











clogged pipe experiments, which involved plugging the
outlet of the soil pipe using soil excavated adjacent to the
pipe. The experiments involved applying a constant head to
the soil pipe at the opening to the trench (open pipe) and
measuring flow and sediment concentrations during pipe-
flow as well as soil water pressures adjacent to the soil
pipe. Soil pipes were created by driving a rod from the
bank face back to the trench (fig. 2). A series of rods
(1.82 m long, 0.95 cm dia.) with connectors (7.6 cm long,
2.9 cm dia.) and tips were driven into the bank by hammer-
ing until the tip reached the trench. A smaller rod (0.9 m
long) was connected to previously inserted rods for ham-
mering at the streambank face. When the connected rods
reached the trench, they were driven through the gravel sur-
rounding the trench and the wood frame to expose the
opening of the soil pipe. The rods were then removed from
the bank face through the created soil pipe. Soil pipes had
slopes less than 2.5% after manual installation of the rods
at both field sites. The pipe size and water pressure heads
were determined based on previous experimental studies in
the laboratory (Wilson et al., 2013) and field observations
of macropores at bank faces (Fox et al., 2007a).

The clogged pipe experiments involved establishing a
constant head on the trench and measuring soil water pres-
sures until the clog in the soil pipe was removed or the test
was terminated. For clogged pipe experiments, soil was
packed into the last 15 to 30 cm of the soil pipe at a speci-
fied bulk density. When the pipe was packed to create the
clogged pipes, similar diameter, triplicate PVC pipes were
also packed at approximately the same compaction effort to
determine the bulk density of the clog. TS5 tensiometers
(UMS GmbH, Munich, Germany; 10 or 15 cm shaft
lengths) were installed in the bank face near the pipe exit to
monitor pore water pressures in this area. These tensiome-
ters were installed in the manner shown in figure 3 for Dry
Creek (14.5 cm insertion depth) and figure 4 for Cow
Creek (9.5 cm insertion depth). Note that at Cow Creek the
soil pipe had enlarged from previous open pipe experiments
to the extent that the tensiometers were installed directly in-
to the clogged section of the soil pipe.

When pipeflow occurred, flow and sediment samples
were collected using flow collection pans installed into the
bank face beneath soil pipe outlets. The pans routed flow to
a PVC pipe, which led down the streambank where samples
were collected. Containers (18.9 L) were used to collect the
flow and sediment. Each container’s mass was measured,

Figure 2. Rod being driven into soil of Dry Creek (top) and Cow
Creek (bottom) to create a soil pipe that extends from bank to trench.

and then a sediment sample was acquired after manually agi-
tating the bucket’s contents to evenly distribute the sediment.

Along with the pipeflow experiments, jet erosion tests
(JETs; Hanson, 1990) were conducted on the bank face at
the depths of the soil pipes at each site for quantifying the
JET k., and 7, of the soils. In order to create a measurable
scour hole from which £, and 7. can be calculated, the jet
test device directs a jet of water toward the soil. For this re-
search, a pump was used to provide water to an adjustable
constant-head reservoir, which powered the jet. The head
for the jet was set near a level that the streambank would

Table 1. Experimental conditions for the soil pipe experiments at the two streambank sites.

Type of Pipe
Site (and bulk density of plug) Water Head Measurements
Dry Creek Clogged and then open 15 cm for 15 min Flow, sediment, and pore water pressure
(0.8 g cm™ for 30 cm) (plug failed immediately)
Clogged 15 cm for 60 min Pore water pressure
(1.1 g cm™ for 30 cm) and 30 cm for 187 min (plug remained intact)
Clogged and then open 48 cm for 188 min Flow, sediment, and pore water pressure
(1.1 g cm™ for 30 cm) and 92 cm for 190 min (plug was punctured manually after 278 min)
Cow Creek Open 15 cm for 15 min Pore water pressure
and 30 cm for 15 min (pipe clogged internally)
Open 30 cm for 45 min Flow, sediment, and pore water pressure

Clogged and then open
(1.3 g cm™ for 15 cm)

