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Abstract: Conventional slope protection systems are susceptible to runoě-induced erosion, surface-soil loss, and shallow soil defor-
mation under rainfall conditions. This study developed a Y-shaped bamboo structure integrating runoě interception and seepage 
drainage functions. Model tests and theoretical analysis were conducted to investigate the runoě interception eĜciency of the 
structure under simulated rainfall conditions. The results showed that the Y-shaped bamboo structure exhibited eěective runoě 
interception performance, with the cumulative intercepted runoě increasing approximately linearly with rainfall duration. The 
included angle between the two wings had the greatest eěect on runoě interception eĜciency, followed by wing length and wing 
diameter, with these three parameters collectively accounting for 93.04% of the total variance. Furthermore, a theoretical runoě 
interception model coupling weir Ěow theory with Darcy's law was developed and validated against laboratory model tests, show-
ing good agreement with the experimental results. The ęndings provide a theoretical basis for geometric optimization and support 
the potential application of Y-shaped bamboo structures in ecological slope protection. 

Keywords: Ecological slope protection; Y-shaped bamboo structure; surface runoě; intercepted runoě mass; theoretical 
model 

1. Introduction 

Rainfall-induced erosion is an important factor aěecting the long-term stability of slopes [1–3]. Rainfall inęltration 
increases soil water content and pore-water pressure, thereby reducing the shear strength of shallow soil layers and 
potentially causing surface deformation, failure of protective layers, and even shallow landslides [4–7]. Such rainfall-
induced hazards can have severe consequences. For example, intense rainfall in Wanzhou, China, in July 2023 triggered 
landslides and other geological disasters, resulting in 17 deaths [8]. These events highlight the need for eěective slope 
protection measures to intercept rainfall runoě and mitigate its erosive eěects and the adverse eěects of rainfall inęl-
tration. 

Various techniques have been developed to mitigate rainfall-induced slope erosion, including runoě interception, 
subsurface drainage, and surface protection. Runoě interception measures, such as straw check dams and sandbag 
barriers, are designed to intercept concentrated Ěow, reduce Ěow velocity, and promote sediment deposition [9–13]. 
Donald et al. [12] demonstrated that straw barriers could eěectively reduce peak runoě discharge and Ěow velocity 
while enhancing sediment retention, with their performance being strongly inĚuenced by porosity, compaction, and 
Ěexibility. Robichaud et al. [13] further showed that contour-aligned straw barriers could eěectively intercept concen-
trated runoě and promote sediment deposition. Subsurface drainage provides another means of mitigating the eěects 
of rainfall inęltration by facilitating the removal of inęltrated water and reducing pore-water pressure. Drainage sys-
tems incorporating PVC or HDPE pipes and straw blind drains have been employed to improve subsurface drainage 
conditions and enhance slope stability [14–15]. Zhang et al. [16] reported that appropriately conęgured drainage chan-
nels could promote the drainage of inęltrated water, reduce water accumulation and pore-water pressure buildup, and 
consequently mitigate rainfall-induced slope deformation. Surface protection measures, including straw mats and ero-
sion-control blankets, primarily increase surface roughness, aĴenuate raindrop impact, and reduce runoě velocity, 
thereby limiting soil detachment and sediment transport [17–19]. Chulhee Won et al. [20] investigated the use of straw 
mats for runoě and sediment control and found that they substantially reduced sediment loss and runoě turbidity 
under diěerent coverage conditions. Although these approaches have proven eěective, they generally focus on diěerent 
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aspects of rainfall-induced slope erosion. Runoě interception primarily regulates overland Ěow, subsurface drainage 
controls water accumulation within the soil, and surface protection shields the soil surface from direct rainfall and 
runoě action. Therefore, individual measures generally have limited ability to simultaneously provide runoě intercep-
tion, Ěow diversion, energy dissipation, and drainage. This limitation is particularly important under intense rainfall, 
when surface runoě and rainfall inęltration occur simultaneously and interact with each other. An integrated protection 
system that can coordinate these functions is therefore desirable. 

In this study, an integrated Y-shaped bamboo structure is proposed, consisting of two inclined wings that intercept 
overland Ěow and a central drainage stem that drains captured runoě into the subsoil. Laboratory rainfall erosion 
model tests were conducted to evaluate its hydraulic performance. A theoretical model was further developed to predict 
runoě interception performance by coupling weir Ěow theory with Darcy's law. The results provide a basis for geomet-
ric optimization and theoretical prediction of runoě interception performance, as well as for assessing the potential 
application of the proposed structure in rainfall-induced slope erosion control. 

