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Abstract. Changes in cohesive sediment density due to consolidation can cause signi�cant
changes in dam foundation stress and reservoir site permeability. The consolidation process
in the Karkheh dam reservoir was investigated in this study using a settling column and
varying the initial sediment concentration from 50 to 150 gr/lit. The initial sediment
concentration, initial settlement height, and temperature are e�ective parameters for
settling cohesive sediments. In addition, the e�ects of the bed elevation of the reservoir,
as well as the scale e�ects on the settlement of cohesive sediments, were also studied.
The results showed that the initial free settlement process and the hindered settlement
phase take more time than self-weight consolidation settlement stages by increasing initial
sediment concentration. Therefore, at an initial sediment concentration of 25 g/l and
150 g/l, the samples began self-weight consolidation after 1.5 h and 17.5 h respectively.
The results also showed that the �nal average concentration increased linearly with the
initial concentration. The concentration of the settled sediments decreased with the initial
height in a non-linear trend. In addition, under the same initial conditions, by increasing
the diameter of the settlement column, the �nal concentration of the settled sediments �rst
decreased and then increased.
© 2021 Sharif University of Technology. All rights reserved.

1. Introduction

Considerable changes in the dry density of cohesive
sediments that settle and accumulate in the dam
reservoir over time can signi�cantly change the original
design and functionality of the dams and hence, should
be speci�cally studied. Behind the body of large dams,
the shear stress �eld range is a�ected, especially in
local areas [1]. It is challenging to remove consolidated
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sediments, which can signi�cantly decrease the useful
storage capacity of the dams and cause many problems
for power plants machinery as well as irrigation network
equipment [2{5]. The distribution of boundary shear
stress has an inuence on the rate of erosion and sedi-
mentation [6]. When investigating sediment transport
and bathymetry changes, knowledge of boundary shear
stress is essential [7]. The creation of depth-dependent
critical shear stress for erosion, �cr = �cr(z), where
z is the distance from the water-sediment interface
down into the bed, is one of the consequences of
the bed consolidation process [8{10]. In arid and
semi-arid areas, �ne particles are transported to dam
reservoirs by rivers. The particles diameter becomes
smaller as they approach the dam body due to the
ow sorting mechanism in the reservoirs. Cohesive
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sediments with very �ne particles show more micro-
mechanical properties. In several experiments, the
behavior and interaction of these sediment particles
are observed. The contact surface of cohesive sed-
iments is greater than their mass, causing the high
cation exchange capacity of these particles [11]. The
presence of cation and anion particles in �ne-grained
sediments, along with their cohesive properties, causes
smaller particles to collide with each other and form
larger masses, called occulation. Flocculation is the
accumulation of smaller particles to turn into a larger
particle (oc) that a�ects the particle size distribution
in the water column [12]. The occulation rate depends
on the ow shear stress, the particle concentration,
the falling velocity, the salinity, the dissolved ions,
the temperature, and the biological processes [13].
Because of their occulation properties, the behavior
of cohesive sediments is very complex, and several
experiments have been conducted to classify and clarify
the behavior of these sediment types [14]. Cohesive
sediment occulation is of particular importance be-
cause it is a key process that impacts other processes of
sediment transport, such as settlement, resuspension,
consolidation, and entrainment [15]. These processes
are relevant for the evaluation of morpho-dynamic
evolution in estuaries and coastal areas, as well as for
sediment control and coastal engineering applications,
such as waterway dredging maintenance and mudat
reclamation [16,17].

The settlement process of �ne and coarse sedi-
ments is quite di�erent. In non-cohesive sediments,
when the shear stress of the ow is greater than
the critical shear stress (the threshold at which the
particle starts moving), scouring and settlement occur
simultaneously. In steady ow conditions, when the
bed shear stress is equal to the critical shear stress, the
settlement and erosion rates are identical. However,
scouring and settlement of the cohesive sediment can-
not occur simultaneously at any shear stress. This is
attributed to the fact that when the cohesive particles
settle, the electrochemical and biological processes
bond these particles to the bed surface [11]. Therefore,
to transcend the cohesive force and the mass of the
particles, more signi�cant shear stress is required to
re-transfer these particles. For this reason, cohesive
sediments have two di�erent critical shear stresses for
the settlement and scouring [12].

