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Abstract 

There has been an increasing acknowledgement of debris flows as one of the most 
relevant geomorphic modifiers of many steepland valleys and fans. Despite it 
being a well-known phenomenon, debris flows are somehow unpredictable and 
complex to simulate. Due to several past harmful debris flows worldwide, there 
are already a significant number of mitigation structures with water and sediment 
control functions, which are essential features of short-term countermeasures 
against debris flows. 
     This paper is based on laboratory experiments carried out to test slit dams 
(open-type retention dams), usually used as a structural countermeasure to 
mitigate debris flows in steep torrential channels. Flume tests were conducted 
using a straight channel to assess the influence of different slit-dam solution types 
on the sediment retention efficiency against stony-type debris flows. Inspired by 
common slit dam solutions, two different piers layouts in plan view were tested. 
The experiments were performed with two different discharges and two different 
slopes. Experimental results about the sediment control efficiency are presented 
for the different tested solutions. 
Keywords: slit check-dam, debris flow, experimental study, sediment control 
efficiency, plan layout. 

1 Introduction 

Debris flows are one of the most dangerous and destructive water-related 
phenomena, inducing massive disasters in mountainous areas all over the world, 
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frequently including the loss of human lives. Therefore, these phenomena have 
attracted the attention not only by the society but also by the scientific community, 
resulting in the appearance of detailed studies for several debris-flow related 
topics, such as its genesis, behaviour and mitigation measures. 
     Debris flow mitigation measures are usually classified as structural and 
non-structural. Regarding to structural solutions, the most common is to construct 
check dams and to perform channel works [1, 2]. These solutions intend to control 
the transport and deposition processes of the sediments carried downstream by 
debris flows. Since check dams are considered as one of the simplest and most 
effective engineering measures against debris flows by many authors (e.g. [3, 4]), 
they were widely applied all over the world as a short-term mitigation measure. 
     However, due to their reduced storage capacity and poor permeability, closed 
type check dams are usually backfilled with sediment deposits transported by 
modest discharges before destructive debris flows occur. In fact, according to 
several historical records (e.g. [2, 5–7]), closed-type check dams tend to fail its 
function in a few years after their construction. In order to overcome this 
ineffective behaviour, open-type check-dam solutions have been developed since 
half of the 20th century and they are widely used at present in countries such as 
Austria, Japan, and Taiwan [8–10]. 
     In fact, whenever properly designed and employed, open-type check dams 
present a major function that the closed-type check dams lack: they allow finer 
(harmless) sediments to pass through, while trapping larger blocks with greater 
destructive capability. Consequently, they are preferable over closed-type check 
dams not only for their effectiveness during debris flow events but also for 
conserving as much as possible the natural environment and the landscape of 
mountain torrents, reducing the long-term downstream effects on morphological 
evolution [1, 2, 10]. 
     Open-type check dams can be materialized by many different solutions, mainly 
defined according to their functional openings’ shape and building materials (e.g. 
slit dams, slot dams, grid dams). Regarding to slit dams, they can present single or 
multiple functional openings which are usually vertical (slit), going from the 
dam’s base up to the top. For a dam with multiple slits, the piers are usually 
materialized by concrete or steel solutions. 
     The effectiveness of the slit dams in debris flows mitigation has been proven 
in several studies (e.g. [1, 2, 8, 11–14]). All those studies concluded that free 
spacings between the piers can be defined in order to decrease the debris flow peak 
discharge and to allow the non-harmful sediments to pass through freely, while 
catching the harmful sediments upstream of the dam. However, despite of several 
experimental and numerical studies already performed, the uncertainty typically 
associated with the design of open type structures for debris flow mitigation still 
persists. 
     Following the former study reported in Silva et al. [15], focused on evaluating 
the sediment control efficiency of different slit-dam configurations (as regards to 
piers shape and free spacing) to mitigate stony-type debris flow, the objective of 
this paper is to present and discuss the results of further experimental tests 
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performed to assess the influence different piers layout solutions in plan view for 
the sediment trapping efficiency of slit-check dams. 
     Accordingly, the experimental results which were previously presented and 
discussed in Silva et al. [15] for a usual slit-dam solution (i.e. transverse to the 
flow direction of piers plan layout) are herein considered as the reference results, 
and thus they were compared with the results for another piers layout solution in 
plan view for the same experimental conditions. 

