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Abstract Slit dams are open-type structures used to mitigate
debris-flow hazards by constricting the flow and attenuating the
kinetic energy. However, slit dams are often filled up as they are
designed to impede debris volume instead of reducing kinetic
energy of debris flows. To better understand the regulation func-
tion of slit dams against debris flows, physical model tests were
carried out using a 7-m-long flume. The water content and relative
post spacing were varied to discern their influence on the regula-
tion function. Results reveal that the velocity attenuation and
trapping efficiency is strongly controlled by water content and
relative post spacing. Water content fundamentally reflects the
degree of liquefaction (effetive grain-contact stress) and capacity
of energy dissipation of debris flows. When water content < 26%,
relative post spacing has a noticeable effect on velocity attenua-
tion, trapping efficiency, and run-out distance. In contrast, when
water content >26%, the influence relative post spacing is negli-
gible. Furthermore, a new relationship between velocity attenua-
tion and trapping efficiency for the design of slit dams is proposed
to avoid the slit dam being easily filled up by sediments contained
in debris flows.

Keywords Slitdam - Debris flows - Regulation function - Relative
post spacing - Water content

Introduction

Debris flows are geological phenomena that can be characterized
by their high solid fraction and wide range of particle sizes (Cui
1999). Debris flows surge downslope at high velocities due to
gravity (Cui et al. 2017a) and pose a major threat to local popula-
tions and infrastructure due to their long run-out distances
(Zhang 1993; Scott et al. 2001; Ni et al. 2014; Zhou et al. 2016). To
intercept these hazardous phenomena, structural countermeasures
are commonly installed along the predicted flow paths to dissipate
the kinetic energy and retain the debris volume (Baldwin et al.
1987; Hiibl and Fiebiger 2005; Cui et al. 2018). Closed-type dam, a
retention structure, is typically used to store torrent sediments and
to diminish energy (Jaeggi and Pellandini 1997; Sodnik et al. 2015).
However, closed-type dams are easily filled up because of their
nonselective retention, and the permeability of closed-type dams
would almost be lost once their drainage holes are blocked. Be-
sides, if the closed-type dam is destructed, the stored torrent
sediments may cause sediments-related disasters in amplified
scales (Zhou et al. 2013) and affect the downstream infrastructures
(White et al. 1997).

Open-type dams in particular are an attractive option when the
service life of a retention structure is considered important
(Heumader 2000; Ono et al. 2004; Mizuyama 2008). On one hand,
open-type dams have the same functions as closed-type dams:
elevating the longitudinal profile of a torrent bed, stabilizing
upstream hillslopes, reducing the erosive power of a flow, and
reducing the total transported volume. On the other hand, some
complementary functions are possible with the openings for the
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open-type dams (Piton and Recking 2015; Piton 2016): filtering and
storing the undesirable components during a flow event, regulat-
ing the peak flow by temporarily retaining water/sediment, and
reducing the high-energy level of a debris flow to a lower level
(energy dissipation). Choi et al. (2014a) reported that an array of
baffles (belonging to open-type dam) can effectively diminish the
energy of landslide flow by a series of flume experiments using dry
uniform sand. Besides, the change of kinetic energy and discharge
upstream and downstream baffles resulting from each baffle con-
figuration was also examined by Discrete Element Method (Choi
et al. 2014b; Law et al. 2015).

Slit dams, as one type of open-type dams, designed with one or
several vertical opening(s) (Chanson 2004), are initially designed
to retain large particles and weaken the peak discharge (Lien and
Tsai 2000; Takahashi 2014; Choi et al. 2018). As to the design of a
slit dam, relative post spacing (b/dmax b: post spacing, dmay:
maximum particle diameter) is the key parameter (Johnson and
McCuen 1989; Lien 2003), which will directly affect the trapping or
regulation function of a slit dam. Mizuyama et al. (1988) and MLR
(2004) recommended that b/d,,,, should be between 1.5 and 2.0 for
design of slit dams. However, the field investigation (Shima et al.
2016) showed that a slit dam is more likely to be filled up with
narrower relative post spacing (b/d.x ~1.5) by granular materials
contained in debris flow, causing the trapping capacity of a slit
dam to be lost (Fig. 1a and Fig. 1b).

In fact, previous studies have reported the blockage condition
of slit dams. Specifically, experimental results from Lin and Jiang
(1988) revealed that slit dams have notable effect on trapping
debris materials when b/d,, ., <1.7. Furthermore, Han and Ou
(2006) reported that when b/d,,. < 1.5, the slit dam was blocked.
The results from both engineering practice and past experimental
studies have shown that slit dam will be blocked with condition of
b/dpax <1.5~2.0, and it will trap granular materials contained in
debris flow until the trapping capacity is lost. The narrow relative
post spacing (b/d,.x = 1.5~2.0) is recommended to retain the flow
volume in the densely populated areas like Japan and Hong Kong,
so that the infrastructures close to outlet of channels will not be
damaged by debris flows.