For many coastal engineers, the appearance of
uid mud is a nuisance because it can create numerous
technical problems [18]. Understanding the produc-
tion, transport and subsequent fate of uid mud is very
important [19].

Khastar-Boroujeni et al. [11] studied the e�ect of
treated urban wastewater on the settlement of cohesive
sediments. They indicated that wastewater increased
the settlement of sediments by 30% on average and dif-

ferent percentages of wastewater had almost the same
e�ect on settlement. Taheri et al. [20] experimentally
studied the e�ect of consolidation time on the scouring
of cohesive sediments. They indicated that the scouring
of sediments is a function of consolidation time and bed
shear stress. Furthermore, during the consolidation
period (one day), surface scouring developed into mass
scouring through a relative rise in the shear stress.
However, surface scouring occurred in other consoli-
dation periods for all shear stresses. Tan and Chen [1]
analyzed the physical and chemical characteristics of
cohesive sediments, and the consolidation mechanism
of the cohesive and non-cohesive sediment samples,
using an experimental ume. They indicated that the
dry density of sediments increased signi�cantly in the
initial stage of consolidation (approximately 65% of
the total), but in the long-term consolidation trend,
it slowly increased in the next stage. Considering the
state of the sediment particles during the settlement
process, sediment settlement can be divided into three
stages: The initial free settlement, hindered settlement,
and self-weight consolidation settlement [21].

Xu et al. [22] studied how the occulation process
a�ects the formation, sedimentation, vertical struc-
ture, and eventually the uid mud layer process of
entrainment. Due to long-term sedimentation, the
dry density of the cohesive sediment accumulated in
the lake undergoes considerable changes, which could
change the original dam design and function. For
example, by consolidating the natural bedding, which
consists of cohesive sediments, the seepage �eld in a
dam foundation is signi�cantly altered. The speci�c
discharge of suspended and bed sediment is 8089.77
and 21.84 tons/year/km2 respectively in the catch-
ment area of Karkheh Dam. Because of di�erent
consolidation conditions in reservoirs, the consolidation
theories used in the past could not be applicable for a
particular reservoir. In addition, since Karkheh Dam is
an embankment dam, the e�ect of cohesive sediments
on seepage in the dam foundation should be considered,
and the results of this study can be of great help in
studying the seepage of Karkheh Dam foundation. The
density change of cohesive sediments is more important
than the density change of coarse sediments, especially
in the initial consolidation stage. Therefore, the aim
of the present study was to determine changes in dry
density in the initial consolidation stage by analyzing
the indirect interactions between sediment particles.

2. Materials and methods

2.1. Study area
Karkheh Dam, with a height of 127 m from the
foundation, is located 22 km northwest of Andimeshk
in Khuzestan province. It is built on Karkheh River.
Karkheh Dam is the largest dam in the history of Iran,
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with a crest height of 234 m above sea level and a
crest length of 3030 m, with a reservoir capacity of 7
billion and 300 million cubic meters. These features
have made this dam the largest dam in Iran which
has the largest arti�cial lake with a length of 60 km.
Karkheh catchment, with an eastern longitude of 46�
and 60 to 49� and 100 and northern latitude of 30� and
580 to 34� and 560, is considered one of the largest
and most important sub-basins of Iran. Considering
general hydrological distribution, the Karkheh basin
is part of the Persian Gulf basin. The basin of
Kharkheh is bounded to the north by the rivers Sirvan,
Ghezel Ozan, and Qara-Chay, and to the west by the
catchment area of the Iran-Iraq border rivers, and to
the east by Dez River, and to the south by the western
Iran-Iraq border. The basin area is approximately
50764 km2, of which 42175 and 8589 km2 respectively
are located upstream and downstream of Karkheh
Dam. Figure 1(a) shows the Karkheh basin, which
could be categorized into two di�erent regions because
of geographical factors. The northern part of the
basin area, which is approximately 27645 km2, is
located in mountainous areas, and the southern part
is approximately 23119 km2.

In this study, a bathymetric map was prepared
with the objective of determining the water depth
of Karkheh Dam Lake. This map was prepared to
investigate the impact of the scale of water depth
and the e�ect of coastal bay walls on the process of
sedimentation and consolidation. For this purpose, the
Karkheh Lake Bathymetric DEM shaded relief image
was prepared using point depth measurement data that
record by the Khuzestan Water and Power Authority.
The result is shown in Figure 1(b).

