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ABSTRACT 6 

Debris flows, which mobilize large volumes of water, sediment, and woody debris, pose significant 7 
risks to human communities and infrastructure. In wildfire-affected forested areas, the 8 
accumulation of woody debris in drainage channels is exacerbated, thereby increasing the potential 9 
for more hazardous debris flows. To examine the influence of woody debris on debris flow 10 
dynamics, an inclined channel test, allowing the observation of woody debris flow in an inclined 11 
channel and its deposition in a horizontal tank, was conducted with highly concentrated woody-12 
debris suspensions composed of clay, silt, woody debris, and water. This study explores how 13 
variations in fine-sediment fraction (Cvf), woody debris proportion (Cvg), and woody debris size 14 
(Sw) impact flow behavior, including the entry speed (V0) into the horizontal tank, and deposition 15 
characteristics such as runout distance (LR), deposit width (WR), deposit thickness (HR), and final 16 
profiles on a 20o channel slope. To examine the influence of proportions and sizes of woody debris 17 
on the entry speed, an empirical equation is presented relating V0 to Cvf, Cvg, and Sw using multiple 18 
linear regression analysis. The results indicate that a higher Cvf and Cvg yields smaller entry speeds, 19 
leading to shorter runout distances, thicker deposits, and wider deposit extents. The tests of larger 20 
Sw generate larger entry speeds, resulting in longer runout distances while producing thinner and 21 
narrower deposits. Empirical equations relating V0  to LR  and WR  are also provided to further 22 
demonstrate the influence of entry speeds on the deposit characteristics. Additionally, a strong 23 
correlation was found between inclined channel test parameters (e.g., entry speed, runout distance, 24 
and maximum deposit width) and rheological parameters (e.g., yield stress and viscosity), 25 
suggesting that rheological properties can be indirectly estimated from inclined channel tests. 26 
These findings offer valuable insights for improving the understanding and prediction of woody 27 
debris flow behavior, particularly in post-wildfire landscapes. 28 

Keywords: Inclined channel test, woody-debris suspensions, rheological properties, entry speed, 29 
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1. INTRODUCTION 31 

Debris flows, composed of water, soil, sand, rocks, and organic materials such as woody debris, 32 
are destructive and dynamic natural phenomenon prevalent in mountainous regions [1, 2]. In 33 
wildfire-affected forested areas, these flows pose significant threats to human life, infrastructure, 34 
and ecosystems. The presence of woody debris can further exacerbate their destructive potential 35 
by influencing flow mobility, deposition patterns, and overall flow behavior [2]. Woody debris is 36 
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believed to affect various aspects of debris flow behavior, including flow speed, flow depth, runout 37 
distance, and deposition [3]. While debris flow behavior has been widely studied, most research 38 
has primarily focused on sediment flows, with less attention given to the influence of organic 39 
material such as woody debris. Consequently, its effect on flow dynamics and rheological 40 
properties remain poorly understood, particularly in post-wildfire environments [4]. 41 

Woody debris interacts with the sediment-water mixture, alters its rheological properties, 42 
which are fundamental for predicting debris flow dynamics, designing mitigation strategies, and 43 
improving hazard assessment models [2, 5]. Previous studies on yield-stress fluids have shown 44 
that rigid inclusions or bubbles can modify rheology mainly through a crowding effect that 45 
increases the effective solid fraction, thereby enhancing yield stress and viscosity. At higher 46 
concentrations, direct contact between inclusions may promote frictional flow and particle 47 
migration [6, 7]. From this perspective, woody debris could behave as passive inclusions that 48 
increase the effective volume fraction, or as active elements whose elongated geometry, low 49 
density, and rough surfaces intensify frictional contacts and modify stress transmission and 50 
migration [1, 5, 8-10]. Understanding these interactions is particularly important because 51 
rheological characteristics directly control debris flow mobility [11-13]. However, conventional 52 
rheometers are typically limited to measuring fine-particle suspensions and cannot fully capture 53 
the influence of coarse particles or woody debris [14]. To overcome these limitations, indirect 54 
approaches for estimating rheological properties have been explored. For instance, the slump test 55 
has been used to infer rheological parameters based on correlations with slump and spread 56 
measurements [15]. Building on this framework, inclined channel tests commonly employed to 57 
investigate the flow behavior and runout characteristics of yield-stress fluid [10], offer a promising 58 
indirect method for characterizing debris flows with coarse and organic components. Specifically, 59 
Ancey & Jorrot [16] found that increasing sediment fraction in clay-water suspensions (with 60 
channel slopes of 15o - 25o) substantially raised yield stress and viscosity, reducing flow speed 61 
and producing thicker deposits due to enhanced particle interactions. Similarly, Coussot et al. [12] 62 
demonstrated that clay-based fluids with sediment concentrations exceeding 20% transition from 63 
fluid-like to solid-like behavior, with yield stress grows roughly with the square of the 64 
concentration. This transition leads to shorter runout distances and greater deposit thickness. These 65 
studies show that higher sediment concentrations strengthen yield-stress effects, constraining flow 66 
mobility, and promoting deposition. Such insights are particularly relevant to debris flows 67 
containing coarse particles or woody debris, for which inclined channel tests provide a robust 68 
framework to infer rheological properties. 69 

This present study investigates how woody debris influences debris flow movement behavior 70 
and rheological characteristics in an inclined channel connected with a horizontal tank. Woody-71 
debris suspensions with varying fine-sediment fractions, woody debris proportions, and woody 72 
debris sizes were used for both inclined channel tests and rheometer measurements. The woody 73 
debris used in the present study were pine sticks with a constant diameter of 6 mm and lengths of 74 
10, 25, 40, and 55 mm, respectively. Through inclined channel tests, key flow parameters such as 75 
entry speed and deposit characteristics including runout distance, deposit width, deposit thickness, 76 
and final deposit profile in the horizontal tank, were measured and analyzed. Empirical equations 77 
were developed to relate entry speed to the fine-sediment fraction, woody debris proportion, and 78 
woody debris size using multiple linear regression analysis. The rheological characteristics of 79 
woody-debris suspensions were recorded using an ICAR rheometer, focusing on the effect of 80 
woody debris on rheological parameters, such as yield stress and viscosity. Furthermore, the 81 



3 
 

findings reveal significant correlations between rheological parameters (e.g., yield stress and 82 
viscosity) and inclined channel test parameters (e.g., entry speed, runout distance, and maximum 83 
deposit width). These results highlight the inclined channel test as a potential indirect method for 84 
estimating the rheological properties of debris flows containing woody debris.  85 

