afforestation on debris flow mitigation. All in all,
understanding the effect of eco-geotechnical on
hazards mitigation can reduce the capital input and
achieve sustained security and stability as well as
provide the theoretical guidelines for the design of
eco-geotechnical measures.

2 Study Area

Jiangjia Gully is a tributary of the Xiaojiang River
which, in turn, is a tributary of the Yangtze River, in
Yunnan Province, China (Fig. 1). The Xiaojiang Valley
is a dry-hot valley with a difference in elevation of
more than 3000 m. A dry-hot valley has the
characteristics of extremely hot and dry climate due to
its specific local climate (Lyu 2019). The vegetation
cover in Xiaojiang Valley is severely reduced because
of copper mining and logging, which increases debris
flows frequency and ecosystem degradation (Lyu 2019;
Liang 2020).

The debris flows in Jiangjia Gully occur at high
frequencies (up to 28 yr-?) and include large flow
discharges (maximum 2420 ms3s-1) (Wei et al. 2017).
Debris flows blocked the Xiaojiang River seven times
between 1957 and 2000, forming a 20-km long
barrier lake and destroying fertile fields, railways,
highways, and factory facilities along the banks of the
river (Wei et al. 2017).

Jiangjia Gully has four tributaries: the Mengqian,
Duozhao, Daaozi and Chajing (Fig. 1). The Mengian is
the main tributary and the term “upper Jiangjia Gully’
refers to this tributary (Fig. 1). In 1974, a check dam
was built on the Mengian, but it was destroyed by a
debris flow that year. This directly led to an increase
in debris flows after 1974. In 1967, 117 check dams
were built on the Duozhao, but they were destroyed
by debris flows in 1974. From 1979 to 1982, another
44 check dams were built on the Duozhao, but six of
them had been destroyed by 1984 (Fig. 1). The Daaozi
on the left bank of Jiangjia Gully does not have check
dams (Fig. 1). The Chajing tributary was not analyzed
because of insufficient data.
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Fig. 1 Xiaojiang River and Jiangjia Gully, Yunnan Province, China.

Fig. 2 Jiangjia Gully showing the upstream incision (a, b) and downstream vegetation restoration (c, d) in 2007 and

2020, respectively.

Since the first debris flows in the Jiangjia Gully in
1957, deposition has occurred in the downstream
reach of the gully, incision has occurred upstream,
and the gully head has retreated (Fig. 2a, b). Since
1980, afforestation has greatly increased the
vegetation coverage of Jiangjia Gully (Fig. 2c, d).

Jiangjia Gully can be divided into four parts (Fig.

1): (1) the Mengian and Duozhao tributaries
(upstream of D,); (2) the part between D, and Di
where the width is between 200-300 m; (3) the
manual drainage channel (P;—PL,) where the width is
less than 100 m; and (4) the part between M; and Dy,
where the width is between 300—400 m.
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3 Methods

Based on the vegetation-erosion model (Wang
et al. 2005), the potential energy was added (Fig. 3).
The annual volume of debris flows replaced erosion
rate in the model, because debris flow (gravity erosion)
was the main erosion type in Jiangjia Gully. Debris
flow has an eruption cycle, and its volume decreases
within a certain period of time after the eruption.
Therefore, the change rate of debris flow volume was
negative in relation to the volume of the last debris
flow (Lyu 2019). The annual volume of debris flows
(D) was calculated by the thickness of sediments
deposition on the gully bed and loose sediments on
the hillslope. The vegetation cover (V) was obtained
by the data from Forestry Bureau and Landsat and
MODIS (Fig. 3).

3.1 Thickness of sediments deposition

The bed elevation of the lower Jiangjia Gully
between 1964 and 2020 was assessed between the
observation points (D,—PL;) shown in Fig. 1. A
geophysical exploration was performed with georadar
along Jiangjia Gully (D,—PL)). This exploration
provided the accurate depth of the interface between
sediment deposits and the underlying bedrock and
gave the thickness of the sediment deposits (Lyu et al.
2020). Although the earliest record of a large debris
flow was in 1957, there was no observational data of the
bed. The bed elevation of the lower Jiangjia Gully (D;—
PL,) in 1957 was assumed to be the interface between
sediment deposits and the underlying bedrock.

