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Abstract:
Hydrologists are interested in the relationships between flow in a stream channel and in an adjacent
ground-water system when a hydraulic connection exists. Better understanding of this relationship is
important in the development of improved design models which describe groundwater-surface water
systems such as artificial recharge and irrigation systems. This study addresses this need for more
knowledge by undertaking a laboratory flume, investigation to determine how fluid velocity, suspended
sediment concentration, and sediment grain size distribution influence channel bottom hydraulic
conductivity.
Two mechanisms for infiltration rate reduction, deposition and armoring, were observed for the
velocities tested. At velocities below 0.6 ft/s, clogging was caused by a layer (1/8 to 1/2 inch thick) of
deposited sediment while at velocities above 1.2 ft/s, clogging was caused by a thin layer of sediment
with partially exposed sand grains, termed armoring. Some combination of these two mechanisms was
occurring in the intermediate velocity range. The suspended sediment concentration was observed to
have little effect on the clogging process while changes in the particle size distribution of the sediment
caused changes in the magnitude of clogging. The finer grained, better graded material produced larger
reductions in infiltration rates than the coarser, more uniform materials. Additional investigations using
different sediment materials, other bed materials, and extended time periods are recommended. Studies,
of the biological mechanism of clogging are also recommended to further the knowledge of clogging
with the horizontal velocity component.
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ABSTRACT
Hydrologists are interested in the relationships be
tween flow in, a stream channel and in an adjacent groundwater system when a hydraulic connection exists. Better
understanding of this relationship is important in the
development of improved design models which describe
groundwater-surface water systems such as artificial re
charge and irrigation systems. This study addresses this
need for more knowledge by undertaking a laboratory flume
investigation to determine how fluid velocity, - suspended
sediment concentration, and sediment grain size distribu
tion influence channel bottom hydraulic conductivity.
Two mechanisms for infiltration rate reduction, depo
sition and armoring, were observed for the velocities
tested. At velocities below 0.6 ft/s, clogging was caused
by a layer (1/8 to 1/2 inch.thick) of deposited sediment
while at velocities above 1.2 ft/s, clogging was caused by
a thin layer of sediment with partially exposed sand
grains, termed armoring.
Some combination of these two
mechanisms was occurring in the intermediate velocity
range. The suspended sediment concentration was observed to
have little effect on the clogging process while changes in
the particle size distribution of the sediment caused
changes in the magnitude of clogging. The finer grained,
better graded material produced larger reductions in infil
tration rates than the coarser, more uniform materials.
Additional investigations using different sediment mater
ials, other bed materials, and extended time periods are
recommended. Studies, of the biological mechanism of clog
ging are also recommended to further the knowledge of
clogging with the horizontal velocity component.

INTRODUCTION
For many years, hydrologists have been interested in
examining the relationship between flow in a stream channel
and flow in an adjacent groundwater system when hydraulic
connection exists between the two.

The theoretical nature

of this relationship is of interest primarily from the
standpoint of developing improved models which describe the
behavior

of coupled groundwater-surface water systems.

F%om an applied outlook, understanding the nature of the
exchange process is of fundamental importance to the design
and operation of irrigation and artificial
systems.

recharge

At present, the lack of understanding of the

physical factors which affect the magnitude of the hydrau
lic conductivity of channel bottom sediments poses a severe
limitation to progress in this subject area.

This study

addresses this need by undertaking a laboratory flume in
vestigation which will determine how variables such as
fluid velocity and suspended sediment concentration in
fluence channel bottom hydraulic conductivity.
In river channels and canals the exchange between
surface and groundwater is frequently controlled by the
infiltration rate occurring through the top-most layer of
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channel bottom sediments.

If this epidermal layer becomes

clogged due to settling out of fine suspended material, a
substantial reduction in the infiltration rate (and thus
the recharge potential) will result.

Clogging can occur in

open channels as well as in groundwater recharge systems
and spreading basins.

In many cases, the most plentiful

supplies of surface water available to groundwater recharge
systems are associated with high intensity storms and con
tain significant amounts of suspended sediment.

Applied

directly to the soil surface, these waters quickly clog the
surface and vastly reduce the infiltration rate of the
water,

resulting in insignificant contributions to the

ground water reservoir.

An understanding of the processes

which govern the formation and hydraulic behavior of clog
ging deposits is essential for the proper management of
natural recharge systems as well as proper design of arti
ficial recharge facilities.
Berend (I) proposed that suspended matter, biological
activity, and soil structure deterioration are all factors
which can significantly contribute to the clogging and the
reduction in the infiltration rate through channel bottom
sediments.

The deposition of suspended matter on the soil

surface constitutes the clogging process due to inert sus
pended matter.

Clogging caused by biological activity is

characterized by growth of microscopic organisms between
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the grains of the soil

surface.

Chemical

and physical

changes on the soil surface can also cause clogging to
occur.

Although these factors can all be involved in the

clogging of channel bottoms, clogging due to inert deposits
of sediment was the factor isolated and investigated in
this study.
There is no doubt that channel bottom deposits cap
cause reduction in hydraulic conductivity.

Behnke

(2)

observed clogging of coarse textured soils in recharge
basins at sediment concentrations as low as 50 mg/1.

Rice

(3) reported serious soil clogging with infiltration of
secondary sewage effluent if it contained more than 10 mg/1
suspended organic solids.

McNeil and Ahne 11. (4), in an

investigation of salmon spawning beds, reported a reduction
in streambed infiltration due to accumulation of suspended
solids in gravel pores.

In laboratory experiments carried

out at Montana State University, head losses of up to I
meter were reported due to clogging in a vertical infiltra
tion column containing

0.1 mm glass spheres.