This study focuses on the regulation function of a slit dam
against debris flows. The interaction processes between debris
flows and a slit dam, the attenuation of the kinematic energy
(velocity), as well as the retention capacity of the debris materials
were investigated to quantify the regulation function of slit dams.

Flume model tests

Scaling

Small-scale flume modeling were wildly adopted to investigate the
complex flow interaction between mass movement and structures
(Choi et al. 2014a; Ng et al. 2015), The viscous effects may be quite
significant at miniature scales while less significant at large scales and the
dissipation of nonequilibrium pore water pressures occurs very rapidly
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(b) Slit dam (ugstream

Fig. 1 Slit dam filled up by granular materials from the downstream (a) and upstream (b) point of view (Shima et al. 2016)

compared with the duration of debris flow (Iverson et al. 2004; Iverson
and George 2015). Despite this, small-scale flume modeling can provide
a controlled and systematic manner to study mechanisms of flow-
structure interaction (Choi et al. 2015). Scaling is a powerful tool to
design physical models to ensure that the test outcome is similar with
that of the prototype (Iverson 1997; 2015). The Froude number (Fr) is
widely adopted to characterize dynamic similarity in hydraulics (Heller
2011; Lobovsky et al. 2014), channelized granular flows (Chehata et al.
2003; Hauksson et al. 2007), and geophysical flows (Hiibl et al. 2009;
Choi et al. 2015). Both Hiibl et al. (2009) and Armanini et al. (2011)
demonstrated that the Fr is a key dimensionless parameter to scale
debris flows impacting on structures. The Fr macroscopically quantifies
the ratio of the inertial to gravitational forces. To correct the gravitational
component of Fr by considering the inclination of the channel, Fr can be
expressed as follows (Choi et al. 2015):

v

+/ghcost

Fr = (1)

where v is the frontal velocity, g is the gravitational acceleration, h
is the maximum approaching flow depth (because the damage of
structures usually appeared when debris flows approach with
maximum flow depth), and 6 is the inclination of the channel.
Channelized debris flow have been reported to have characteristic

Table 1 Typical Froude numbers of natural debris flows

Fr ranging from 0.45 to 7.56 based on field observations (Table 1)
(McArdell et al. 2007; Hiibl et al. 2009; Kwan et al. 2015). In this
study, the dynamic similarity of debris flows is achieved by
adopting Fr ranging from 1.65 to 6.96 that governs the dynamics
behavior of debris flow during the interaction between debris
flows and slit dams. It is acknowledged that the Fr numbers used
in this study are bias towards large (1.65 to 6.96) compared with
those obtained from majority natural debris-flow events (Table 1).
Nevertheless, the Fr numbers used in our experiments are still in
the range of that observed in field debris-flow events (0.45~7.56).
Choi et al. (2015) have demonstrated that the higher Fr obtained in
flume model tests is caused by the major limitation of small-scale
experiments lying in limited initial volume. It leads to shallow flow
depths and results in the flow velocity controlling Fr development
of the flow. In this study, because of the fixed large inclination
(30°), the subcritical Froude condition (Fr < 1) was not achieved.

Model setup

The experiments were carried out using a flume model with an
overall length of 7.0 m, a channel width of 0.3 m, and depth of
0.35 m, respectively. The flume is located at the Dongchuan Debris
Flow Observation and Research Station (DDFORS), in the
Dongchuan District of Yunnan Province, China. Figure 2a shows
the flume, which consists of a storage tank, a channel with two
different inclinations, and a deposition section consisting of an

Torrent (Mean) Froude number Fr Reference
lligraben catchment, Switzerland 0.45~1.41 McArdell et al. (2007)
Rio Reventado 0.50 Hiibl et al. (2009)
Lesser Almatinka 0.84

Wrightwood Canyon (1941) 0.87

Wrightwood Canyon (1969) 0.95

Bullock Greek 1.26

Hunshui Gully 1.90

Nojiri River 271

Pine Creek 7.56

Torrents in Hong Kong ~3.00 Kwan et al. (2015)
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Fig. 2 Setup of flume model tests. (a) Side view of flume model; inset: a natural debris flow channel in Kangding county, Sichuan, China; (b) plan view of flume model;
(c) model slit dam (all dimensions in m); and (d) the system of the pore water pressure sensor

Landslides |



| Original Paper

unchannelized horizontal plate (2.5-m long and 1.5-m wide). The
storage tank has dimensions of 1.0 m in length, 0.3 m in width, and
0.8 m in depth, with capacity of 0.15 m*® when inclined at 30°. The
debris mixture within the storage tank is retained using a gate,
which is controlled manually. The inset in Fig. 2a shows a natural
debris-flow sloping channel in Kangding county, Sichuan, China.
Natural debris-flow channels typically consist of two angles. The
upper part of the channel with steeper angle is usually regarded as
a transportation zone, and the lower part as deposition zone.