2. MATERIALS - WOODY-DEBRIS SUSPENSIONS 86 

In this study, woody-debris suspensions were prepared by mixing the fine-sediment suspensions, 87 
which contained fine-sediment fractions (Cvf  = 0.25, 0.30, and 0.35) with the woody debris of 88 
varying proportions (Cvg = 0.00, 0.05, 0.10, 0.15, 0.20, and 0.25, respectively) and sizes (Sw = 10, 89 
25, 40, and 55 mm, respectively), as shown in Table 1.  90 

The fine-sediment suspensions consisted of highly concentrated clay-silt-water mixtures, with 91 
a sediment fraction of Cvf. A volume (Vf) of clay-silt was thoroughly mixed with tap water of 92 
volume (Vw) to form a fine-sediment suspension with a fine-sediment fraction (Cvf), as described 93 
by the equation: 94 

Cvf = 
Vf

Vf + Vw
                                                                   (1) 95 

The clay-silt materials used in the experiments were collected from a reservoir deposition, 96 
washed multiple times, dried, and free of organic debris. These materials are consistent with those 97 
used in previous rheological studies by Jan & Dey [15] and Dey et al. [17], ensuring comparability 98 
with established research on fine-coarse particle suspensions. The clay component primarily 99 
comprises kaolinite, which is known to exhibit minimal thixotropic behavior compared to other 100 
clays such as bentonite [9]. The size distribution of the clay-silt materials is shown in Fig. 1a, with 101 
a medium diameter (D50) of 0.0036 mm and a particle density of 2.65 g/cm3 [24].  102 

To prepare the woody-debris suspensions, a volume (Vg) of woody debris, consisting of pine 103 
sticks with a fixed diameter  of 6 mm and lengths Sw  of 10, 25, 40, and 55 mm (Fig. 1b), 104 
respectively was mixed with a volume (Vf+Vw) of fine-sediment suspension. These woody debris 105 
lengths correspond to aspect ratios (AR = Sw/) of 1.67, 4.17, 6.67, and 9.17, and to bulk densities 106 
of 0.36, 0.32, 0.28, and 0.24 g/cm3, respectively. This mixture formed a woody-debris suspension 107 
with a defined woody debris proportion (Cvg).  108 

Cvg = Vg

Vg + Vf + Vw
                                                              (2) 109 

A woody-debris suspension, containing fine sediment and woody debris, has a total sediment 110 
concentration of Cvt.  111 

Cvt = 
Vf + Vg

Vg + Vf + Vw
                                                              (3)                                                     112 
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        113 
Fig. 1. (a) Size distribution of particles within the fine-sediment suspension and (b) woody debris 114 

attributes used in present experiments. 115 

To illustrate the woody-debris suspensions used in the experiments, Fig. 2 presents a visual 116 
comparison of three representative samples (C25-1, C25-3, and C25-5), each with the same fine-117 
sediment fraction (Cvf = 0.35) and woody debris size (Sw = 25 mm, corresponding to AR = 4.17), 118 
but different woody debris proportions (Cvg). These images highlight the woody debris distribution 119 
and overall mixture concentration as the Cvg  varies, which in turn influences the rheological 120 
properties, flow behavior, and deposition characteristics. 121 

 122 
Fig. 2. Visual comparison of woody-debris suspensions C25-1, C25-3, and C25-5 with Cvf = 0.35 and Sw 123 

= 25 mm but varying Cvg 124 

Table 1. Woody-debris suspensions and their corresponding sample numbers used in the present study. 125 

Fine-sediment suspensions 
Fine-sediment fraction, Cvf  0.25 0.30 0.35 
Sample number A B C 
Woody-debris suspensions with a base fine-sediment fraction, Cvf of 0.25 
Woody debris proportion, Cvg 0.00 0.05 0.10 0.15 0.20 0.25 
Total sediment concentration, Cvt 0.25 0.29 0.33 0.36 0.40 0.44 
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Sample No. for various woody 
debris sizes, Sw (AR):       

10 mm (1.67) A10-0 A10-1 A10-2 A10-3 A10-4 A10-5 
25 mm (4.17) A25-0 A25-1 A25-2 A25-3 A25-4 A25-5 
40 mm (6.67) A40-0 A40-1 A40-2 A40-3 A40-4 A40-5 
55 mm (9.17) A55-0 A55-1 A55-2 A55-3 A55-4 A55-5 
Woody-debris suspensions with a base fine-sediment fraction, Cvf of 0.30 
Woody debris proportion, Cvg 0.00 0.05 0.10 0.15 0.20 0.25 
Total sediment concentration, Cvt 0.30 0.34 0.37 0.41 0.44 0.48 
Sample No. for various woody 
debris sizes, Sw (AR):       

10 mm (1.67) B10-0 B10-1 B10-2 B10-3 B10-4 B10-5 
25 mm (4.17) B25-0 B25-1 B25-2 B25-3 B25-4 B25-5 
40 mm (6.67) B40-0 B40-1 B40-2 B40-3 B40-4 B40-5 
55 mm (9.17) B55-0 B55-1 B55-2 B55-3 B55-4 B55-5 
Woody-debris suspensions with a base fine-sediment fraction, Cvf of 0.35 
Woody debris proportion, Cvg 0.00 0.05 0.10 0.15 0.20 0.25 
Total sediment concentration, Cvt 0.35 0.38 0.42 0.45 0.48 0.51 
Sample No. for various woody 
debris sizes, Sw (AR):       

10 mm (1.67) C10-0 C10-1 C10-2 C10-3 C10-4 C10-5 
25 mm (4.17) C25-0 C25-1 C25-2 C25-3 C25-4 C25-5 
40 mm (6.67) C40-0 C40-1 C40-2 C40-3 C40-4 C40-5 
55 mm (9.17) C55-0 C55-1 C55-2 C55-3 C55-4 C55-5 

