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Abstract Quantifying sediment transport rates in mountainous streams is important for hazard
prediction, stream restoration, and landscape evolution. While much of the channel network has steep
bed slopes, little is known about the mechanisms of sediment transport for bed slopes between

10% < S < 30%, where both fluvial transport and debris flows occur. To explore these slopes, we
performed experiments in a 12-m-long sediment recirculating flume with a nearly uniform gravel bed. At
20% and 30% bed gradients, we observed a 4-to-10 particle-diameter thick, highly concentrated sheetflow
layer between the static bed below and the more dilute bedload layer above. Sheetflow thickness
increased with steeper bed slopes, and particle velocities increased with bed shear velocity. Sheetflows
occurred at Shields stresses close to the predicted bedload-to-debris flow transition, suggesting a change
of behavior from bedload to sheetflow to debris flow as the bed steepens.

Plain Language Summary Sediment transport within mountain rivers controls their shape,
supplies sediment downstream for aquatic habitat, and can be a major hazard to life and infrastructure.
Sediment tends to move by river processes where channel slopes are relatively gentle and by debris flows
at very steep gradients; however, the mode of transport is not understood for the range of bed slopes in
between. To address this knowledge gap, we performed laboratory experiments in a steep, 12-m-long
flume to determine when and where river processes transition to debris flows. Surprisingly, we found a
distinct third mode of transport developed called sheetflow. Sheetflows are dense granular slurries that are
a hybrid between traditional river transport and debris flows. They occur on lower gradient sandy beds
under high shear stresses but have not been previously documented in steep mountain streams. We map
the parameter space where sheetflows occur, and quantify controls on their thickness and particle
velocities. Our results indicate that there is a continuum of behavior as a channel bed steepens, from river
to sheetflow to debris flow processes, which has significant implications for predicting sediment fluxes and
channel bed morphology in mountain streams.

1. Introduction

Sediment transport in steep mountain channels controls channel morphology (Montgomery & Buffington,
1997; Palucis & Lamb, 2017) and landscape evolution under changing climatic and tectonic regimes
(Montgomery & Brandon, 2002; Stock & Dietrich, 2003), and can pose major hazards to life and infrastruc-
ture (Jakob et al., 2005; Lamb & Fonstad, 2010). However, little is known regarding the mechanisms by
which sediment is entrained and transported in steep mountain channels. Recent field and experimental
work suggests that fluvial transport is less effective with increasing bed slope due to the presence of
immobile (or rarely mobile) boulders and channel forms, shallow and rough flows, grain hiding, partial
transport, and grains that protrude through the flow (Church & Hassan, 2002; Lamb et al., 2008, 20173,
2017ab; Mao et al,, 2008; Schneider et al., 2015; Yager et al., 2012). Even more uncertain is our understand-
ing of the transition from fluvial processes to debris flows. Debris flows have significantly higher sediment
concentrations, and both solid and fluid forces influence their downslope motion, making them destruc-
tive to both humans and infrastructure (lverson, 1997; McArdell et al, 2007; Pierson, 1981; Takahashi,
1978). For channel bed slopes (S) less than ~3%, sediment is typically transported fluvially (e.g., Stock &
Dietrich, 2003), and Prancevic et al. (2014) have shown through flume experiments that there exists a
threshold slope, S, above which mass failure of the channel bed initiates a debris flow prior to any
fluvial grain entrainment (S, ~ 40%). Due to limited field and flume observations, it is not clear what trans-
port processes dominate at bed gradients from 3% to 40% (Cannon et al,, 2001; Imaizumi et al., 2016;
Montgomery & Buffington, 1997).
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Prancevic et al. (2014) mapped out a theoretical phase space with zones
1 of no motion, fluvial bedload transport, and bed failure resulting in deb-
ris flow using the models of Lamb et al. (2008) for fluvial transport and
Takahashi (1978) for bed failure (Figure 1). Their transport phase space
suggests that for a given bed slope less than S, increasing nondimen-
sional bed stress, or Shields stress (z*), will result in a transition
ﬁ from bedload transport to bed failure; this hypothesis has yet to be