In the model tests, the upper section of the channel is inclined
at 30° and has a length of 3.0 m. The downstream section is
inclined at 7.6° and has a length of 4.0 m. To observe the run-
out distance of the debris flow, the outlet of the flume was con-
nected to the horizontal plate. The channel bed is made up by steel
plate. The channel-bed roughness is characterized by interface
friction angle between the channel bed and granular used in the
tests. It was measured in laboratory using the method reported by
Savage and Hutter (1989). The interface friction angle was mea-
sured as 25.3°. A model of slit dam was installed at 2.8 m upstream
of the intersection point between the outlet of the flume and the
horizontal plate (Fig. 2b). The slit dam consists of three posts
(Fig. 2¢). The post spacing of the model slit dam varies from
27 mm to 72 mm by decreasing thickness of the posts.

Instrumentation

To measure the flow depth of debris flows, three laser sensors
(Leuze, ODSL 30/V-30 M-S12, named Lasers A to C) with a reso-
lution of 1 mm were mounted at the top of the channel at moni-
toring sections A, B, and C. Meanwhile, three cameras (SONY
FDR-AX40, named camera A to C) with resolution of 1440 X 1080
pixels and frame rate of 25 frame per second (fps) were fixed over
the channel and adjacent to the laser sensors to capture the
kinematics of the test. Three grid lines, at interval of 0.01 m, were
drawn at the base of the channel at sections A, B, and C to

approximate the frontal velocity of the flow using the high-speed
cameras. The velocity of the debris flow front is quite disintegrated
after interacting with the slit dam, so the section C locates at 2.8 m
downstream of the slit dam, where the flow regime returns steady
after interaction with slit dam.

In addition, a fourth camera (Nikon D 610, named camera D),
with a resolution of 1280 X 720 pixels and frame rate of 60 fps, was
positioned at the side of the flume to capture the interaction process
between debris flow and slit dam. One differential strain-gauge pore
pressure transducer (PPT, model KPSI 735, 0~18 kPa) was used to
record the variation in pore water pressure of debris flow. Dia-
phragm of the transducer was separated from passing debris flow
by a two-way hollow cylinder with water filled (Iverson et al. 2010).
The top of cylinder was covered by a steel mesh filter to prevent the
debris into the hollow cylinder (See Fig. 2d).

The degree of liquefaction, which is defined as the ratio of pore
water pressure (o) to the total normal stress of debris flow (o), is
used to represent the normalized influence of basal pore pressure on
Coulomb resistance (Iverson et al. 2010). In this study, the total
normal stress (o,) was estimated by the bulk density and ap-
proaching flow depth, that is o, = pghcos6, where g is the gravitational
acceleration; and @ is the inclination of the channel (Iverson et al.
2010). Variation of the debris-flow parameters was recorded using
data loggers with a sampling rate of 20 Hz. In order to eliminate the
noise from the data loggers and external disturbances, the signals
were denoised by wavelet analysis method (Cui et al. 2015).

Experimental materials and program

The granular material for the tests was obtained from the debris-
flow deposition fan of the Jiangjia Ravine near DDFORS. The
granular material with diameters larger than 20 mm were removed
to make sure all particles flow smoothly in the flume (Cui et al.
2015). For particles lager than 0.25 mm, they were measured using
a set of sieves. The fine content, particles passing the 0.25 mm
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Fig. 3 Particle size distribution of the granular material
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sieve, was measured using a Malvern Mastersizer 2000, which is
designed to measure the size of small particles or the distribution
of different sizes within a sample, based on the laser diffraction
principle and particle size distribution statistics (Malvern
Instruments Ltd. 2007). Figure 3 shows the grain-size distribution
of the granular material used for the tests. The maximum diameter
(dmax) of the granular material is 20 mm and the median size (d;,)
is 3.6 mm. The bulk density of granular material was measured as
2680 kg/m? in the laboratory, and the void ratio is 0.6.

In this study, the water content of the debris flow, defined as the
ratio of mass of water to the mass of granular material, and the
relative post spacing were varied to discern their influence on the
flow-dam interaction. Six groups of tests were conducted using
different water content and relative post spacing. The range of
water contents was selected in the experiments based on trial and
error. When the water content of debris flow is less than 18% (15%
adopted), the granular-water mixture is not saturated. Besides, the
velocity of the flow is very slow and the debris stops upslope of the
slit dam. On the other hand, when the water content of debris flow
is greater than 38% (40% adopted), the Fr of approaching flow is
higher than 8.5, which exceeds the common Fr range of natural
debris flows. Therefore, the water content is varied from 18 to 38%
with an interval of 4% in this study, modeling debris flows with
different densities (i.e., varying from 2160 kg/m® to 1830 kg/m?
solid concentration varying from 0.69 to 0.50, respectively). The
narrow relative post spacings b/dp.x <2.0 (ie., b/d. =14 and
1.8) are used to check the retention function of a slit dam. The
range of the relative post spacing b/d ., varying from 2.3, 2.7, 3.1,
and 3.6 were adopted to study the regulation function of a slit dam
against debris flows. Prior to the slit-dam tests, reference tests
marked with R were carried out to characterize the flow dynamics.
Details of the modeling tests were summarized in Table 2.