The study of clogging in vertical static columns has
led to a few important results which are also applicable to
the case of clogging with a horizontal flow velocity herein
considered.

In a study.of clogging in a vertical static

column. Hall (6) proposed two mechanisms for sediment re
moval

in sand filters:

gravitational

settling and inter
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stitial straining.

The gravitation settling mechanism de

pends on the deposition of the suspended sediment particles
on

the

surface

straining

in the porous

medium.

Interstitial

is dependent upon suspended particles being

strained from the flowing water at points of contact in the
solid matrix of the porous medium. The initial clogging
mechanism for a non-uniform sized suspended material is
gravitational settling.

The larger particles settle at a

faster rate and are deposited on the surface of the porous
medium first. Then,
out reducing

successively smaller particles settle

the pore size on the surface.

The finer

particles are then strained through the interstices of
these graded layers of material and constitute the inter
stitial straining mechanism of clogging. Although Hall was
referring to sand filters, these mechanisms are applicable
to any porous medium in which clogging is occurring.
In another study of clogging in a static column, Benke
(2 ) proposed that three of the more important variables in
the clogging, process

are the size distribution of the

particles in the water relative to the pore size distribu
tion of the porous medium, the vertical approach velocity
of the incoming water relative to the gravitational accel
eration (settling velocities) of the coarser particles in
suspension, and the concentration (ppm) of the material in
suspension.

Since the experiment designed for this study
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involved a horizontal flow velocity, the vertical approach
velocity of the incoming water relative to the gravitation
al acceleration of the coarser particles in suspension will
not be a variable needing consideration.

Therefore, varia

tions in the clogging process will be a result of the size
distribution of the particles in suspension, the horizontal
approach velocity of the incoming water, and the concen
tration (ppm) of the material in suspension.
To date, infiltration reduction caused by suspended
sediment deposits (the major independent variable being
suspended concentration of inflow water) has been studied
and quantified

only

for

the case of vertical

through infiltration basins (I, 2).

seepage

The similar sediment

process occurring in flow systems with a horizontal veloci
ty component parallel

to the channel bed has not been

investigated experimentally.

In a study done with a hori

zontal flow velocity, Bouwer (5) found that a horizontal
flow velocity with no suspended sediment present did not
affect seepage in a flume with sand and gravel as a bottom
material.

Therefore, this project will address the gap in

the present knowledge by experimentally analyzing how hori
zontal velocity as well as suspended sediment concentration
affect channel bottom hydraulic conductivity.
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Statement of Objectives
This study was intended to experimental Iy investigate
the effects of variations in horizontal flow velocity,
suspended sediment concentration, and suspended sediment
grain size distribution on the hydraulic conductivity of
channel bottom sediments.

Accordingly,

the objectives of

this study are:
1.

To determine parameters which control

the

clogging of a porous medium.
2.

To determine the effects of horizontal velo
city on the clogging process.

3.

To explain the mechanisms of clogging with a
horizontal velocity component.

4.

To suggest topics of study for further re
search in this area.

I
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EXPERIMENTAL DESIGN
The laboratory investigation involved the use of a 25
foot recirculating flume which was modified for this exper
iment by installation of a drop chamber and return flow
pipe

(see Figure I).

When filled with sand,

the drop

chamber allowed the vertical infiltration process through
the channel bottom to be monitored.

The variable position

vertical riser located in the return flow system controlled
the hydraulic gradient available to move water through the
sand bed.

The hydraulic head

was measured at three verti

cal positions in the sand layer and one location below the
sand layer using piezometer tubes.

Measurement of volumet

ric flow rate leaving the drop chamber along with hydraulic
head allowed the computation of hydraulic conductivity for
the top-most layer of channel bottom sediments.

By varying

channel velocity, suspended sediment concentration, and the
grain size distribution of the suspended sediment the cor
responding effect on sediment hydraulic conductivity was
assessed.
At the beginning of each experimental run, the flume
was filled with clean tap water and the water was recirf

culated through the flume.

The desired channel velocity

Manometer
Bank

Variable
Height
Riser

Broad Crested Weir
Sand Bed

Drop Chamber
Valve
Manometer Tubes

Figure I.

Diagram of the experimental apparatus

V

W.S
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was established by varying either the flow rate, the chan
nel slope, or the height of the portable broad crested weir
located immediately downstream from the sand bed (Figure
I).

The average channel velocity was determined from the

depth of flow, the channel width, and a gravimetric mea
surement of the flow through the channel.

At this time the

hydraulic conductivity of the sand bed was established at
approximately the same value for each experimental trial.
This was accomplished by repacking the sand bed, if neces
sary, until the desired conductivity was achieved.

Fine

sediment was next added to the circulating water so as to
produce the desired suspended sediment concentration.
Once the experiment was under way, measurements were
taken at specified time intervals in order to monitor the
change in hydraulic conductivity of the sand bed.

Infil

tration rates and piezometer tube readings were taken at
these time intervals.

In addition, the suspended sediment

concentration was monitored to insure consistency.

If the

concentration had significantly dropped, more sediment was
added to maintain the initial concentration.

Each experi

mental trial was monitored for at least 24 hours since it
was found that, the infiltration rate did not vary signifi
cantly after that time interval.
Experimental trials were performed using three diffe
rent sediment types including materials obtained, directly
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from river channel deposits.

Basic experimental relation

ships between horizontal flow velocity and suspended sedi
ment concentration and the reduction in the infiltration
rate of the porous medium were developed using a red silt,
loam. These trials were performed over a wide range of
horizontal velocities and four suspended sediment concen
trations.

Once these relationships were developed,

two

sediment materials from the Salt River flood plain were
tested to determine whether the grain size distribution
affected the clogging mechanism.
Apparatus
A schematic drawing of the laboratory experimental
apparatus is shown in Figure I.