The bed elevation upstream of D,in the Mengian
tributary (in 1957, 1964, 1997, 2005 and 2020),
Duozhao tributary (in 1957, 1974, 1982, 1985, 1990
and 2020) and Daaozi tributary (in 1957, 1974, 1982,
1985, 2010, and 2020) was taken from Lyu (2019)
and Liang (2020).

3.2 Estimating the annual volume of debris
flows

Based on the laboratory work of Lyu et al. (2016;
2017a), the volume of the potentially unstable rock
mass on the hillslopes was expected to play an
important role in the volume of debris flows. Most of
sediment transported to the outlet of the gully was
originated from the potentially unstable rock mass on
the hillslopes (Lyu 2019; Liang 2020). The volume of
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Fig. 3 Assessment framework about the new vegetation-
erosion model based on vegetation cover, debris flows
volume and potential energy.

Fig. 4 Source energy calculation method and the debris
flow volume estimation. The circle dot is the siltation
behind check dams (blue) and sediment on the gully bed
incised (black). S is the increased area by gully incision.

potentially unstable rock mass on the hillslopes was
estimated according to the method introduced by
Blothe et al. (2015) in Fig. 4. First, the quantity of
potentially unstable rock mass, defined as the rock
located between the toe of the hillslope and an
idealized topography with slope equal to the threshold
hillslope angle, a, is computed (Fig. 4). Second, the
potential volume of debris flow is defined as the
increased volume of the potentially unstable rock
mass, S, by gully bed incision (Fig. 4). Third, the
proportion of particle percentage in the debris flow
and in the original rock mass and soil was used as a
measure of soil particle erodibility (Ali et al. 2017).
According to the grain size distribution, 10% of the
potential volume, S, flushed into the debris flow per
year (Lyu 2019), is estimated as the actual annual
debris flow volume, D. The collapse deposits on the
hillslope were loose with average slope angles of 35
(Liu 2010). So, in the present analysis, a= 35° in this
gully was adopted for the potentially unstable rock
mass. The slopes on both sides of the tributaries are
between 35° and 65°. The debris flow volume of the
Mengian (1957, 1964, 1997, 2005 and 2020) and the
Duozhao (1957, 1974, 1982, 1985 and 1990) was
derived from the changes in the gully bed and
potentially unstable rock mass (Fig. 4).

The annual debris flow volume, D of the Daaozi



(1957, 1974, 1982, 1985, 2010 and 2020) was
calculated from the elevation change on the Daaozi
deposition fan (observation point M3).

The total annual debris flow volume, D, of the
main Jiangjia Gully from 1964 to 1999 was taken
from Wei et al. (2017). D of the main Jiangjia Gully
from 2000 to 2020 was the product of deposition
thickness and deposition area (D;—PL;). D of the
main Jiangjia Gully in 1957 was estimated as the
sediment volume between the underlying bedrock
and the bed in 1967.

There are no data about the annual debris flow
volume trapped by check dams, D,, in the Duozhao.
However, 6x105m3 of sediments were trapped in total
from 1974 to 2005. Because the debris flows only
occurred in 1974, 1982, 1985, 1990, 1997 and 2005,
we assumed that the trapped sediments decreased at
a rate of 90% of the dam capacity in each debris flow
year (Table 1).

3.3 Energy of source material on the hillslope

The debris flow mainly come from the slide of the
unstable lateral mass and the mass laying on the
channel bed. The kinetic energy of debris flows is
related to the transformation of gravitational energy
and is released by creeping or by landslides on the
hillslope (Weinmeister 2007). If the gully bed is
incised down, the value, Z, will increase. The source
energy, E, will increase (Fig. 4). If the gully bed
aggrades due to siltation behind check dams, the
source energy, E, will decrease (Fig. 4). The source
energy, E, above the critical slope, a, on both
hillslopes is calculated as follows (Wang et al. 2021):

E= fOH ¥s B(2)zdz (1)
Eincision = fOH ¥s B'(2)(z + AH)dz (2)
Edeposition = fOH ¥s Bp(z)(z — Hp)dz (3

where y, is the unit weight, B is the width, B’ is the
width after incision, B, is the width after siltation, Z is
the height, and H is the height of the highest point.
For gully incision, the source energy adopts Eq. (2),
and A H is the incision height. For gully deposition,
the source energy adopts Eq.(3), and H, is the
deposition thickness (Fig. 4).

