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a b s t r a c t

Clogging of streambeds by suspended particles (SP) can cause environmental problems, as it can
negatively influence, e.g., habitats for macrozoobenthos, fish reproduction and groundwater recharge.
This especially applies in the case of silt-sized SP. Until now, most research has dealt with coarse SP and
was carried out in laboratory systems. The aims of this study are to examine (1) whether physical
clogging by silt-sized SP exhibits the same dynamics and patterns as by sand-sized SP, and (2) the
comparability of results between laboratory and field experiments.

We carried out vertical column experiments with sand-sized bed material and silt-sized SP, which are
rich in mica minerals. In laboratory experiments, we investigated the degree of clogging quantified by
the reduction of porosity and hydraulic conductivity and the maximum clogging depth as a function of
size and shape of bed material, size of SP, pore water flow velocity, and concentration of calcium cations.
The SP were collected from an Alpine sedimentation basin, where our field experiments were carried out.
To investigate the clogging process in the field, we buried columns filled with sand-sized quartz in the
stream bed.

We found that the maximal bed-to-grain ratio where clogging still occurs is larger for silt-sized SP than
for sand-sized SP. The observed clogging depths and the reduction of flow rate through the column from
our laboratory experiments were comparable to those from the field. However, our field results showed
that the extent of clogging strongly depends on the naturally-occurring hydrological dynamics. The field
location was characterized by a more polydisperse suspension, a strongly fluctuating water regime, and
high SP concentrations at times, leading to more heterogeneous and more pronounced clogging when
compared to laboratory results.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

In streambeds several ecological functions might be affected by
clogging as they are the main habitats for invertebrates and several
fish species (Einstein, 1968; Sch€alchli, 1992). In general, alteration
of sediment regimes can influence the physical characteristics of a
streambed, and the anthropogenically caused input of fine sedi-
ments into riverine systems has evolved into a major environ-
mental issue (Datry et al., 2015). One important effect is clogging,
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that is infiltration and accumulation of inorganic and organic ma-
terial in the streambed. This can lead to the reduction of perme-
ability and porosity (Grischek and Bartak, 2016) and may cause
consolidation of streambeds and a reduced exchange between
surface water and groundwater. As a consequence, oxygen and
nutrients may be limited in the hyporheic zone, and the ground-
water recharge can be reduced, affecting stream biodiversity and
biogeochemistry (Datry et al., 2015; Sch€alchli, 1992; Wooster et al.,
2008).

In this work, the effect of mainly physical and, to a limited
extent, chemical parameters on clogging were examined. We note,
however, that in nature, biological and chemical parameters may
significantly affect the clogging process, for example due to the
presence of algae or biofilms. Physical clogging might also be a
precondition for biological clogging processes (Nogaro et al., 2010;
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Illustration of clogging depth, sealing and armour layer. Photographs from
laboratory experiments with a profile with a decreasing number of retained particles
with depth and a specific clogging depth ZC.
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Rink-Pfeiffer et al., 2000). Physical clogging of pores occurs when
suspended particles (SP) are transported along the flow path and
then are retained, leaving pores located below the clogged ones
devoid of SP (Sakthivadivel and Einstein, 1970). This process has
been actively researched since the pioneering work by Einstein
(Einstein, 1968; Sakthivadivel and Einstein, 1970). Parameters that
influence the clogging process are size, shape, and concentration of
the SP, size and shape of the bed material, grain size distributions of
SP and bed material, as well as the pore water flow velocity. Under
field conditions, several afore mentioned parameters depend on
the stream flow volume and velocity that affect the SP size distri-
bution, the pore flow velocity, and the armour layer. The armour
layer is a typical configuration found in stream beds. It is the natural
uppermost bed layer consisting of material coarser than the layers
below the armour layer and protects subjacent material from being
washed off (Vericat et al., 2006).

Sources for fine SP can be found in natural and anthropogenic-
ally influenced environments. Certain geological formations such as
mud stones can be a source for silt-sized SP. Anthropogenic sources
for silt-sized SP include, for instance, human-induced erosions and
landslides, land use (change), accidental releases from reservoirs,
and hydroelectric plants (Benamar et al., 2007; Cui and Wilcox,
2008; Wooster et al., 2008). It is likely that the fraction of fine SP
in rivers will increase due to anthropogenic activities, e.g. as shown
by Bogen and Bonsnes (2001) when they noticed an increase in the
clay-sized fraction of SP in surface waters after the implementation
of a hydropower plant in Norway.

