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Positive feedback and momentum growth during
debris-flow entrainment of wet bed sediment

Richard M. Iverson'*, Mark E. Reid?, Matthew Logan', Richard G. LaHusen', Jonathan W. Godt3
and Julia P. Griswold'

Debris flows typically occur when intense rainfall or snowmelt triggers landslides or extensive erosion on steep, debris-mantled
slopes. The flows can then grow dramatically in size and speed as they entrain material from their beds and banks, but the
mechanism of this growth is unclear. Indeed, momentum conservation implies that entrainment of static material should retard
the motion of the flows if friction remains unchanged. Here we use data from large-scale experiments to assess the entrainment
of bed material by debris flows. We find that entrainment is accompanied by increased flow momentum and speed only if
large positive pore pressures develop in wet bed sediments as the sediments are overridden by debris flows. The increased
pore pressure facilitates progressive scour of the bed, reduces basal friction and instigates positive feedback that causes flow
speed, mass and momentum to increase. If dryer bed sediment is entrained, however, the feedback becomes negative and flow
momentum declines. We infer that analogous feedbacks could operate in other types of gravity-driven mass flow that interact
with erodible beds.

regions worldwide. They generally begin on slopes >30°,

and culminate when surging mixtures of fragmented rock
and muddy water disgorge from canyons onto valley floors'.
Typically including 50-70% solid grains by volume, attaining
speeds >10m ™" and ranging in size up to ~10° m?, debris flows
can denude mountainsides, inundate floodplains and devastate
people and property’. Recent studies indicate that the incidence
and impacts of debris flows may grow if landscape exploitation and
climate instability increase®=.

Debris flows commonly gain much of their mass and destructive
power by entraining material as they descend steep slopes and
channels®. Previous studies have shown that entrainment can result
from scour of bed sediment or collapse of stream banks, and
can cause debris-flow mass to grow manyfold before deposition
begins on flatter terrain downstream’~'®. Fundamental questions
have remained, however, about the mechanics of mass growth
and their effect on flow-momentum growth. A lack of data
obtained under controlled conditions is partly responsible'’, but
evidence from numerical models is also equivocal. Different
models yield different results, and even the best models of
debris-flow or avalanche interactions with erodible beds include
poorly constrained equations or parameter values'®?*. Bench-
top experiments have recently demonstrated that bed-sediment
entrainment by dry granular avalanches can, in some cases,
be accompanied by increased flow-front speeds and run-out
distances?, but similarly small experiments have limited relevance
for water-laden debris flows owing to the scale-dependent
properties of wet granular debris>*>2°,

Debris flows are common phenomena in mountainous

To minimize scaling problems while maintaining the advantages
of a laboratory setting, we conducted entrainment experiments
in a uniquely large facility, the USGS debris-flow flume (Fig. 1).
The experiments revealed how entrainment of static sediment can
result in conspicuous flow-momentum growth. Moreover, they

Figure 1| Photographs of the USGS debris-flow flume during entrainment
experiment A. Flow discharging onto a concrete run-out pad, where a

1m grid provides scale. Inset, a photo taken about 6 s earlier shows the
agitated flow front encountering bed sediment about 20 m downslope from
the flume headgate.
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provided the first controlled, field-scale tests of two longstanding
hypotheses: that rapid loading by debris flows generates high
pore-water pressures in wet bed sediment and thereby facilitates
entrainment'>??® and that entrainment occurs by mass movement
rather than progressive scour of the bed®.

Momentum conservation during entrainment
The relationship between entrainment and evolution of flow mass
and momentum has been the subject of debate**??, but the crux
of the problem can be seen with the aid of a simple two-body
model. Consider a debris flow that initially has mass m; and
downslope velocity v¢ interacting with bed material that initially
has mass m, and downslope velocity v, = 0. During entrainment,
the change in flow momentum resulting from transfer of a mass
Am from the bed to the flow is (s + Am)(ve+ Ave) — mgvg, where
Avy is the attendant change in flow velocity. The accompanying
change in bed momentum is (1, — Am)Awv,, where Av, is the
mean velocity imparted to previously static bed material by the
shear traction at the base of the flow. Momentum conservation
dictates that the changes in flow and bed momentum add to zero:
viAm+meAve+ AmAve+my, Av, — AmAwv, = 0. Dividing all terms
of this equation by the time increment At over which the mass
and momentum exchanges occur and taking the limit as At — 0
reduces the equation to d(mgvg) /dt = —my,(dv, /dt). Addition of the
downslope driving and resisting forces affecting the flow, £ F, and
thebed, X F,, then yields the two-body momentum balance

d('gtfvf) — SF+ EFb—mb% (1)