2.2. Sediments
Seven di�erent locations have been determined for
sediment sampling based on the surveys conducted
on Karkheh Dam reservoir. The location of samples
and the coordinates of the seven sampling stations
are shown in Table 1. The standard Van Veen Grab
Sampler was used to collect bottom sediment samplers
(Figure 2). Weights were added to the sampler in
order to sample at a depth of more than 30 m. In the
collected sediment sample, the minimum weight was

Table 1. Coordinates of the sampling stations.

Sample
number

Longitude latitude Depth of
water (m)

S1 3600552 228840 30
S2 3600720 228844 35
S3 3602443 227092 30
S4 3599234 228888 55
S5 3599222 229717 60
S6 3599193 229596 65
S7 3601127 228835 40

Table 2. Physical properties of the sediments of Karkheh
Dam reservoir.

Sand (%) Clay (%) Silt (%) LLa PLb Gsc

11 41 48 37.7 18.2 2.65
a: Liquid Limit; b: Plastic Limit; and
c: Speci�c gravity of sediments

1.5 kg, which was a wet weight. A subsample of 1 to
1.5 kg was taken in cases where a larger sample was
collected. Samples were labeled and stored in a sealed
bag after sampling for further analysis to determine the
physical and chemical characteristics. To reduce the
impact of reservoir depth on the grain size distribution
of sediments deposited in Karkheh Dam reservoir, all
sediment samples were mixed together.

The results are seen in Tables 2 and 3. Using
the Mastersizer, the sediment size distribution was
determined. Figure 3 shows the gradation results for
each sample.

2.3. Experimental setup
A plexiglas settlement column with an inner diameter
of 15 cm and a height of 50 cm was used for investiga-
tion in the current research. The device was developed
at the hydraulic laboratory of Jundi-Shapur University
of Technology, Dezful, Iran. To measure the pore water
pressure during consolidation, ten piezometers were
installed on the plexiglas wall from 1 cm above the
column oor with 1 cm spacing, and piezometers were
placed on the board plate by plastic pipes to read the
pressure at any given time. Figure 4 illustrates some of
the models used in the experiments. The reservoir of
Karkheh Dam has varying depths in the natural state
and has di�erent cross-sections, as seen in Figure 1(b).
Therefore, the results can be a�ected on a scale by
various locations of the reservoir. Therefore, multiple
sediment columns with di�erent diameters were used
to study the impact of the sediment column scale on
sedimentation and consolidation processes.

2.4. Experimental procedure
During the initial free settlement stage, which is related
to the start of the settlement process, sediment parti-
cles are completely scattered due to di�erent settlement
rates, as shown in Figure 5(a). Then, the aggregates
(gravel and sand particles) settle on the bed oor with
a higher settlement rate. In the meanwhile, under the
action of electrostatic force, the clay particles overlap
each other to form a simple occulent structure, and
the interface appears [21]. As settlement continues, the
distance between the oc structures decreases, and the
oc structures overlap to form the occulation frames,
and settlement enters the hindered settlement stage
(Figure 5(b)).

At this stage, the e�ective stress between the oc
structure appears and develops at a relatively small
speed, and the excess pore pressure begins to dissipate
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Figure 1. (a) Location of Karkheh River catchment in Iran. (b) Lake Bathymetry of Karkheh Dam reservoir.
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Figure 2. Bottom sediment sample collection from Karkheh Dam lake.

Table 3. Chemical properties of the sediments of Karkheh Dam reservoir.

ECa PHb Anions Total
anions

Cations Total
cations

SARe

HCO�3
c

Cl� SO2�
4

d
Ca2+ Mg2+ Na+ K+

1.6 7.34 5 6 15 26 11.5 4 4.92 5.72 26.14 1.25

Note: a: Electrical Conductivity; b: Potential of Hydrogen; c: Bicarbonate; d: Sulfur; and e: Sodium Adsorption Ratio.

from its maximum value. Settlement curves at this
stage are linear on logarithmic scales.