3. EXPERIMENTAL STUDY 126 
3.1. Inclined channel test 127 

The experimental setup comprises two primary components: an inclined channel and a 128 
horizontal tank. The inclined channel, designed from transparent plexiglass, has 2 m in length, 0.1 129 
m in width, and 0.2 m in height. A sliding gate at the upstream end serves as a suspension reservoir 130 
boundary (Fig. 3). At the lower end, the channel connects to a horizontal tank designed for 131 
suspension deposition, with dimensions of 1 m by 1 m. To facilitate accurate measurement and 132 
analysis of the deposit characteristics, the bottom of the horizontal tank is marked with a 1-cm grid. 133 
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 134 
Fig. 3. Sketch showing of the laboratory installation, definitions, and measurements associated with the 135 

inclined channel test. 136 

Each 2 liters of woody-debris suspension was released from a reservoir at the top of a 20° 137 
inclined channel by lifting a sliding gate. A slope of 20° was fixed for the tests as it reflects typical 138 
natural gradients where debris flows commonly initiate [2, 4], and is consistent with previous 139 
laboratory studies indicating that slopes between 15° and 25° are effective for simulating debris-140 
flow behavior under controlled conditions [18]. The suspensions traveled 1.3 meters before 141 
entering and settling into a horizontal tank. To observe the movement and deposition, a top-view 142 
camera captured the images in the horizontal tank, while a side-view camera recorded the flow in 143 
the inclined channel. The recorded videos were later analyzed to calculate the entry speed of the 144 
debris flow. Once the suspension came to rest on the horizontal tank, the runout distance, deposit 145 
width, deposit thickness, and final deposit profile were measured using a laser distance meter. The 146 
runout distance was tracked by following the leading edge of the suspension flow (Fig. 3). 147 

3.2. Rheological measurements using ICAR rheometer 148 

Rheological measurements of complex yield-stress fluids, such as woody-debris suspensions, 149 
are crucial for advancing the understanding of debris flow behavior. Similar approaches have long 150 
been established in the field of fresh concrete rheology, where rotational rheometers are widely 151 
used to determine yield stress (B) and plastic viscosity (μB) [19]. For instance, Jiao et al. [20] 152 
demonstrated that increasing aggregate content elevates yield stress by 20 - 40%, illustrating how 153 
coarse inclusions significantly enhance flow resistance. A comparable effect is observed in our 154 
suspensions, where the woody debris proportion (Cvg) markedly influences rheological properties. 155 
Unlike the relatively spherical or sub-angular aggregates in concrete, however, woody debris 156 



7 
 

exhibits anisotropic shapes and lower density, leading to unique challenges such as phase 157 
separation and enhanced inter-particle friction. To capture these complexities, this study employed 158 
an ICAR rheometer (Fig. 4), consisting of a large container, vane, and accompanying software, to 159 
reliably characterize the rheological properties of woody-debris suspensions. In detail, a container 160 
(RHM-3006) had a diameter of 355 mm and was filled with suspensions to a height of 380 mm. A 161 
four-bladed vane (RHM-3010), measuring 127 mm in both diameter and height, centrally 162 
positioned within the suspension, maintaining a 124-mm clearance above and below it (Fig. 4). 163 
The radius of the inner (Ri) and outer cylinders (Ro), were 63.5 mm and 177.5 mm, respectively, 164 
accommodating a maximum aggregate size of up to 25 mm. Additionally, outer cylinders are 165 
equipped with vertical strips to prevent slippage between the suspension and the steel surface. 166 

Rheological measurements were conducted on woody-debris suspensions composed of clay, 167 
silt, and woody debris. However, phase separation could occur due to density differences, causing 168 
woody debris to rise and accumulate on the surface. This vertical segregation is exacerbated by 169 
shear-induced particle migration, a common phenomenon in suspension rheology where particles 170 
migrate from regions of high shear rate (near the vane or walls) to low shear rate areas due to 171 
gradients in shear rate, inter-particle interactions, and suspension viscosity, leading to 172 
inhomogeneous distributions and reduced measurement accuracy, particularly at low fine-173 
sediment fractions [21-22]. In such cases, migration limits interaction with the rotating vane and 174 
can introduce apparent slip layers or diluted zones near shearing surfaces, distorting viscosity 175 
readings (Fig. 4) [22]. To mitigate these effects and ensure reliability, testing was limited to 176 
concentrated suspensions with Cvf = 0.35 and woody debris size of 25 mm (AR = 4.17), where the 177 
increased suspension viscosity and particle interactions minimize migration rates and vertical 178 
segregation, promoting a more homogeneous distribution [8]. 179 

 180 
Fig. 4. Schematic diagram of rheological measurement by a ICAR rheometer. 181 

Rheological measurements were performed using an ICAR rheometer equipped with a four-182 
bladed vane (diameter D = 127 mm, height h = 127 mm) rotating in a large cylindrical cup (internal 183 
diameter 355 mm). The data were interpreted using the established localized-yielding assumption 184 
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for wide-gap vane geometries, in which yielding is confined to a thin sheared layer around the 185 
vane (effective radius ≈ D/2), while the surrounding material undergoes rigid-body rotation [9, 23, 186 
24]. This provides the theoretical foundation for applying vane rheometry to pastes, suspensions, 187 
and debris-flow mixtures. Two types of tests were performed; in the stress growth tests, woody-188 
debris suspensions were sheared at a constant rotational speed of 0.025 rev/s (corresponding to a 189 
shear rate of approximately 0.20 s-1) for 60 seconds, and the static yield stress 0 was calculated 190 
from peak torque Tmax  using the standard vane expression accounting for shear on both the 191 
cylindrical surface and end faces [9, 24]: 192 

0 = Tmax ( 2
πD2) (1

h
+ 1

3D
)                                                       (4) 193 

During these tests, the shear stress stabilized after reaching its peak value, with no significant time-194 
dependent reduction, confirming that the kaolinite-based fine-sediment suspension is non-195 
thixotropic and that the flow reached a steady state. On the other hand, the flow curve tests for 196 
woody-debris suspensions were conducted to determine Bingham parameters (yield stress and 197 
viscosity), using a breakdown time of 20 s, a rotational speed range from 0.05 to 0.65 rev/s, 13 198 
measurement points, and 5 seconds per point. Eq. 5 was used to plot flow curves in relative units 199 
based on the best-fit line for each suspension: 200 

T = G + HN                                                                   (5) 201 

where T is the torque (Nm), G is the intercept (Nm) linked to Bingham yield stress B, H is the 202 
slope (Nm.s) linked to Bingham viscosity μB, and N is the rotational speed (rev/s) [25], as shown 203 
in Eq. 6:  204 

 = B + μBγ̇                                                                    (6)  205 

where, τ is shear stress (Pa), B is Bingham yield stress (Pa), μB is Bingham viscosity (Pa.s), and γ̇ 206 
is shear rate (s-1). Güneyisi et al. [26] provided an equation that enables the conversion of rotational 207 
speed (N) and torque (T) into key rheological parameters, shear stress () and shear rate (̇) using 208 
the manufacturer-supplied conversion constants, as shown below: 209 