Equation (1) demonstrates that evolution of flow momentum
myeve depends not only on the rate of momentum transfer to the
bed, m,(dv,/dt), but also on any attendant modification of X F;
and on reaction forces that necessarily modify £F,. In the bed’s
initial, static state, £ F, = 0 applies, but X F, > 0 is necessary for
some fraction of the bed to move, and bed motion is accompanied
by growth of flow momentum only if XF;+ X F, > my,(dv,/dt). A
more sophisticated analysis that employs a two-layer continuum
model of momentum exchange leads to the same inference (see
Supplementary Information).

Equation (1) is too simplistic to yield accurate quantitative
predictions, but it motivates measurements of X F;+ X F, during
entrainment. We made non-invasive measurements that exploited
the fact that a nearly tabular mass with gradually varying thickness
h encompassing a debris flow and underlying bed sediment on a
uniform slope obeys

YFi+ XF, ~ [pghsina — pgh(dh/dx) — T]A (2)

where p is the depth-averaged bulk density of the mass, g is the
magnitude of gravitational acceleration, « is the slope angle, x is the
downslope coordinate and 7 is the resisting shear traction acting
over the area A where a debris flow or bed sediment contacts an
immovable substrate®. If t arises from Coulomb friction, as is
generally true for cohesionless soils and other granular materials,
then the maximum value of v (which applies during incipient or
ongoing deformation) can be modelled as t = (o —p), where p isa
friction coefficient, o is the total normal traction on A and p is basal
pore-fluid pressure, which can partially or completely counteract o
(ref. 34). A chief goal of our experiments was to control or measure
the quantities o, p, h, p, u and « that affect ©F; + £F, during
debris-flow interaction with bed sediment, and simultaneously to
evaluate changes in flow mass and momentum.

Entrainment experiments
In a 95-m-long, 2-m-wide flume, we carried out eight ex-
periments (A-H) in which water-saturated, 6-m® debris flows
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Figure 2 | Measured positions of debris-flow fronts in experiments A-J as
a function of time and bed-sediment volumetric water content, 6. Black
lines depict data from control experiments | and J. The dashed reference
line depicts the theoretical behaviour of a frictionless block.

containing about 56% gravel, 37% sand and 7% mud-sized grains
(a thoroughly characterized mixture we call ‘SGM’ (ref. 26)) dis-
charged abruptly from a headgate and flowed across beds of partially
saturated SGM (Supplementary Fig. S1). The nearly tabular sedi-
ment beds averaged 12 cm in thickness and covered the uniformly
sloping (v =31°) flume bed from x = 6 to 53 m, where x =0 denotes
the headgate location (see Methods and Supplementary Table S1).
We also carried out two control experiments (I and J) with 6-m?
SGM debris flows but no bed sediment.

The key variable we manipulated was the bed-sediment
volumetric water content, 6. Samples of the SGM lining the flume
initially had porosities of 0.4540.04 and volumetric water contents
of 0.1540.02, but after sampling we gradually increased 6 by
watering the sediment using a system of overhead sprinklers. In this
way we created beds with 6 ranging from 0.1540.03 to 0.28 £0.04
before debris-flow release (see Methods).

At x =32 and 66 m we deployed arrays of electronic sensors
to make 500 Hz measurements of o,p and h (Supplementary
Fig. S1). At x = 32 m the sensors detected both the bed sediment
and passing debris flows, but at x = 66 m they detected post-
entrainment flows moving across the bare concrete bed. Details
of sensor properties, calibrations, measurement uncertainties and
data-processing techniques are presented elsewhere®.

At several locations from x = 13 to 43m we also recorded
500 Hz data from four to 16 scour sensors installed in the bed
sediment (Supplementary Fig. S1). These sensors consisted of
artificial gravel clasts, buried at depths of 2—-10 cm, which were
tethered to electronic circuits by weak contact switches. Breakage of
the contacts signalled the timing of clast entrainment.