Testing procedures

A series of reference tests (R-W18, R-W22, R-W26, R-W30, R-W34, and
R-W38) without slit dam were first carried out, which were regarded as a
reference to evaluate the regulation function of the slit dam in the slit-
dam tests. During the reference tests, the frontal velocity and flow depth
of the surge debris flow were recorded in sections A, B, and C.

After the tests, granular-water mixtures deposited upstream the
position where to install the model slit dam were collected and
weighed, which is used to remove the influence of the deposition
effect during the debris flow traveling in the channel without slit
dam (Choi et al. 2018). In the slit-dam tests, the interaction pro-
cesses between debris flows and slit dam were recorded. The
granular-water mixtures trapped by slit dam were collected and
weighed when the fluid phases stopped segregating from granular-
water mixture.

In all tests, the granular-water mixtures were continuously stirred
to prevent consolidation before opening the gate. The base of chan-
nel was kept wet prior to the release of sediments in each test in order
to model the wet ground. After the gate was pulled up vertically
within about 1s to ensure it be opened as rapid as possible, the data
logger was triggered and measurements were obtained simulta-
neously. The speed of gate opening makes little difference on the
experimental results, because the deviation of the approaching ve-
locity is about 2~11% in each group of tests. The run-out distance,
defined as the distance from the location where to install slit dam to
the frontal head of the deposited debris flow, was also measured.



Results of reference tests

As shown in Fig. 4a, the velocity measured in section A increases
with the water content from 18 to 38% in the reference tests without
slit dam. The velocity measured in section C is higher than that
measured in section A. Especially, for the test in which the debris
flow with 18% water content, the debris flow did not reach section C,
so the velocity measured in section B is adopted. The deposition rate
is defined as the ratio of the deposited mass of granular-water
mixtures located upstream the location where to install slit dam,
including the material left in the storage tank, to the total mass of
initial granular-water mixtures, which is used to characterize the
deposition effect of the debris flow during its traveling (Fig. 4b). It
is revealed that the deposition rate is about 40% in the test with water
content 18%. While in the test with 38% water content, the deposition
rate is about 4%. Figure 4c shows that the run-out distance also
increases with increasing water content. Relationship between the
degree of liquefaction and water content is also shown (Fig. 4d), and
more details will be discussed later.

Observed interaction process between debris flow and slit dam

In this section, the retention and regulation function of a slit dam
against debris flows is investigated. The interaction process be-
tween debris flows with different water content and slit dams with
different relative post spacing is also examined (Table 2). Two
typical water contents (i.e., W=18% and 30%) and two typical
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relative post spacings (i.e., b/dpax =1.4 and =3.1) are chosen to
illustrate the interaction process.

Test with low water content and narrow relative post spacing

Debris flow with low water content (low Fr condition) approaches
the slit dam with narrow relative post spacing. Taking the test S-
W18-1.4 for an example, a thin and wedge-shaped debris-flow front
approaches slit dam at ¢ = o s (Fig. 5a) and impacts on the slit dam
at t=0.22 s. The measured frontal velocity is 1.45 m/s (Fig. sb).
When the front of the debris flow impacts the slit dam, few debris
is observed to pass through the slit dam, majority of debris is
retained. Sediments depositing behind the slit dam form a dead
zone. Meanwhile, the flowing trajectory started to change and a
thin layer of run-up develops before the slit dam at t=o0.35s
(Fig. 5¢, d). As the interaction progress continues, more debris
pile up on top of the dead zone (Fig. 5e). Pileup occurs until the
sediments reach the highest point of the flow (Fig. 5f). Afterwards,
the deposited mass begins to propagate upstream along the surface
of dead zone (Fig. 5g). The deposits eventually reaches a static state
at =133 s (Fig. sh).

Test with low water content and wide relative post spacing
Debris flow with low water content (low Fr condition) approaches
the slit dam with wide relative post spacing. Taking the test S-W18-
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Fig. 4 Relationship between water content and (a) approaching velocity in section A, B (only for debris flow with W =18%), and C; (b) deposition rate; (c) run-out

distance; and (d) degree of liquefaction in the reference tests
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(a)t=0s

(e)t=0.66s

Pile-up

(d)£=0.56s

Static state

Fig. 5 Interaction process between debris flow with low water content (W = 18%) and slit dam with narrow relative post spacing (b/day = 1.4): test S-W18-1.4. DZ

represents “dead zone”

3.1 for an example, the measured frontal velocity is 1.46 m/s before
approaching to the slit dam (Fig. 6a, b). Similarly, run-up is
observed (Fig. 6¢, d), followed by pileup (Fig. 6e), and then the
upstream propagation of debris (Fig. 6f) before eventually
reaching a static state (Fig. 6h). The relative post spacing is 1.3
times larger than that in Fig. 5. This feature enables much more
debris to pass through the slits. With a larger slit spacing, up-
stream propagation of debris is less pronounced. Comparing Fig. 6
with Fig. 5, the water contents of debris flow are kept at 18%, with
the b/d .« increasing from 1.4 to 3.1. The interaction processes are
almost identical, except that more debris passes through the slit
dam in test S-W18-3.1 with a wider b/d ..