 = 
(Ri

2+ Ro
2)

4hRi
2Ro

2 T                                                                 (7) 210 

̇ = 
(Ri

2+ Ro
2)

(Ro
2- Ri

2)
 N                                                                 (8) 211 

These constants are derived from Newtonian calibration and implicitly incorporate the localized-212 
yielding assumption together with end effects for the specific ICAR vane-cup geometry. Their use 213 
is well established for yield stress debris-flow materials containing large particles [27].  214 



9 
 

4. RESULTS AND DISCUSSIONS 215 
4.1. Flow behavior of woody-debris suspensions 216 

Woody-debris suspensions flowing down a 20° inclined channel and settling on a horizontal 217 
tank exhibit three main stages: first, the initial release and mobilization of the material; second, its 218 
transport along a 1.3-meter inclined channel; and third, the eventual deposition on the horizontal 219 
tank. The experiment also involved measuring the entry speed (V0) at the observation point, the 220 
intersection of supensions at the downstream of the inclined channel before the horizontal tank, as 221 
shown in Fig. 3a. The characteristics and deposition patterns of the final deposits are influenced 222 
by the fine-sediment fraction (Cvf), woody debris proportion (Cvg), and woody debris size (Sw).  223 

In this study, the value of V0 was determined from video recordings by measuring the runout 224 
length (∆L) downstream of the inclined channel over time (∆t), expressed as V0= ∆L / ∆t [28]. 225 
This parameter presents the speed at which sediment suspensions enter the horizontal tank. The 226 
influence of Cvf, Cvg, and Sw on the V0 was investigated for woody-debris suspensions under an 227 
inclined channel θ of 20o (Fig. 5). As illustrated in Fig. 5, the V0 exhibits a systematic decrease 228 
with increasing Cvf and Cvg. A slight increase in V0 is observed with larger Sw. This highlights the 229 
critical influence of fine-sediment fraction, woody debris proportion, and woody debris size on 230 
flow mobility and rheology. Specifically, a decrease in Cvf leads to reduced cohesion within the 231 
suspension, lowering its yield strength and allowing for faster initial acceleration. This is consistent 232 
with the established understanding that fine particles contribute to the cohesive properties of fluid-233 
suspension mixtures. Similarly, a lower Cvg minimizes internal resistance and obstruction within 234 
the flow, promoting smoother and more rapid movement. In contrast, an increase in Sw enhances 235 
V0, as larger particles reduce inter-particle crowding and frictional contacts, while size-driven 236 
segregation further lowers resistance and facilitates faster downslope motion [16]. As a result, the 237 
sediment suspension moves faster and travels further [1]. However, field observations show that 238 
larger Sw  often reduces V0  due to entrainment and jamming, driven by increased mechanical 239 
resistance and form drag from larger, denser elements [1, 13, 29]. In our laboratory setup, the 240 
minimization of large-scale jamming, unlike in natural terrains, allows the rheological influence 241 
of coarser fractions to prevail, resulting in higher entry speeds and longer runout distances [30]. 242 

Furthermore, the experimental results revealed that the Cvf had a stronger influence on the V0 243 
than either the Cvg  or Sw  (Fig. 5). This aligns with the findings of Ancey & Jorrot [16], who 244 
demonstrated that in sediment suspensions containing both fine and coarse particles, the 245 
rheological behavior is primarily governed by the fine-particle fraction, provided that its 246 
proportion exceeds that of the coarse particles. This suggests that in our experiments, the Cvf 247 
played a dominant role in controlling flow behavior, particularly when its proportion was greater 248 
than that of woody debris. The interplay between these factors highlights the complexity of woody-249 
debris suspension dynamics and the need to consider both sediment composition and woody debris 250 
characteristics when analyzing flow behavior. 251 
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     252 

 253 
Fig. 5. The entry speed V0  for the tests under different fine-sediment fraction Cvf , woody debris  254 

proportion Cvg, and woody debris size Sw of woody-debris suspensions at channel slopes  of 20o. 255 

As shown in Fig. 5, the V0 of woody-debris suspensions at a channel slope of 20o are strongly 256 
related to the Cvf, Cvg, and Sw. This relationship can be expressed by the following equation: 257 

V0 = a1Cvf + b1Cvg + c1Sw + d1                                                   (9) 258 

Through a multiple linear regression analysis, the fitting coefficients a1, b1, c1, and d1 for the 259 
present experimental conditions of 0.25 ≤ Cvf ≤ 0.35, 0 ≤ Cvg ≤ 0.25, and 10 ≤ Sw ≤ 55 mm at a 260 
20o channel slope were found to be -5.28, -1.75, 2.68, and 3.61, respectively where V0 in m/s and 261 
Sw in m. The obtained coefficients further reinforce that the Cvf has a more pronounced influence 262 
compared to Cvg and Sw. Figure 6 presents a comparison between the experimentally measured V0 263 
of different woody-debris suspensions and the V0 calculated using Eq. 9. The experimental data 264 
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closely follow a line that passes through the origin. With a coefficient of determination (R2 = 0.96), 265 
the results suggest that Eq. 9 provides a fairly accurate method for predicting V0 based on the Cvf, 266 
Cvg , and Sw  at a channel slope of 20o . Since entry speed is a crucial factor influencing the 267 
subsequent dynamics and deposition of debris flows, this predictive equation is valuable for both 268 
understanding and modeling these phenomena.  269 

To further enhance the understanding of yield-stress fluid behavior in channels with different 270 
debris-flow materials, we collected measured V0 for various sediment suspensions from Chang et 271 
al. [31] and Wang et al. [32], as summarized in Table 2. These studies examined materials with 272 
fine-sediment fractions (Cvf = 0.25 - 0.40), large-particle fractions (Cvg = 0.15 - 0.30), and large-273 
particle sizes (Sw  up to 100 mm). Using Eq. 9, we calculated the V0  for these samples and 274 
compared them with our experimental results. The comparison in Fig. 6 confirms that Eq. 9 reliably 275 
predicts V0 for a wide range of debris-flow materials. Notably, Chang et al. [31] and Wang et al. 276 
[32] observed results consistent with ours showing that higher Cvg increases B and μB, leading to 277 
reduced V0 due to the enhanced structural resistance provided by the woody debris matrix (Sw = 278 
25 mm). Conversely, lower Cvf  (0.25, 0.30) or smaller Sw  reduces B  by decreasing frictional 279 
interactions, thereby increasing V0 [1]. Steeper channel slopes amplify the gravitational driving 280 
force, further increasing V0, consistent with observations in debris flow studies [2]. 281 