As proxies for gauging the mass and momentum of
debris flows after they entrained sediment but before they
encountered slopes <31° at the foot of the flume, we used
flow volumes and flow-front speeds measured from x = 60 to
70m (Supplementary Fig. S1). We obtained post-entrainment
flow volumes by measuring bed-sediment volumes before and
after passage of debris flows and adding the difference to the
initial 6-m’ flow volume, and we measured flow-front speeds
on time-stamped video recordings (see Methods). The video
recordings, which are viewable online and indexed by experiment
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date (Supplementary Table S1), constitute an important part of our
experiment documentation®.

Measured mass and momentum changes

Following sudden opening of the flume headgate, debris-flow
fronts accelerated nearly like frictionless blocks as they travelled
to x &~ 20m (Figs1 and 2). These large accelerations resulted
from the ‘dam-break’ initial condition and strong longitudinal
thrust (represented by —pgh(dh/dx) in equation (2)) imparted
during collapse of the impounded debris. As a consequence, all
debris flows thinned and elongated at similar rates during the
first 2-3 s of motion.

After about 3s the effects of bed sediment on flow behaviour
became conspicuous (Figs 1 and 2). Flow-front accelerations
universally diminished, but flows that encountered the wettest bed
sediment (A—C) seemed to behave almost explosively as their depths
and agitation grew rapidly®®. By contrast, flows that encountered
the driest beds (G and H) seemed much like the flows in bare-bed
control experiments (I and J).

After flow fronts moved beyond the sediment beds, their
normalized speeds (defined as S = measured speed/9.8 ms™! (the
mean speed at x = 60-70m in bare-bed control experiments))
generally increased with 6 but surpassed one only if 6 > 0.24
(Fig. 3a). These flow-front speeds provided suitable proxies for
overall flow speeds because sensor data indicated that h(¢)
waveforms evolved only moderately between x = 32 and 66 m
(see, for example, Fig. 4a,b). Therefore, flow was almost uniformly
progressive®® over this distance.

Flows that interacted with wet bed sediment also entrained
more material and exhibited longer run-outs than flows that
interacted with dryer beds. Normalized post-entrainment flow
volumes (defined as V = total volume/6 m® (the flow volume in
control experiments)) exceeded one in every case and increased
systematically with 6 (Fig. 3b). Even some flows that lost significant
speed during entrainment (F and G) exhibited run-out distances
that exceeded those of the bare-bed control flows (Supplementary
Table S1). Thus, enhanced run-out by itself was not a clear indicator
of momentum gains.

To characterize the net effect of entrainment on flow momen-
tum, we use a normalized momentum gain factor defined as I' =V,
such that I" > 1 denotes a momentum gain and " < 1 denotes a
momentum loss relative to the reference state measured in control
experiments. Data from experiments with 6 > 0.23 consistently
yield I' > 2, whereas those with 6 < 0.22 yield I" close to or less
than one (Fig. 3¢). In the experiments with the wettest beds (A and
B), flow momentum nearly quadrupled (I" &~ 4) as a consequence
of interaction with bed sediment.

A comparison of detailed sensor data recorded in representative
experiments with relatively wet and dry beds (C with 6 =0.25 and
G with 6 = 0.18) reveals the mechanism by which 6 influenced
mass and momentum change (Fig. 4). The black traces in Fig. 4a—f
depict h(t),o(t) and p(t) measured as the two flows interacted
with bed sediment at x =32 m, and the red traces depict analogous
data acquired at x = 66 m, downslope of the erodible beds. These
data show that flow C was both deeper and faster than flow
G at x = 66m, but that each flow exhibited behaviour typical
of debris flows in the laboratory and field>***”: each flow had
an abrupt front arrival, followed soon by increases in o and p.
Within 1-2s o and p became more or less proportional to each
other and to h, and this pattern persisted in the trailing flow.
By contrast, at x =32 m, p increased minimally as flow G passed
over relatively dry bed sediment (Fig. 4f), whereas the wetter bed
sediment in flow C exhibited an increase in p commensurate with
the increase in o (Fig. 4e).