Meanwhile, pore water in the middle and lower

Figure 3. Gradation curve of the tested sediment
samples.

layers ows along the internal seepage channel under
the hydraulic gradient, which could destroy the oc
frames. In the self-weight consolidation settlement
stage, e�ective stress is developed under the weight of
settled sediments, which intensi�es the compression of
the oc frames, as shown in Figure 5(c).

As mentioned before, the main purpose of the
present study was to evaluate the di�erent stages of
settlement and consolidation of cohesive sediments of
Karkheh Embankment Dam.

In this respect, various scenarios have been
developed considering the concentration of sediments
entering Karkheh Dam reservoir. To assess the e�ect
of initial concentration, initial height, cross-section,
and temperature on the settlement and consolidation
of cohesive sediments, these scenarios were described
to determine porosity and changes in water pressure
over 45 days.

Considering the temporal changes in the concen-

Figure 4. Recording the surface height of the water-sediment interface through settlement columns at di�erent
concentrations: (a) C0 = 25 gr/lit, (b) C0 = 50 gr/lit, (c) C0 = 75 gr/lit, (d) C0 = 150 gr/lit, and (e) cylinder of
sedimentation to monitor changes in pore water pressure.
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Table 4. Conditions for carrying out experiments on multiple samples.

Test
no.

Tta

(days)
H1

b

(cm)
Dc

(cm)
C0

d

(gr/lit)
T e

(�C)
Description/consideration

1 45 50 15 50 22-24

Measurements:
Initial consideration,
record of interface level

2 45 50 15 75 22{24
3 45 50 15 100 22{24
4 45 50 15 125 22{24
5 45 50 15 150 22{24
6 2{45 10 15 100 22{24
7 2{45 20 15 100 22{24
8 2{45 30 15 100 22{24
9 2{45 40 15 100 22{24
10 2{45 50 15 100 22{24

11 2{45 20 4 200 22{24

Measurements:
Final consideration

12 2{45 20 6 200 22{24
13 2{45 20 10 200 22{24
14 2{45 20 14 200 22{24
15 2{45 20 38 200 22{24

16 45 50 15 50 6
Measurements:

Record of interface level
17 45 50 15 50 24
18 45 50 15 100 6
19 45 50 15 100 24

Note. aTime; bInitial sediment-water interface height; cDiameter of column; dInitial concentration; and eTemperature.

Figure 5. Sediment particles state in the suspension of
settled cohesive sediments and consolidation process
(Baotian et al. (2013)).

tration of sediments input to the reservoir, the annual
sediment-yield curves of the dam reservoir were used as
the initial sediment concentration scenario. According
to the curve analysis, at the Jologir (Mazhin) hydrolog-
ical station, the maximum concentration of sediments
input to Karkheh Dam reservoir was estimated to
be 125 g/l. The location of the Jologir (Mazhin)
hygrometry station is shown in Figure 1(a). As it mixes
with the water in the reservoir on the path leading
to the dam outlet, the concentrations of sediment in
the inlet of the reservoir decrease from their initial
value. However, input sediment concentrations of 50,
75, 100, 125, and 150 g/l were chosen for the anal-
ysis of deposited sediment settling and consolidation
mechanisms in accordance with the ow conditions at
Karkheh Dam reservoir. In addition, the impact of
the initial height on the settlement and consolidation
of cohesive sediments was tested with a constant

sediment concentration of 100 g/l at various heights
of the Plexiglas column, taking into consideration the
variations in the elevation of di�erent reservoir bed
points. Furthermore, considering the natural changes
in the cross-sectional area of the reservoir in di�erent
points and consequently, its e�ect on the settlement of
cohesive sediments, to study the scale e�ect, changes
in the initial height of the water-sediment mixture,
and the cross-section of the tested samples, settlement
columns with di�erent diameters were used. The e�ects
of natural changes in the water temperature in the dam
reservoir on the settlement of cohesive sediments were
also studied considering hot and cold temperatures.

In all experiments, changes in water-sediment
height, pore water pressure, and porosity of the settled
sediments were measured and recorded. Experiments
with di�erent conditions were conducted to study
the e�ect of various parameters such as initial con-
centration, initial height, temperature, and scale on
settlement and consolidation prediction, and the results
are presented in Table 4.