2. Experimental program and methodology 

2.1. Design and fabrication of Y-shaped bamboo structure 

The Y-shaped bamboo structure was designed as an integrated structural unit to provide runoě interception, Ěow 
diversion, energy dissipation, and drainage. The two inclined wings were designed to intercept and redirect concen-
trated runoě, thereby reducing Ěow velocity and dissipating hydraulic energy before the runoě continued downslope. 
The central drainage stem was embedded into the soil to provide mechanical restraint through soil-bamboo interaction. 
The natural gaps between the bamboo elements may also provide preferential pathways for local water drainage. 

Based on this design concept, the structure was fabricated using bamboo culms assembled into bundles and vege-
tation-bag fabric. The bamboo culms were ęrst cut to the specięed dimensions and assembled into a Y-shaped conęgu-
ration consisting of one central drainage stem and two inclined wings. The specięc geometric parameters, including 
wing diameter, wing length, and included angle, were varied systematically as described in Section 2.3. The assembled 
bamboo framework was then wrapped with a single layer of polypropylene nonwoven vegetation-bag fabric to form 
an integrated structural component. No metal nails or other rigid fasteners were used at the joints, which avoided po-
tential joint loosening associated with corrosion. The ęnal conęguration of the Y-shaped bamboo structure is shown in 
Figure 1. 

2.2. Raw materials 

The bamboo used in this study was supplied by a commercial manufacturer. The culms were approximately one 
year old, and the specimens were obtained from internodal sections in the middle portion of the culms, approximately 
1-3 m above the base. The bamboo has an average outer diameter of 1.0 cm and an average wall thickness of 1.5 mm. 
At a moisture content of 12%, the bamboo has an average density of 0.68 g/cm3, a mean longitudinal compressive 
strength of 67.6 MPa, and a longitudinal shear strength of 11.1 MPa. For comparison, a solid-wood structure was also 
prepared (see Section 2.3). The solid-wood structure was fabricated from pine (Pinus spp.) with the same external ge-
ometry as the bamboo structure. At 12% moisture content, the pine has an average density of 0.55 g/cm3. Both bamboo 
and wood specimens were conditioned to 12% moisture content and left uncoated to maintain their natural surface 
conditions. The vegetation bags were made of polypropylene nonwoven vegetation bag fabric, with an areal mass of 
150 g/m² and a measured thickness of 0.86 mm. The saturated hydraulic conductivity and eěective porosity of the fabric 
are 0.042 cm/s and approximately 0.75, respectively. 

2.3. Experimental apparatus and slope model conęguration 

Indoor runoě interception tests under simulated rainfall were conducted in a transparent acrylic Ěume measuring 
70 cm × 70 cm × 70 cm (Figure 1). The transparent sidewalls enabled direct observation of runoě generation and 
Ěow development during rainfall. An impermeable acrylic slope model with a gradient of 1:2.5 was installed inside the 
Ěume, with an eěective slope length of approximately 65 cm. A drainage space was provided at the slope toe to facilitate 
collection and discharge of surface runoě. The Y-shaped structure was placed centrally on the slope surface, maintain-
ing a minimum clearance of 10 cm from the Ěume sidewalls to minimize boundary eěects. The slope surface was im-
permeable, resulting in a runoě coeĜcient approaching unity. This conęguration minimized the inĚuences of soil inęl-
tration and surface roughness, allowing the runoě interception performance of the bamboo structure to be evaluated 
under controlled conditions. 
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The Y-shaped bamboo structure was installed at designated positions on the slope, with the two wings extending 
along the slope surface. For comparison, a Y-shaped solid-wood structure with the same geometric conęguration and 
dimensions was also tested under identical conditions. In terms of the hydrological pathway, runoě captured by the 
two inclined wings was guided by gravity towards the central junction and subsequently discharged through the hol-
low central drainage stem into the central collection container. Conversely, any runoě not intercepted by the structure 
Ěowed directly down the impermeable slope surface and was collected in the two side containers. A rainfall simulator, 
consisting of a steel support frame and a sprinkler network, was mounted above the Ěume. The sprinkler heads were 
spaced 30 cm apart, and the water-supply pressure was adjusted to maintain a constant rainfall intensity of 60 mm/h. 
This intensity was selected based on the local 10-year return-period rainfall intensity. Prior to each test, the actual rain-
fall intensity was verięed using a standard rain gauge to ensure consistency with the target value. Three collection 
containers were positioned beneath the Ěume outlet. A runoě separation channel at the base of the model divided the 
collected water according to its Ěow path: the two side containers collected surface runoě Ěowing directly from the 
slope, whereas the central container collected water discharged through the lower end of the central drainage stem. 
Each container was placed on an electronic balance, and the mass of collected water was recorded at 2-min intervals. 