The disparity in bed-sediment pore-pressure responses in
experiments C and G was accompanied by large differences in
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Figure 3 | Post-entrainment flow conditions as a function of bed water
content @ in experiments A-H. a, Normalized flow-front speeds, S;

b, normalized flow volumes, V; ¢, normalized momentum gains, I", gauged
at x=60-70 m. Data are normalized using reference values measured in
control experiments | and J. Error bars for 8 express standard deviations of
15-20 spatially distributed measurements, and error bars for S, V and I"
express cumulative measurement uncertainties, as detailed in Methods.
Blue lines, r? values and P values summarize results of two-parameter
least-squares regressions.

entrainment (Fig. 4i,j). In experiment C scour sensors at 2cm
depth first detected entrainment about 1s after the flow front
passed, implying that rapid erosion commenced as pore pressures
increased. Erosion then proceeded downward into the sediment at
5-10 cm s~! at all locations where measurements were made. Thus,
the data indicated that spatially uniform, rapid scour occurred, but
not mass movement of the bed. In experiment G, by contrast, scour
into the relatively dry bed sediment never penetrated to depths
where it was detected by sensors.

To estimate the evolving local forces affecting momentum
change during entrainment, we combined equation (2) with the
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Figure 4 | Time-series data acquired at x =32 and 66 m in two experiments (C and G) with contrasting bed-sediment water contents (0). a-f, Sensor
measurements of flow thickness, h(t), basal total normal traction, o (t), and basal pore-fluid pressure, p(t). g h, Values of Fnet computed from h(t),o (t) and
p(t) and the mean friction coefficient u = 0.84 measured for SGM (ref. 26). i,j, Timing of scour of artificial gravel clasts buried at various depths and

distances (x) downslope.

estimates p =0 /ghcosa and T = (o — p) to obtain an expression
for the net normalized force per unit basal area, Fy;:

_ BF+3F

net —

=sina — cosozM - a—h (3)
pghA lod x
We evaluated this formula by first smoothing the time-series data
in Fig. 4a—f using a running-median technique and then using a
finite-difference approximation of 3h/dx, as detailed elsewhere?.
Results of this procedure are shown in Fig. 4g,h, where F,. > 0
indicates that force acted locally to accelerate the flow, Fo < 0
indicates a decelerating force and F,,.; = sino = 0.515 characterizes
fully liquefied flow with 0h/dx = 0.

The values of F,, in Fig. 4 demonstrate that differences in the
momentum gained by flows C and G did not result merely from
drying or wetting of the flows as they acquired bed sediment.
Indeed, at x =66 m, all but the head of flow G had alarge F,.,(~0.5)
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because the flow entrained little of the relatively dry bed sediment
it encountered upslope (Fig. 3b). Flow C, by contrast, entrained
most of the unsaturated bed sediment upslope, causing the flow
to dry somewhat before it reached x = 66 m, and producing an
average F,.; smaller than that in flow G. Nevertheless, flow C gained
considerable momentum as a result of entrainment, whereas flow
G gained essentially none (Fig. 3¢).

Differences in momentum gains by flows C and G are explained
by the very different behaviours measured beneath the bed sediment
at x = 32m. When flow C began to deform the bed sediment,
p rose to levels almost sufficient to liquefy the bed (Fig. 4c.e).
As a result, Foy > 0 developed shortly after passage of the flow
front, and persisted as most of the bed material mobilized and
became entrained in the flow (Fig. 4g). Although momentum was
necessarily transferred out of the flow and into the deforming
bed during this process, the flow gained momentum because basal
friction was reduced almost to zero as the flow thickened, and
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the increasing magnitude of h(dh/dx) at the head of the flow
helped drive it downslope. In flow G, on the other hand, F, <0
persisted during flow interaction with the relatively dry sediment
bed (Fig. 4h), and little momentum was transferred to the bed as a
thin flow rode over the top.

Processes and implications of pore-pressure development
Our experimental results show that pore pressures generated as wet
bed sediment is overridden and progressively entrained by debris
flows can reduce friction and lead to pronounced flow-momentum
growth. Friction reduction does not occur immediately beneath
dilated flow fronts, but instead follows front arrival by about 1s.
This lag causes flow fronts to steepen and deepen, accentuating
classic debris-flow behaviour in which bulbous fronts advance
downslope partly by virtue of their own steepness and partly in
response to being pushed by low-friction trailing debris>?%**0,

The conspicuous effect of bed-sediment water content and pore-
pressure responses on growth of debris-flow mass and momentum
prompts questions about the mechanism of pore-pressure change.
In all of our experiments bed-sediment water contents were
smaller than those required for complete saturation of the settled
sediment (that is, 6 ~ 0.4). Nevertheless, provided that 6 > 0.22,
pore pressures increased from ~0 to nearly lithostatic values in
about 1 s when the sediment was overridden by debris flows.
In such circumstances pore water was probably interconnected
and capable of pressure transmission, whereas most air bubbles
in pores were probably entrapped by surrounding water. With
0 <0.22, bed-sediment pore-pressure responses during debris-flow
loading were much smaller, apparently because discontinuity of
pore water enabled compressed air to escape too easily to sustain
large pressure changes.