30 cm for 4 min

Pore water pressure (flow began at 2 min;
plug failed completely after 3 min)
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Figure 3. Diagram of T5 tensiometer installation near exit of soil pipe for Dry Creek (left) and photo of clogged pipe and adjacent tensiometers
(right). Tensiometers had a 15 cm shaft length. Red dye stains were Rhodamine WT that was included as a tracer in the injected water.
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Figure 4. Diagram of TS tensiometer installation near exit of pipes for Cow Creek for open pipe experiments (left) and clogged pipe experiments
(center), and photo of tensiometers for clogged pipe experiments (right). Tensiometers had a 10 cm shaft length.

have experienced during a flood event. A base for the jet
test device was driven into the soil at the desired test loca-
tion. The soil and the steel ring of the base acted as the bot-
tom of the submergence tank. The device was then placed
on the base and locked in, sealing the device to the base.
The submergence tank was filled with water, and testing
was initiated. Periodically, the jet was blocked with a de-
flector plate, and an installed point gauge was then used to
measure the depth of the scour hole. Measurements were
taken until the scour depth reached an equilibrium depth.
Four in situ JETs were conducted on both the Cow Creek
and Dry Creek streambanks.

MODELING

The flow rate and sediment concentration data from
each experiment were used to evaluate the Bonelli et al.
(2006) pipeflow model. Based on a soil pipe of length L
and initial radius R,, the model predicted the radius of the
pipe, R(?), as a function of time (¢), mean longitudinal ve-
locity, V(f), and the corresponding flow rate, O(%):

B

R
() _y 4]y e
R, Py

(22)
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VVL;): ? (2b)
5/2
0(1)=0y fRR(t)J (20)

where ¢, is a characteristic erosion time (s), which depends
on k., L, and the density of the sediment (p,), as shown in
equation 3; Py is the assumed constant hydraulic stress (Pa)
as a function of the input (p;,) and output pressures (p,,), as
shown in equation 4; Oy is the initial entrance flow (m’ s™;
and V7 is a reference velocity (m s), as shown in equa-
tion 5:

2Lp,
t, =——°>—— 3)
< ker (pin ~ Pout )
p — R =Pui)
oo o)
On
Vg=—— &)
7 TCR02

From these equations, it is possible to derive an equation
for the shear stress at the interface (1):
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This research also derived sediment concentration equa-
tions not originally reported by Bonelli et al. (2006). Using
equations 1 and 6, the erosion rate (g,) can then be com-
bined with the predicted O(¥) to estimate the eroded con-
centration, C(7):

Cy = S04 _ 2RO Lg, (1)
o) o)
An alternative but equivalent form can be derived from
the predicted R(f) during a specified time interval (Af):

n(R(t)* =R |Lp
(R(Y -R,? ) Lo,

OE Al 8
The flow rates and sediment concentration data from each
of the experiments were modeled by fitting k., and T. based
on minimizing the sum of squared errors between observed
and predicted flow rates and sediment concentrations during
the experimental period. The quality of the model fit was as-

sessed based on the root mean square error and a normalized
objective function (Fox et al., 2006b, 2007b):

(7

©)

NOF

_ RMSE
X

(10)
a

where X; and Y; are the observed and predicted flow rates or

sediment concentrations, respectively; X, is the mean of ob-

served values; and # is the number of observations. In gen-

eral, 1%, 10%, and 50% deviations from the observed values

result in NOF values of 0.01, 0.10, and 0.50, respectively.

RESULTS AND DISCUSSION
JET EROSION TESTS
JETs demonstrated the difference in k., and 1, of the two
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streambanks. As expected, the sandy loam soil of Cow
Creek was a much more erodible soil, with k., = 1.0 x 10" s
m' (standard deviation of 7.1 x 10% s m™) and 1, < 0.1 Pa
(measured consistently among all four tests). The clay loam
soil of Dry Creek was less erodible: k., = 2.8 X 102 s m?!
(standard deviation of 2.7 x 10> s m") and 1. = 7.9 Pa
(standard deviation of 9.3 Pa).