3. Results and discussion

3.1. E�ect of the initial concentration
One of the e�ective parameters in the settlement and
consolidation processes is the initial concentration of
the water-sediment mixture. Experiments with �ve
di�erent initial concentrations of 50, 75, 100, 125, and
150 g/l were conducted using a settlement column
to research this parameter. Figure 6 indicates tem-
poral variations in the relative sediment-water height
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Figure 6. Temporal changes of Hf=H0.

Figure 7. Changes in the �nal average concentration in
the initial concentration scenario.

(Hf=H0) for various initial sediment concentrations.
Figure 7 also shows variations in the �nal average
concentration of the samples compared to the initial
concentration.

Temporal changes of Hf=H0 showed that by
increasing the initial concentration of sediments, the
Hf=H0 curve lay higher than that of lower concentra-
tions.

However, based on the result shown in Figure 6,
the temporal change in the gradient of this curve was
almost the same for all initial concentration scenarios.
Observations also showed that in all cases, complete
consolidation occurred after 35 days, and there was
a steady settling velocity during the initial free
settlement stage. As can be seen from Figure 7, the
�nal average concentration increased linearly with the
initial concentration. In addition, the settled sediment
load can signi�cantly improve the �nal consolidation,
and the time to reach a stable consolidation state is
much longer.

3.2. E�ect of the initial height
Experiments with the same initial concentration of
100 g/l and varying initial heights were conducted to
study the e�ect of the initial height on the settlement
and consolidation processes. As can be seen from
Figure 8, with the initial height, the concentration

Figure 8. Experimental results of the initial height
scenario.

Figure 9. Changes in the �nal sediment concentration
versus initial heights.

of settled sediments decreased with a nonlinear trend.
Furthermore, changes in the �nal sediment concentra-
tion at various initial heights in the short-term (2-day)
and long-term (45-day) periods have been studied and
the results are shown in Figure 9. The results showed
that during the short-term settlement period, with the
increase of the initial height of the sediment, the change
of the sediment concentration is relatively reduced,
which determines the initial free settlement stage. This
is attributed to the fully developed occulation of clay
particles and the appearance of a occulated structure
during the initial free-settling stage.

The sediment concentration begins to decrease
from the water surface to the column bottom as the
particles in the upper ow region start to settle. Due
to the occulation structure of the cohesive sediment
particles, the settling process is faster than a single
particle. However, the occulation structure is signi�-
cantly compressed under the weight load of deposited
sediment, which is why the average concentration of
settled sediments decreases in the short-term settle-
ment period.

The downward trend of the average concentration
is only signi�cant in the short term. The average
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concentration at the initial sedimentation height of
0.5 m in the 45-day long period was almost the same as
the average concentration at the initial sedimentation
height of 0.1 m, as shown in Figure 9. Figure 9 also
shows that the net frame of the occulation structure
is fully compressed and consolidated.

3.3. E�ects of the scale
Since the sedimentation in some parts of the dam
reservoir is a�ected by the coastal wall, the impact
of sediment column diameter was investigated in this
study. The diameter of the settlement column signif-
icantly a�ects the settlement of the suspended cohe-
sive sediments and the consolidation behavior of such
sediments, which is attributed to the e�ects of the
wall (vertical convection) the interactions, and the clay
particle occulation.

The settlement column diameter signi�cantly
a�ects the settlement of the suspended cohesive
sediments and the consolidation behavior of such
sediments, due to the e�ects of the wall, the
interactions (vertical convection), and the occulation
of the clay particles.

For this reason, previous studies have reported
di�erent sediment settlement rates in settlement
columns with di�erent diameters and the same sedi-
ments.

For this purpose, experiments were performed
in short-term and long-term periods in settlement
columns with diameters of 4, 6, 10, 14, and 38 cm
considering an initial concentration of 200 g/l with an
initial height of 20 cm for two times periods of 2 and
45 days. Figure 10 shows the scenario of settlement
column size versus �nal concentration.

The experimental results of both short-term and
long-term periods showed that under the same initial
conditions, by increasing the diameter of the settlement
column, the concentration of settled sediments �rst
decreased and then increased.