The check dams in the Duozhao tributary were
full of sediment until 2005, so the source energy of
the Duozhao that was affected by check dams, E,,

can be calculated by the bed elevation change and Eq.

(3).
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3.4 Vegetation coverage

The normalized difference vegetation index
(NDVI) is used to represent the vegetation coverage
and is recognized as an integrated indicator of
elevation change and flood frequency (Casco et al.
2005; Marchetti and Acefiolaza 2012). Positive NDVI
values indicate increasing vegetation and negative or
zero values indicate water or a surface that has no
vegetation. NDVI is a vegetation greenness index
sensitive to above-ground biomass. In debris flow
gullies, an increase in NDVI reflects the conversion of
fresh hillslope surface to vegetation, and enlargement
of source material on the hillslope and frequency
flood in the gully can be inferred from negative
changes in NDVI.

According to the Dongchuan Forestry Bureau, the
vegetation coverage of the three tributaries decreased
in the 1950s and 1960s due to deforestation. The
vegetation coverage rate data, V, before 1992 came
from the Dongchuan Forestry Bureau, and the
vegetation coverage rate after 1992 was calculated
using NDVI based on Landsat and MODIS (Yang
2018). MODIS is a sensor onboard the Terra and
Aqua satellites, with a revisit interval of one or two
days. MODIS MOD13Q1 is a 16-day composite remote
sensing product, generated by selecting the best data
from 16 days. The vegetation recovery was carried out
using NDVI time series image datasets with 30 m
spatial resolutions. The change in the vegetation
coverage rate, V,, by humans (afforestation and
deforestation) from 1957 to 2020 was sourced from
the Dongchuan Forestry Bureau (Table 1).

4 Results

4.1 Debris flow deposition and incision in
Jiangjia Gully

The middle and upper reaches of Jiangjia Gully
(upstream of D,) were increasingly incised by debris
flows from 1957 to 2005, but the incision rate slowed
between 2005 and 2020 (Fig. 5b). The lower reach
(downstream of D,) was deposited by the debris flows,
which extended into the Xiaojiang River from 1997.
The maximum thickness of the debris flow deposition
in the lower Jiangjia Gully was 80 m according to the
georadar method (Fig. 5a).

Fig. 6 shows the deposition thickness in the lower
Jiangjia Gully (D,—PL;) from 1999 to 2014. The
sedimentation thickness reached 23 m and 15 m at D,
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and PL.. The deposition thickness during 1999—2004,
2004—2009 and 2009—2014 showed
retrogressive aggradation by debris flows. The points
of PL; —M¢, showed more siltation from 1999 to 2004,
but D3 —Dg showed more siltation from 2004 to 2009.

4.2 Performance of check dams in trapping
debris flows sediment

The estimated total volume of the debris flow
from the outlet of Jiangjia Gully in 1957 was 2.31
million m3, although the real volume would have been
smaller. Debris flow volumes were small between
1964 and 1974, increased between 1974 and 1990, and
decreased between 2000 and 2019 (Fig. 7a).

Debris flow volume in the Duozhao tributary was
0.71 million m3 in 1957, and decreased from 0.04
million m3in 1985 to 0 million m3in 2020 (Fig. 7b).
The check dams mitigated the debris flow
significantly in the Duozhao tributary. Debris flow
volumes in the Mengian tributary were between 0.52
and 1.31 million m3 from 1957 to 2020. Debris flow
volumes in the Daaozi tributary were between 0.006
and 0.04 million m3 from 1957 to 2020. The debris
flow volume in the Mengian and Daaozi tributary
changed little due to the lack of check dam’s
construction (Fig. 7b).

Fig. 7 Annual volume of debris flow in the main
Jiangjia Gully (a) and in the three tributaries (b).

J. Mt. Sci. (2022) 19(7): 2015-2026

Fig. 8 Source energy distribution of the three
tributaries in 2020.

4.3 Effect of check dams on the source energy
for debris flows

The source energy of the Mengian tributary was
high compared with the Duozhao tributary due to the
lack of check dam construction (Fig. 8). Fig. 9 shows
the total energy of the Mengian, Duozhao and Daaozi
tributaries from 1957 to 2020. The source energy of
the Duozhao tributary gradually decreased after 1970
because of check dam construction. However, the
source energy of Mengian and Daaozi changed little.
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Fig. 9 Source energy of the three tributaries from
1957 to 2020.