2 Experimental setup and procedure 

2.1 Objectives of the experimental study 

In accordance with the aim of the present study, an experimental facility was 
designed and built in order to perform tests to assess the influence of different slit-
dam solutions on the sediment control efficiency to mitigate stony-type debris 
flows. 
     The design of the experimental setup was consistent with the type of the debris 
flows that occurred in Madeira Island, Portugal, in February 2010. 
     Besides the thirty three (33) flume tests which were reported in Silva et al. [15], 
eight (8) more flume tests were performed with a different solution of piers layout 
in plan view. 
     All flume tests were performed focusing on the assessment of the following 
main issues: 
- Trapping efficiency of different slit-dam solutions; 
- Slit-dam upstream deposition. 

2.2 Experimental setup 

The experiments were carried out at the Hydraulics Laboratory of Instituto 
Superior Técnico, Universidade de Lisboa, Portugal. 
     The experimental facility (Figure 1) comprised a 3.5 m long and 0.5 x 0.5 m x m 
square cross-section flume, representing an approximation of a 1/30 scale model 
of the central cross-section reach of Ribeira de São João, Madeira Island. The 
flume slope, i, was adjustable between 3.5% and 26.5% and was endowed with a 
water recirculating system. 
     The flume was equipped with a sediments feeding system composed by a 
hopper, a conveyor belt and a tilted PVC plate which guaranteed the solid material 
input at the upstream cross-section of the flume. 
     Immediately downstream of the flume, a sieve was installed which sorted the 
water from the solid material passing through the slit-dam. The slit-dam was 
placed at ≈ 0.60 m upstream of the flume downstream end. 

2.3 Experimental procedure 

Prior to each run, a given slit-dam (defined by the piers shape, free spacings and 
piers layout in plan view) was installed and the bottom of the flume was roughened 
through an erodible 5 cm deep layer of the same gravel as the gravel used as 
feeding material. 
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Figure 1: Scheme of the experimental setup. 

     The flume was continuously fed with water and gravel, resulting in a steady 
stony-type debris flow, which continued its movement downstream until the 
slit-dam or the sieve. The total volume of gravel involved in each run, Ve, including 
the 5 cm layer and the fed gravel, was approximately 0.525 m3, ensuring that the 
flume storage capacity (upstream of the slit dam) was not exceeded. The material 
fed (excluding the 5 cm layer) in each run was discharged from the hopper into 
the conveyor belt, falling into a tilted PVC plate, which ensured a sediment gravity 
driven input into the flow at the upstream cross-section of the tilting flume. 
     The inputs of any experiment were the apparent volume (including voids) of 
sediments involved, Ve, the slope of the flume, i, and the water discharge, Ql. 
     At the end of each test, the total volume of the discharged gravel (which passed 
through the slit dam) was measured in order to assess the slit dam trapping 
efficiency. 
     The debris flow deposition depths were measured with an adapted point gauge 
at five (5) different points (12.5 cm spaced) per cross-section for twelve (12) cross-
sections. 
     Additionally, debris flow deposition patterns and other qualitative aspects were 
assessed by a photo camera. 
     After each run, the main outputs were: 
- Volume of sediments passing through the slit-dam (Vs); 
- Gravel deposition depths upstream of the slit-dam. 

2.4 Physical properties of the gravel 

The solid material used in the experiments was composed by “naturally worn” 
gravel. It was defined by approximately scaling down, at a 1/30 scale, the 
sediments of Ribeira de São João, characterized through a field survey of a 4 
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meters deep deposits sample. The gravel grain size distribution is shown in Figure 
2. It is worth noting that the minimum sediment dimension was limited to 5 mm 
in order to prevent sediment recirculation, and hence avoid damage into the 
pumping system. 
 