This is because for a settlement column with a
small diameter, the wall e�ect is signi�cant, and there
is a relatively small sediment weight, and the inter-

Figure 10. Settlement column size scenario.

action between suspended sediments is weak. There-
fore, the suspended sediments generally settle with a
high average �nal velocity. Also, by increasing the
settlement column diameter, the e�ect of the wall
decreases, therefore it can be neglected by exceeding
the column size from a certain limit. Simultaneously,
under this condition, Brownian motion gives full play
to the interaction and occulation, thereby preventing
the settlement and consolidation process of suspended
sediments. Sediment settlement distinctions caused
by settlement column size are internally induced by
the equilibrium relationship among the e�ects of wall,
convection, and occulation. For a column cross-
section of about 30 cm2, the hindering e�ect of the
settlement column will be maximized, leading to the
minimum settlement and �nal consolidation.

3.4. E�ect of temperature
The e�ect of temperature on the settling and consolida-
tion cycles of cohesive sediments has been studied be-
cause of signi�cant temperature variations in the water
of dam reservoirs during the hot and cold seasons. In
the summer and winter seasons, tests were conducted
under the real temperature at the case study site.
In this regard, both the cold temperature (less than
6�C) and the hot temperature (above 24�C) ranges
and temporal variations in the relative sediment-water
height (Hf=H0) were measured for initial sediment
concentrations of 50 and 100 g/l. Figures 11(a) and
11(b) illustrate the e�ects of temperature e�ect studies
considering varying initial concentrations. The results
have shown that the e�ect of temperature on the
sedimentation process at low initial concentrations is
less negligible, but its e�ect increases with excess con-
centration. Therefore, it can be shown that the e�ect
of temperature on the settlement and consolidation
process is less than other parameters such as initial
height and initial concentration. The increase in the
dry density of cohesive sediments with temperature
could be due to the e�ect of temperature on the
occulation of cohesive sediments. In addition, water
density is also dependent on the temperature and can
a�ect the settlement and consolidation processes.

4. Conclusions

Settlement and consolidation of cohesive sediments
are continuous development processes from liquid to
plastic solid. In these processes, the e�ective stress is
transferred to the sediment particles skeleton, and the
excess pore water pressure is completely dissipated.

Finally, the following results were obtained from
the performed experiments on settlement and consoli-
dation of the cohesive sediments. Changes in the dry
density in the initial stage were considered an essential
part of the consolidation process. Higher pressure,
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Figure 11. Temporal changes in Hf=H0 for di�erence
initial sediment concentration: (a) C0 = 50 gr/lit and (b)
C0 = 100 gr/lit.

as well as the average distance between the sediment
particles, accelerated the settlement of cohesive sed-
iments. By increasing the concentration, the initial
free settlement stage became longer. Experimental
observations showed that due to the intensi�cation
of Brownian motion, the delayed settlement process
occurred over a longer period by increasing the con-
centration. By increasing the initial concentration,
there was a delay in the onset of the consolidation
stage. Accordingly, in the �rst and sixth scenarios
with initial concentrations of 25 g/l and 150 g/l, the
samples started to consolidate under their weight after
1.5 h and 17.5 h, respectively. Observations showed
that for a constant settlement column diameter, by a
50% decrease in the initial height of the water-sediment
mixture, the settlement and consolidation processes in
the second stage occurred 8 hours earlier. Observations
showed that as the diameter of the settlement column
and the initial height of the water-sediment mixture
decreased by 60%, the settlement and consolidation
process in the second stage is advanced by 9 hours. The
experimental results showed that a threefold increase in
temperature from 6�C to 24�C in all scenarios had an
insigni�cant e�ect on the settlement and consolidation
processes of cohesive sediments. This can be attributed

to the negligible e�ect of water temperature on the
Brownian motion. Experiments to investigate the
e�ect of the cross-section of the settling column on
the sedimentation process have also shown that walls
can a�ect the long-term and short-term e�ects of the
sedimentation process.
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Nomenclature

LL Liquid Limit
PL Plastic Limit
Gs Speci�c gravity of the sediment
SAR Sodium Adsorption Ratio
K Potassium
Na Sodium
Mg Magnesium
Ca Calcium
SO4 Sulfur
Cl Chlorine
HCO3 Bicarbonate
pH pH of water
EC Electrical Conductivity
C0 Initial concentration
D Diameter of column
H1 Initial sediment-water interface height
Hf Final sediment-water interface height
Tt Time
T Temperature
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