The 25 foot recirculating

flume, had a capacity of 0.12 cfs and circulated the sedi
ment laden water over the surface of the sand bed.

A mixer

located in the downstream sump insured that the sediment
remained in suspension, and a submersible pump delivered
the water from the sump.to the upstream end of the flume.
Sediment laden water entering the upstream end of the flume
first passed through a series of turbulence dissipating
screens, then flowed over the sand bed to the sump at the
downstream end of the flume.

Water infiltrating through

the sand bed was. c o l lected in a perforated pipe in the
bottom of the drop chamber and discharged through a tube at
the downstream end.

This tube carried the infiltrated
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water into a variable height riser which was open to the
atmosphere.

The riser could be raised or lowered to insure

a constant head difference across the sand bed at different
channel depths.

The vertical discharge of water inside the

riser created a free-surface reservoir for which the sur
face elevation could be easily controlled.

A clear plastic

pipe was used to return water from the riser to the down
stream sump.

A valve and tee in this return pipe allowed

the flow of infiltrated water to be diverted and gravi
metrical Iy measured.
A more detailed look at the drop chamber (Figure 2)
shows that approximately 5-1/2 inches of sand were placed
on top of a fine screen.

This screen was

included to

prevent the migration of the sand particles out of the sand
bed.

Below the screen was a supporting structure of rocks

with a perforated pipe running close to the bottom of the
box to collect the water which infiltrated
sand bed.

through the

Also shown in Figure 2 are the bed dimensions

along with the four manometer tube locations.

These mano

meter tubes were installed to measure the piezometric head
at different levels in the drop chamber.
To simulate conditions in a natural streambed,

sand,

with a,uniform size distribution, was used as the porous
medium.

The sand used was from a local sand and gravel

distributor

and sieved through a #16 screen to remove

Sand Bed

Plan View
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larger diameter material.

A grain size distribution for

the sand used in the experiment is shown in Figure 3.

The

sand was placed in the drop chamber while moist to prevent
segregation of different particle sizes and to insure co
hesion during the packing process.
Initial Hydraulic Conductivity
To begin each experimental trial, the sump was filled
with 80 gallons of tap water and this water was circulated
through the system for 4 to 6 hours.

This procedure al 

lowed the water to warm to the ambient room temperature and
the infiltration rate through the sand to stabilize.

The

clear water infiltration rate was measured at intervals
over an extended period of time.

The results of these

measurements are shown in Figure 4 as a curve of infiltra
tion rate versus time.

This curve shows that the infiltra

tion rate asympoticalIy approached a value of approximately
14.6 inches per hour (in/hr).

To minimize the time between

experimental

infiltration

runs,

initial

7.3 in/hr and 10.9 in/hr
ment proceeded.

rates between

were achieved before the experi

The quasi-steady infiltration rate was not

achieved for every trial but each trial was started with an
infiltration rate within the stated range to provide for
consistency between trials.
The infiltration rate versus time curve is seen to
increase with time. This increase suggests that biological
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activity and soil structure deterioration were insignifi
cant in relation to this infiltration rate increase with
time. If biological activity or soil structure deteriora
tion were taking place,

the infiltration rate would be

expected to decrease with time.
Sediment Types
Three sediment materials were used to. investigate
whether the sediment particle size distribution affected
the clogging process. The sediment materials included a red
silt loam taken from the Bozeman area and two silt deposits
taken

from

Arizona.

the

Salt

River

flood

plain

near

Phoenix,

Since two materials were both classified as silty

soils according to the U.S. Department of Agriculture Soil
Conservation Service soil classification triangle,

the

soils were labeled silt A and silt B for this study.

The

hydrometer analysis (particle size distribution)

shown in

Figure 5 indicated that each material had a significantly
different size distribution. The red silt loam had the
largest percentage of fine particles and the best gradation
while silt A and silt B had successively smaller percent
ages of fine particles and more uniform grain size distri
butions.
In addition to differences in grain size, the degree
of gradation was different for the three sediment mater
ials.

The red silt loam had the flattest grain size d is-.

17

Hydrometer Analysis
Grain Size in mm

Fines

Figure 5.

Grain size distribution for the three sediment
types tested.
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tribution and, thus, was a better graded material than the
silty materials.

Silt B had a very steep gradation curve

indicating a more uniform grain size distribution and silt
A had a grain size distribution between the red silt loam
and silt B.

The Atterberg Limit test results (Table I) for

the three materials showed that the red silt loam had a low
plasticity index and that both silts exhibited non-plastic
behavior.
Table I. Atterberg Limit test results for the three sus
pended sediment materials investigated.
. Sediment
Type
Red Silt Loam

Liquid
Limit

Plastic
Limit

28.0

20.3

Plasticity
Index
7.7

Silt A

Not Applicable

Non-Plastic

Not Applicable

Silt B

Not Applicable

Non-Plastic

Not Applicable

Procedure
Sediment was added to the water when the infiltration
rate reached the desired level.

A mixer in the sump kept

the sediment in suspension and a pump, recirculated the
water through the flume.

In the flume, some of the sedi

ment. was deposited on the surface of the sand bed thus
clogging the sand bed.

Gravimetric flow measurements of

the infiltration rate through the bed were made at differ
ent times to monitor the progressive effects of clogging.
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The manometer tubes were also read at these times for a
measurement

of the hydraulic

through the sand bed.

head at different depths

In addition,

the suspended sediment

concentrations were checked by observing turbidity so that
the initial concentration could be maintained during the
experimental trial.
using a visual test.
colored

square

The turbidity of the water was checked
This visual test involved moving a

through

the water

away from the clear

plastic side wall and measuring the location from the side
wall at which the colored square was no longer visible due
to the turbidity of the water.