 

Figure 2: Grain size distribution of sediments. 

     The main physical properties of the gravel are also presented in Table 1, where 
ρr = ρs/ρ is the relative sediment density, dmax is the maximum diameter, d50 is the 
median diameter, dn is the sieve diameter such that n% by weight is smaller and s 
is the internal friction angle. 

Table 1:  Main physical parameters of the solid material used in the experiments. 

ρr dmax (mm) d95 (mm) d84 (mm) d50 (mm) s (deg.) 

2.65 to 2.70 52 39 35 21 34 

 
     The mean Corey shape factor of the material used in the experiments, which 
characterizes the sphericity of the individual particles was SF = 0.61. SF is given 
by 

 
3

1 2

d
SF

d d
                                                     (1) 

where d1, d2 and d3 are respectively the longest, the medium and the smallest 
diameter measured along three perpendicular axes. 
     It should be noted here that the value of SF for natural sand is ≈ 0.7, while it 
must be slightly smaller for large blocks since, in nature, they undergo much 
shorter rolling and abrasion processes than sand. In other words, the solid material 
used in the experiments is believed to reproduce the overall shape of natural debris 
flow blocks. 
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2.5 Characteristic variables of the experimental study 

As previously mentioned, the aim of this paper is to present and discuss the 
efficiency of a different slit-dam solutions regarding to piers layout in plan view. 
     Accordingly, results from run tests at the same experimental conditions (as 
regards to water discharge, initial bed slope, grain size distribution, piers shape, 
relative spacing and slit-density) were compared for two (2) different slit-dam 
solutions: 
- transverse layout (see Figure 3(a)); 
- upstream looking V-shaped layout – hereafter called V-shaped layout (see 

Figure 3(b)). 
 

 

(a) (b) (c) 

Figure 3: Slit-dams in flume. Tested plan layouts and adopted piers shape 
(dimensions in millimetres). (a) Transverse layout; (b) V-shaped 
layout; and (c) Piers shape. 

     Following the former experimental tests reported in Silva et al. [15], flume tests 
with V-shaped layout were carried out for two different slopes, i: 10% and 20% 
and two different water discharges, Ql: 11 ls1 and 18 ls1. Gravel feeding rates 
were the same as those previously defined in flume tests for transverse layout, and 
hence varying between ≈3 l/min, for Ql = 11 ls1 and i = 10%, and ≈20 l/min, for 
Ql = 18 ls1 and i = 20%. 
     The free spacing, s, between the piers was defined according to the grain size 
distribution of sediments used in the flume tests, considering d95 as the reference 
length. The relative spacing values between the piers, s/d95, for the V-shaped 
layout tests were also defined following the experimental activity reported in Silva 
et al. [15] and they are within the range reported in former experimental studies 
(e.g. [1, 2, 8, 11]) for open-type dams (namely slit and grid dams). Consequently, 
two (2) different relative spacings were tested – 1.18 and 1.49 for the V-shaped 
layout. The relative spacing of 0.92 were also tested in order to complement the 
study with more information. 
     Therefore, the efficiency of two slit-dam solutions with different piers plan 
layouts were assessed based on the results of several experiments, for different 
combinations of variables mentioned above and summarized in Table 2. 
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Table 2:  Characteristic experimental tests variables. 

piers plan layout i (%) Ql (ls1) s/d95 
transverse 10; 20 11; 18 1.18; 1.36; 1,49 
V-shaped 10; 20 11; 18 0.92; 1.18; 1,49 

3 Experimental results and analysis 

3.1 Preliminary remarks 

In this study, the sediment trapping rates were obtained for the performed flume 
tests in order to assess the efficiency of each solution. 
     The sediment runoff rate, S, is defined as the ratio of the sediment runoff 
volume passing through the slit-dam, Vs, to the supplied sediment volume, Ve: 

s

e

V
S

V
                                                           (2) 

     Sediment trapping rate or efficiency, E, is defined as the ratio of the sediment 
retained by the slit-dam (Ve – Vs) to the supplied sediment volume, Ve. It is given 
by: 

E 1 S                                                          (3) 

3.2 Trapping efficiency 

Figure 4 shows the relationship between the sediment trapping efficiency, E, and 
the relative spacing s/d95 for the tested layout solutions. The results of sediment 
trapping efficiency for transverse and V-shaped layouts are also presented in Table 
3, for eight (8) different experimental conditions. 
 