To systematically evaluate the eěects of wing geometry, three parameters were varied: wing diameter, wing length, 
and included angle. The wing length, included angle, and wing diameter were set at 20, 30, and 40 cm; 60°, 80°, 100°, 
and 120°; and 2, 3, 4, and 5 cm, respectively, resulting in 48 experimental combinations. Each combination was tested 
in triplicate, and the average values were used for subsequent analysis. The relative standard deviation among the three 
replicates was consistently below 5%, indicating satisfactory experimental reproducibility. 

 

Figure 1. Indoor runoě interception test. 

2.4. Experimental results 

2.4.1 Eěect of wing diameter  

Figure 2 shows the eěect of wing diameter on intercepted runoě mass. At a constant wing length of 20 cm and an 
included angle of 80°, both the Y-shaped bamboo structure and the Y-shaped solid-wood structure exhibited an ap-
proximately linear increase in intercepted runoě mass with rainfall duration. The runoě interception eĜciency was 
deęned as the proportion of total surface runoě that was captured by the structure and discharged through the central 
drainage stem. For the Y-shaped solid-wood structure with wing diameters of 2, 3, 4, and 5 cm, the ęnal intercepted 
runoě masses were 1.00, 1.10, 1.15, and 1.25 kg, corresponding to interception eĜciencies of 15.38%, 16.92%, 17.69%, 
and 19.23%, respectively. The Y-shaped bamboo structure intercepted 1.20, 1.25, 1.50, and 1.65 kg, achieving intercep-
tion eĜciencies of 18.46%, 19.23%, 23.08%, and 25.38%, respectively. These interception eĜciencies represent increases 
of 20.00%, 13.65%, 30.47%, and 31.98%, respectively, relative to the corresponding Y-shaped solid-wood structure. In-
creasing the wing diameter consistently improves runoě interception eĜciency for both structures. This improvement 
is likely related to the increased transverse structural scale of the wings, which enhances their capacity to intercept and 
convey approaching runoě toward the central junction. A larger wing diameter also provides a greater internal space 
within the bamboo bundle, potentially allowing more runoě to enter and pass through the structure before discharge 
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through the central drainage stem. The Y-shaped bamboo structure consistently exhibits higher runoě interception ef-
ęciency than the Y-shaped solid-wood structure at all tested wing diameters, which may be aĴributed to its tubular 
conęguration and associated internal Ěow pathways. These results indicate that wing diameter primarily inĚuences the 
interception and conveyance capacity of the structure. 

 

Figure 2. Eěect of wing diameter on intercepted runoě mass. 

2.4.2 Eěect of included angle 

Figure 3 shows the eěect of the included angle on intercepted runoě mass. As the included angle increased from 
60° to 80°, 100°, and 120°, the ęnal intercepted runoě mass of the Y-shaped solid-wood structure increased from 
0.80 to 1.00, 1.15, and 1.25 kg, corresponding to interception eĜciencies of 12.31%, 15.38%, 17.69%, and 19.23%, respec-
tively. For the Y-shaped bamboo structure, the corresponding intercepted runoě masses were 0.95, 1.20, 1.25, and 1.35 
kg, with interception eĜciencies of 14.62%, 18.46%, 19.23%, and 20.77%, respectively. Increasing the included angle 
progressively improves runoě interception eĜciency for both structures. Unlike wing diameter, which primarily 
changes the transverse structural scale, the included angle controls the spatial orientation of the two wings and the 
direction of intercepted runoě toward the central junction. The Y-shaped bamboo structure consistently exhibits higher 
runoě interception eĜciency than the Y-shaped solid-wood structure across all tested included angles, indicating a 
persistent interception advantage over the tested angle range. These results suggest that the included angle primarily 
governs the convergence and redistribution of intercepted runoě within the Y-shaped structure. 

.  

Figure 3. Eěect of the included angle on intercepted runoě mass. 