Test with high water content and narrow relative post spacing

Debris flow with high water content (high Fr condition) impacts
the slit dam with narrow relative post spacing. Taking the test S-
W30-1.4 for an example, a thinner debris-flow front with a faster
velocity of 3.5 m/s approaches the slit dam at ¢t = o s (Fig. 7a). Upon
impacting the slit dam, part of debris flow, main the slurry, passes
through the slit dam and develops distinct run-up along face of the
slit dam (Figs. 7b, c). Overtopping is observed at t = 0.26 s (Fig. 7¢)

| Landslides

and ¢t =o0.43 s (Fig. 7d). Run-up continues to overtop the slit dam
and the run-up region becomes thicker (Fig. 7d). Meanwhile,
rolling backwards occurs in the run-up region, where part of
debris flow hits the posts of the slit dam and is bounced backward
(Fig. 7d). The vertical jet begins to fall down towards the channel
base (Fig. 7e). At t=0.93 s, more distinct falling towards the
channel base is observed, and there is a bouncing phenomenon
when the granular-water mixtures splatter against the channel
base (Fig. 7f). Then the granular-water mixtures in the upstream
of the slit dam start to back flow and its depth increases (Fig. 7g).
At last, the sediments are retained by slit dam, and the slurry
contained in the granular-water mixtures flows through the slit
dam (Fig. 7h). After the interaction between debris flow and slit
dam, 63% drop in velocity is observed from the approaching
velocity 3.5 to 1.3 m/s measured in section C. Comparing Fig. 7
with Fig. 5, with the same b/d,ax = 1.35, the difference in interac-
tion process is obvious. The phenomena of run-up, dead zone,
pipe-up, and backflow occur during the interaction between debris
flow with water content of 18% and slit dam. However, when the
water content increases to 30%, the interaction processes include
run-up, overtopping, rolling backwards, bouncing phenomenon
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Fig. 6 Interaction process between debris flow with low water content (W =18%) and slit dam with wide relative post spacing (b/d . = 3.1): test S-W18-3.1. DZ
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after sediments splashing down to the base of the flume, backflow,
and no formation of dead zone is observed.

Test with high water content and wide relative post spacing

Debris flow with high water content (high Fr condition) impacts
on the slit dam with wide relative post spacing. Taking the test S-
W30-3.1 for an example, the measured frontal velocity of a thin
debris flow was 3.9 m/s (Fig. 8a). The debris flow impacts the slit
dam and more granular-water mixtures flow through the post
spacing. Meanwhile, the run-up mechanism is developed
(Fig. 8b). The run-up process continues along the face of slit
dam, but its region is not distinctly thicker than that observed in
test S-W30-1.4 (Fig. 8¢, d). No apparent overtopping is observed.
At t=0.67 s, rolling backwards occurs (Fig. 8e), which leads to a
bouncing phenomenon upstream the slit dam, and the debris flow
in downstream of slit dam starts to fall down to the channel base
(Fig. 8f). Then, the granular-water mixtures upstream of slit dam
start to back flow (Fig. 8g). Finally, majority of sediments flow
through the post spacing and a few is retained by the slit dam
(Fig. 8h).

Comparing Fig. 8 with Fig. 6, the water contents are 18% and
30% and the relative post spacing is 3.1. The main interaction
processes observed in Fig. 6 are run-up, formation of dead zone,
pileup, and backflow. However, in Fig. 8, when the debris flow
impacts on the slit dam, the interaction process is violent with the
granular-water mixtures flying through the slit dam. Small part of
debris flow runs up along the posts of slit dam and then falls down
to the base of the flume, causing a bouncing phenomenon (Fig. 8f).

Comparing Fig. 8 with Fig. 7, the water contents of debris flow
are kept at 30% and the b/d,.x also increases from 1.4 to 3.1. The
differences in these two tests are obvious. In test S-30-1.4, apparent
run-up, overtopping, backwater effect, and bouncing after the
debris flow falling down to base of the flume are observed. In
contrast, in test S-W30-3.1, due to the wider b/d,,,,, more debris
pass through the slit dam in a jet flow manner, and no overtopping
phenomenon is observed. The run-up and bouncing phenomenon
after the granular-water mixtures falling down occur, but they are
not obvious compared with those in test S-W30-1.4.

Regulation function of slit dam against debris flows

In this section, three factors, namely, velocity attenuation, trapping
efficiency, and run-out distance, are used to evaluate the regula-
tion function of slit dam.