] tested. Another possibility is that an intense sheetflow layer will

develop, similar to what has been observed in low gradient channels
3 at high Shields stresses (Asano, 1993; Hanes & Bowen, 1985; Recking,
\_‘é 2009). Sheetflows on low bed slopes differ from debris flows on steep
< slopes in several ways. Under sheetflow conditions, a relatively thin layer
|°\:.\° of colliding grains, with a solids concentration (Cp) approaching that of
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Figure 1. Hypothesized zones of sediment transport mode following transport is mainly driven by shear from the overlying water flow (e.g.,

Prancevic et al., 2014. The black arrows designate sediment motion, and

Asano, 1993; Sumer et al,, 1996; Wilson, 1989). In contrast, in debris

the blue arrows designate fluid motion. Phase space boundaries are based

on the initial motion criterion for bedload of Lamb et al. (2008) (solid black

flows, water and sediment are relatively well mixed throughout the flow

line), fluvial-to-debris flow transition from Takahashi (1978) (black dashed depth; momentum is transferred simultaneously by grain friction, grain
line), and the onset of sheetflow from Gao (2008), extrapolated to steep collisions, and viscous fluid flow; and the water-and-sediment slurry
bed slopes using a slope-dependent critical Shields stress (Lamb et al., typically moves in surges, often leading with a granular snout (lverson,

2008). We tested the mode of transport at slopes less than S and large t*

(shaded in red).

1997; Johnson et al,, 2012; Kaitna et al,, 2016). Flume and duct experi-
ments conducted at lower bed slopes (S < 3%) with sand-sized material
and unidirectional flow suggest that the onset of sheetflow can occur for
Shields stresses between 0.4 and 1 (Gao, 2008; Nnadi & Wilson, 1992; Pugh & Wilson, 1999), similar to the
Shields stress criteria for bed failure at S, > 40% (Prancevic et al., 2014). Currently, we lack observations of
when and where bedload, sheetflow, and debris flows occur, and especially the transitions between these
transport modes at bed slopes in between 3% and 40%.

We performed a series of flume experiments in the Earth Surface Dynamics laboratory at the California
Institute of Technology to identify the transitions between bedload transport, sheetflow, and debris flows
in a steep alluvial channel (i.e.,, S = 10%, 20%, and 30%) subject to steady, uniform water flow. In section 2
we discuss our methods and experimental setup, and in section 3 we present data suggesting that debris
flows are not initiated below a critical slope under uniform water flow conditions, but rather sheetflow occurs.
In section 4 we discuss how the sheetflow regime differs from bedload and debris flow regimes and explore
what sets the sheetflow thickness and velocity distribution with depth.

2. Experimental Setup and Methodology

Seventy experimental runs were conducted in a 12-m-long, 0.18-m-wide tilting flume (Figure S1) with
different combinations of bed slope and water discharge. The flume is equipped with a conveyor system cap-
able of recirculating up to ~4 kg/s of gravel. All experiments used the same natural river gravels that were
well-sorted, semiangular, and had a median grain diameter (Dsp) of 5.4 mm and Dg, (the grain size for which
84% of the grains are smaller) of 6.1 mm (Figure S2). This grain size was chosen to achieve high particle
Reynolds numbers (>103),

Rep = T (1)

where 7 is the basal shear stress on the bed, p is the density of water, and v is the kinematic viscosity of
water, which also would be the case for gravel and coarser sediment in mountain streams (e.g., Trampush
et al., 2014).