Direct compression of pores by debris-flow weight was probably
only partly responsible for pore-pressure changes in bed sediment,
however. Our scour-sensor data imply that shear deformation
of the bed occurred concurrently with pore-pressure increases
(for example Fig. 4i). Thus, the loose state of the bed sediment
probably caused it to contract during the initial stages of
shearing, analogous to contraction that occurs when debris flows
initiate from loosely packed landslides* ™. This shear-induced
contraction can increase pore pressures rapidly, even if loading by
superincumbent weight is modest.

Our finding that pore-pressure generation in wet bed sediment
causes synergistic growth of debris-flow mass and momentum does
not preclude the possibility that pore-pressure generation in dry
beds could have similar effects in some circumstances. Researchers
have speculated that snow avalanches may produce high pore-air
pressures as they override and entrain snow beds; see, for example,
ref. 20. Small-scale experiments have recently revealed that granular
flows entraining dry bed sediment can exhibit enhanced speeds
and run-outs, especially if the sediment beds are thick and steep?,
and other experiments have demonstrated that dry grain flows can
produce increased basal pore-air pressures as they move across
rigid beds*. The possibility that air pressure or other phenomena
may contribute to friction reduction during entrainment does not
diminish the significance of bed sediment wetness, however. Wet
beds are typical of debris-flow paths, and our experiments establish
a clear link between bed wetness and positive feedback that leads to
flow mass and momentum growth.

Methods

In each of our ten experiments the 31° concrete flume bed from x = 6 to 74 m was
surfaced with bumps that caused the static basal friction coefficient of SGM to
match its internal friction coefficient: ;& = 0.84£0.08 (which indicates an angle of
repose ~240°; ref. 26). As a result, bed sediments did not shear preferentially along
the concrete surface as they were deformed by debris flows.

Details of our SGM properties, debris-flow release protocols and sediment
sampling and measurement techniques are described elsewhere®®, but some
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procedures specific to our preparation and measurement of sediment beds require
explanation. We formed each bed by sliding ~0.3 m? loads of moist SGM down
the flume along a retractable plastic sheet and then using rakes to redistribute the
sediment into a tabular layer. This process involved some disturbance but no net
compaction; it produced bed-sediment porosities that differed negligibly from
those of the SGM loaded behind the headgate: 0.4540.04. (Here, and elsewhere
in this paper, ‘+” denotes one standard deviation from the mean of multiple
measurements of sediment properties.) Bed-sediment porosity reductions to
values ~ 0.4 seemed likely on the basis of settlements we observed during wetting,
but a propensity for instability of the wet beds prevented us from resampling

the sediment after sprinkling was completed. Indeed, in some experiments small
regions of bed sediment on the 31° slope failed spontaneously during wetting,
despite our efforts to avoid producing regions of complete saturation and positive
pore-water pressure. During bed-sediment wetting we measured pore-water
pressures by using tensiometers fitted with pressure transducers and measured

0 by using 15-20 spatially distributed high-frequency electrical capacitance
sensors (Decagon Devices model ECH,0 EC-5), which indirectly gauged dielectric
permittivity, a property that is related to sediment water content through empirical
calibrations®. (Our use of trade, product or firm names is for descriptive purposes
only and does not imply endorsement by the US Government.)

We measured bed-sediment thicknesses before and after passage of debris flows
by using either graduated surface-contact probes or, later, a laser ranging device.
At a minimum, we measured thicknesses at intervals of 0.2 m in the cross-flume
direction and 2.5 m in the down-flume direction, with a bed-normal resolution
of 5mm. We used these measurements to create isopach maps of sediment
thicknesses, and we differenced preflow and postflow maps to determine the
distribution and volume of net bed erosion. Several sources may have contributed
to error in this process, but an error budget and empirical tests indicated that the
cumulative error was probably <1 m?, and we used this value to determine error
bars for V in Fig. 3b. We determined error bars for S in Fig. 3a by using the 0.03 s
resolution of time-stamped video recordings to estimate a maximum cumulative
error of 0.06 s in flow-front transit time from x = 60 to 70 m. We determined error
bars for I" in Fig. 3¢ by propagating the errorsin Sand V.
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