When the turbidity was

found to have decreased since the beginning of the experi
mental trial, more suspended material was added to maintain
the initial suspended sediment concentration.
The system was monitored for a period of time, usually
24 to 48 hours.

Since the typical flow values asymptoti

cally approached a quasi-steady value, a period of 24 hours
was sufficient to provide an infiltration value close to
the quasi-steady value.

A typical infiltration rate versus

time curve is shown in Figure 6.

This curve shows that

some constant value of infiltration rate will be achieved
after a period of time.

For convenience, the 24 hour

values for infiltration rate were used for comparison be
cause they represented an approximate value for the quasi
steady infiltration rate at a convenient time interval.

Infiltration Rate

(in/hr)

9

24

48
Time (hours)

Figure 6.

A curve showing the Infiltration Rate versus Time for a typical experimental
trial.

21

Once an experimental trial was completed, the accumu
lated sediment was removed in order that another trial
could be performed.

Only the top portion of the sand bed

had to be replaced for each trial because experimental
observation showed that the suspended sediment did not
penetrate

through

the bed surface more than one

inch.

Approximately 1-1/2 inches of sand was removed and moist
sand was then added as described earlier.

Once the sand

was packed, the bed was saturated from the bottom to force
all the entrapped air upward and out of the bed.
Unit Hydraulic Gradient
Darcy's law written in the following form served as
the theoretical basis for this study:
Q = -KA dh/dl
where "Q" is the volumetric infiltration rate through the
porous medium, "K" is the hydraulic conductivity, "A" is
the cross sectional area normal to f low, and "dh/dl" is the
hydraulic gradient.

To simplify computations of hydraulic

conductivity and to insure consistency between runs,

a

hydraulic gradient of unity was established at the begin
ning of each experimental trial.

Because water depth in

the flume varied between experiments, the vertical riser
was adjusted up or down according to the depth of the water
in the flume to maintain unit hydraulic gradient (dh = dl)
as shown in Figure 7.

Maintaining the total head (dh)

Variable
Height
Riser

Sand Bed

Perforated Collection Tube

Collection Box

Figure 7.

Unit hydraulic gradient concept
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equal to the length of the flow path through the sand bed
(dl) insured that the hydraulic gradient (dh/dl) was unity,
thus reducing the hydraulic conductivity computation to:
K = -Q/A
for the initial condition in. the flume.

By setting initial

hydraulic gradient to unity, the head difference on the
sand bed was the same (5-1/2 inches) for all runs, thereby
eliminating total head as a variable in the experiment.
Variations In Channel Velocity And Sediment Concentration
For each sediment material, the experiment was per
formed at various horizontal flume velocities and suspended
sediment concentrations.

The flume velocity was limited on

both the upper and lower ends by different phenomena.

When

the flume velocity was too small, more sediment settled out
on the upstream end of the., sand bed than on the downstream
end causing uneven clogging over the bed surface.

When

flume velocity became too great, excessive scour of the
sand bed resulted.

These excessive velocities produced an

anomalous clogging condition along with reducing the depth
of sand in the drop chamber.

It was found that flume

velocities between 0.2 ft/s and 1.5 ft/s
extreme conditions.

avoided these

The pump discharge, channel slope, and

weir height were changed to vary the velocity in the flume.
Experimental trials were performed on three sediment
materials to study which sediment properties caused changes
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in the clogging process.

For each sediment, several dif

ferent suspended sediment concentrations were used over the
full range of horizontal velocities.

These concentrations

were chosen so that each was at least 100 percent more or
less than the other concentrations.

The three materials

tested included a red silt loam and silt samples taken from
two deposits in Arizona's Salt River flood plain.

In all

cases, the material was sieved and only the material which
passed the #200 sieve was used in the trials.
The first trials were performed with the red silt loam
varying both the horizontal velocity and the suspended
sediment

concentration.

The

results

from this set of

trials provided information on the changes produced in the
hydraulic conductivity of the sand bed due to variations in
the horizontal velocity in the flume and variations in the
suspended sediment concentration.

After these trials were

completed, experimental trials were performed with the two
other sediment types to.determine which sediment properties
affect the clogging process.
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DISCySSION OF RESULTS
The results from the experimental process produced
data whiph were used to study the clogging process. It was
possible, for example, to observe specific features of the
clogging layer including thickness, composition, and depth
of penetration of sediment material

into the sand bed.

Several conclusions were drawn as to the type and mechanism
of clogging which was occuring at various horizontal veloc
ities.

Also determined were relationships between the

suspended sediment concentration and the extent of clogging
in the epidermal layer of the sand bed.

in addition, the

data accumulated from the experimental trials using differ
ent sediment types showed that the clogging mechanism was
influenced by sediment properties.
A Surface Phenomenon
In all cases examined it was found that the clogging
layer formed at the surface of the porous medium;,

Very

little penetration of sediment into the porous media was
observed. This fact was in agreement with previous studies
done with static column experiments (1,2).

The depth of

penetration of suspended material into the sand bed was
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analyzed both from direct visual observation and indirectly
from hydraulic measurements.
Visual inspection of the sand bed showed deposited
material at or near the surface of the bed. Since the sand
was a brown^gray color and the red silt loam was a reddish
color, inspection of a cross-section of the bed surface
showed a distinct layer of red material at the surface.

To

the naked eye, no appreciable accumulations of red silt
material were observed at depths of more than 1/8 inch from
the surface of the bed.

The photograph in Figure 8 shows a

cross section of the bed surface after clogging, had taken
place.

Although the photo is in black and white, a thick

layer of accumulated sediment can be seen covering the sand
bed with little or no penetration into the sand bed.