2.4.3 Eěect of wing length 
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Figure 4 shows the eěect of wing length on intercepted runoě mass and runoě interception eĜciency. With the 
wing diameter and included angle ęxed at 2 cm and 60°, respectively, the ęnal intercepted runoě mass of the Y-shaped 
bamboo structure increased from 0.95 to 1.25 kg as the wing length increased from 20 to 40 cm, corresponding to an 
increase in interception eĜciency from 14.62% to 19.23%. Under the same geometric conditions, the Y-shaped solid-
wood structure showed a smaller increase, from 0.80 to 1.05 kg, with interception eĜciency rising from 12.31% to 16.15%. 
The diěerence in intercepted runoě mass between the Y-shaped bamboo structure and the Y-shaped solid-wood struc-
ture increased from 0.15 kg at 20 cm to 0.20 kg at 40 cm. Increasing the wing length progressively improves runoě 
interception eĜciency for both structures. Unlike wing diameter, which primarily changes the transverse structural 
scale, wing length primarily governs the interception area and contact length along the slope, thereby inĚuencing the 
total amount of runoě that can be captured. A longer wing likely extends the transverse coverage of the structure, 
allowing it to intercept runoě from a wider Ěow section. The Y-shaped bamboo structure consistently exhibits higher 
runoě interception eĜciency than the Y-shaped solid-wood structure across all tested wing lengths, indicating a per-
sistent interception advantage over the tested length range. These results suggest that wing length primarily inĚuences 
the capture area and interception capacity of the structure. 

 

Figure 4. Rainfall collection performance of the structure under varying wing lengths. 

2.4.4 Sensitivity analysis 

To quantify the relative importance of the three geometric parameters, a sensitivity analysis was conducted using 
the 10-min intercepted runoě mass as the response variable. The 10-min value refers to the cumulative amount of runoě 
collected at the end of each 10-min test run, which is equivalent to the ęnal intercepted runoě mass reported in Sections 
2.4.1–2.4.3. Table 1 summarizes the range analysis results for the eěects of the three geometric parameters on the 10-
min intercepted runoě mass under diěerent parameter combinations. The range analysis indicated that the sensitivity 
ranking of the parameters followed the order of included angle > wing length > wing diameter. Notably, the mean range 
of the included angle was 2.53 times that of wing diameter, indicating that the 10-min intercepted runoě mass is more 
sensitive to changes in the included angle than to changes in wing diameter. The wing length exhibits the largest stand-
ard deviation among the three parameters, indicating greater variability in its sensitivity across diěerent experimental 
conditions. In contrast, wing diameter shows the lowest mean range and standard deviation, reĚecting a relatively weak 
and stable inĚuence. Overall, the range analysis identięed the included angle as the most sensitive parameter, followed 
by wing length, whereas wing diameter shows the weakest inĚuence. 

Table 2 presents the variance decomposition results based on analysis of variance (ANOVA). As shown in Table 2, 
the contribution percentages of the three main eěects follow the same order: included angle (52.59%) > wing length 
(31.57%) > wing diameter (8.88%), which is consistent with the sensitivity ranking obtained from the range analysis. The 
three main eěects collectively account for 93.04% of the total variance, indicating that the individual eěects of the three 
geometric parameters dominate the variation in the 10-min intercepted runoě mass. The interaction eěects collectively 
account for the remaining 6.96% of the total variance, with the wing length × included angle interaction contributing 
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5.18%, whereas the three interaction terms involving wing diameter collectively contribute only 1.78%. Wing diameter 
accounts for only 8.88% of the total variance, and its relatively small interaction contributions further indicate that wing 
diameter plays a comparatively limited role in the overall response. These results indicate that greater aĴention should 
be given to the included angle and wing length when optimizing runoě interception performance, whereas wing diam-
eter exhibits a relatively weak and stable inĚuence. 

Table 1. Range analysis of intercepted runoě mass. 

Parameter Range (kg) Mean range (kg) Standard deviation (kg) Sensitivity ranking 

Included angle(θ) 0.350~0.950 0.7375 0.1949 1 

Wing length (Ly) 0.250~0.850 0.5281 0.2038 2 

Wing diameter (dy) 0.150~ 0.450 0.2917 0.0954 3 

* Sensitivity ranks are 1, 2, and 3 from most to least sensitive. 

Table 2. ANOVA results and sensitivity analysis. 