 

Figure 4: Sediment trapping efficiency results for both plan layout solutions. 
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Table 3:  Sediment trapping efficiency results. 

       Efficiency E (%) 

Run 
tests 

Ql 
(ls1) 

i 
(%) 

Pier 
s 

(mm) 
s/d95 Σs/B 

Transverse 
layout 

V-shaped 
layout 

1 18 20 P2 46 1.18 0.64 89% 59% 

2 18 10 P2 46 1.18 0.64 90% 62% 

3 11 20 P2 46 1.18 0.64 92% 87% 

4 11 10 P2 46 1.18 0.64 95% 86% 

5 18 20 P2 58 1.49 0.70 ~0% ~0% 

6 11 10 P2 58 1.49 0.70 72% 41% 

7 11 20 P2 58 1.49 0.70 64% ~0% 

8 18 20 P2 36 0.92 0.58 - 95% 
s – free spacing between the piers; s/d95 – relative spacing (ratio of spacing width to d95); Σs/B – 
slit-density (ratio between the sum of all functional openings and slit-dam width). 

 
     It is clear that, for the same experimental conditions, V-shaped layout presents 
lower efficiencies than the transverse layout. The difference seems to be more 
notable for higher debris flow transport capacity conditions (run tests 1 and 2). On 
the other hand, for a given relative spacing, differences in sediment trapping rates 
tend to be less dependent of the plan layout solution for lower transport capacity 
conditions (run tests 3 and 4). 
     The results obtained for the run tests 4 and 6 also suggest that efficiency of V-
shaped layout is more influenced by the relative spacing than the transverse one, 
even for the lower flow transport capacity regime. In fact, for the V-shaped layout, 
an increase in relative spacing, s/d95, from 1.18 to 1.49 resulted in an 
approximately half efficient solution. This aspect is even more remarkable 
comparing the results of run tests 3 and 7, once V-shaped solution decreased from 
an 87% sediment trapping rate solution for a null one. 
     Moreover, the results clearly suggest that, for the tested experimental 
conditions, transverse layout is effective to mitigate stony-type debris flows 
whenever relative spacings of 1.0 to 1.4 were adopted. On the contrary, V-shaped 
layout showed low efficiencies for higher transport capacity flow regimes, even 
for a 1.18 relative spacing. In fact, the results of run test 8 suggest that it is 
necessary reduce the relative spacing to 0.92 in order to attain a V-shape solution 
with almost the same efficiency of a transverse layout solution with a relative 
spacing of 1.18. 
     The remarkable differences in sediment trapping rates of transverse and 
V-shaped layouts seem to result mainly from the following issue: V-shaped layout 
tends to take longer to clog the free spacings between the piers than the transverse 
layout. According to the performed experimental tests with the V-shaped layout, 
blocks which collide with the piers tend to become aligned to the preferential flow 
paths (Figure 5) between the piers and, frequently, to be deflected towards the 
sidewalls of the flume. This proneness is more evident for higher flow transport 
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capacity conditions, once sediments arrive to the slit-dam section with higher 
velocities, explaining the remarkable reduction in sediment trapping rates which 
V-shaped solution presents comparing with the transverse solution. 
 

(a) V-shaped layout. (b) Transverse layout. 

Figure 5: Schematic illustration of different situations due to simultaneous 
arrival of two gravels for V-shaped and transverse layouts. 