These

sediment layers were as much as 1/2 inch thick for experi
mental trails with low horizontal velocities and high sus
pended sediment concentrations.
A plot of the piezometric head over time for the four
manometers in the bed indicates that, after the clogging
layer began to develop, the head loss gradient near the
surface of the clogged bed increased, while at depths below
the location of the top manometer, the head loss gradient
decreased.

With manometers at depths through the bed of

1.2 inches, 2.6 inches, and 3.7 inches, a typical plot of
piezometric

head

versus

time

is

shown

in Figure

9.

Figure 8.

Typical cross section of a depositional clogging layer.

I

Ebi-J]
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Manometer Locations from
the Bed Surface
1.2 inches
2.6 inches
3.7 inches

Time (hours)
Figure 9.

Typical plot of Piezometric Head versus Time
for the three manometer locations through
the sand bed.
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Initially (time t=0), the piezometric head loss was distri
buted through the depth of the bed as shown.

During the 24

hour period of clogging, the head loss in the bed became
minimal and virtually all the head loss occurred between
the surface of the sand bed and the
tion.

upper manometer loca

This observation shows that the clogging process or.

development of a limiting layer occurred near the surface
of the bed.

Therefore,

it was shown through experimenta

tion that the clogging process is largely a surface sealing
phenomena even with a horizontal velocity over the porous
media.
Variations In Horizontal Velocity
The effect of a horizontal flow velocity over the
porous medium changed the mechanism of clogging over the
range of velocities tested.

Small increases in the hori

zontal flow velocity from a starting
showed a slight,

velocity of

0.2 ft/s

steady decrease in the infiltration rate

end very little change in the physical appearance of the
clogging layer.

Clogging for these low horizontal veloci

ties was caused by a large accumulation of sediment on the
surface of the sand bed which was termed the "depositional"
mechanism of clogging.

This mechanism prevailed until

another clogging mechanism, termed the "armoring" mecha
nism, became dominant.

Clogging for this armored case was
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caused by a very thin accumulation of sediment packed
between the sand grains of the bed surface.
These changes in clogging mechanisms are best seen in
plots of the dimensionless infiltration ratio (Q24 /Q0 )
versus horizontal flow velocity with the variable "Q24"
being the infiltration rate at a time 24 hours after the
start of the clogging process and "Qq " being the initial
infiltration rate.

This infiltration ratio (Q24 /q q) shows

the effect of clogging oh the infiltration rate as a per
centage of the initial infiltration rate.

A time period, of

24 hours was chosen mainly for expediency.

After 24 hours,

the infiltration rate had usually not reached the quasi
steady value.

However, the need to have a constant time

interval associated with the index value of hydraulic con
ductivity with each experimental
shortcoming.

Curves showing the

trial

outweighed

the

dimensionless infiltra

tion ratio (Q24 /Q q ) versus velocity for each of the four
suspended sediment concentrations of fed silt loam (200,
400, 800 and 1600 ppm) appear in Figures 10, 11, 12, and
13.
Inspection of the plots shows that all four curves
have the same general slope with very similar values.

The

curves all started at infiltration ratios between 12 and 18
percent at low horizontal

velocities and decreased to

values between 5 and 10 percent at horizontal velocities
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near 1.0 ft/s.

For horizontal velocities from 1.0 ft/s to

1.5 ft/s the infiltration ratio remained fairly constant or
increased slightly.

This change in slope of the infiltra

tion ratio versus horizontal velocity curves in the range
of 0.6 ft/s to 1.2 ft/s was due to a transition in the
clogging mechanism.
At horizontal velocities below approximately 0.6 ft/s
the. clogging of the sand bed was due to the deposition of
the sediment material on the bed surface.

This deposition-

al type of clogging was labeled region A on the plots.

The

second mechanism of clogging, termed armoring, was dominant
for horizontal velocities greater than 1.2 ft/s (region C
on the curves) and was characterized by a very thin layer
of sediment material with partially exposed sand grains.
For horizontal velocities between 0.6 ft/s and 1.2 ft/s
some combination of the depositional and armoring mecha
nisms was taking place (region B on the curves).
It should be noted that the 200 ppm concentration in
filtration ratio versus velocity curve was only defined up
to a horizontal velocity of 1.0 ft/s (Figure 10).

Higher

horizontal velocities caused excessive scour of the sand
bed for this low suspended sediment concentration.

There

fore, the regions labeling the clogging mechanism type were
omitted from this plot. . Also, it should be pointed out
that there were a few interpolated data points on the
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infiltration ratio versus horizontal

velocity curves for

the 400 ppm and 800 ppm curves (Figures 11 and 12).

These

points were interpolated because the initial infiltration
rates were abnormally high and had to be corrected to be
consistent with the other data points.
Depositional Mechanism
In region A, from a velocity range from 0.2 ft/s to
0.6 ft/s, the traditional clogging process was occurring as
studied by Berend (I) and Behnke (2) in static water col
umns.

This clogging mechanism consists of a deposition

process similar to that proposed by Hall (6).

Initially,

as the suspended material moved through the flume,

the

larger particles with fast settling velocities settled on
the surface of the bed according to Stoke's Law.

This part

of the process was labeled gravitational settling by Hal!.
As time progressed, the largest particles with the fastest
settling velocities settled out first leaving successively
smaller particles in suspension.

Therefore, as in settling

basin design, the particles which settle out first will do
so according, to the settling velocities of the particles in
suspension (7).

This velocity relationship can be ex

pressed by:
V0 > V (H/L)
where "V0" is the settling velocity of the particle, "V" is
the velocity of the water in the flume, "H" is the depth of
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water, and "L" is the effective length of deposition as
shown in Figure 14.