Factor Sum of squares (SS) Contribution (%) Sensitivity ranking 

θ（main eěect of included angle） 3.6938 52.59% 1 

Ly（main eěect of wing length） 2.2176 31.57% 2 

dy（main eěect of wing diameter） 0.6238 8.88% 3 

Ly × θ（two-way interaction） 0.3641 5.18% - 

Ly × dy × θ（three-way interaction） 0.0676 0.96% - 

Ly × dy（two-way interaction） 0.0391 0.56% - 

dy × θ (two-way interaction) 0.0183 0.26% - 

Total SS 7.0242 100.00% - 

* Sensitivity ranks are 1, 2, and 3 from most to least sensitive. 

3. Theoretical calculations 

3.1 Model development 

As illustrated in Figure 5, a Y-shaped bamboo structure model was established to characterize the processes of 
runoě interception, inęltration, and drainage. To simplify the theoretical analysis, the following assumptions were 
adopted: 

(1) The rainfall intensity is uniformly distributed in both temporal and spatial domains; 
(2) Water Ěow within the vegetation bag wall follows Darcy's law[21,22]; 
(3) The surface runoě ęlm is treated as a laminar Ěow governed by the Nusselt ęlm Ěow theory[23,24]; 
(4) The water heads at the junctions of the two wings are assumed to be equal, and the resulting ponding depth is 

limited by the height of the retaining bund; 
(5) Water inęltrating into the bamboo bundle within the Y-shaped bamboo structure is assumed to drain entirely 

through the outlet at the boĴom of the bundle, while the amount of water penetrating through the vegetation bag into 
the underlying soil is neglected. 
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Figure 5. Schematic diagram of the Y-shaped bamboo structure model. 

3.1.1 Geometry and contributing areas 

The water-contributing areas associated with the Y-shaped bamboo structure were divided into two categories: the 
upslope surface area generating runoě and the projected area of the bamboo structure receiving direct rainfall. These 
two rainfall sources were treated separately to avoid double counting. 

The triangular contributing area enclosed by the two wings, A2, is calculated as: 

2

2

1

2
yA L sin=                                              (1) 

where, Ly is the wing length; θ is the included angle between the two wings. 
The lateral spacing between the two wing tips, Wtip, is determined as: 

2
2

tip yW L sin
 
 =
 

                                             (2) 

The rectangular contributing area located upslope of the Y-shaped structure, A3, is calculated as: 

3 tip upA W H=                                              (3) 

where, Hup is the upslope contributing Ěow length. 
Therefore, the total upslope contributing area generating surface runoě is: 

2 3cA A A= +                                              (4) 

The horizontal projected area of the Y-shaped bamboo structure is independently calculated as: 

1 s sA L d=                                              (5) 

where, Ls is the length of the central drainage stem; ds is the diameter of the central drainage stem. A1 is used only to 
determine the rainfall directly received by the bamboo structure and is not included in Ac. 

3.1.2 Rainfall input and unit wing-length inĚow 

Under a rainfall intensity I, the total runoě generated from the upslope contributing area is: 

,in total cQ IA=                                              (6) 

where, Qin,total is the total runoě inĚow to the Y-shaped structure. For the laboratory model, inęltration and other rainfall 
losses from the upslope contributing surface are neglected. 

The rainfall directly received by the bamboo structure is calculated as: 

1directQ IA=                                              (7) 

where, Qdirect is the direct rainfall input to the bamboo structure. 
Assuming that the upslope runoě is symmetrically distributed between the two wings, the inĚow rate per unit 

wing length is: 

=
2

in,total

in

y

Q
q

L
                                              (8) 
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where, q′in is the runoě inĚow rate per unit wing length. This assumption represents the average inĚow condition along 
the two wings in the laboratory model. It should be noted that Qin,total and Qdirect represent two independent rainfall inputs. 
The former is generated by the upslope contributing surface, whereas the laĴer falls directly onto the bamboo structure. 

3.1.3 Water balance and overĚow over the wing crest 
As runoě reaches the vegetation bag wall along each bamboo wing, the incoming water is partitioned into trans-

verse seepage through the bag wall and overĚow over the wing crest. Under quasi-steady conditions, the water balance 
per unit wing length is expressed as: 

0= +in overq q q                                               (9) 

where, q0 is the transverse seepage rate through the vegetation bag wall per unit wing length; q′over is the overĚow 
discharge per unit wing length. 