     Furthermore, flume sidewall effects may be non-negligible. Actually, the walls 
seem to enhance the sediments runoff, once a significant amount of particles tend 
to pass through the free spacings between the sidewalls of the flume and the closest 
piers. This effect shall be carefully assessed in the future. 

3.3 Slit-dam upstream deposition 

Figure 6 shows a comparison of the mean longitudinal bed profiles upstream of 
slit-dam considering V-shaped or transverse layouts for four (4) different 
experimental conditions (run tests 1 to 4 presented in Table 3). 
     The results presented in Figure 6 suggest that, for the tested solutions, piers 
plan layout has no significant influence on deposition pattern upstream of the slit-
dam. Actually, run tests 3 and 4 – Figure 6(c) and (d) respectively – show almost 
coincident mean bed profiles for the two tested plan layout solutions. Regarding 
to run tests 1 and 2 – Figure 6(a) and (b) respectively – it should be pointed that, 
comparing the results for transverse and V-shaped layouts, the notable differences 
in mean bed profiles are mainly due to significantly different sediment control 
efficiencies for higher transport capacity conditions. In fact, for the run tests 1 and 
2, the deposition bed profile measurements performed along the experimental run 
time (namely at 10 and 20 minutes after the begging of the experimental run tests 
1 and 2 respectively) confirmed that deposition pattern is very similar for the two 
tested layout solutions, while the final retained volumes are rather different. 
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(a) Run test 1. (b) Run test 2. 

 
(c) Run test 3. (d) Run test 4. 

Figure 6: Comparison of sediment deposit profiles upstream of the slit-dam for 
transverse and V-shaped layouts. 

 
     On the other hand, the results presented in Figure 6 also show that transport 
capacity of the flow regime is responsible for different deposition patterns 
upstream of the slit-dam. In fact, for the highest transport capacity conditions 
which were tested – run test 1 (Ql = 18 ls1 and i = 20%) – there was a remarkable 
bed slope decrease due to sediment deposition upstream of the dam for both plan 
layout solutions (see Table 4). Results also suggest that this process is 
progressively reduced for lower transport capacity. Actually, for the lowest 
transport capacity conditions which were tested – run tests 4 and 6 (Ql = 11 ls1 
and i = 10%) – there was a significant bed slope increase due to the gravel 
deposition upstream of the flume. Herein, it is worth noting that once sediments 
deposition upstream of the slit-dam progresses, percolating flow through the voids 
of the gravel deposits increases, reducing significantly the transport capacity of 
the flow regime and, hence, promoting the sediments deposition along the whole 
flume. 
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Table 4:  Mean bed slopes results due to gravel deposition upstream of the slit-
dam. 

 
Plan layout 

Run tests 

 1 2 3 4 6 7 

Initial bed slope i (%) 
Transverse 

and V-shaped 
20.0 10.0 20.0 10.0 10.0 20.0 

Final average bed 
slope if (%) 

Transverse 10.0 8.6 18.3 16.4 13.8 19.8 

V-shaped 9.5 8.8 20.7 17.4 12.7 - 

4 Conclusions 

The present experimental study demonstrates that efficiency of slit-dams to 
mitigate stony type debris flows is influenced by various variables, most of them 
previously studied by several authors (e.g. [1, 2, 8, 9, 11, 12, 15]), including the 
piers layout in plan view. 
     Actually, comparing the two tested plan layout solutions, experimental results 
suggest that transverse piers layout are more appropriate to mitigate stony-type 
debris flow than the V-shaped solution. In fact, for the same experimental 
conditions, V-shaped layout tends to take longer to clog the free spacings between 
the piers due to the tendency for the blocks to get the longer axes aligned with the 
flow direction. 
     Experimental results also show that plan layout solutions have no significant 
influence on the deposition pattern upstream of the slit-dam. However, debris flow 
transport capacity (which, in the present study, outcomes from a combination of 
water discharge and bed slope) does influence the deposition pattern. 
     The influence of different plan layouts for the efficiency of the slit-dams shall 
be assessed in the future for other layout solutions and debris flow regimes. 
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