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ABSTRACT: Irrigation canals require a sediment trap to control not-allowable sediment deposits in the 
primary irrigation canals to maintain the highest paddy yield. The not-allowable sediment deposit for Cimacan 
River, not only non-cohesive sediment (dia>0.07mm) as for regular river, but also cohesive sediments 
(dia<0.07mm) that could be cemented rapidly under the laminar flow condition and then potentially decrease 
the performance of irrigation canals. This paper presents the resulting study of the rheologic characteristic of 
the cemented bed sediments and the threshold velocity related to the sediment cementing process of irrigation 
canals in the Cimacan River. The study was conducted based on field and secondary data. The geological 
investigation had been carried out and tested to obtain grain-size distribution, sediment stratification, and water 
temperature in the Cimacan river tested in 2017 and 2019. Secondary data is taken to support the comparison 
study. Based on this study, it is found that the cemented sediment could be flushed only when the average 
velocity of the lower layer of the flow is greater than the threshold velocity of cementing occurrence. In this 
case, the μ movement curve as a function of viscosity Iv that could reach beyond the range of 3×10-5<Iv<2 had 
shown the validation of local rheology models. Meanwhile, the range of Iv<3×10-5 could be described as 
transitions flow where μ→μs could be expected for flushing the sediment layer. Numerical models can easily 
calculate this rheology regime. However, to achieve maximum results, it is necessary to develop a physical 
model supported by a binocular microscope.  
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1. INTRODUCTION  
 

Indonesia is a developing archipelagic country 
where a land-use change of its most river catchment 
area become a common predominant phenomenon 
for national agricultural, especially paddy, 
development policy. Land-use change tends to 
decrease the dependable flow for irrigation and 
increase the extreme discharge [1] so that the annual 
yield of paddy fields tends to decrease. Furthermore, 
land-use change tends also to increase 
sedimentation problems in the rivers and reservoirs 
[2],[3],[4]. Thus, land-use change has become a 
common phenomenon that decreases paddy fields 
and the annual yield of the paddy field.  

Irrigation modernization is seen as a necessity 
for further efforts to overcome threats to the 
sustainability of irrigation countries. The threat 
comes from various aspects, such as the critical 
water demands for efficient agricultural production 
(FAO). A considerable effort is required to be done 
to improve irrigation operations. A desilting basin 
is a temporary sediment control structure to 
intercept sediment-laden runoff and to retain the 
sediment. It aims to detain sediment-laden runoff 
from the disturbed area for sufficient time and allow 
a majority of the deposit to settle within the 
sediment trap [5].  

Erosion occurring upstream of Citarum 
Watershed must be treated as necessary because the 
longer that sediment accumulates, the greater 
reduction in water capacity at Citarum. Soil erosion 
is a global environmental problem that threatens the 
lives of the majority of small farmers. On land 
cultivation, soil conservation requires specific types 
of vegetation supported by an efficient strategy for 
controlling soil loss. Approximately 80% of current 
agricultural land is degraded due to global soil 
erosion. The practise of sustainable agriculture is 
challenged by severe soil erosion and reduced on-
farm productivity of the soil, resulting in food 
insecurity [6]. 

Fine, cohesive sediment suspensions are a 
common feature of estuarine environments. 
Generally, multilayer models are used to describe 
the vertical distribution of such sediments. Such 
conceptional models normally distinguish at least 
high suspended sediment concentrations (SSCs) as 
a topmost layer and a consolidated bed layer, often 
including an intermediate, fluid mud layer. 
Rheological and sedimentological properties are 
rarely included in these models. Many attempts 
have been made to determine the effects of non-
Newtonian rheological properties on relatively solid 
motion through fluids. Sediment transport involves 
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the entrainment and movement of granular 
materials by shifting fluid flow [7].  

Fluid mobilized sediment transport dynamics 
are an attractive solution, as they occur on the 
surface between fine materials and fluid flow. A 
relevant example is the flow of a non-Newtonian 
fluid through bedload flow and sedimentation of 
particle suspension.  