After these particles were deposited

on the bed surface, smaller particles settled out and were
caught on the surface of the bed because the pore diameters
had been reduced by larger, previously deposited particles.
This occurrence was labeled as the interstitial straining
mechanism of clogging by Hall.

These smaller particles in

suspension only settled out if they entered the flume at a
depth H2 such that:
V 0 > V (H2ZL)
where H2 was less than H.

Therefore, successively smaller

particles settled out and were strained out at the surface
of the clogging material bed.
In every case with a low flow velocity (region A), a
significant layer of clogging material was formed.

The

layer thicknesses ranged from approximately 1/8 inch to 1/2
inch and were dependent upon the suspended sediment concen
tration for the particular experimental trial.

The photo

graph of the sand bed cross section after clogging had
occurred, in Figure 8, is a typical example of this deposi
tions! mechanism of clogging.
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Armoring Mechanism
A very different clogging mechanism was observed in
region C of the infiltration ratio versus horizontal veloc
ity curves.

At these higher flow velocities the surface of

the sand bed degraded to some extent and an armor layer
developed.

This armor layer consisted of a thin layer of

sediment material packed into the pore spaces of the top
most layer of the sand bed.

The 24 hour hydraulic conduc

tivity value for the armored condition was observed to
increase slightly with increased fluid velocity.
The process of armoring has been described
discussion of sediment transport (8, 9).

in the

An armor layer

describes a condition in which a bed has experienced a form
of degradation where the larger particles do not move.

The

finer material surrounding the coarse particles is carried
as bed load leaving behind an accumulation of coarse parti
cles which are gradually worked down into
they accumulate in a sublayer.

the bed where

This accumulation generally

represents the lowest level to which the bed is turned over
from movement that accompanies the transport process.
movement continues and degradation progresses,

As

an increas

ing number of non-moving particles accumulate in the sub
layer.

This accumulation reduces the leaching of the finer

material from the surface of the bed.

Eventually,

enough

coarse particles accumulate to shield or armor the entire
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bed surface.

This armor layer is effective in greatly

reducing the degradation of the bed.

Simons (9) charac

terizes an armored bed by:
1.

less than a single complete covering layer of
larger gravel particles.

2.

a material "filter" between the larger sur
face particles and the underlying material to
prevent leaching of the fines.

3.

a shingled arrangement of the surface parti
cles .

For trials with velocities in region C of the infil
tration ratio versus velocity curve, the bed form resembled
what has been described as an armored bed.

The surface of

the bed has a number of large half-embedded sand particles.
The material between the large sand particles is composed
of smaller sand particles and a small amount of deposited
sediment material.

A typical cross section of this armored

bed form is shown in Figure 15.

This cross section of the

armored bed shows that the clogging layer was approximately
the thickness of a grain of sand.

It should be noted that

the bed specimen was tilted somewhat and a small amount of
the bed surface is visible.
Inspection of this type of bed indicates that very
little material from suspension was required for the clog
ging to occur.

The sediment material did not appear to
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Figure 15.

Typical cross section of an armored clogging layer.
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penetrate any more than the thickness of a sheet of paper
into the sand bed.

The clogging phenomena in this case was

probably due to two mechanisms.

First, a small amount of

degradation occurred on the bed surface and an armor layer
developed.

Once this armor layer developed,

suspended or

bed load material was strained at the surface of the ar
mored bed thus reducing the infiltration rate.

Enough ma

terial was retained in the interstices of the armored layer
to effectively clog the bed.
As the flow velocity was increased in region C , the
infiltration ratio increases slightly, which was to be ex
pected.

As the velocity increased so did the potential for

scour of the bed.

Even though the surface of the bed had

an armored layer, it was susceptible to scour.

At higher

velocities, the bed was more unstable and some movement of
the surface material probably occurred.

This movement,

in

turn, kept the infiltration rate high because the surface
was in continuous motion.

Particles were dislodged or un

covered exposing a hole for water

to flow through the

clogged surface eventually to be sealed by other particles
moving over the bed.
Transition Region
The clogging in region B on the curve of infiltration
ratio versus velocity was caused by a combination of the
clogging mechanisms found in regions A and C.

In the range
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of velocities from 0.6 ft/s to 1.2 ft/s, clogging was due
to both deposition and the development of an armor layer.
Visual

inspection of the bed surfaces of experimental

trials in this velocity range showed both sediment deposi
tion and bed armoring occurring in a randomly spaced man
ner.

The photo in Figure 16 shows the blotchy manner in

which the two surface phenomena occur in this velocity
range.

On the smooth, fine textured surfaces,

the bed

surface was clogged by the depositional mechanism and where
the velocity happened to be a little faster, the armoring
mechanism, characterized by exposed sand grains, was domi
nant.

At the lower end of this velocity range, the domi

nant clogging mechanism was the deposition process.

As the

velocity increased, so did the area of the sand bed covered
with an armored layer until, at an approximate velocity of
1.2 ft/s, the dominent clogging mechanism was the develop
ment of the armor layer.
The transition from the depositional mechanism to the
armoring mechanism of clogging accounted for the scatter of
data points in region B of the infiltration ratio versus
horizontal velocity curves.
random manner
curred.

This scatter was due to the

in which the two clogging mechanisms oc

The random placement of the deposition zones and

the armored zones as shown in Figure 16 allowed the 24-hour
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Figure 16.

Typical top view of a bed surface from region B .
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infiltration rate to vary to some extent and caused infil
tration ratio values to vary somewhat randomly.
Variations In Sediment Concentration
The infiltration ratio (Q24ZQ0 )'versus horizontal
velocity curves for the four concentrations (200, 400, 800,
and 1600 ppm) of red silt loam, Figures 10, 11, 12, and 13,
show little variation due to changes in suspended sediment
concentration.