DRY CREEK CLOGGED PIPE EXPERIMENT:
LOW-DENSITY PLUG

In this experiment, the last 30 cm of the pipe was
clogged using a loose plug of approximately 0.8 g cm”
density, mimicking sloughed material that may have
blocked the exit of the pipe. The plug was flushed out of
the pipe almost immediately, and pipeflow was initiated
upon application of the head in the trench. A 15 ¢cm head
was maintained for 15 min in the trench. The tensiometers
installed in the bank face did not show a response. Figure 5
shows the recorded flow rate data and the Bonelli et al.
(2006) model calibrated to match the data (O, =13 L min™,
R,=29cm, L=28m,k,=5x10*sm’, and 1, = 4.9
Pa). Note that the model was only calibrated to flow and
sediment concentration data at times greater than 3 min into
the experiment. The reason was that flow rate data initially
increased due to the reopening of the pipe (clog removal) and
then leveled off approximately 3 min after flow initiated as
the pipe at the bank face reached the original diameter.

Sediment concentrations are also shown in figure 5. The
data values were initially higher due to the erosion of the
pipe clog at the beginning of the experiment. After removal
of the clog, the erosion of the pipe walls was limited, mean-
ing that the pipe radius and therefore flow area could not
expand, resulting in fairly constant flow rates and sediment
concentrations. The pipe exit only slightly enlarged beyond
the diameter at which it was created. The estimated £, from
the calibration was much smaller than the k., reported from
JETs, possibly due to the high-density pipe “skin”
(i.e., consolidated soil on the pipe walls) created during in-
stallation of the soil pipe in contrast to the intact soil for the
JETs, but the T, matched.
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Figure 5. Observed (a) flow and (b) sediment concentrations for the low-density plug experiment at Dry Creek and Bonelli et al. (2006) model fit
to both flow rates and sediment concentration (RMSE = root mean square error and NOF = normalized objective function).
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Figure 6. Pore water pressures of tensiometers installed 25 cm above
and below the pipe exit (up and down) and 5 c¢m to the left and right
of the pipe exit (left and right) for the first high-density plug experi-
ment (clogged pipe) at Dry Creek.

DRY CREEK CLOGGED PIPE EXPERIMENTS:
HiGH-DENSITY PLUG

Two clogged-pipe experiments were conducted using
tighter plugs at a density of 1.1 g cm™ over the final 30 cm
at the exit of the pipe. In the first experiment, a 15 cm head
above the inlet of the pipe was applied for 60 min in the
trench, after which the head was increased to 30 cm for an
additional 187 min. The plug never failed, so there was no
flow. The tensiometers near the plug approached steady
state but never reached saturation, as indicated in figure 6.

This experiment was repeated using the same plug density
(11g cm™) and length (30 cm). Head was maintained at 48
cm for the first 188 min of the experiment. The plug did not
fail, and again the tensiometers responded with increased
pore water pressures in the soil near the clog (fig. 7). The
constant head was then increased to 92 cm for an additional
90 min, and still the plug did not fail. Finally, after 278 min,
the plug was manually punctured with a 1 mm rod, and flow
was established through the newly opened soil pipe. Flow
rates and sediment concentrations were recorded for the next
100 min. Tensiometer responses near the exit of the pipe
suggested slowly increasing soil water pressures while the
clog was in place and rapid decreases in pressures around the
soil pipe when the clog was punctured, except for the tensi-
ometer that was below the pipe exit (fig. 7).
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Figure 7. Pore water pressures observed from tensiometers installed
25 cm above and below the pipe (up and down) and 5 cm to the right
and left of the pipe (left and right) for the second high-density plug
experiment (clogged pipe) at Dry Creek.

Flow rate data and the fitted Bonelli et al. (2006) model
(0p=30Lmin",R,=2.9cm, L=2.8m,k,=7x10°sm",
and 7. = 3.5 Pa) are shown in figure 8. Flow rates were only
approximately twice as high as in the earlier Dry Creek ex-
periment, even though the head was larger (92 cm compared
to 15 cm) in this experiment, most likely due to the initial
size (1 mm) of the opening at the pipe clog. Similar to the
previous experiment, the early-time data demonstrated rapid-
ly increasing flow rates over time due to the increase in the
flow area as the opening expanded in the punctured pipe
clog. Approximately 30 min into the experiment, flow rates
and sediment concentrations stabilized, demonstrating fairly
non-erodible material even at these high imposed heads, and
therefore the model was applied only to these late-time data.
Sediment concentrations are also shown in figure 8 and again
were fairly constant based on the observed data. Even with
these higher shear stresses due to the higher head, the materi-
al was resistant to erosion and the pipe was unable to meas-
urably expand. The 1. derived from the calibrated model was
within the range of measurements reported from JETs with
smaller calibrated £,,.