Table 2. Properties of suspension samples and corresponding entry speeds (from literature). 282 

Reference  
(o) 

Cvf Cvg Sw  
(mm) 

Measured V0  
(m/s) 

Calculated (Eq. 
9) V0 (m/s) 

Chang et al. [31] 

20 0.25 0.15 9.5 2.27 2.28 
20 0.30 0.15 9.5 2.08 2.02 
20 0.30 0.20 9.5 1.91 1.93 
20 0.35 0.20 9.5 1.81 1.67 
20 0.35 0.25 9.5 1.63 1.58 

Wang et al. [32] 8.53 0.40 0.30 100 0.98 1.01 
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 283 
Fig. 6. The measured entry speeds compared with the calculated entry speeds for woody-debris 284 

suspensions with varying fine-sediment fractions, woody debris proportions, and woody debris sizes at 285 
channel slopes of 20o. 286 

4.2. Deposit characteristics 287 

This section presents the results of experiments that investigate the influence of fine-sediment 288 
fractions (Cvf ), woody debris proportions (Cvg ), and woody debris sizes (Sw ) on key deposit 289 
characteristics, including runout distance (LR), deposit width (WR), deposit thickness (HR), and 290 
final deposit profile. 291 

4.2.1. Effect of fine-sediment fraction, Cvf  292 

Figure 7 shows the final deposit profiles, including both longitudinal cross-sections and top-293 
views, were analyzed to estimate the behavior of woody-debris suspensions. These deposits were 294 
formed as suspension flowed down an inclined channel at a slope  of 20o  and settled in a 295 
horizontal tank. As illustrated in Fig. 7a, the longitudinal cross-sectional profiles reveal how 296 
varying Cvf (0.25 - 0.35) influence deposit characteristics while keeping the Cvg = 0.15 and Sw = 297 
55 mm constant. A lower Cvf produces thinner deposits that gradually diminish along the runout 298 
distance. In contrast, a higher Cvf results in thicker deposits, particularly at the front, where woody 299 
debris tends to accumulate. Figure 7b displays the top-view profiles, highlighting differences in 300 
deposit width evolution. Initially, the deposit expands in width before gradually narrowing as 301 
suspension propagates further. Lower Cvf form narrower deposits with longer runout distances, 302 
whereas those with higher Cvf exhibit progressively wider deposits and shorter runout distances. 303 
These results are consistent with previous findings on the influence of woody debris on runout 304 
distance, deposit width, and morphology, as presented by Takahashi [2]. 305 
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 306 

 307 
Fig. 7. Final deposit profiles: (a) longitudinal cross-sectional profiles and (b) top-view of deposits for 308 

tests under 𝜃 = 20o for woody-debris suspensions with same Cvg = 0.15 and Sw = 55 mm but different Cvf. 309 

4.2.2. Effect of woody debris proportion, Cvg 310 

The influence of Cvg (0 - 0.25) on deposit morphology is depicted in Fig. 8. The longitudinal 311 
cross-sectional profiles (Fig. 8a) illustrate results for suspensions with a fixed Cvf = 0.30 and Sw = 312 
55 mm, while varying Cvg. A lower Cvg results in thinner deposits with a gradual decline along the 313 
runout distance. Conversely, as Cvg increases, the deposits become noticeably thicker, maintaining 314 
their structure over a greater portion of the runout distance. Figure 8b further explores the effect 315 
of Cvg on deposit shape from a top-view perspective, showing an initial increase in deposit width, 316 
followed by a gradual decrease as the suspension progresses further into the horizontal tank. 317 
Suspensions with lower Cvg exhibit narrower deposit widths and longer runout distances, whereas 318 
those with higher Cvg display progressively wider deposit widths and shorter runout distances. 319 
This observation can be attributed to the woody debris, which increases the total sediment 320 
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concentration of the mixture (elevating Cvg), but more critically, induces mechanical resistance 321 
through jamming and interlocking effects at the flow front. These processes enhance basal friction 322 
and diffusivity, outweighing any temporary reduction in effective friction from elevated pore 323 
pressures, thereby decreasing flow speed and runout distance [17, 29]. These findings align with 324 
previous studies on the effects of woody debris on runout distance and overall deposit morphology, 325 
as reported by Lancaster et al. [13] and Rengers et al. [33]. 326 

 327 

 328 
Fig. 8. Final deposit profiles: (a) longitudinal cross-sectional profiles and (b) top-view of deposits for 329 

tests under 𝜃 = 20o for woody-debris suspensions with same Cvf = 0.30 and Sw = 55 mm but different Cvg. 330 

4.2.3. Effect of woody debris size, Sw (AR) 331 

Figure 9 provides insights into how woody debris size influences final deposit characteristics. 332 
The longitudinal cross-sections in Fig. 9a correspond to the woody-debris suspensions with a 333 
constant Cvf = 0.30 and Cvg = 0.20, while Sw varies from10 to 55 mm (AR = 1.67 - 9.17). The 334 
results show that larger Sw (AR) leads to thinner deposits, whereas smaller Sw (AR) contributes to 335 
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thicker deposits with a more gradual reduction in thickness along the runout distance. Examining 336 
the top-view deposit profiles in Fig. 9b, a clear distinction emerges in the spatial distribution of 337 
deposits. Suspensions with smaller Sw (AR) exhibit wider, more laterally spread deposits, while 338 
those with larger Sw (AR) tend to form narrower deposits with greater runout distances. These 339 
findings align with Matioli et al. [34], which similarly reported a strong relation of woody debris 340 
size to the flow width and runout distance. 341 

 342 

 343 
Fig. 9. Final deposit profiles: (a) longitudinal cross-sectional profiles and (b) top-view of deposits for 344 

tests under 𝜃 = 20o for woody-debris suspensions with same Cvf = 0.30 and Cvg = 0.20 but different Sw 345 
(AR). 346 