With the exception of the 200 ppm concen

tration curve (Figure 10) all the curves have virtually the
same shape and slope with
ratio values.

indistinguishable

infiltration

As described earlier, the 200 ppm concentra

tion curve ends at a horizontal velocity of 1.0 ft/s be
cause experimental trials with greater horizontal veloci
ties caused excessive scour of the sand bed, resulting in
inaccurate infiltration values.

Therefore, it should be

noted that the suspended sediment concentrations using the
red silt loam material minor effects on the infiltration
ratio (Q24/Q0) for the range of velocities tested.
Different Sediment Types
Two other sediment materials were studied in addition
to the red silt loam described earlier.

These materials

consisted of silt samples taken from the flood plain of the
Salt River near Phoenix, Arizona.

Since the sponsoring

agency, the, USDA Water Conservation Laboratory, is located
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in Phoenix, Arizona, and the results of this study are to
be used for artificial recharge basins in that area, these
sediments were used to simulate the natural flood water
conditions.

The basic relationships between the horizontal

velocity and the clogging mechanism have been established
using the red silt loam, therefore, the trials using the
Salt River silts were used to study soil parameters which
effect the clogging process.
The different sediment types produced similar
which varied in magnitude.

results

The clogging process proceeded

at a somewhat slower rate for the Salt River silts than for
the red silt loam.

A plot of the

infiltration ratio over

time for the three different materials at the same horizon
tal velocity and concentration shows this relationship
(Figure 17).

The curves shown are representative of the

curves obtained for all velocities and suspended sediment
concentrations investigated.

The three curves correspond

ing to the three different sediment materials showed that
silt B clogged at a much slower rate and to a lesser extent
than silt A and the red silt loam.

The red silt material

clogged at the fastest rate while the median material was
silt A.
A look at the physical properties of the three sedi
ment materials shows a large discrepency in the particle
size distribution (Figure 5) while the atterberg limit test

47

100

- <

Infiltration Ratio (Q/Q

%)

80 —

60 —

40 -

Silt B

Silt A
Red Silt Loam

Time (hours)
Figure 17.

Typical curves of Infiltration Ratio versus
Time for the three materials tested at a velocity
of 0.4 ft/s and a suspended sediment concentration
of 1600 ppm.
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results (Table I) show only slight differences in the soil
characteristics.

The atterberg limit tests show differ

ences in the consistency of the soils tested expressed as
moisture contents (10).

The liquid limit is the moisture

content at which the soil changes from the liquid to the
plastic state and the plastic limit is the moisture content
at which the soil changes from the plastic to the semi
solid state.

The plasticity index is the difference be

tween the liquid limit and the plastic limit and represents
the range of moisture contents over which the material is
in the plastic range.

Since the two silt materials ex

hibited non-plastic behavior and the red silt loam had a
low plasticity index, all three materials used were pre
dominantly granular soil and possessed little,
cohesion.

Therefore,

if any,

the differences in the infiltration

curves between the three sediment materials shown in Figure
17 were caused by the differences in the size distribution
of the sediment materials and the degree of gradation.

The

placement of the curves for the three materials and the
corresponding size distribution indicated that the smaller
the sediment particles and the better gradation, the faster
and more complete the clogging process occurred.

The curve

for the red silt loam showed the fastest and most complete
clogging and also the smallest size distribution and the
best.gradation.

Silt B had the largest size distribution
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and the poorest gradation, and the slowest and least com
plete clogging.

Finally, silt A had the median values for

the speed and completeness of clogging,

the particle size

distribution and the degree of gradation.
Another indication of the differences in the clogging
process caused by differences in the sediment material was
evidenced in the plots of the infiltration ratio versus
horizontal velocity (Figure 18). The three curves shown
represent plots of the infiltration ratio over a range of
horizontal velocities for the red silt loam, the Salt River
silt A, and a 50/50 mixture of the two materials.

The

plots show differences in the magnitude of clogging for the
lower horizontal velocities (region A as described earlier)
in which the depositional mechanism of clogging was most
prevalent.
It was originally felt that these differences in the
infiltration ratio versus horizontal velocity for these
three sediment materials were due to the particle size dis
tribution.

A close look at the hydrometer analysis of the

three sediment materials (Figure.19) shows that the 50/5,0
mixture had the median grain size distribution,

but the

50/50 mixture was observed to have the lowest values for
the infiltration ratio for lower horizontal velocities
(Figure 18).

Therefore, the fluctuations in the infiltra

tion ratio versus horizontal velocity curves were related
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Figure 18.

Curves showing the Infiltration Ratio versus Velocity for the red silt loam,
Salt River silt A, and 50/50 mixture of the two.
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Figure 19.

Grain size distribution the red silt loam
silt A, and a 50/50 mixture.
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to the grain size distribution of the sediment material but
were probably also related to another sediment property hot
investigated in this study.

53

CONCLUSIONS
The effects of variations in horizontal flow velocity,
suspended sediment concentration, and suspended sediment
type on the clogging of the epidermal layer of a porous
medium have been examined.

The results of this study

increase the understanding of the clogging process for
possible use in the design and management of the interac
tion between surface water and ground water in groundwater
recharge operations and natural recharge systems.

Several,

conclusions can be drawn regarding the clogging mechanism
as it occurs with different horizontal flow velocities and
suspended sediment concentrations:
I.

There were two clogging mechanisms found to exist

over the range, of horizontal flow velocities studied.

At

low horizontal velocities (less than 0.6 ft/s) the clogging
of the porous media was caused by the deposition of the
sediment particles on the surface of the porous media.
This "depositional" mechanism of clogging was characterized
by an accumulation of sediment from 1/8 to 1/2 inch thick
on the surface of the sand bed.