In a weir, in this case, a sediment trap becomes 
one unit with the main structure. Sediment traps are 
built to avoid non-cohesive sediments (dia 
>0.07mm) entering an irrigation scheme. Under 
unavoidable circumstances, cohesive sediments 
(dia <0.07mm) will enter the irrigation scheme by 
controlling the flow rate and slope of the base of the 
irrigation canal in accordance with applicable 
planning criteria. The problem that often arises is 
not continuous in a flushing condition in sediment 
traps that have been set time periodically. Delay in 
Operational and Maintenance (O&M) officers in 
flushing due to non-technical and technical 
problems, causing trapped sediments to be rapidly 
cemented [8]. 

This study examined the nature of rheology 
based on sediment deposition rate in sediment traps, 
which is related to the rheological nature of the 
sediment itself. Sediment can settle in a laminar 
flow. The location of the study on the contribution 
of this study is Macan weir, in Subang Regency. 
This weir service a technical irrigation area of 9,670 
ha, where the current condition of perimeter section 
area is reduced by ±35%, caused by sedimentation. 
The existing conventional plan will construct 
sediment traps rectangular shape located right side 
of the head structure.  

 

 
 
Fig.1 Macan weir, located in West Java, Indonesia 
 

The flushing way outlet cross over the national 
bridge road. This case is an exciting point to 
improve the shapes of sediment traps. In this study, 
as a first step in determining the exact equation in 
sediment deposition rate, some soil investigation 
data have been obtained as a reference and to 

choose the existing and cemented sediment 
conditions at the bottom of the main canal in the 
weir intake structure [8].  

 

 
 
Fig.2 Layout of Macan weir 

 
The study of the rheological behavior of natural 

mud is concerned with flows or deformations of a 
mud sample experiencing an external forcing. 
Variable amounts of river water are trapped in the 
mineral structure of natural mud by attracting force. 
As a result, natural mud shows viscous behaviors 
through a varying range of water content. When 
dried, mud can be hardened and show pure elastic 
behavior. However, natural mud is a viscous-elastic 
material in its natural state. It is important to have 
an adequate constitutive equation to describe 
natural mud's viscous and elastic responses to 
various loads.  

Unfortunately, there is no proper sampling in 
situ method available to measure the rheology of 
naturally deposited mud. Meaningful in situ 
measurements are difficult to perform without 
disturbing the natural silt deposited in the bottom 
layer of the canal. Mud samples used in laboratory 
tests often are severely disturbed.  

Therefore, the microstructure of mud samples in 
laboratory tests may significantly differ from that of 
the natural mud deposited in the seabed. In 
laboratory studies, the field sample must be handled 
carefully to keep the test conditions as close to the 
natural conditions as possible. Factors that we need 
to considerer include seawater salinity, sediment 
concentration, consolidation time, temperature, etc. 
[9].  

Fig.3 describes the layout of the study location, 
and as shown in Fig.4, sedimentation has occurred 
in the main canal and reduced the wet perimeter-
sectional area. Especially sediment from the river 
accumulated will harden quickly if not flushed out 
periodically by operational and maintenance 
officers. 
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Fig.3 Macan weir view from the air upstream to 
downstream  
 

 
 
Fig.4 Sedimentation has filled nearly half of the wet 
perimeter section of the Macan’s main canal and file 
test location 
 

This study improves the vortex desilting basin 
sediment traps that will gradually test their 
hydraulic behavior. Obtaining the nature of 
sediment rheology is very important because future 
research aims to find out the flushing force to flush 
non-cohesive sediment.  

Natural mud samples used in this study were 
taken from two locations in Macan weir. Where 
each three-field test in the upstream and 
downstream area of the primary canal. Some basic 
soil properties are summarized in Table 1. 

 
2. BACKGROUND 
 

Understanding the transport of cohesive 
sediments in complex flow conditions is important 
in general irrigation-related structures associated 
with irrigation canals. Inadequate representation of 
the physical properties of cohesive sediments can 
lead to greater uncertainty in transport sediment 
prediction than inadequate representations in 
hydrodynamics.  