Overall, the results show that increasing the fine-sediment fraction and woody debris 347 
proportion lowers entry speeds, leading to shorter runout distances, thicker deposits, and wider 348 
extents. In contrast, larger woody debris sizes enhance entry speeds, resulting in longer runout 349 
distances while producing thinner and narrower deposits. Among the analyzed deposit 350 
characteristics, runout distance exhibited greater sensitivity to variations in deposit width and 351 
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thickness. This suggests that even minor changes in these parameters can substantially impact the 352 
extent of flow propagation. Furthermore, observations and final deposit profiles of woody-debris 353 
suspensions indicate that woody debris tends to accumulate at the front during movement and 354 
deposition [35, 36]. As a result, variations in deposit thickness, governed by material conditions 355 
are primiraly pronounced at the front of deposits (Figs. 7a, 8a, and 9a). 356 

4.3. Correlations between entry speeds and deposit characteristics  357 

Investigating the relationship between entry speed (V0) and deposit characteristics, such as 358 
runout distance (LR) and maximum deposit width (WR), is crucial for understanding debris flow 359 
dynamics and deposition mechanisms in inclined channel tests. Figure 10 illustrates the correlation 360 
between V0 and LR for woody-debris suspensions with varying Cvf, Cvg, and Sw. The results reveal 361 
a positive correlation, where higher V0 correspond to greater LR. This observed trend aligns with 362 
findings from Iverson et al. [4]. To better capture the influence of Cvf, the relationship between V0 363 
and LR was further evaluated separately for each tested value of Cvf  (0.25, 0.30, 0.35), 364 
corresponding to Eqs. 10, (11), and (12), respectively. These empirical relationships, established 365 
under varying conditions of Cvg and Sw, are expressed as power-law functions depending on the 366 
value of Cvf. 367 

LR = a2V0
b2                                                                (10) 368 

LR = a3V0
b3                                                                (11) 369 

LR = a4V0
b4                                                                 (12) 370 

The fitting parameters (a2, b2), (a3, b3), and (a4, b4) obtained from experimental data are (0.11, 371 
2.64), (0.15, 2.07), and (0.14, 1.87), respectively, where V0 is measured in m/s and LR in m. A 372 
noticeable decrease in the exponents b2 , b3 , and b4  with the reduction of Cvf  highlights the 373 
significant influence of Cvf  on both the V0  and the LR  observed in this study. Furthermore, the 374 
relationship between V0 and LR, as described in Eqs. 10, (11), and (12), is characterized by the 375 
exponents b2 = 2.64, b3 = 2.07, and b4 = 1.87, all of which are significantly greater than 1.0. This 376 
indicates a strong dependence of the LR on the V0 of woody-debris suspensions. Notably, even a 377 
slight increase in V0 can result in a significant extension of the LR. These findings underscore the 378 
critical role of entry speed in governing the final runout distance and deposit morphology, offering 379 
valuable insights for predictive modeling and the broader understanding of debris flow dynamics. 380 
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   381 

 382 
Fig. 10. The runout distance LR related to entry speed V0  for varying Cvf, Cvg, and Sw of woody-debris 383 

suspensions at channel slopes of 20o. 384 

Figure 11 illustrates the relationship between entry speed (V0) and maximum deposit width 385 
(WR) of the final deposits for the various tested woody-debris suspensions. The results indicate a 386 
negative correlation between V0 and WR, where an increase in V0 is associated with a decrease in 387 
WR. These inverse relationships are expressed mathematically for each tested value of the fine-388 
sediment fraction (Cvf) as follows: 389 

WR = a5 - b5V0
c5                                                             (13) 390 

WR = a6 - b6V0
c6                                                             (14) 391 

WR = a7 - b7V0
c7                                                              (15) 392 
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For suspensions tested under varying Cvg  and Sw , the fitted coefficient sets ( a5, b5, c5 ), 393 
(a6, b6, c6), and (a7, b7, c7), corresponding to Cvf (0.25, 0.30, 0.35), were found to be (0.48, 0.02, 394 
2.81), (0.45, 0.02, 3.31), and (0.48, 0.01, 4.15), respectively. In these models, V0 expressed in m/s 395 
and WR in m. Overall, the empirical equations presented in Eqs. 10-15 emphasize the considerable 396 
impact of the entry speed on the final characteristics of the deposit, particularly the runout distance 397 
and maximum deposit width. Although the results are specific to the experimental setup and 398 
materials, they provide useful insights for predictive models and a deeper understanding of debris 399 
flow behavior. 400 

    401 

 402 
Fig. 11. The maximum deposit width WR related to entry speed V0  for varying Cvf, Cvg, and Sw of 403 

woody-debris suspensions at channel slopes of 20o.  404 
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4.4. Rheological properties of woody-debris suspensions 405 

The rheological behavior of debris flow material arises from complex interactions between 406 
fluid viscosity, particle friction, and collisions, influenced by shear rate, sediment fraction, particle 407 
size, and sediment distribution [17]. In this study, the rheological properties of woody-debris 408 
suspensions were measured using an ICAR rheometer. Regarding the control of vertical 409 
segregation in woody debris, rheological measurements were performed on woody-debris 410 
suspensions with fine-sediment fraction (Cvf = 0.35) and woody debris size (Sw = 25 mm), while 411 
varying woody debris proportion (Cvg ). The suspensions showed a steady and homogeneous 412 
response, confirmed by stress growth tests, which revealed no significant time-dependent stress 413 
reduction, and by hysteresis tests, where torque-speed curves nearly overlapped during increasing 414 
and decreasing rotational speeds. These results indicate that the woody-debris suspensions 415 
achieved steady-state flow and the rheological measurements are reliable and reproducible. 416 

Figure 12 shows a linear correlation between torque (T) and rotational speed (N), which can 417 
be converted into shear stress () and shear rate (̇) using Eqs. 7 and (8). For woody-debris 418 
suspensions with a fine-sediment fraction of Cvf = 0.35, the rotational speed ranged from 0.05 to 419 
0.65 rev/s, producing to torque values between 0.20 and 0.48 Nm. These values convert to a shear 420 
rate of 0.40 to 5.30 s-1 and a shear stress ranging from 62.5 to 149.2 Pa. The flow curves in Fig. 421 
12, consistent with field shear rates below 10 s-1 [37], reveal distinct rheological behavior 422 
described by the Herschel-Bulkley model with power-law index n. Specifically, at low shear rates, 423 
the suspensions exhibit shear-thinning behavior (n < 1), characterized by a non-linear increase in 424 
shear stress that initially rises and then decreases, due to reduced viscosity from particle network 425 
breakdown or woody debris realignment, with fluid viscosity dominant. In contrast, at higher shear 426 
rates, a linear trend in shear stress emerges, which can be approximated by a Bingham fluid model 427 
(n = 1) as described in Eq. 6, consistent with findings of Ancey & Jorrot [16] and Dey et al. [17]. 428 