Velocities above 1.2 ft/s

produced a much different clogging mechanism characterized
by a very thin layer of fine sediment packed into the
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interstices of the top layer of bed sand.

This "armoring"

mechanism of clogging was characterized by partial Iy ex
posed sand grains protruding from the surface of the clog
ging layer.

Both clogging mechanisms were effective in

significantly reducing the infiltration through the porous
sand bed over a 24-hour period.

At velocities between

0.6 ft/s and 1.2 ft/s some combination of these two mecha
nisms was occurring.
2.

In the range of velocities in which the deposi

tions! mechanism of clogging was dominant (i.e. 0.2 ft/s to
about 0.8 ft/s), the infiltration ratio tended to decrease
linearly with increased velocities for all sediment mater
ials tested.

It was also observed that the thickness of

the depositions! layer remained in the range between 1/8
and 1/2 inch for this velocity range.
3. It was also found that variations in the suspended
sediment concentration for the red silt
little effect on the clogging process.

loam had very

The infiltration

ratio (Q24/Q0 ) versus horizontal velocity curves for the
four suspended sediment concentration's using red silt loam
as the suspended sediment material were not significantly
different in shape or magnitude.
4.

The clogging process was found to be

influenced by

the particle size distribution of the sediment material
tested.

The difference in particle size distribution ap-
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geared to cause differences in the rate and amount of the
reduction in the infiltration rate of the porous media.
Although a connection was found between the particle size
distribution of the sediment material and the degree of
clogging, additional research is needed to determine trend
relationships

between

the two.

Recommendations For Further Research
To further increase the technical knowledge of the
clogging process, the following studies are recommended for
horizontal flow over the surface of a porous medium:
a.

A study using sediment types different from those
used in this study to determine other sediment
properties which affect clogging.

b.

A study using other bed materials to determine^
what relationships exist between the size distri
butions of the porous media and the effects of
these relationships on the clogging process.

c.

A study, for extended periods of time to determine
the long term effect of clogging.

d.

A study of the biological mechanism of clogging
to determine the relative effects of clogging
caused by inert deposits of sediment and bio
logical activity.

These studies are logical extentions of the study performed
for this document.
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APPENDIX

Table 2.

Presentation of accumulated data

Sediment
Material

Suspended
Sediment
Concentration
(ppm)

Horizontal
Velocity
(ft/s)

Infiltration
Rate, t=0

Q0 (gpd)

. Q24 (spd)

red silt loam

200

0.31

134

16.3

red silt loam

200

0.42

127

15.2

red silt loam

200

0.55

134

14.3

red silt loam

200

0.68

**

AA

9.9

red silt loam

200

. 0.89

AA

AA

7.0

red silt loam

200

0.92

132

9.8

7.4

red silt loam

200

0.95

176

11.8

6.7

red silt loam

400

0.17

1835*

25.4

• 18.1

red silt loam

400

0.30

106

17.3

,16.3

red silt loam

400

0.49

372*

18.3

12.2

red silt loam

400

0.64

201*

15.0

10.7

red silt loam

400

0.80

162

13.7 ■

red silt loam

400

0.86

177

19.7

11.1

red silt loam

400

0.92

137

14.4

10.5

red silt loam

400

1.16

128

10.1

7.9

red silt loam

400

1.16

159

11.9

7.6

red silt loam

400

1.57

190

14.7

7.7

Infiltration
Rate, t=24 h r s .

Infiltration

satio^tW
12.2

.

11.9
10.7

8.5

Table 2.

Presentation of accumulated data.

(continued)

Sediment
Material

Suspended
Sediment
Concentration
(ppm)

Horizontal
Velocity
.(ft/s) .

Infiltration
Rate, t=0
Q0 (gpd)

Infiltration
Rate, t=24 hrs.
Q2 4 .(gpd)

red silt loam

800

0.30

104

17.3

16.7

red silt loam

800

0.62

439*

15.2

'10.9

red silt loam

800

0.76

155

10.6

7.0

red silt loam

800

0.89

155

13.3

8.6

red silt loam

800

1.43

123

10.5

8.9

red silt loam

1600

0.30 -

. 99

14.5

14.7

red silt loam

1600

0.69

117

10.6

9.1

red silt loam

1600

0.95

117

11.9

10.1

red silt loam

1600

1.53

143

13.0

9.1

' silt A

1600

0.30

120

28.5

23.8

silt A

1600

0.67

127

14.3

10.0

silt A

1600

0.67

117

19.2

16.0

silt A

1600

0.82

130

11.9

9.2

silt A

1600

1.00

117

9.9

8.5

50/50 mixture

.1600

0.20

134

15.1

11.3

50/50 mixture

1600

0.47

127

13.4

10.6

50/50 mixture

1600

0.64

117

12.0

10.3

•

Infiltration
. Ratl0-Z « 2 4 /Ql

Table 2.

Presentation of accumulated data.

Sediment
Material
•50/50 mixture

**

Suspended
Sediment
Concentration
(ppm)

Horizontal
Velocity
(ft/s)

1600

0.95

(continued)

Infiltration
Rate, t=0

Infiltration
Rate, t=24 hr s .

Q0 (gpd)

Q24 (8Pd)

148

11.3

-

Initial infiltration rates (Q^) which were abnormally high were replaced
by 140 gpd (an average Qq) in calculating Q24ZQq -

-

Not Available

Infiltration

M 24ZQ0).
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MONTANA STATE UNIVERSITY LIBRARIES

762 100

892 4

An213 Anderson, C . J.
cop.2
Investigation of factors
controlling streambed ...

ISSUED TO

■>

^/LtiJ

N378
An213
cop.2

-C