As we know, this precipitating mud consists of 
viscous-elastic material under natural 
circumstances. It is necessary to look for 
constitutive equations to describe the viscous and 
elastic response from natural sludge to various load 
distributions. Unfortunately, there is currently 
nothing good in the method for measuring the 
rheology of naturally stored sludge. Meaningful 
measurement is difficult to do without disturbing 
the natural mud stored on the riverbed. Sediment 
samples taken in laboratory tests are often severely 
impaired. Therefore, in laboratory tests, the 
microstructure of sludge samples can be 
significantly different from raw sludge stored at the 
riverbed [10].  

Among the different sediment transport regimes, 
bedload transport is of significant importance as it 
represents an essential contribution to river 
morphology evolution. Accordingly, predicting the 
sediment transport rate under turbulent bedload 
conditions is fundamental for preventing 
environmental risks associated with floods and 
scouring. From a physical point of view, bedload 
transport corresponds to the dynamic response of a 
granular bed submitted to fluid shear stress. In 
contrast to suspended load, bedload is defined as the 
part of the sediment load occurring close to the 
granular bed in which particles are in permanent or 
intermittent contact with the bed [11].  

The flow that enters the irrigation scheme that 
transports the sediment is shown in plastic flow and 
not elastic deformation when the working force is 
applied. Newtonian fluids can be characterized by a 
single viscosity coefficient at the water temperature 
in this canal. Although viscosity can change with 
temperature changes, Newtonian fluids do not 
experience changes in average strain. Only a small 
percentage of fluids exhibit the properties of 
constant viscosity, such as Newtonian fluids. Most 
fluids, called non-Newtonian fluids, exhibit 
changes in viscosity as average strain changes.  

It is well-known that the most important 
parameter describing particles moving in fluids is 
their settling velocity, which is a function of the 
physical properties of the particles and the 
rheological behavior of the fluid. It is useful to 
express this velocity as a function of two 
dimensionless numbers, the drag coefficient and the 
Reynolds Number [12].  

As a result, sediment cemented on the main 
canal entering through the intake gate will be 
difficult to demolish and reduce the wet perimeter 
section on the main canal.  The cement sediment on 
this laminar flow will be connected based on 
primary data obtained from sediment transport. The 
study also provides information to operational 
officers to find out in a certain unit of time, and the 
sediment was cemented very difficult flush in outlet 
canal [13]. 

Proposed Sediment Trap Location 
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3. METHODS 
 

Previously, research has been conducted for 
sediment deposition rate at this location by 
choosing a Fergusson-Church (2004) that resulted 
in 0.922cm/s for particles >0.007mm. The 
sedimentation deposition rate at the study site has 
been calculated with 0.18 m3/day [8].  

This research has started by taking data on 
sediment property obtained from primary data taken 
in 2019 tested at the Laboratory of Engineering 

Geology, Padjajaran University, with the known 
sedimentation properties and physical properties 
contained therein. The gradation of the sediment 
was taken by comparing the data around the study 
site, such as on the Cibeet and Ciasem rivers, see 
Fig.5.  The sediment properties in the Macan weir 
sediment trap were taken in upstream (3 samples) 
and downstream (3 samples) sampling points, with 
laboratory test results at 20°C water temperatures 
summarized in Table 1 below: 

Table 1  Result of sediment laboratory test 

No Sample 
Location 

Density 
ρs=kg/m

3 

Sieve 
Analyzed 

#200 = 
<0.007mm 

(%) 

Mass 
Concentration        

S (kg/m3) 

Consolidation 
Time 

(minute) 

Volume 
Concentration  

Cv 

Mud 
Density 
ρs=kg/m

3 

1 u/s S1 2672 33.1 910 5 0.37 1498 
2 u/s S2 2681 34.3 654 5,10 0.29 1543 
3 u/s S3 2699 34.5 577 5 0.22 1511 
4 d/s S1 2710 35.6 1011 5 0.34 1412 
5 d/s S2 2716 36.5 674 5 0.24 1432 
6 d/s S3 2739 39.4 593 5 0.19 1411 