Velocity attenuation

In previous study, velocity attenuation is regarded as one of the
significant functions of debris-flow barriers (Choi et al. 2016).
Moreover, the impact force is proportional to the velocity of debris
flow (Hiibl and Holzinger 2003; Scheidl et al. 2013; He et al. 2016).
Thus, velocity attenuation implies the impact force of debris flow
would reduce accordingly. It is noted that the velocities measured
in section C (or in section B for debris flow with 18% water
content) are lower than those measured in section A (Fig. 9a).
The velocity measured in section C demonstrates a positive corre-
lation with the increasing water content, which is consistent with
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Fig. 7 Interaction process between debris flow with high water content (W =30%) and slit dam with narrow relative post spacing (b/dy.x = 1.4): test S-W30-1.4

the frontal velocity measured in section A performed in the refer-
ence test (Fig. 4a).

In order to compare the trend of velocity attenuation with
varying water content and b/d,y the relationship of rate of
velocity attenuation R, water content, and relative post spacing
bld.x is plotted in Fig. gb. The definition of rate of velocity
attenuation R is expressed as follows:

Vsec.A_Vsec.C (2)

R = X 100%

Vsec.A

For tests with water content of 18%, the V.. ¢ is replaced by
Vsec. B in Eq. (2), because the debris flows with 18% water content
cannot reach the observation section C.

The rate of velocity attenuation R drops with water content in a
decreasing rate (Fig. 9b). W=126% could be regarded as an inflec-
tion point of this trend. In the range W <26%, with b/d,x in-
creasing from 1.4 to 3.6, rate of velocity attenuation R could drop
from 100 to 30%. Especially, for tests with W =18% and b/d,.x less
than or equal to 1.8, the rate of velocity attenuation R is 100%. In
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this condition, slit dam fully stops debris flow, which is consistent
with the previous finding with narrow relative post spacing (b/
dimax = 1.5~2.0). In the range W>26%, regardless of the post spac-
ing, the difference of rate of velocity attenuation is within 6~14%.
On the other hand, results also reveal 2.3 as an inflection point for
the relative post spacing of slit dam. In the range b/dp.x< 2.3,
within the water content considered in this study, rate of velocity
attenuation R drops from 100 to about 50%. In contrast, in the
range b/d,.x>2.3, rate of velocity attenuation R does not vary
much, with a drop about 12~28%.

Trapping efficiency

Trapping the sediments contained in debris flows can release the
risk of debris flows in blocking culverts and destroying down-
stream infrastructures. However, high trapping efficiency leads to
countermeasure structures to be easily filled up and lose their
designed regulation function. Therefore, it is imperative to ascer-
tain a reasonable trapping efficiency when designing slit dams. In
this study, trapping efficiency of slit dam is defined as the ratio
between mass of granular-water mixtures trapped by the slit dam
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Fig. 8 Interaction process between debris flow with high water content (W =30%) and slit dam with wide relative post spacing (b/d e = 3.1): test S-W30-3.1

(M—-M,) and the mass that would pass without slit dam installed
(M1—M,) and is expressed as follows (Choi et al. 2018):

r_ MM,

= X 100%
Mr—M,

(3)

where M is the mass of granular-water mixtures trapped by the slit
dam, including the material left in the storage tank; M, is the mass
of granular-water mixtures depositing on the base of flume, locat-
ing upstream of the position where to install slit dam in reference
test (Fig. 4¢); My is the total mass of granular-water mixtures used
in each test.

Figure 10 shows the relationship between trapping efficiency
and varying water content and relative post spacing. When the

water content of debris flow is 18% and the relative post spacing is
1.4, the spacing of slit dam is blocked by the debris flow as a result
the trapping efficiency gets to 100%. On the other hand, when the
water content is 38% and the relative post spacing is 3.6, no
granular-water mixtures are retained except the natural deposition
in the reference test without slit dam. Generally, trapping efficien-
cy decreases in a decreasing rate with the water content. It is
apparent that the water content (degree of liquefaction) strongly
controls the debris through the slit structure. In the range W<
26%, trapping efficiency T drop drastically with varying relative
post spacing. In contrast, in the range W>26%, the trapping
efficiency approaches constant. With regards the effects of relative
post spacing, as expected, higher b/d,,.x results in lower trapping
efficiency T. Especially, in the range b/d . > 2.3 and W>26%, less
than 12% of debris was retained by the slit dam.
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The trapping efficiency T generally decreases with the increas-
ing relative post spacing (Fig. 10). Especially, for the debris flows
W >26%, when b/d,,y < 2.3, the decline of trapping efficiency T is
apparently faster than that with b/d,,,,>2.3. It can be speculated
that b/d,,.x = 2.3 is a threshold for the formation of stable granular
arches. When b/d,,,x < 2.3, the big boulders at the front of debris
flow clog the post spacing, which contributes to the formation of
firm force chains behind the slit dam (Shima et al. 2016). As a
result, the trapping efficiency T is high (more than 20%). On the
contrary, when b/d,.x > 2.3, the contribution of big particles to the
formation of stable force chains become negligible. Accordingly,
the trapping efficiency T is low (less than 12%).