The overĚow discharge over the wing crest is described using the broad-crested weir equation: 
3/22gover w pondq C h =                                              (10) 

where, Cw is the weir discharge coeĜcient; hpond is the upstream ponding depth above the wing crest; g is the acceleration 
due to gravity. Eqs. (9) and (10) establish the relationship among runoě inĚow, transverse seepage, and surface overĚow. 
Thus, for a specięed rainfall intensity, the seepage rate, overĚow discharge, and ponding depth are determined from 
the coupled water-balance and hydraulic conditions rather than prescribed independently. 

3.1.4 Longitudinal seepage within the bamboo wing 

Water entering the bamboo bundle through the vegetation bag wall is transported longitudinally toward the Y-
shaped junction. Because the bamboo wings are installed on an inclined slope, the longitudinal hydraulic gradient is 
governed jointly by the pressure-head gradient and the gravitational component. Let x denote the longitudinal coordi-
nate measured from the wing tip toward the Y-shaped junction. The longitudinal seepage is described by Darcy's law 
using the total hydraulic gradient, which accounts for both the pressure-head and elevation gradients: 

x long void

dh dz
Q k A

dx dx

 = − + 
 

                                             (11) 

where, klong is the longitudinal hydraulic conductivity of the bamboo bundle; Avoid is the eěective void cross-sectional 
area of the bamboo bundle; h is the pressure head; z is the elevation head. 

For a bamboo bundle with an eěective porosity n, the eěective void cross-sectional area is given by: 

b voidA nA=                                              (12) 

where, Ab is the total cross-sectional area of the bamboo bundle. 
The wing tip is assumed to be exposed to atmospheric pressure and is therefore taken as the reference hydraulic-

head boundary. The boundary condition is expressed as: 

( )0 0h =                                              (13) 

The longitudinal seepage solution is obtained by integrating along the wing, with the transverse seepage through 
the vegetation bag wall providing the distributed water input. The longitudinal seepage equation is solved iteratively 
together with the transverse seepage relation given in Section 3.1.5. The resulting pressure head at the Y-shaped junction, 
i.e., at x=Ly, is denoted by hjunction. This junction pressure head provides the hydraulic driving force for subsequent inter-
nal seepage through the central drainage stem. 

3.1.5 Transverse seepage through the vegetation bag wall 
The transverse seepage through the vegetation bag wall is governed by Darcy's law. The seepage rate per unit wing 

length is expressed as: 

( )0 o

ba

u i

g

t n

k h
q H H


 

−





=


                                             (14) 

where, kbag is the hydraulic conductivity of the vegetation bag wall; δ is the bag-wall thickness of the vegetation bag; 
Wwet is the weĴed perimeter; Hout and Hin denote the hydraulic heads immediately outside and inside the vegetation bag 
wall, respectively. The hydraulic head diěerence is determined by the head diěerential between the exterior water level 
outside the vegetation bag and the internal pressure head within the bamboo bundle. Therefore, q0 is determined from 
the hydraulic-head distribution rather than introduced as an independent empirical input. The calculated seepage rate 
is incorporated into the longitudinal seepage analysis to determine the pressure head at the Y-shaped junction. An 
iterative procedure is adopted to obtain a converged solution for the coupled seepage and overĚow processes. 
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3.1.6 Flow partition at the boĴom of the central drainage stem 

At the Y-shaped junction, water transported through the two bamboo wings converges toward the central drainage 
stem. Meanwhile, rainfall directly received by the bamboo structure is divided between the external surface-Ěow and 
internal-seepage pathways. Accordingly, the total outĚow from the structure is considered to consist of two parallel 
pathways: surface Ěow Q1 and internal seepage Q2. 

Pathway 1: Surface Ěow: 
The fraction of direct rainfall contributing to the external surface-Ěow pathway is expressed as: 

,direct s directQ CQ=                                              (15) 

where, C is the surface-routing coeĜcient representing the fraction of direct rainfall routed along the external surface 
of the bamboo structure. 

The total overĚow discharge from the two bamboo wings is calculated as: 

over2over yQ L q=                                              (16) 

where, q′over is the overĚow discharge per unit wing length obtained from the water-balance equation and the broad-
crested weir equation. 