      429 
Fig. 12. Rheological relations of woody-debris suspensions with the same Cvf of 0.35 and Sw of 25 mm 430 

but different Cvg. 431 
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The influence of woody-debris volume fraction on the rheology is presented in dimensionless 432 
form in Fig. 13 and Table 3. Both the Bingham yield stress and viscosity increase markedly with 433 
increasing woody debris proportion. As shown in Fig. 13a, the relative yield stress (B /B0 ), 434 
collapses onto a single master curve when plotted against the reduced volume fraction Cvg/Cvg-max 435 
using a maximum packing fraction Cvg-max ≈ 0.58. This collapse aligns closely with literature data 436 
for suspensions of spherical beads in yield-stress matrices, which typically exhibit Cvg-max ≈ 0.62 437 
- 0.64 [17, 38, 39], indicating that yield-stress reinforcement in woody-debris suspensions is 438 
governed by a universal, largely shape-independent jamming mechanism. Figure 13b presents the 439 
relative viscosity (μB/μB0), of the same suspensions. The data are compared with the theoretical 440 
predictions of Chateau et al. [6] for non-colloidal inclusions suspended in a Herschel-Bulkley 441 
matrix of flow-behavior index n, using the same Cvg-max  ≈ 0.58. The experimental points fall 442 
between the Bingham-matrix bound (n = 1) and the strongly shear-thinning bound (n = 0.5), but 443 
increase markedly faster than the Bingham prediction. This stronger viscosity enhancement 444 
highlights the important contributions of particle anisotropy, surface friction, and mechanical 445 
interlocking of the elongated woody debris. Overall, while the yield stress follows a universal 446 
jamming-controlled scaling similar to spherical-particle systems, the plastic viscosity is 447 
substantially amplified by the elongated shape and frictional interactions of the woody elements. 448 

Table 3. Comparison of suspensions and their parameters reported by different researchers. 449 

Reference Suspension Cvg Cvg/Cvg-max B/B0 μB/μB0 

Present study Fine-sediment slurry + 
woody debris 

0 0 1.00 1.00 
0.05 0.09 1.06 1.17 
0.10 0.17 1.09 1.69 
0.15 0.26 1.18 1.95 
0.20 0.35 1.29 2.21 
0.25 0.43 1.54 2.90 

Dey et al. [17] Fine-sediment slurry + 
spherical glass beads 

0 0 1.00 - 
0.15 0.26 1.25 - 
0.20 0.35 1.42 - 
0.25 0.43 1.60 - 
0.30 0.52 1.79 - 

Mahaut et al. [38] Dense emulsions + 
spherical glass beads 

0 0 1.00 - 
0.15 0.26 1.06 - 
0.30 0.52 1.30 - 
0.40 0.69 1.96 - 
0.45 0.78 2.81 - 

Ovarlez et al. [39] Emulsions + spherical 
beads 

0 0 1.00 - 
0.20 0.35 1.65 - 
0.35 0.60 2.86 - 
0.50 0.86 6.05 - 

Note: B0 and μB0 values for the pure suspending fluid (Cvg = 0): Present study = 69.20 Pa, 0.42 Pa.s; Dey 450 
et al. = 11.58 Pa; Mahaut et al. [38] = 39.84 Pa; Ovarlez et al. [39] = 9.85 Pa. 451 
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     452 
Fig. 13. Scaling of (a) relative yield stress B/B0 and (b) relative viscosity μB/μB0 with reduced woody-453 

debris volume fraction Cvg/Cvg-max. 454 

4.5. Correlations between the rheological parameters and inclined channel test parameters 455 

During the inclined channel test, woody-debris suspensions flow down an inclined plane under 456 
the influence of gravity, mimicking natural debris flow dynamics. As the suspension begins to 457 
flow, its movement is governed by the applied shear stress generated by the gravitational force 458 
acting along the slope. The flow continues until the shear stress drops below the yield stress of the 459 
suspension, at which point the flow ceases, and deposition occurs on the horizontal tank. This 460 
process highlights a direct relationship between the flow behavior and rheological properties, such 461 
as yield stress, shear stress, viscosity, and shear rate. 462 

In this study, the rheological parameters (e.g., yield stress and viscosity) obtained from 463 
rheometer measurements were systematically compared with flow parameters (e.g., entry speed), 464 
and deposit parameters (e.g., runout distance and maximum deposit width) from inclined channel 465 
tests. These relationships are illustrated in Fig. 14. The analysis revealed strong linear correlations, 466 
with coefficients of determination (R2) ranging from 0.81 to 0.98 (Table 4). As noted by Cohen et 467 
al. [40], R2  values greater than 0.7 are typically considered strong, confirming a significant 468 
relationship between rheological properties and flow behaviors. Notably, the correlations 469 
involving entry speed and runout distance exhibited stronger relationships with rheological 470 
parameters than those involving maximum deposit width. These findings suggest that entry speed 471 
and runout distance, as obtained from inclined channel tests, may serve as viable indirect methods 472 
for estimating the rheological parameters of debris flows containing woody debris.  473 
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      474 

      475 

     476 

Fig. 14. The relationships between rheological parameters and inclined channel test parameters of woody-477 
debris suspensions with Cvf = 0.35 and Sw = 25 mm but different Cvg. 478 
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Table 4. The correlations between the rheological parameters and inclined channel test parameters of 479 
woody-debris suspensions. 480 

Correlation model 
Coefficients of model Coefficient of 

determination, R2 a b 

τB = aV0 + b -76.30 208.84 0.96 

μB = aV0 + b -1.64 3.47 0.94 

τB = aLR + b -103.16 132.57 0.98 

μB = aLR + b -2.31 1.87 0.98 

τB = aWR + b 271.30 -3.80 0.81 

μB = aWR + b 6.04 -1.16 0.87 

4.6. Mechanisms governing flow and deposition 481 

The experimental results from both the inclined channel tests and rheological measurements 482 
are governed by mechanisms related to the flow and deposition of woody-debris suspensions 483 
behaving as yield stress fluids. Their behavior could be interpreted within the 1-D depth-averaged 484 
momentum framework widely used for yield-stress geophysical flows [1, 41]:  485 