Change in run-out distance

Impeding the mobility of debris flow is regarded as a factor to
evaluate the regulation function of a slit dam in this study.
Figure 11a shows the relationship between the run-out distance,
bldnax and water content. In the reference tests with no slit dam,
when the water content increases from 18 to 38%, the run-out
distance increases from 2.23 to 5.04 m. In the slit-dam tests, as

expected, all the run-out distances are shorter than those in the
corresponding reference tests. The shortest run-out distance oc-
curs in the tests with W =18% in each group tests. In this study, the
rate of run-out distance reduction S is defined as the ratio of the
difference between the run-out distance (L,) in the reference test
and the run-out distance (L) in slit-dam tests over the run-out
distance in the reference test (L,):

L,—L
§=""x100%

(o]

(4)

The influence of water content and b/d,.x on the rate of run-
out distance reduction S is shown in Fig. 11b. Similarly, the degree
of liquefaction is also plotted to analyze its influence on the rate of
run-out distance reduction S. The rate of reduction in the run-out
distance decreases with the increasing water content. When the
water content is kept at 18%, with the b/d,,,,x increasing from 1.4 to
3.6, rate of run-out distance reduction S drops 71%. However,
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Fig. 11 (a) Run-out distance at varying water content and relative post spacing b/dx; (b) rate of run-out distance reduction S at varying water content and relative post

spacing b/dpax
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when W=22%, the drop in run-out distance reduction rate § is
21%. Furthermore, W>26%, the maximum differences in rate of
run-out distance reduction S is only 13~15% with the b/d.x in-
creasing from 1.4 to 3.6. This implies that, with water content W>
26%, post spacing has limited influence on the run-out distance
reduction.

Implications of the state of liquefaction

Based on the analysis of velocity attenuation, trapping efficiency,
and change in the run-out distance of debris flow, water content W
and relative post spacing b/d,,.x are two key variables influencing
on the interaction process and regulation effects. Especially, the
water content W= 26% and the b/d,,., = 2.3 are two critical values.
Hiirlimann et al. (2015) demonstrated that water content strongly
influences the run-out distance of debris flows by laboratory
experiments. Numerical simulations from Cui et al. (2017b)
showed that water contained in granular material results in the
change of basal effective stress. In fact, water content essentially
reflects degree of liquefaction of debris flows. Both flume experi-
ments (Iverson 1997; Iverson et al. 2010) and field observation
(McArdell et al. 2007; McCoy et al. 2010) suggested that the basual
fluid water pressure (proportional to the degree of liquefaction)
contributes the mobility of debris flow. In the present study, when
the water content W=26%, the degree of liquefaction of debris
flow is 55% (Fig. 4e). To further reveal the mechanism, the degree
of liquefaction is also plotted in Fig. ob, Fig. 10, and Fig. ub to
analyze the influence of debris-flows state.

With lower degree of liquefaction, the grain-contact effective
stress dominates. Force chains are much easier to be formed and
the internal shearing of solid grains is enhanced. From the energy
point of view, energy dissipation efficiency of the grain-contact
effective stress is much higher than the viscous stress of liquid
phase. Accordingly, the debris flows approach the slit dam with a
lower velocity. This explains why, when W < 26%, the debris flow

with a lower velocity impacts on the slit dam, no distinct
overtopping is observed, and the regulation effects are obviously
influenced by b/dp,y.

On the contrary, with high degree of liquefaction, the effective
stress of debris flow decreases, and debris flows are more fluid-
like. Thus the basal resistance becomes minor, leading to higher
mobility of debris flow. Besides, the inertial force of the solids
dominates during the movement, resulting in debris flow with a
higher energy approaching to the slit dam. Accordingly, when W>
26%, debris flow with a higher velocity impacts on slit dam. When
the relative post spacing b/dn.x is narrow, the granular-water
mixtures can run up and overtop the slit dam. That further
explains why when water content W>26%, the influence of rela-
tive post spacing b/dp,, on the regulation effects is less obvious.

Compromise between rate of velocity attenuation and trapping
efficiency

In this study, the experimental results show that there is a positive
correlation between the rate of velocity attenuation R and the
trapping efficiency T resulting from a slit dam (Fig. 12). When
the rate of velocity attenuation is high, the trapping efficiency is
also high. When the relative post spacing b/dy,,y is narrow, a high
rate of velocity attenuation means much of the flow kinetic energy
is dissipated by the slit dam. However, the high trapping efficiency
indicates that the slit dam can be easily filled up by the granular
materials carried by debris flow. On the contrary, a larger b/dax
leads to a lower rate of velocity attenuation and also a lower
trapping efficiency T. Majority of the debris would surge down-
stream with highly destructive power.