Prior to the start of each experiment, the alluvial bed was hand screeded to be planar. The bed was scanned
at submillimeter vertical accuracy every T mm along the channel width and every 5 mm down-channel using
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Figure 2. (a) Schematic showing zones of flow and sediment transport for the surface (z > 0) and the subsurface (z < 0) in
which the blue arrows indicate water flow and the black arrows indicate particle velocities. The surface flow water depth is
H, which exerts a bed shear stress 7. Particles transported in the surface flow are transported as bedload. A sheetflow
layer may develop below the surface flow with thickness Hg and a particle velocity, Up. Usyp, is the mean fluid subsurface
flow velocity. (b) Side-view image from experiment 67 (S = 30% and H = 1.3 cm) showing the top and bottom of the dilute
surface flow layer, and the surface flow depth (H; Figure S3). (c) Same image as in panel b but overlain by a downslope
particle displacement map and resulting measured particle velocity profile, Uy, (2), generated from two successive images
(taken 1/60 s apart).

a Keyence laser attached to a motorized cart. These scans were repeated during and after each experiment.
Average bed thicknesses ranged from 20.6 to 21.4 cm in different experiments (Figure 2a). A single layer of
grains was permanently fixed to the flume floor to prevent sliding along this boundary. During an
experiment, the total inlet discharge (Q,) and sediment supply (Q,) were increased incrementally (by 5 to
10%) and held steady for ~10 min after each change until equilibrium conditions were reached, defined as
the lack of aggradation or degradation of the bed, a steady alluvial bed slope, and input sediment fluxes
approximately equaling output sediment fluxes. To prevent initial scour of the bed when increasing the
total inlet discharge, sediment was fed from the hoppers for several minutes until sediment exiting the
flume was able to recirculate back to the flume inlet; at this point, the hoppers were turned off and
sediment was recirculated. Water discharge was measured using two in-line Rosemount magnetic
flowmeters, and sediment flux was calculated based on sediment hopper and conveyor speeds, and from
sediment trap measurements at the flume exit (Table S1).

Surface water discharge (Qs,,,) was calculated at each equilibrium condition by taking the total inlet discharge
measured from the flowmeters and subtracting the subsurface discharge through the permeable gravel bed
(Qsup)- The subsurface discharge was determined by slowly increasing the discharge until surface flow was
observed (Figure 2a). We used five digital cameras to record video through the side windows (Figure S1) at
60 frames per second with a frame size of 1,920 x 1,080 pixels, resulting in a resolution (after correction for
minor distortion) of 12 pixels per centimeter (or ~6 pixels per grain). From the videos, water flow depths
(H) were calculated by differencing the visually identified top of the static bed, or the top of the sheetflow
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Figure 3. Modes of sediment transport found from our experiments (filled markers + standard
error) and those of Asano (1993), Bathurst et al. (1984), Gao (2008), and Prancevic et al. (2014)

(hollow markers).

etc.) reflect the increments by which the flow was
increased. For the experimental runs with planar
beds, wall stresses were negligible and Ry, ~ H.

Bed slope, S (%)

Particle displacement maps were constructed
(Figures 2b and 2c) between successive video frames
(every 1/60 s) with a six-pixel correlation window (or

approximately one grain diameter) using a dense
optical flow algorithm (see the supporting information). From the displacement maps, downstream particle

velocities at a given depth z within the bed were calculated by averaging the displacement along a row par-
allel to the flume bed (extending 15 cm upstream and 15 cm downstream of where we extracted a surface
flow depth measurement) and dividing by the elapsed time (1/60 s). Short movie clips (order 1 to 2 s)
extracted at the same time as flow depth measurements provided 60 to 120 frames per flow condition
and location, resulting in a time-averaged velocity at that location. We then repeated this analysis for 10 loca-
tions in the center 3 m of the flume (each sample was taken ~30 cm apart), so that the final average particle
velocity at a given depth within the bed, U, (2), is the result of both time- and space-averaging. The solid frac-
tion of the sheetflow layer or static bed (C,) was calculated from video images for each flow condition as

1150,V

C
®" T ADs,

3)
where V, is the particle volume, which we assume to be spherical; n, is the number of particles we counted

touching the side window within area A (~100 cm?); and 1.15 accounts for the difference in packing between
spheres and natural grains (Bridge, 1981).