∂(hu)
∂t

+ ∂
∂x

(hu2+ 1
2

gh2 cos θ) = gh sin θ - b
ρ
                                        (16) 486 

where the gravitational driving term (gh sin θ) is balanced by the basal resistance b/ρ. For a 487 
Bingham fluid, b combines a constant yield component B and a viscous component typically 488 
expressed using closure relations of the form μB(u h⁄ ) in steady or slowly varying conditions [41]. 489 

4.6.1. Entry speed (V0) and flow along the inclined channel 490 

Along the 20o  inclined channel, the released 2 liters volume rapidly accelerates and then 491 
reaches a quasi-steady regime, nearly uniform flow over most of the 2 m length, as evidenced by 492 
the constant entry speed observed in high-speed recordings. In this regime, the momentum balance 493 
is dominated by the competition between gravitational driving and basal resistance: 494 

gh sin θ  b
ρ
                                                                  (17) 495 

Classical theory for homogeneous Bingham fluids indicates that the characteristic flow velocity U 496 
scales as [41]: 497 

 U = 
gh2 sin 

μB
 × f(ξ),      ξ = B

gh cos 
                               (18) 498 
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where f(ξ) is a monotonically decreasing function (f(0) = 1/3, f → 0 as ξ → 1). Although finite 499 
volume and particle segregation prevent fully uniform flow, the measured entry speed V0 (front 500 
velocity at channel exit) follows the same qualitative trends. Higher Cvf and Cvg increase both B 501 
and μB, thereby reducing V0 (Figs. 5 & 6). Conversely, longer woody debris (larger Sw) slightly 502 
increase V0 because the elongated particles rapidly align parallel to the flow direction (high-speed 503 
imaging), reducing transverse interlocking and effective basal friction, an anisotropic effect that 504 
lowers the effective b  below the bulk rheological prediction but remains compatible with the 505 
underlying momentum balance. 506 

4.6.2. Runout distance (LR), deposit width (WR), and deposit thickness (HR) 507 

Runout and deposit morphology are governed by dissipation of the momentum exported from 508 
the channel, set primarily by V0. Once the flow enters the horizontal tank and the driving term 509 
(gh sin θ) vanishes, the residual motion is arrested by yield-stress resistance. The depth-averaged 510 
momentum equation then describes decelerating flow with weak lateral spreading driven by the 511 
hydrostatic pressure gradient. For a homogeneous yield-stress fluid of fixed released volume (V) 512 
on a horizontal tank, self-similar gravity-current theory predicts the following scaling laws [42]: 513 

LR  V3/5B
-1/5                                                                (19) 514 

HR  V2/15B
3/5                                                              (20) 515 

since V = 2 liters is constant, higher bulk yield stress favours shorter runout and thicker deposits, 516 
trends clearly observed when Cvf or Cvg is increased. In the present suspensions, however, strong 517 
particle migration produces a woody-debris-rich frontal carpet that dramatically increases local b 518 
far beyond bulk values, causing premature arrest. Lateral spreading is strongly inhibited (narrower 519 
WR), and longer woody debris favor downstream alignment, yielding longer but thinner and 520 
narrower deposits. 521 

4.6.3. Particle-scale interactions and effective basal resistance 522 

The rheological tests were conducted at a Cvf = 0.35 and Cvg = 0.0 - 0.25, corresponding to Cvt 523 
= 0.35 - 0.51 (Table 1). This range places the suspensions in a high-concentration regime 524 
dominated by inter-particle contacts [38, 39]. In this regime, the woody debris, characterised by 525 
an elongated shape, representative size Sw = 25 mm, and low density ≈ 0.28 g/cm3, act as coarse, 526 
non-colloidal inclusions that intensify frictional interactions and jamming with the fine-sediment 527 
matrix. The rheological trends are fully consistent with homogenization theories for non-colloidal 528 
inclusions in yield-stress fluids, which predict that the relative yield stress diverges as the inclusion 529 
volume fraction approaches the maximum packing fraction [38, 39]: 530 

B

B0
  (1- 

Cvg

Cvg-max
)

-α
,                   (α  2)                            (21) 531 

The collapse of the present data in Fig. 13a gives Cvg-max ≈ 0.58. The elongated shape and low 532 
density of woody debris significantly reduce Cvg-max  relative to spherical particles (typically 533 
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Cvg-max ≈ 0.62 - 0.64 [17, 38, 39]), thereby amplifying both B and μB, leading to an exceptionally 534 
steep increase compared with the behavior of spherical beads at the same volume fraction. This 535 
friction-dominated rheology increases the effective b/ρ and explains the pronounced reductions 536 
in V0 and LR as Cvg increases (Figs. 5 & 10). 537 

5. CONCLUSIONS 538 

This study presents an indirect approach for estimating the rheological characteristics of 539 
woody-debris suspensions using an inclined channel test. By using woody-debris suspensions with 540 
varying fine-sediment fraction (Cvf), woody debris proportion (Cvg), and woody debris size (Sw), 541 
comprehensive analyses were conducted through both inclined channel tests and rheometer 542 
measurements. These analyses aimed to investigate the flow behavior (e.g., entry speed) deposit 543 
characteristics (e.g., runout distance, deposit width, deposit thickness, and final profile) and 544 
rheological properties (e.g., yield stress and viscosity). Experiments were conducted across a range 545 
of material compositions and particle sizes (0.25 ≤ Cvf ≤ 0.35, 0 ≤ Cvg ≤ 0.25, 10 ≤ Sw ≤ 55 mm). 546 
The key findings and conclusions of this study are summarized as follows: 547 

1. The entry speed systematically increases as the fine-sediment fraction (Cvf) and woody 548 
debris proportion (Cvg) decrease, and as the woody debris size (Sw) increases. This results in a 549 
greater runout distance and deposit thickness, while the deposit width decreases. Among these 550 
deposit parameters, the runout distance exhibits higher sensitivity to variations in deposit width 551 
and thickness. 552 

2. The rheological parameters, including Bingham yield stress and viscosity, are significantly 553 
influenced by the proportion of woody debris in the sediment suspensions. Higher proportions of 554 
woody debris result in increasing values for these parameters. 555 

3. The rheological parameters exhibit a strong correlation with inclined channel test 556 
parameters, highlighting the potential of using inclined channel tests as an indirect method for 557 
estimating the rheological properties of concentrated debris flows containing the larger woody 558 
debris. 559 

4. To gain a more comprehensive understanding of woody-debris suspension rheology and 560 
its relationship with inclined channel test parameters, further research should consider expanding 561 
the experimental range of fine-sediment fractions (Cvf) and woody debris sizes (Sw) in rheometer 562 
measurements. 563 
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