There is a conflict between rate of velocity attenuation R and
trapping efficiency T for slit dam to regulation debris flow, i.e.,
reaching a compromise between appropriate discharge velocity and
retention of debris volume Therefore, it is imperative to find a
compromised relative post spacing b/dy.x for the design of slit
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Fig. 12 Comparison between rate of velocity attenuation R and trapping efficiency T

| Landslides



dam to maintain its regulation function. A comparison of rate of
velocity attenuation R and trapping efficiency T under different b/
dinax is shown in Fig. 12. When W < 26% and b/d,,,.x < 2.3, the rates of
velocity attenuation range from 78 to 100%. Furthermore, a high
trapping efficiency from 37 to 100% is also observed. Whereas, when
W>26% and b/d,,,, > 2.3, the rate of velocity attenuation R varies
from 25 to 53%, and the trapping efficiency just ranges from o to 12%.
Slit dams are characterized by trapping function and regulation
function against debris flows. Accordingly, a new relationship
between velocity attenuation and trapping efficiency for the design
of slit dams is proposed. Slit dams can be mainly used to trap the
debris volume if the infrastructures need to be protected close to
the outlet of channels. In this scenario, the recommendation of
b/d .« for a slit dam depends on the characteristic of debris flows.
For instance, when b/d,,,,, = 1.8, trapping efficiency is about 100%
for debris flow with W=18%. Besides, the slit dams are mainly
used to attenuate the kinematic energy (velocity) instead of trap-
ping debris materials to prolong the service life. Based on the
findings in this study, when W>26%, the slit dams are recom-
mended to be constructed with a relative post spacing 2.3 <b/
Aimax < 3.6, which can provide a velocity attenuation of 25 to 53%
and a trapping efficiency within 12%. This can, to a large extent,
protect a slit dam from being easily filled up by sediments.

Conclusions

A set of flume experiments were carried out to study the effects of
varying the water content and relative post spacing on the regula-
tion function of a slit dam. The key findings from this study can be
drawn as:

1. The impact mechanisms of debris flow against slit dams are
governed by the parameters of relative post spacing and the
water content. More specifically, when water content < 26%, a
relative significant (more than 50%) amount of material is
retained upstream and pileup occurs during the interaction
processes, regardless of the relative post spacing up to 3.1.
When the water content >26% and the relative post spacing
bldmax<2.3 no significant accumulation of debris was ob-
served. However, smaller post spacing leads to flow constric-
tion and therefore overflow occurred. When the water content
>26% and the relative post spacing b/dy,.x > 2.3, neither accu-
mulation of material nor flow constriction was observed.

2. The regulation effects of a slit dam can be characterized using
velocity attenuation, trapping efficiency, and run-out distance.
By varying the water content from 18 to 38% and relative post
spacing from 1.4 to 3.6, the rate of velocity attenuation ranges
from 25 to 100%, the rate of run-out distance reduction in-
creases from 8 to 100%, and the trapping efficiency varies from
o to 100%. The results indicate that properly designed slit
dams can efficiently regulate debris flow to serve as a sustain-
able and low-maintenance structural countermeasure.

3. When water content W< 26%, the relative post spacing has
noticeable effects on rate of velocity attenuation, trapping
efficiency, and rate of run-out distance reduction. However,
when water content W>26%, the influence is negligible. This
is because water content essentially reflects the degree of
liquefaction (effective grain-contact stress) and capacity of
energy dissipation of debris flows due to the enhanced internal
shearing of debris flow influenced by low water content. High

degree of liquefaction leads to higher mobility with much
kinetic energy approaching the slit dam, resulting in distinct
overtopping, low velocity reduction ratio, and low trapping
efficiency.

4. A new relationship between velocity attenuation and trapping
efficiency for the design of slit dams is proposed aiming to
prolong the service life. When W >26%, the slit dam is recom-
mended with a relative post spacing between 2.3 and 3.6, which
provides velocity attenuation of 25 to 53% with trapping effi-
ciency from o to 12%.>

The findings presented in this study are based on the type of
debris flow from Jiangjia Ravine near the DDFORS and the given Fr
conditions (1.65 to 6.96). They are closely related to the approaching
Fr conditions and the relative post spacing. Therefore, the findings
can be extrapolated to other types of geological settings which could
provide the same approaching Fr conditions. As to the most adverse
conditions (e.g., fully saturated; Fr~10 or below 1.0), they are worth-
while to be further studied in future work.

By the field observation, it was found that big boulders can
accumulate at the front of debris flows, and the boulders were even
as large as the flow depth (Suwa 1988). Choi et al. (2018) studied
the influence of boulders on the performance of slit-type barrier
by flume mode tests. It was demonstrated that the presence of
boulders leads to blockage of the slit-type barrier resulting in a
greater reduction in the velocity of water-dominant debris flows.
Besides, the presence of driftwood affecting the function of open-
check dam has been also reported by Piton (2016) and Shima et al.
(2016). Accordingly, in further study, it is worth to explore on the
interactions between debris flows containing big boulders or drift-
wood and slit dam.
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