Cow CREEK OPEN PIPE EXPERIMENTS
Two open pipe experiments were performed at Cow
Creek. In the first experiment, a 15 cm head was applied on
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Figure 8. Observed (a) flow and (b) sediment concentrations for the second high-density plug experiment (clogged pipe) at Dry Creek and
Bonelli et al. (2006) model fit to both flow rates and sediment concentrations. Time was initiated when the plug was punctured in the experiment
(RMSE = root mean square error and NOF = normalized objective function).
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the soil pipe inlet in the trench. Three minutes after flow in-
itiation from the exit of the pipe, flow slowed and stopped.
Head was maintained at 15 cm for 15 min and then in-
creased to 30 cm for an additional 15 min. Flow never
started, and there was no tensiometer response. Internal
erosion of the sandy loam material inside the pipe caused a
pipe collapse and clogging. Subsequent reopening of the
pipe revealed that the clogging occurred near the pipe inlet
at the trench.

The second experiment applied a 30 cm head for 45 min
to the reopened soil pipe. Flow never stopped during the
experiment. Flow rates and sediment concentrations for this
open pipe experiment are shown in figure 9. Flow rates ini-
tially increased slowly and then increased rapidly approxi-
mately 16 to 17 min into the experiment. Since the pipe
was initially empty, the pipe most likely was not flowing
full along its entire length during the early stages of the ex-
periment as the head built up over the 4 m pipe length. It is
likely that the pipe was not full during later stages as well
due to the rapid expansion at the base of the pipe by inter-
nal erosion and the hydraulic losses into a network of natu-
rally occurring soil macropores and other pipes. The con-
ductivity of this soil may have created significant exchange
between the pipe and soil matrix during the early part of the
experiment, such that the pipe may have been eroding in
the upper reaches of the soil pipe while flow was trans-
ferred from the soil pipe into the soil matrix further along
the pipe. In addition, the presence of roots in the bank like-
ly provided a network of preferential flow paths through
which water could be lost to the soil pipe and elude the
measurement devices. Flow rates into the soil pipe may
have been increasing, but no measureable difference in
flow out of the soil pipe was observed due to transfer into
the soil matrix and other macropores or soil pipes. Corre-
spondingly, sediment concentrations relative to the flow ex-
iting the pipe were increasing during the first 16 to 17 min
but then approached an asymptote and even declined as the
experiment continued.

Unlike the less erodible and less conductive Dry Creek
soil, the model was unable to fit both data sets (flow rates
and sediment concentrations) simultaneously for this soil
because of the inherent assumptions associated with the
Bonelli et al. (2006) model (i.e., full pipeflow and no inter-
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action between matrix and soil pipe domains). These results
suggest the need for improved pipeflow models that better
account for pipeflow and soil matrix interactions. Fitting
just the flow rate data with late-time data when interaction
between the soil matrix and pipe domains would be hy-
pothesized as being less pronounced (fig. 9), the Bonelli et
al. (2006) model suggested the following parameters: Oy =
9L min",R,=29cm, L=40m, k,,=0.1 sm™”, and 1, =
0 Pa, suggesting a much more erodible soil at Cow Creek
than at Dry Creek. Note the consistency between the ., and
7. measured with the JETs and calibrated from the Bonelli
et al. (2006) model.