Until now, most research on physical clogging dealt with SP in
the range of 80e500 mm on gravel substrate (Adams and Beschta,
1980; Beschta and Jackson, 1979; Diplas, 1994; Diplas and Parker,
1992; Einstein, 1968; Frostick et al., 1984; Gibson et al., 2010,
2009; Jackson, 1981; Sakthivadivel and Einstein, 1970; Sch€alchli,
1992; Siriwardene et al., 2007; Wooster et al., 2008). Few experi-
ments with silt-sized SP (2e63 mm) were carried out (Alem et al.,
2015; Bai et al., 2016; Benamar et al., 2007; Fries and Trowbridge,
2003). However, silt-sized SP play an important role in the clog-
ging process, since they significantly decrease the porosity and
have a large transport potential (Bai et al., 2016; McDowell-Boyer
et al., 1986; Siriwardene et al., 2007). In contrast, sand-sized SP
influence the porosity of the streambed only marginally as shown
by field and laboratory experiments (Sch€alchli, 2002). It is not clear
if the insights on clogging by sand-sized can be extrapolated to silt-
sized SP, e.g. concerning the influence of particle size on the clog-
ging depth (Huston and Fox, 2014). Furthermore, most recent
studies were conducted in the laboratory without field application
(Huston and Fox, 2014). Investigating the explicit role of SP in the
silt-sized fraction on the clogging process in the laboratory and the
field could further improve the clogging prediction.

By examining the clogging process on a small scale, the sealing of
pores by SP canbe explainedbymulti-particle bridging (Sakthivadivel
andEinstein,1970). SP are transportedwith the percolatingwater and
eventually retained inpores. Themaximumdepthwhere particles are
retained depends on parameters such as the bed-to-grain ratio (dM/
dSP) and the porewaterflowvelocity. The bed-to-grain ratio is defined
as the quotient of the bed material's diameter over the SP's diameter,
defined as equivalent spherical diameter. Higher pore flow velocities
favour the transport of larger particles, since it takes longer until they
are retained inpores. This leads to adeeper intrusionof SP into thebed
material (Alem et al., 2015; Benamar et al., 2007). Sealing occurs if
several SP close a pore throat. The maximum depth, where multi-
particle-bridges are found, is called the clogging depth ZC. As parti-
cles accumulate in the bed, its hydraulic conductivity decreases.
Attractive forces eventually counteract the drag caused by flow and
gravitational forces, and the rate of transported particles decreases.
Upwards from ZC, pores are filled up to the armour layer until, finally,
the porewater flow rate reaches a steady state. At this point, SP are no
longer transported deeper into the bed, so long as conditions do not
vary. The captured material exhibits an exponential profile with the
highest amount of captured SP beneath the armour layer (Huston and
Fox, 2014; and Fig. 1).

Two main parameters that were previously investigated were
the bed-to-grain ratio and its relation to ZC, as well as the thickness
of the sealing layer that can be estimated from the bed grain
diameter (Fig. 1). The assessment of the degree of clogging received
renewed attention recently. In contrast to previous studies, Huston
and Fox (2014) used the bed-to-grain ratio only for prediction
whether or not clogging takes place. They further presented an
improved formula for the critical bed-to-grain ratio for the initia-
tion of clogging which included the gradation of the bed material
(standard deviation s¼ SQRT (dM85/dM

15) as dM/(dSP *s)). To predict ZC
they suggested focusing on bed porosity and presented recently a
momentum-impulse model to predict ZC of fine sand in gravel beds
(Fox, 2016; Huston and Fox, 2016). It is, however, not clear whether
the model works for sand beds as well.

Overall, a high degree of clogging implies a strong reduction of
porosity and hydraulic conductivity that can be caused by a deep
clogging depth, a strong sealing layer, or a combination of both. The
degree of clogging can be measured e.g. in the laboratory by the
reduction of pressure and flow rate. However, it is more difficult to
determine the degree of clogging in the field. Various clogging
classification systems in the field have been discussed and pro-
posed (Sch€alchli, 2002). Datry et al. (2015) and Grischek and Bartak
(2016) proposed using hydraulic conductivity as an easily-
measured clogging indicator in the field. This has the advantage
of involving interstitial clogging, compared to previous approaches
that focussed mainly on surface processes.

The main aims of this study are to determine (1) whether
cloggingwith silt-sized SP exhibits the same dynamics and patterns
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as with coarser SP, and (2) if laboratory and field results are com-
parable and if the prioritization of influencing parameters on the
degree of clogging differs between field and laboratory. Based on
previous studies, we hypothesized:

The maximum bed-to-grain ratio where clogging occurs in-
creases with the fineness of SP. Due to higher specific surface area,
small SP may be more strongly attracted by bed material than
coarse SP.