The surface-Ěow discharge reaching the boĴom of the central drainage stem is then expressed as: 

,1 direct soverQ Q Q= +                                              (17) 

where, Q1 represents the total surface-Ěow discharge. 
Pathway 2: Internal seepage through the bamboo bundle: 
The internal seepage discharge through the vertical bamboo rod driven by the hydraulic head developed at the Y-

shaped junction is determined according to Darcy's law: 

,

junction

stem stem void stem

s

h
Q k A

L
=                                              (18) 

where, Qstem is the seepage discharge through the central drainage stem driven by the hydraulic head at the Y-shaped 
junction; kstem is the eěective hydraulic conductivity of the central drainage stem; Avoid,stem is the eěective void cross-
sectional area of the central drainage stem, hjunction is the pressure head at the Y-shaped junction; LS is the length of the 
central drainage stem. 

The eěective void cross-sectional area of the central drainage stem is determined from its cross-sectional geometry 
and eěective porosity as: 

,void stem s sA n A=                                              (19) 

where, ns is the eěective porosity of the central drainage stem; As is the total cross-sectional area of the central drainage 
stem. 

The total internal-seepage discharge Q2 therefore comprises the Ěow transported from the bamboo wings and the 
fraction of direct rainfall entering the internal pathway: 

( )2 1stem directQ Q C Q= + −                                              (20) 

where, the ęrst term represents seepage transported from the wings through the Y-shaped junction, whereas the second 
term represents direct rainfall entering the internal pathway. 

3.1.7 Summary of theoretical interception under the representative operating condition 

Based on the parallel-Ěow-path framework described above, the theoretical runoě interception performance of the 
Y-shaped bamboo structure is determined from the combined surface-Ěow and internal-seepage pathways. The total 
water discharge collected at the boĴom outlet is therefore obtained by summing the two Ěow components: 

1 2 totalQ Q Q= +                                              (21) 

The calculated outlet discharge represents the total water routed through the Y-shaped bamboo structure under 
the specięed rainfall and geometric conditions. The model was subsequently validated against the indoor Ěume-test 
results to evaluate its predictive capability. 

3.2 Model validation 

To evaluate the predictive performance of the proposed theoretical model, it was applied to reproduce the results 
of the indoor model tests using the experimentally measured parameters. The model inputs were set as follows: I=0.10 
g/(cm²·min), T=10 min, d=4 cm, δ=0.086 cm, kbag=0.042 cm/s, klong=0.1 cm/s, φ=21.8°. The geometric parameters of the Y-
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shaped members are consistent with those used in the indoor Ěume tests, with θ=80°, Ly=30 cm, dy=3 cm, Hup=13 cm, ds=4 
cm, Ls=30 cm. 

Figure 6 compares the measured and predicted results. The theoretical predictions generally reproduce the trend 
of the experimental measurements, although a systematic underestimation is observed. This discrepancy is mainly at-
tributed to the simplięed treatment of the contributing water sources and Ěow processes. Specięcally, the present for-
mulation considers the upstream contributing area but does not explicitly account for lateral inĚow from the outer sides 
of the wing rods, splash-induced water supply, or additional interception associated with Ěow diversion around the 
rods. These eěects may increase the eěective water supply to or interception eěectiveness of the structure, thereby 
contributing to the higher interception observed experimentally. Incorporating these mechanisms into the theoretical 
framework may further improve its predictive accuracy. 

The overall prediction performance is quantięed by the error statistics presented in Table 3. The mean absolute 
error (MAE) is approximately 0.17 kg, the mean absolute percentage error (MAPE) is approximately 11.5%, and the 
coeĜcient of determination (R²) is greater than 0.90. The high R2 indicates a strong correspondence between the pre-
dicted and measured values, while the relatively low MAE and moderate MRE indicate that the model captures the 
overall variation in the measured response reasonably well despite the observed systematic underestimation. 

   

(a) Comparative results on the impact of 

wing diameter 

(b) Comparative results on the impact of 

included angle 

(c) Comparative results on the impact of   

wing length 

Figure 6. Comparison of measured and predicted results. 

Table 3. Global error indicators for model validation. 