To measure S, we performed experiments identical to Prancevic et al. (2014) except using gravel from our
experiments and a flume width of 18 cm; S was found to be ~34%, indicating that initial sediment motion
occurred by bed failure, which generated debris flows, for S > 34%. To compare our results to the
Takahashi (1978) model, 58 dry friction angle measurements were performed using a tilting chute
(Prancevic et al.,, 2014), and these yielded a mean failure-plane friction angle of ¢, = 86.9% + 1.01%.
Porosity of # = 0.40 was calculated as 1 — ppu/ps where ppyi is the bulk density of gravel after being hand

screeded in the chute. Data were also compiled for comparison from previous flume experiments
(0.1% < S < 20%; Bathurst et al., 1984; Gao, 2008; Mizuyama, 1981; Prancevic et al., 2014).

3. Results

For 10% bed slope, no motion was observed for t* < 0.09, initial motion occurred at * ~ 0.16, and for

0.16 < * < 0.2 bedload transport occurred, with the development of downstream migrating bars
(Figure 3). Upper plane-bed conditions developed for 0.2 < 7* < 0.3, during which the destruction of all

PALUCIS ET AL.



nnnnnnnnnnnnnn
'AND SPACE SCiENCE

Geophysical Research Letters 10.1029/2018GL077526

bars was observed and the surface layer of the bed became fully mobile such that nearly all of the surface
grains were moving as bedload. Both visually and from our displacement maps, we did not observe sediment
motion at depths below one grain diameter deep within the bed for the duration of the experiments. Higher
stresses were not investigated due to sediment recirculation limitations. Mass failure of the bed and a transi-
tion to debris flow or sheetflow transport at this bed slope was not observed.

For 20% bed slope, no motion was observed for 7* < 0.08, initial motion occurred at 7* ~ 0.13, and active bed-
load transport in the presence of alternate bars occurred at 0.15 < 7* < 0.33. Upper plane-bed conditions
developed within the range of 0.5 < 7* < 0.78, except unlike upper plane-bed conditions at S = 10%, sedi-
ment transport was visually observed to occur in two modes, namely, dilute bedload transport above a zone
of sheetflow (Figure 2a and the supporting information). In the sheetflow layer, moving grains had a concen-
tration ranging from C, ~ 0.34 to 0.45, slightly more dilute than the static bed (C, ~ 0.54 to 0.6). Grain-grain
interactions, such as grain collisions and grain-induced shear of underlying grains, in addition to fluid forces,
appeared to drive sediment motion. The sheet flow layer thickness (H,) ranged from 21 to 26 mm (or four to
five grain layers), while flow depths of the overriding dilute flow (H) ranged from 23 to 38 mm. Mass failure of
the bed was not observed.

At a bed slope of 30%, no motion was observed for 7* < 0.19, initial motion occurred at 0.21 < t* < 0.28, and
upper plane-bed conditions with sheetflow occurred for 0.35 < z* < 0.47. The sheetflow layer was thicker at
this slope compared to S = 20%, with thicknesses of typically 38 to 51 mm (or 7 to 10 grain diameters) and
flow depths (H) were 10 to 14 mm; C;, ranged from 0.34 to 0.45. Again, despite very large ¥ mass failure
of the bed was not observed.

Particle velocities through the granular sheetflow layers decreased linearly with depth in the upper 40% of
the sheetflows and followed an approximately logarithmic decay below (Figures 4c and 4d). Maximum
particle velocities (Upmax), which occurred at the top of the sheetflow layers (at z = 0), ranged from 0.06 to

0.31 m/s (Figure 4c), and were proportional to the shear fluid velocity (u*= \ﬁ) such that U, max ~ 1.4u*
Despite differences in bed slope and Shields stress, the sheetflow particle velocity profiles, U, (2), collapse
to a single profile when nondimensionalized (Figure 4d),

z* =0.39V* +0.22logV* + 0.61 (4)
where z* is the nondimensional depth (z* = Hf_gz, where Hg is the sheetflow layer thickness and z is nega-

tive with distance into the bed) and V* is the nondimensional velocity (V* = U, (2)/Upmax Figure 4d).
Sheetflow thickness, Hg, ranged from 21 to 51 mm; H, increased with steeper bed slopes and did not cor-
relate independently with Shields number (Figures 4a and 4b).