Higher Ca2þ concentrations (in the order of mM) cause
smaller clogging depths than at lower concentrations. Divalent
cations promote aggregation of SP and interaction with bed parti-
cles. Thus, clogging might be more pronounced.

Field experiments generally exhibit a higher degree of clog-
ging than laboratory experiments. This may be explained by the
high variation of streamwater flow and the broad grain size span of
transported SP.

To validate these hypotheses we conducted laboratory and field
column experiments with fine SP (2e63 mm) and a sand-sized bed
material.

2. Materials and methods

2.1. Laboratory investigations

We used vertical column experiments to investigate SP infil-
tration into a sand-sized bed material. Fig. 2 shows the experi-
mental setup consisting of a suspension reservoir of 50 L that was
stirred by nine fleas on a nine-position magnetic stirrer. The sus-
pension was transported via a peristaltic pump (Ismatec,
Switzerland) on top of the water-saturated column. The Plexiglas
column had an inner diameter of 10 cm and a height of 40 cm. At
the bottom, a 100 mm sieve kept the fine quartz particles in place. To
obtain a homogenous bed, the column was packed by slowly
pouring sand into deionized and degassed water. The water was
filled from a Marriott's bottle into the column through the bottom
so that the water level in the column was kept a few centimetres
above the sand layer. TheMarriott's bottle was used for filling of the
column and detached during the experiments. The column was
filled to approximately 20 cm. An armour layer with approximately
1 cm-sized gravel stoneswas added to keep the quartz sand in place
Fig. 2. Laboratory experimental design. (1) a 50 L reservoir for the suspension on a
magnetic stirrer with 9 fleas; (2) peristaltic pump; (3) mechanical stirrer; (4) overflow
pipe; (5) Plexiglas column filled with bed material and a gravel armour layer; (6) three-
way valve; (7) flow meter; (8) pressure sensors (Keller); (9) Marriott's bottle with
degassed and deionized water; (10) laptop. Not depicted is the camera that was used
for monitoring of the clogging process.
andmimic an armour layer. The water level above the bed was kept
at a constant level during the experiment (constant head). An
overflow pipe at a height of 30 cm allowed the surplus water to
flow back into the reservoir. Sedimentation in the column was
avoided by using a mechanical stirrer to keep the supernatant
suspension in motion. This fluid motion did not lead to dislocation
of the sand grains which were protected by the armour layer. The
bottom outlet was connected to a flow meter (SLQ-QT500 Liquid
flow meter from Sensirion, Switzerland). Along the column, six
pressure sensors (PAA-36XW from Keller Druckmesstechnik,
Switzerland) were mounted. The first five sensors were spaced
1 cm apart, and the sixth was a further 11 cm distant. Specifications
are presented in SI Table 1.

As bed material, we used two qualities of sand (ESEM images, SI
Fig. 1a and b), rounded quartz sand (Carlo Bernasconi AG,
Switzerland) and angular quartz sand (Gebrüder Dorfner, Germany,
d50 value¼ 210 mm). The rounded quartz material was dry sieved to
obtain a more mono-disperse fraction. This resulted in a d50 value
of 400 mm (measured with a LA-950 Laser Particle Size Analyzer
from Horiba Scientific).

Deposited material from our field study site (description in
Section 2.2) in the Alpine sedimentation basin was used as SP
(ESEM images, SI Fig. 1c and d). The parent material of the SP is a
black, so-called paper shale, located in the upstream area of the
study site. It exhibits a thin, laminated structure, and is darkly
coloured. In general, black shales originate from organic carbon-
rich sediments and the organic matter, being adsorbed to mineral
surfaces, evokes the black colour (Kennedy et al., 2002; Tourtelot,
1979). For our samples, pycnometer (AccuPyc II 1340 V1.05) mea-
surements revealed a grain density of 2.76 g/cm3 for the grain size
range of 5e20 mm. The samples consisted of approximately 40 wt%
quartz, 30 wt% calcite, 10 wt% muscovite, and 10 wt% chlorite. The
residual 10 wt% includes dolomite, pyrite, rutile, illite, and albite
(measurements with an X-ray diffractometer D8 Advance, Bruker
AXS, Germany). The mineral composition varied with particle size.
The smaller the particles, the higher the mica mineral content, i.e.,
for particles <2 mm,muscovite accounted for more than 40 wt% and
illite for more than 20 wt%, while quartz and calcite each contrib-
uted less than 5 wt% (K€onig, 2014). In the streamwater at the study
site, the high content of these SP caused a spectacular phenomenon
of shiny flow patterns that arises presumably because particles
aligned with the flow's shear and make turbulent vortices visible.
The flaky shape and a certain concentration of the particles might
be crucial for appearance of the shiny flow patterns. With respect to
the investigation of clogging one should keep in mind that particle
orientation of certain minerals can also influence clogging mech-
anisms and the resultant clogging profile.