Cow CREEK CLOGGED PIPE EXPERIMENT

This was a clogged pipe experiment in which a clean
vertical face was dug around the exit of the previously
eroded pipe and then plugged with excavated soil at 1.3 g
cm” over the last 15 cm of the pipe. Tensiometers were in-
stalled in the arrangement shown in figure 4 (center), and
the tensiometer responses are shown in figure 10. One mi-
nute into the experiment, flow was exiting the bank face
through macropores near the soil pipe. Flow began seeping
through the plug at around 2 min, and the plug failed com-
pletely after 3 min. This supports the hypothesis that sub-
stantial water transfer was occurring between the soil pipe
and the adjacent soil matrix and preferential flow paths.
The tensiometer in the center of the arrangement (fig. 4)
was positioned within the soil pipe plug. This tensiometer
showed a dramatic pressure buildup, quickly exhibiting
positive values, in response to flow initiation through the
plug. Note that the tensiometers positioned 2.5 cm away
from the pipe center generally showed a fast pressure
buildup to positive pressures (fig. 10). The 2.5 cm tensiom-
eters were positioned within the soil pipe plug at the begin-
ning of the experiment. The 5.0 cm tensiometers, posi-
tioned within the soil matrix adjacent to the plug, exhibited
either no response or a slow response. The tensiometer lo-
cated 5.0 cm to the left of the plug started at 0 cm pore wa-
ter pressure; this was most likely due to tensiometer error,
potentially the result of poor contact with the soil. In gen-
eral, there was a significant hydraulic non-equilibrium with
a high gradient into the soil matrix. This is the first study to
document pressure buildups within a soil pipe clog under
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Figure 9. Observed (a) flow rates and (b) sediment concentrations for the open soil pipe experiment at Cow Creek and Bonelli et al. (2006) mod-
el fit to the flow rate data. The model was unable to simultaneously fit both the flow rate and sediment concentration data.
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Figure 10. Tensiometer response for the clogged pipe experiment on Cow Creek. Tensiometer locations refer to the center diagram in figure 4.

field conditions, thereby confirming the proposed mecha-
nism of landslide failure (Uchida et al., 2001).

SUMMARY AND CONCLUSIONS

Clogged soil pipes resulted in pore water pressure in-
creases in the adjacent soil and within the clogged soil pipe,
which could result in destabilization of the surrounding soil
material and lead to bank failure. Pore water pressure in-
creases were typically greatest within the soil pipe clog, but
pressure increases were observed in the adjacent soil as
much as 25 cm away from the soil pipe. The clogged soil
pipes either burst when plugged with a low-density soil ma-
terial (less than 1.0 g cm™, which might simulate sloughed
material from previous bank failures) or were resistant to
removal by the pore water pressure gradients established
during the experimental conditions in this research for these
soil types. It is hypothesized that additional time for satura-
tion and establishment of hydraulic gradients in the plug
material would eventually lead to opening of the soil pipe
and turbulent pipeflow. Preferential flow around resistant
clogs and manually reopening resistant clogs suggest that
such clogging, with time, would eventually reopen the
clogged pipe or create an alternate new pipe. More research
needs to be performed on enlargement and clogging of soil
pipes by internal erosion, pore water pressures within the
open portion of the pipe during clogging, and mass failure
processes.

Calibrated 7. from the turbulent pipeflow and internal
erosion model matched that observed from jet erosion tests
for the less erodible soils on the Dry Creek streambank, but
the model tended to predict much smaller k., than measured
with the jet erosion tests. Even when imposing hydraulic
gradients of 0.05 to 0.3 m m™, the resulting sediment con-
centrations in the 15 to 30 L min" flow were consistently
less than 2 g L™ For the more erodible streambank soils of
Cow Creek, inherent turbulent pipeflow and internal ero-
sion model assumptions of full pipeflow and no interaction
between the matrix and soil pipe domains do not appear to
apply. Using a subset of the complete data, estimated erod-
ibility coefficients and critical shear stresses from the jet
erosion tests were similar to those estimated with the cali-
brated turbulent pipeflow and internal erosion model.

There is a need for improved pipeflow models that better
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account for rapidly changing pipe geometries, pipe clog-
ging, and pipeflow and soil matrix interactions, especially
for erodible soils with a network of preferential flow paths.
The assumption of an infinite water supply source for
streambanks and other hillslopes is inadequate for most
cases in terms of the upslope contribution of water to the
soil pipe. Even a constant-head injection trench could not
provide the necessary constant head to keep the soil pipe
flowing full due to the rapid erosion of the soil pipe at the
base in the more erodible soil and the presence of addition-
al macropores and soil pipes in the root-permeated stream-
bank. Additional research is also needed to better under-
stand the internal erosion and pipe clogging process, as this
appeared to be an important process in the more erodible
soils investigated in this research.
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