Indicator Value Evaluation criterion Grade 

Mean Squared Error (MSE) 0.043229 kg² — — 

Root Mean Squared Error (RMSE) 0.2079 kg — — 

Mean Absolute Error (MAE) 0.1731 kg — — 

Mean Absolute Percentage Error (MAPE) 11.54% 10%–20% [25] Good 

Correlation coeĜcient (R) 0.9534 |R| ≥ 0.90 Very strong 

CoeĜcient of determination (R²) 0.9090 R²=(0.9534)² — 

Nash–Sutcliěe eĜciency (NSE) 0.7046 0.65–0.75 [26] Good 

Normalized RMSE by mean (CV-RMSE) 12.63% 10%–20% Good 

4. Discussion 

The experimental and theoretical results demonstrate that the Y-shaped bamboo structure can eěectively intercept 
and regulate surface runoě through its coupled geometric and hydraulic characteristics. As a natural biomass material, 
bamboo also oěers advantages in terms of strength-to-weight ratio, ease of processing, and environmental compatibility, 
supporting its potential application in ecological slope protection[27,28]. However, the durability of bamboo-based 
structures remains an important consideration for long-term ęeld application. The accelerated aging tests showed that 
the runoě interception eĜciency decreased by approximately 4% after 30 combined drying-weĴing and freeze-thaw 



  

11 of 13 

cycles, while the basic interception function was retained. This moderate reduction indicates that repeated environmen-
tal exposure can progressively aěect the hydraulic performance of the structure. Repeated drying and weĴing may 
induce cyclic swelling and shrinkage of bamboo tissues, potentially altering the continuity of internal Ěow pathways 
and the contact conditions between bamboo elements[29]. Freeze-thaw cycling may further promote microstructural 
damage through repeated water-ice phase transitions and weaken the conęnement provided by the vegetation bag[30]. 
These processes may collectively modify the storage and conveyance characteristics of the bamboo bundle, thereby 
reducing its eěective runoě interception capacity. Nevertheless, the present tests were conducted under controlled la-
boratory conditions and primarily represent a short-term degradation tendency. The observed 4% reduction should 
therefore not be directly interpreted as a ęeld-scale service-life aĴenuation rate, because natural exposure also involves 
ultraviolet radiation, microbial activity, seasonal moisture Ěuctuations, and other environmental factors[31,32]. 

Moreover, the present erosion tests were conducted on a relatively small acrylic slope with a ęxed gradient of 1:2.5, 
which provided well-controlled conditions for isolating the eěects of structural parameters but does not fully reproduce 
the hydraulic and soil conditions of natural slopes. Natural slopes are characterized by heterogeneous soil properties, 
surface roughness, preferential Ěow paths, vegetation, and spatial variations in moisture content, all of which can mod-
ify runoě generation and inęltration. In addition, slope gradient can alter runoě velocity, hydraulic shear stress, and 
the conditions for ponding and overĚow[33]. Therefore, the geometric parameters optimized under the present condi-
tions should not be regarded as universal design values for all slope conęgurations. The relatively small Ěume dimen-
sions (70 cm×70 cm) may also have introduced sidewall eěects by restricting lateral runoě spreading and modifying 
Ěow convergence toward the Y-shaped structure[34]. Accordingly, the present results should be regarded as a mecha-
nistic and experimental basis for the design of Y-shaped bamboo structures rather than a direct ęeld-design criterion. 
Future investigations should evaluate a broader range of rainfall intensities, slope gradients, slope lengths, and soil 
types using larger-scale models and natural rainfall conditions. Long-term ęeld monitoring combined with multi-factor 
aging tests will also be required to quantify durability-related performance aĴenuation and establish appropriate cor-
rection factors for practical engineering design. 

5. Conclusions 

This study proposed and experimentally evaluated an ecological slope protection technique based on a Y-shaped 
bamboo structure, and developed a coupled theoretical model to interpret its runoě interception mechanisms. The main 
conclusions are summarized as follows: 

(1) The cumulative runoě interception of the Y-shaped bamboo structure increased nearly linearly with rainfall 
duration. Compared with solid wood components, the Y-shaped structure consistently exhibited higher interception 
eĜciency, highlighting the potential of bamboo as a sustainable material for ecological slope protection. 

(2) The sensitivity of interception eĜciency to geometric parameters followed the order: included angle > wing 
length > wing diameter. These three parameters together accounted for 93.04% of the total variance, indicating that the 
macroscopic geometric conęguration was the dominant factor governing interception eĜciency. 

(3) A theoretical runoě interception model coupling weir Ěow theory with Darcy’s law was established and vali-
dated against laboratory model tests, demonstrating satisfactory predictive performance. The model provides an eěec-
tive predictive framework and theoretical basis for the design and optimization of bamboo-based runoě interception 
structures for ecological slope protection. 
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