Two samples of bulk material were collected in the field from
two spots with fine and well-fractionated sediments. They were
used without sieving. The SP material sampled in August 2014
exhibited a size range of 14e16 mm,while the samples fromOctober
2015 and August 2016 were finer (8e10 mm). The suspensions were
prepared from the wet field samples since drying and re-
suspending would affect the size and shape of the fragile aggre-
gates. The material was suspended in deionized water at concen-
trations ranging between 1 and 4 g/L. Pre-experiments showed that
concentrations within this range did not influence the clogging
process.

The experiments were photographically monitored to docu-
ment the process of clogging layer formation. The experiment was
terminated when all 50 L of suspension had passed through the
column, or when the flow rate reduced to a tenth of its initial value,
whichever occurred first.

In addition to the entire series of laboratory experiments pre-
pared with deionized water, one experiment with additional
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0.8 mM CaCl2 in the supernatant of the column was carried out.
This corresponds to approximately half of Ca2þ concentrations
found in the surface water at our field site. Pre-experiments
revealed that this is approximately the critical aggregation con-
centration for promotion of particle aggregation, and higher con-
centrations do not further enhance aggregation and sedimentation.
The pH measurements of the column's outflow showed no signif-
icant change resulting from CaCl2 addition.

In total, six main laboratory experiments were carried out while
varying the parameters (1) bed material size and shape, (2) SP size,
(3) initial flow rate, and (4) concentration of Ca2þ. The experiments
were designed in pairs, where a single parameter was varied be-
tween each pair.
2.2. Field investigations

The study site is located northeast of Piz Tasna, a mountain in
the Swiss Alps (Fig. 3). It is a sedimentation basin with an area of
approximately 2000 m2 located at 2700 m a.s.l. and surrounded by
moraines. The Aua da Tiral stream originates from the Vadret da
Tasna glacier and surrounding snow cover, and is characterized by
dense loads of silt-sized SP. It flows through the sedimentation
basin, which is framed by coarse moraines. The sedimentation
basin is clogged, and infiltration rates are hence very slow. The
basin is structured by branching streams exhibiting seasonal and
diurnal variations in course and water volume. Based on tracer field
measurements during the experimental duration, flow velocity and
discharge were estimated to range from 0.2 to 0.5 m/s and
30e200 L/s, respectively. Gravimetric particle concentration was
measured at numerous times at three dates with time spans of 8
and 19 days in between. They ranged from 0.5 to 4.0 g/L. This
variation was clearly visible. Thus, from our visual observations we
can assume that this range was typical during almost three months
of our field work. Within the sedimentation basin, the depth of the
various stream branches ranged from very few to 40 cm. The
Fig. 3. Study area North East of Piz Tasna, Switzerland. The sedimentation basin, where th
www.swisstopo.admin.ch, locator map from services.arcgis.com.
sediment material is fractionated, from coarser material near the
inlet of the basin to finer material towards the outlet. Several depth
profiles from the basin showed that fine SP are found in the pores of
the coarser material, in deeper layers as well as deposited on top of
the coarser material.

The field column experiments were carried out from June to
September 2016. The Plexiglas columns were buried at six different
locations (Fig. 4A) in streams within the sedimentation basin and
were left there during one to eight weeks (SI Fig. 2). The columns,
with an inner diameter of 9 cm and a height of 20 cm, were
equipped with a bottom outlet consisting of a filter foil and an
outlet port connected to a PVC tube (2 m) to ensure the outflow
(Fig. 4B). The columns were filled to the height of 17 cm with the
same rounded quartz sand used in the laboratory experiments. An
armour layer of approximately 1 cm, consisting of gravel from the
study area, was added on top. The columns were buried in the
temporarily drained streambed at a depth where the top of the
columns were slightly flooded. The sites were documented by GPS
data and marked with a stick. In total eleven columns were
recovered successfully after individual exposure periods that were
co-determined by changing weather conditions. In addition, some
columns were found above the water level since the streams
changed the channels, but those were not considered for this study.
All columns were checked subsequently to their recovery for intact
water flow through. Afterwards, they were carefully transported by
keeping them vertically in a backpack downhill and by train to the
laboratory. The flow rate was measured accurately in the labora-
tory. Afterwards, the bed material was dissected into 1 cm layers.
For each layer, the amount of particles smaller than 100 mm was
determined by wet sieving, drying, and weighing.
3. Results