4, Discussion

The model of Takahashi (1978) predicts that bed failure should occur at z* = 0.55 for S = 10%, * = 0.43 for
$=20%, and at t* = 0.3 for S = 30%. In our experiments, we were unable to reach * = 0.55 at S = 10%; how-
ever, Mizuyama (1981) showed that for 7* = 1 with uniform gravels at similar slopes, bed failure and debris
flow generation did not occur (Figure 3). In our experiments, we did exceed the proposed thresholds for bed
failure at 20% and 30% bed gradients; however, we also did not observe mass failure of the bed and debris
flow formation. Instead, we observed the development of upper plane-bed conditions and granular sheet-
flow at high Shields numbers (Figure 3). Unlike debris flows, the sheetflows lacked a well-mixed granular
front, had only a relatively thin layer of colliding grains with high solids concentrations (C,), and were driven
in part by the overriding water flow with dilute bedload transport.

Sheetflow has been observed previously, but predominantly on low sloping beds, S < 5% (Figure 3), under
relatively deep (e.g, H > 50Ds0) unidirectional and oscillating flows (Asano, 1993; Gao, 2008; Nnadi &
Wilson, 1992; Pugh & Wilson, 1999). The onset of sheetflow on low bed slopes with unidirectional flow typi-
cally occurs for Shields numbers between 0.4 and 1 (e.g., Gao, 2008; Nnadi & Wilson, 1992; Pugh & Wilson,
1999). Relatively few studies have reported the occurrence of sheetflows on steeper slopes with gravels.
Smart and Jaggi (1983) observed that for a Dsg of ~10.5 mm, a flume slope of ~20%, and Shields numbers
of ~0.69, the entire bed started to creep together due to fluidization, and they hypothesized that this

PALUCIS ET AL.
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Figure 4. (a) Thickness of sheetflow layer (Hg = standard error) normalized by median particle size as a function of Shields
stress for bed slopes S = 20% (circles) and 30% (triangles). (b) Thickness of sheetflow layer normalized by median particle
size as a function of bed slope. (c) Particle velocity profiles within the sheetflow layer for different Shields stresses for
bed slopes S = 20% (circles) and 30% (triangles). For each profile, the velocity reported at each depth within the sheetflow
layer is the result of the temporally averaged velocity, which is the average of 60 displacement maps generated over 1 s of
run time, and the spatially averaged velocity, which is the average of 10 locations in the center of the test section, each
separated by ~30 cm. The standard error is less than the size of marker. (d) Nondimensional particle velocity profiles
using the same markers as in panel 4c, where the dashed black line is equation (3). Typical profiles for dry granular flows
following Jop et al. (2005), sheetflows at low slopes in sand-sized material following Pugh and Wilson (1999), and debris
flows following a Bagnold-type profile after Takahashi (1978).

behavior was the transition to a debris flow-like state. They do not report the total bed thickness or whether
they had roughness elements on the flume floor to prevent bulk sliding. Mizuyama (1981) also reports a
concentrated moving layer that is distinct from fluvial bedload transport. His data show that for z* > 1 at
S < 25%, granular sheetflow formed in fine gravel.

Our data, as well as data from Mizuyama (1981) and Gao (2008) (Figure 3), suggest that for S < S, under
steady, uniform flow, the transition to sheetflow occurs close to the bed failure prediction of Takahashi (1978)
(Figure 3). While Takahashi (1978) does not address sheetflow development, he does suggest that for
26% < S < 42%, bed failure may occur that could be difficult to distinguish from bedload transport. His model
assumes that when applied shear stresses (due to parallel seepage and surface flow) overcome resisting
stresses within a granular bed at some depth, J, particles above d move together, and if § > H, a debris flow
occurs due to dispersive pressures from grain-grain contacts that cause mixing throughout the flow depth. At
both S = 20% and 30%, we observed sheetflow thicknesses equal to or greater than the overlying fluid depth,
but grains did not uniformly mix throughout the depth (see the supporting information), leading to a sheet-
flow rather than a debris flow. This suggests that dispersive pressures capable of supporting the grains used
in these experiments did not develop, possibly due to the granular load being partially supported by fric-
tional rather than collisional particle contacts, dilatancy, or viscous dampening of collisional stresses
(Bagnold, 1954; Iverson, 1997; Legros, 2002; Takahashi, 1978), or that another particle support mechanism
is required for dispersing grains throughout the dilute overlying flow (e.g., excess pore pressure, increased
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buoyancy with the addition of fines, or hindered settling). We also extended the model of Gao (2008), which
is primarily a function of excess Shields stress for the onset of sheetflow in sand at low gradient channels, to
steeper bed slopes using a slope-dependent critical Shields stress (Lamb et al.,, 2008), and found that it
overestimates the Shields numbers where sheetflows occurred in our experiments (Figure 3). This is likely
because this model is based on semiempirical relationships for low-gradient sand transport, where grain-
grain contacts are relatively unimportant.