Fig. 11 Vegetation coverage of the three tributaries
with 30 m spatial resolutions from 1957 to 2020.

Fig. 10 Vegetation coverage of Jiangjia Gully in 1992, 2000, 2009 and 2020.

4.4 Change of vegetation coverage due to
check dams and afforestation

Fig. 10 shows that the vegetation coverage of

Jiangjia Gully over the catchments of the
tributaries continued to improve. From 2000, the

2022

vegetation coverage was quickly restored through
afforestation; in particular, the vegetation coverage of
the Daaozi has increased significantly. Only the
Mengian and the lower reaches of Jiangjia Gully were
below 0.4 vegetation coverage. By 2020, with the
construction of check dams and afforestation, 80% of



the Duozhao tributary had vegetation coverage above
0.4 (Fig. 10). Fig. 11 shows that the vegetation
coverage increase quickly from 2000. Especially in
the Daaozi tributary, the vegetation coverage was
between 0.3 and 0.4, which was higher than the
vegetation coverage over the other two tributaries
between 0.12 and 0.3.

4.5 New evaluation model for debris flow
mitigation

The change rate of debris flow volume in Jiangjia
Gully, p " =dD/dt, was negative with the increase of
vegetation coverage, V, and positive with the increase
of the source energy, E (Fig. 7, 9 and 11). The change
rate of source energy, ' =dE/dt, was negative
because of the increase of vegetation coverage, V, and
was positive because of the increase of the debris flow
volume, D (Fig. 7, 9 and 11). The change rate of
vegetation coverage, v’ =dV/dt was negatively to
source energy (Fig. 9 and 11). The varying rates of
source energy and debris flow volume were also
assumed to be linear with other factors. Eq. (4) was
established based on vegetation-erosion model, and
the above relations between V, E and D.

dv

— - aV E D =V

I aV + cE + g . w
dE

— - bE - hD = E

I + fV .
d£+iD+jV—kE:DT

dt

where parameter a depends on the local rainfall,
environmental and plant composition; ¢ represents
the destructive effect of source energy on vegetation;
g represents the destructive effect of the debris flow
volume on vegetation; b depends on the local source
energy; f represents the effect of vegetation coverage
on source energy; h represents the effect of incision by
debris flow on the source energy; i represents the
impact of the debris flow volume on the next debris
flow volume; j represents the inhibitory effect of
vegetation on debris flow volume, where the increase
in vegetation coverage is beneficial; and k represents

J. Mt. Sci. (2022) 19(7): 2015-2026

the promoting effect of the source energy on the
debris flow volume.

Using values of vegetation coverage, V, source
energy, E, debris flow volume D, and human activities
on vegetation coverage, V;, source energy, E,, debris
flow volume, D,, in Table 1, and Eq. (4), the values of
parameters qa, b, ¢, f, g, h, 1, j, and k were obtained by
the software Opt8.0 which used global optimization
algorithm for nonlinear fitting of partial differential
equations (Li and Wang 2016).

Table 2 shows that parameters a, j, and f were
highest in the Daaozi tributary, which indicates that
vegetation coverage had the greatest impact on the
debris flow control in the Daaozi. The maximum
values of parameters b, ¢, and k were in the Duozhao,
which indicates that, here, check dam construction
had the greatest impact on debris flow control. Owing
to the construction of the check dams in the Duozhao,
the destructive effect of debris flow on vegetation
coverage was small, and most trees survived, so the
value of g in the Duozhao was the lowest. By
substituting the values for parameters, vegetation
coverage, and source energy in Table 2 into Eq. (4) to
calculate the debris flow volume in different years, Fig.
12 shows that the calculated value and the actual
value were consistent for the debris flow trend.

5 Discussion

5.1 Application of the new evaluation model

The V-E plane in Fig. 12 can be divided into
three zones by the lines V'=dV/dt=0 4,4 E'=dE/dt=0,
(Fig. 13), as follows.

(1) Zone A (V’<0, E’>0): The vegetation coverage
is decreasing and the source energy is increasing. This
is the area in which debris flow disasters are
aggravated.