In this chapter, we present the results of six laboratory and three
field experiments. The laboratory experiments were evaluated in
e field experiments were carried out, is crossed by the Aua da Tiral stream. Map from

http://www.swisstopo.admin.ch
http://services.arcgis.com


Fig. 4. Field column experimental design. (A) Sedimentation basin with column bury sites, where three columns where buried at Sites 1 and 3, two columns at Site 4 and one
column at Sites 2, 5, and 6; (B) Plexiglas column filled with quartz sand (1) with a bottom outlet, closed by a filter foil (2), and connection port for a tube (3). Aerial photograph
©Google 2010.
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pairs where only one parameter was variedwhile keeping all others
constant. For the field column experiments, the only controlled
parameter was the bed material while all others were governed by
naturally varying hydrological conditions.
3.1. Laboratory results

All column experiments in the laboratory showed clogging with
ZC ranging from1.5 to 18.0 cm (Table 1). A clearly visible sealing layer
was observed for almost all experiments. The degree of clogging in
terms of flow rate and pressure reduction varied strongly, as well as
the clogging depth ZC, and the transition pattern from clogged to
non-clogged parts (images in Table 1). Table 1 gives an overview of
the laboratory experiments with the specified parameters and the
resultant clogging patterns. Arrows indicate the experimental pairs
with the varied parameters ratio dM/(dSP*s), shape of bed material,
initial flow rate, and electrolyte concentration.

Fig. 5A presents the pressure data for experiment 400r_SP1_v1
_Ca. The graph shows the pressure reduction over the course of the
experiment in 2 h steps. At the start of the experiment a linear
pressure increase with depth is observed. Even though the increase
reminds to a hydrostatic profile, pressure is not hydrostatic and the
piezometric head decreases with depth. As the experiment pro-
gresses, pressure is reduced at all depths, but not uniformly with the
strongest reduction located at around 2e3 cm depth, reached within
the first 6 h. Afterwards, the process of pressure reduction is slowed
substantially, approaching a steady state. Qualitatively, the pressure
reduction exhibited similar patterns for the different experiments,
while quantitatively they differed. For example, the pressure reduc-
tion for Experiment 400r_SP1_v1_Ca was more pronounced with a
maximum difference of 12.4 mbar, in contrast to 3.7 mbar for
Experiment 400r_SP1_v1. The total maximum pressure reduction
ranged between 3mbar for Experiment 400r_SP1_v1 and 14mbar for
Experiment 210a_SP1_v2.

Fig. 5B shows the flow rate over time for each experiment. Two
experiments, 400r_SP2_v2 and 210a_SP1_v2, were carried out with
an initial flow rate of about 2 mL/s, whereas the other four were
started with approximately 1 mL/s. The flow curves exhibited
different temporal patterns. 210a_SP1_v2 showed a distinct plateau
before a more rapid decrease started after 1.5 h. This time point
coincided with that at which the clogging depth was visually
observed in photographs. Similar results were observed for the
other experiments. All laboratory experiments showed a flow rate
decrease of at least one third. In Experiment 210a_SP1_v1, this point
was reached after 45 min, after 2.5 h in Experiment 400r_SP2_v2
and after approximately 4 h in the remaining three experiments.
The left Y axis shows the global hydraulic conductivity values that
are in the order from 0 to 0.3 mm/s. The local K values for Exper-
iment 400r_SP1_v1_Ca averaged at the very beginning 7.1E-5 m/s.
After 10.6 h, K has decreased to 1.0E-5 m/s in the non-clogged and
to 1.4E-6 m/s in the clogged part. Consistent with our findings,
Sch€alchli (1992) observed in his gravel bed experiments a sub-
stantial reduction of the hydraulic conductivity in the course of the
experiment with K values decreasing from 5E-5 to 5E-6 m/s in the
top layer.
3.2. Field results

The eleven field experiments resulted in a variety of clogging
profiles, despite the single controlled parameter (bed material) not
being varied. The apparent clogging depths ZC ranged from 0.5 to
13 cm (images in Table 2 and SI Fig. 3a and b). In some cases, the
armour layer was partly removed, leading to damage or removal of
clogged layers. The results from the field represent a moment in
time in the evolution and destruction of clogging layers. Brunke
(1999) summarized three phases for the formation of clogged
layers: the first phase is characterized by initial bridging of pores
that does not affect the hydraulic conductivity, and the second
phase by the retention of finer material and significant reduction of
hydraulic conductivity. During the third phase the hydraulic con-
ductivity reaches a steady minimum and in the bed pores particles
are transported no longer. In the field a fourth phase, the damage of
the clogged layer, is important and would lead again to the first
phase. The condition of the recovered field columns depends on the
evolution phase, and the phases can change rapidly due to un-
controlled and unsteady field conditions. Representative results
were obtained from the eleven field columns, since they contained
a variety of phases. We assume that the clogging depth does not
change further, if a sealing layer has developed (no further particle
penetration into the bed material) and as long as the armour layer
stays intact.