Previous observations and modeling with sand at low bed slopes suggest that the thickness of the sheetflow
layer (Hg) is a function of the Shields number and that stresses from the overlying fluid cause deep motion in
the bed due to fluid-grain interactions (Lanckriet & Puleo, 2015; Wilson, 1989). In contrast, we found that a
steeper bed, rather than greater Shields numbers, led to thicker sheet flows (Figures 4a and 4b). Our finding
is similar to dry granular flows down inclined planes, in which the flow thickness is set by the flow rate, and
higher flow rates correspond to steeper bed slopes (Jop et al., 2006). This behavior is also similar to a visco-
plastic fluid and has been linked to interparticle frictional stresses in granular flows (Forterre & Pouliquen,
2008). Therefore, unlike sheetflows on lower bed slopes where the driving force is dominated by shear from
the fluid above, sheetflows on steeper bed slopes might be thicker due to the increased importance of
gravity acting on the grains and grain-grain interactions, similar to dry granular avalanches.

Previous work on sheetflows in coarse sand on low gradient beds found that particle velocities within the
sheetflow layer (excluding bedload particle velocities) follow roughly linear vertical profiles (Nnadi &
Wilson, 1992; Pugh & Wilson, 1999; Wilson, 1989), and maximum particle velocities at the top of the sheetflow
layer are ~10u* (Pugh & Wilson, 1999). In contrast, in debris flow experiments, Kaitna et al. (2014) found that
the particle velocity profile was typically concave up for saturated gravel-mud mixtures, similar to that pro-
posed by Takahashi (1978) and Bagnold (1954) (Figure 4d). Dry granular flows follow a similar Bagnold scaling
(i.e., v (h) ~ ng‘/2 — (Hg—h)3/2; Figure 4d; e.g., Jop et al,, 2005; MiDi, 2004). The particle velocity profiles from
sheetflows on steep slopes in our experiments collapse to a self-similar shape that is overall nonlinear, unlike
sheetflows on low sloping beds, but not concave up as in debris flows, and more concave down than in dry
granular flows. However, the upper ~40% of the sheetflow layer on steep slopes is linear, like sheetflows on
low slopes. The profiles in our experiments likely reflect that gravity, fluid shear on the bed, and seepage
forces are all important in setting the stress distribution in sheetflows on steep bed slopes.

5. Conclusions

Experiments at bed slopes between 10% < S < 30% under steady, uniform flows show that sheetflows, rather
than debris flows, formed within the high Shields stress range predicted by Takahashi (1978) for bed failure.
Our results suggest a change of behavior from sheetflow to channel bed failure as a channel bed steepens
under high ¥ which has implications for predicting sediment fluxes, flow resistance, and channel bed
morphology in mountain streams. Sheetflow thickness ranged from 4 to 10 particle diameters, increased
on steeper bed slopes, and was not an independent function of the Shields stress, unlike sheetflows at lower
bed gradients. Maximum particle velocities within the sheetflows occurred at their upper surface and
increased with the fluid bed shear velocity (u®). Particle velocity profiles within the sheetflow layer were linear
in the upper 40% of the flow, like sheetflows on lower slopes, but were concave down below, similar to dry
avalanches, which suggests a hybrid behavior where downslope gravitational forces acting on particles,
shear from the overriding water, and seepage flow through the granular bed were all important.
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