(2) Zone B (V’>0, E’>0): The vegetation coverage
is increasing and the source energy is increasing. This
is the transition area for debris flow disasters.

(3) Zone C (V’>0, E’<0): The vegetation coverage
is increasing and the source energy is decreasing. This

Table 2 Dynamics model parameters of vegetation coverage—source energy—debris flow volume

Tributary Parameter : '

a(yry) cUWyr) gm3) blry fUyrd) hUm3)  i@r) jlmdyr?) k(msJlyr)
Mengian 2.96e-01 1.17e-18 7.82e-18 6.21e-43 5.77e+01 1.56e-08 2.12e+02 1.85e-01  3.83e-03
Duozhao 7.48e-01 2.75e-09 2.67e-39 5.52€-02 6.02e+03 8.94e+00 1.17e-41 1.26e+02  1.17e+00
Daaozi 1.27e+00 2.21e-19 1.75e-17 2.43e-02 1.81e+04 5.09e-15 5.72e-12 1.15e+03 6.86e-05
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is the area in which debris flow disasters are reduced.

Fig. 12 Relationship between debris flow volume (D),
source energy (E) and vegetation coverage (V) in the
three tributaries from 1957 to 2020.

For the Mengian and Duozhao tributaries, which
had higher source energy, afforestation cannot fully
control debris flow. Check dams should be

2024

constructed first to reduce the source energy. Then
afforestation can disrupt the accumulation of material
sources, and control debris flows (such as in the
Duozhao tributary). For tributaries with a low source
energy, afforestation can control debris flows (such as
in the Daaozi tributary).

Fig. 13 Three zones of source energy—vegetation
coverage plane in the three tributaries from 1957 to
2020.

The vegetation coverage—source energy—debris
flow volume dynamics model in Eq. (4) may be
representative for similar debris flow processes in
serious hillslope erosion or gravity erosion area and
dry-hot valleys. There were spatial differences in the
physical and mechanical properties of different
combinations of vegetation and rock—soil media in
the dry-hot valleys. Therefore, the parameters in the
vegetation coverage—source energy—debris flow
volume dynamics model differed. Obtaining
parameter values in different regions through field
surveys and indoor experiments can guide combined
models of check dam construction and afforestation
in different dry-hot valleys.

5.2 Limitations of the new evaluation model

Fig. 7 and 9 showed that the debris flow volume
in Duozhao tributary decreased quickly as the energy
of source material on the hillslope decreased due to
check dam construction. The check dams were full
deposition from 1990. The debris flow volume in
Duozhao tributary continue to decrease as the energy
of source material changed little from 1990. The old
check dams with full deposition can still be useful in
controlling debris flows, which is consistent with the



conclusion by Ali et al. (2017).

The vegetation growth may be another reason for
the inconsistent pace between the debris flow volume
decrease and the energy decrease of source material
from 1990. As the afforestation and vegetation growth,
the soil shear strength is found to increase due to the
developed root tensile forces and soil-root bonding
(Wu et al. 1979; Bischetti et al. 2009). Morgan (2009)
showed that vegetation decreases surface water runoff
and sediment erosion. Compared with the bare slop,
the vegetated deposits have higher erosion resistance
and are resistant to erosion even under more intense
rainfall (Shen et al. 2017). Hence, the threshold
hillslope angle, a, in Fig. 4 has increased due to the
vegetation growth and decreased the energy of source
material. In this study, the changes of threshold
hillslope angle due to vegetation are not considered.

In the new model, the change rate of debris flow
volume, source energy and vegetation coverage were
assumed to be linear with other factors. The
geotechnical measures in this study area were only
check dams. In serious hillslope erosion or gravity
erosion area, check dams, drainage canals, and
retaining walls might be adopted comprehensively. So
the new model in the future should consider the role
of different geotechnical measures on the source
energy, vegetation coverage and debris flow volume.
And the more accurate relationship between the
change rate of debris flow volume, source energy,
vegetation coverage should be calculated carefully
using demo data by improved vegetation-erosion
model.

6 Conclusion

The good performance of the new model supports
the physical interpretation of the debris flow trends in
the Jiangjia Gully. Debris flow volume was
proportional to the source energy and inversely
proportional to the vegetation coverage. Owing to the
different combinations of check dams and
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