The flow rates measured in the laboratory revealed that an
intact armour layer can reduce flow rates bymore than one order of
magnitude. Columns with an intact versus disturbed armour layer



Table 1
Overview of results from the six laboratory experiments. Data includes suspended particles and bedmaterial characteristics, modulation of parameters for each experiment, as
well as photographs of each column at the end of the experiment with clogging depth ZC.
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exhibited flow rates from 15 mL/s to 21 mL/s and 330 mL/s to 1350 mL/
s, respectively. Where the armour layer remained intact, the field
results, indicated by ZC and flow rate reduction, were comparable to
laboratory findings. Nevertheless, the clogging and sealing layers in
the field columns appeared to bemore heterogeneous than those in
the laboratory. In the field, the sealing layers and the sealing effect
often were more pronounced than in the laboratory experiments
(images in SI Fig. 3). Three of the eleven field column experiments
were consecutively buried at Site 3. These three experiments with
their final state of armour layer, minimal and maximum intrusion
depths and resulting flow rates were representative for the entire
body of field experiments. The dissection of the bed material of the
field columns 3a, 3b, and 3c and the quantitative analysis of
captured SP showed a profile decreasing exponentially with depth
(profiles of captured SP in Table 2).



Fig. 5. Pressure und flow results from the laboratory experiments. (A) Pressure profiles for Experiment 400r_SP1_v1_Ca after 0, 2, 4, 6, 8, and 10 h. The changes in pressure were
most pronounced around 2e3 cm depth in the first 6 h and slowed toward a steady state after 8 h. The light grey area indicates the final clogging depth of the column (B) Flow
patterns with two experiments carried out with doubled initial flow rates (Q). Several experiments exhibited a rapid decrease after a certain period, e.g. 210a_SP1_v2 after 1.5 h. This
time point also marks when the maximum clogging depth is reached (arrow). The left Y axis shows the hydraulic conductivity (K) that was calculated from the flow rate (Q)
according to K¼(Q/A)/(dh/dL), where dh is the hydraulic head [m] and dL is the length of the quartz bed [m]. The conversion is based on Experiment 400r_SP1_v1_Ca, where dh and
dL were 0.19 m and 0.20 m, respectively.
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4. Discussion

Hypothesis 1. The maximum bed-to-grain ratio where clogging
occurs increases with the fineness of SP.

Fig. 6 shows the results of our six laboratory experiments and
three field cases. On the same figure, we also plotted previous
literature results obtained from flume experiments with sand-sized
SP, reviewed by Huston and Fox (2014). Based on ten reviewed
studies, the authors defined a critical bed-to-grain ratio dM/(dSP*s)
of 27 for sand-sized SP as the maximum ratio where clogging still
occurs. Note: for the description of the particle-size distribution,
many studies used the geometric mean instead of d50 values. The
difference can be significant in the case of non-Gaussianparticle size
distributions, which is true for our particles. In general, we used d50
values.

Our Experiment 400r_SP1_v1 with a bed-to-grain ratio dM/
(dSP*s) of 37 still resulted in clogging. Although this is so far a sin-
gular result, a higher critical ratio for finer SP is reasonable when
considering the following: In the case of fine SP, attractive surface
forces gain importance (Benamar et al., 2007; Brunke, 1999;
Sch€alchli, 1992; Valdes and Santamarina, 2006) due to an increase
in the surface to weight ratio. At a certain size range, both chemical
and physical interactions influence clogging. Benamar et al. (2007)
suggest the transition of influence from physical to chemical vari-
ables at a size range of SP between 0.1 and 10 mm. At SP > 10 mm
physical forces, such as hydrodynamics, gravity and inertial forces
dominate. In contrast, Brunke (1999) suggested the dominance of
physical forces for the particle range above 30 mm and the domi-
nance of physicochemical interactions for particles down to 1 mm.

The laboratory experiments were designed in pairs to examine
the influence of certain parameters. For the corresponding pairs
400r_SP2_v1 vs. 400r_SP2_v2 and 210a_SP1_v1 vs. 210a_SP1_v2, the
initial flow rate was varied by a factor of two. In both cases a
doubling of the flow rate resulted in a considerable increase in the
clogging depth ZC. This observation is consistent with observations
by Benamar et al. (2007) and Alem et al. (2015). They stated that
higher pore flow velocities favour the transport of larger particles,
leading to a deeper intrusion of SP. The hydraulic conductivity, as a
measure of the easewithwhichwater canmove through pores, also
reflects the clogging process. Experiment 400r_SP1_v1_Ca showed
a stronger hydraulic conductivity reduction in the clogged part in
contrast to the non-clogged part. This agrees with the findings by
Datry et al. (2015) who proposed the measurement of hydraulic
conductivity in the field as an indicator for the degree of clogging.

The corresponding pair 400r_SP1_v1 vs. 400r_SP2_v1 showed that
ahigher ratio dM/(dSP*s) also led to a larger ZC. In this case, the smaller
the SPare in relation to the bedmaterial, the further they intrudeuntil
they are eventually retained in the pores. As long as no parameter
other than the bed-to-grain ratio was varied, we observed a linear
relation between ZC and bed-to-grain ratio. Concerning the shape of
the bed material (400r_SP2_v1 vs. 210a_SP1_v1), ZC is slightly larger
for the round sand in comparison to the angular material. With
respect to the different shapes, one should consider that our round
material exhibits a wider size range than the angular material,
resulting in smaller pores and thus a promotion of clogging. Hence,
the influence of the shape is not clear in this case. In general, another
aspect that can influence the clogging process is the interaction be-
tween bed material and suspended particles that is not only a func-
tion of size but also of surface properties. Rehg et al. (2005) showed in
their clogging experiment that differently treated kaolinite particles
resulted in different clogging patterns. SP with less interaction with
bed materials remained more mobile.

Hypothesis 2. Higher Ca concentrations (in the order of mM)
cause smaller clogging depths than at lower concentrations.

Experiment 400r_SP1_v1_Cawas carried out as link between the
low-electrolyte laboratory experiments and the field column ex-
periments. The chosen Ca2þ concentration of 0.8 mMwas relatively
low but comparable to field conditions. Electrolytes influence the
thickness of the diffuse double layer and hence, the tendency of SP
to aggregate. This was confirmed in pre-experiments by the
observation of enhanced coagulation and sedimentation after Ca2þ

addition. In Experiment 400r_SP1_v1_Ca the addition of Ca2þ led to
a reduced clogging depth and a stronger pressure drop in the
clogged layers, compared to Experiment 400r_SP1_v1. However, for
the correct interpretation of this experiment and the determination
of the ratio dM/(dSP*s) a proper quantification of the SP enlarge-
ment would be needed.

The existence of a critical Ca2þ aggregation concentration for
promotion of particle aggregation implies that waters with
considerable electrolyte contents are not affected by a higher
concentration of electrolytes. Nevertheless, the investigation of



Table 2
Overview of three field column experiment results. Data includes suspended particle and bed material characteristics, and the profile of captured suspended particles in gram
captured particles per gram bed material.
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higher electrolyte concentrations is relevant since local geogenic
conditions and anthropogenic activities may cause those in low-
electrolyte waters.

Overall, the results suggest that the aggregation of SP affects size
and shape, and consequently the deposition morphology and the
clogging degree.

Hypothesis 3. Field experiments generally exhibit a higher degree
of clogging than laboratory experiments.

The field experiments can be best compared to the laboratory
Experiment 400r_SP1_v1_Ca, where the electrolyte concentration
was elevated and hence, closest to field conditions. Field and lab-
oratory results comparedwell regarding the clogging depths ZC and
the measured flow rates. In general, the columns in the field clog-
ged faster than in the laboratory. Evidence for the faster clogging in
the field was given by a lower amount of SP captured below the
armour layer, in comparison to similar laboratory experiments.
Lower amounts of SP captured below the armour layer in the field
in comparison to laboratory experiments suggest that clogging
might be promoted by field conditions. This is consistent with the
finding of laboratory experiments by Siriwardene et al. (2007), who
reported that clogging is accelerated bywater level fluctuations and
slowed down by elevated water levels. Most of our field columns
exhibited a thick and more heterogeneous sealing layer with low
water infiltration rates. This may be caused by a broader grain-size
distribution of SP and bed material compared to laboratory condi-
tions, as well as by an unsteady flow regime, since deposition de-
pends on flow (Fries and Trowbridge, 2003). An increase in
turbulence could jeopardize the comparability. In the field, an
order-of-magnitude estimate of the friction velocity can bemade as
u* ¼ SQRT (g Rh Is) ~ 1 cm/s, where g (9.81 m/s2), Rh (0.1 m) and Is
(~0.0001) are the gravitational acceleration, the hydraulic radius
and the bed slope, respectively. The velocity fluctuations decay
exponentially in the permeable layer (Huston and Fox, 2016; Manes
et al., 2009; Pokrajac andManes, 2009). In our experimental design,
the first attenuation occurs in the armour layer, where the intensity



Fig. 6. Clogging depth ZC to ratio dM/(dSP*s) of this study's laboratory and field ex-
periments in the context of other studies. Note, the shown field data points represent
the three selected field experiments as shown in Table 2. All field experiments had the
same bed material, and the identical mean SP diameter was used. Therefore, all field
experiments exhibit the same bed-to-grain ratio. The hexagons represent experiments
from four studies that worked with sand-sized suspended material and flume exper-
iments from the review by Huston and Fox (2014). The grey connections indicate pairs
of experiments, dM and dSP represent d50 values.
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of velocity fluctuations is in the order of 1 mm/s. From there we
expect a further sharp decrease to an intensity reaching the Darcy
velocity within a few grain sizes in the quartz bed itself. This might
influence the location of a sealing layer, but overall we do not
expect a strong difference of the clogging depth and intensity. In
the case of rough flow, however, grains might be displaced and the
armour layer might be removed resulting in conditions that
strongly differ from laboratory settings.

A broad gradation strongly favours clogging. Brunke (1999)
emphasized the importance of larger SP (>30 mm) for an initial
bridging of the pores. This affects the pore size distribution, but has
no significant effect on hydraulic conductivity. Silt- and clay-sized
SP are particularly important for the degree of clogging, since
they significantly decrease the porosity and further consolidate the
bed (Sch€alchli, 2002). From the previous investigations in the lab-
oratory we can conclude for the field experiments that the stream
flow velocity impacts the formation of the clogging layer, since it
determines the concentration and size range of SP that are trans-
ported. Field measurements in fact showed that stream flow ve-
locity and turbidity correlated strongly. Turbidity measurements
revealed a strong variation in the particle concentration in the
course of the experimental observations of 3 months. This is re-
flected by the heterogeneous clogging patterns (SI Fig. 3). Addi-
tionally, the discharge dynamics can affect the armour layer, and
hence, can lead to the damage or removal of clogged layers. The
three field column experiments 3a, 3b, and 3c demonstrated this
relationship. Each of these columns was left buried at the same site
for a period of two weeks, one after the other. Although they were
filled with the same bed material, all of them exhibited different
clogging depths and amounts of capturedmaterial (Table 2). During
the experiments, the stream course and the discharge volume at
this site varied, as observed from one field trip to the following.

In general, the degree of clogging is influenced by various pa-
rameters, such as ZC, the reduction of porosity and hydraulic con-
ductivity, and the strength of the sealing layer. The formation of a
sealing layer especially affects most parameters. The slower a
sealing layer forms, the more SP can infiltrate into the bed, leading
to a deeper and stronger bed consolidation. A consolidated and
thicker clogging layer is more difficult to remediate. Besides, a well-
developed sealing layer results in lower pressure and a lower flow
rate below. The formation of the sealing layer is probably most
dependent on the concentration and particle-size distribution of SP.
The insights of clogging by silt-sized SP are crucial for the
management of riverine systems. In comparison to coarse SP, clay-
or silt-sized SP may clog pores faster andmore pronounced, further
contributing to negative ecological effects. The presence of silt-
sized SP is often accompanied by poly-dispersivity that favours
clogging. In addition, chemical interactions gain importance with
silt-sized SP and also enhance clogging. Further the hydrological
regime plays an important role. In prismatic channels, for instance,
the hydrological variability is low, and hence the clogging process is
slower compared to streams with high hydrological variability,
allowing more particles to infiltrate and accumulate in the sedi-
ment before a sealing layer evolves. Additionally, the missing of
wash-off effects of clogged layers in channels may lead to a
permanently clogged riverbed.

5. Conclusions

For physical clogging, silt- and clay-sized SP play an important
role. An original approach using vertical columns buried in the field
and parallel laboratory experiments was presented. Various aspects
were studied in the laboratory, such as the size of SP, the shape and
size of the bed material, the influence of the electrolyte concen-
tration, and the pore water flow velocity. Our results demonstrated
that:

� The finer the SP, the higher the critical ratio dM/(dSP*s). Our
laboratory experiments complemented the existing studies on
physical clogging by the results with silt-sized SP. Systems that
contain clay- or silt-sized SP may be more exposed to faster
clogging and a higher degree of clogging.

� The initial pore flow velocity and the ratio dM/(dSP*s) have a
strong influence on ZC in the laboratory. We also showed that
higher electrolyte concentrations lead to lower ZC and a stronger
pressure reduction in the clogging layer.

� The field and laboratory results compared well, in regards to the
observed ranges of ZC and measured flow rates. We found that
the fluctuating hydrological regime in the field drives the clog-
ging process. A broader grain size distribution and a fluctuating
water level may lead to faster and more pronounced clogging,
compared to laboratory results.
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