(Laboratory of Engineering Geology, Padjajaran University, 2019) 

 

(ICWRMP Preparation Project, BBWS Citarum, 2018-Redrawing Chart 2021) 

Fig.5 Analyzed sediment gradation at Cibeet and Cimacan river

Survey of sediment transport on the Cimacan 
and Cibeet Rivers in 2018 by PMMJIS-WSIMP-II 
Sinotech Co., Ltd & Associates, 80% of sediment 
material entered the Cibeet Cimacan Rivers was Silt 
0.004-0.062mm. From the sediment properties and 

sediment classifications obtained from the primary 
and secondary data above, the study modelled two 
equations. By entering sediment property data in 
Table 1, it uses Eq. (3), (5) and (7) plotted to find 
out τ, γ̇, and Iv.  
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4. RESULT AND DISCUSSION  
 

Several experimental studies have been carried 
out to predict the completion of spherical particles 
in non-Newtonian flows. One of these studies, 
Kelessidis and Mpandelis in 2004, produced 
explicit equations relating to the size of spherical 
particles with a deposition rate of resolution with a 
good approach in various practical Reynolds 
numbers in engineering with experimental data 
parameters.  The contribution of this study is the 
acquisition of an explicit theoretical cementation 
acceleration relationship so that the maximum time 
limit of flushing of sediments [14].  
 
4.1 Rheological models for steady or oscillatory 

mudflows 
 

If mud is treated as continuum media, the 
following equations can be used to model the 
mudflow [12]:  

∂ui
∂xi

 = 0                    (1) 
 

ρ Dui
Dt

=- ∂p

∂xi
+

∂τij

∂xj
,                           (2) 

 
where ui is the velocity component in xi- direction, 
Dt is the time, p is the dynamic pressure in a 
mudflow, and ρ the mud density. The stress tensor 
τij is related to the mud property by a certain 
constitutive equation. Depending on the nature of 
the mudflow, a large number of constitutive 
equations are available for the stress tensor τij. It is 
usually assumed that mud samples are isotropic. 
Under this assumption, the constitutive equation for 
the stress tensor τij can be constructed from a one-
dimensional rheological experiment. For one-
dimensional mudflow, the simplest relation 
between the shear stress and the deformation can be 
described by τ=τ (γ, γ̇) where γ and γ̇ are shear strain 
and shear rate, respectively. The two models used 
in the study were briefly reviewed first for the initial 
stages [15].  

The time of dependent deformation of 
mud/materials is called the rheology, The 
relationship between deformation and flow due to 
certain shear stress with shear force τ. Because the 
flow of sludge is in the fluid, the behaviour of the 
mudflow is influenced by two rheological 
parameters: the yield of stress τy and viscosity η of 
a fluid that immobilized lower than τy, the sediment 
is in a plastic condition and instead becomes a fluid 
[16].  

Therefore, sludge flow is categorized as a Non-
Newtonian fluid. In these viscous fluid conditions, 
the pore number is relatively high. As shown in  
Fig.6 illustrates the relationship between shear force 
τ and  shear strain rate γ̇ . Viscosity states the 
viscosity of the fluid and is the gradient of the curve; 

for the analysis of the movement of mudflow, can 
be used  Bingham’s model [17]. 

 

 
 
Fig.6 Relationship between shear force τ and  shear 
strain rate γ̇  

 
4.2  Rheology of steady mudflows 

One of the widely-used models for steady 
mudflows is the Herschel-Bulkley model or 
generalized Bingham plastic model [18]. Herschel-
Bulkley model is a two-parameter rheological 
model, which relates the shear rate γ̇ to the shear 
stress τ by: 

τ= τ0  +  ηBγ̇n, |τ| ≥ τ0  , and γ̇  =  0, |τ| < τ0  (3)              

Refer to Eq. (3) τ0 is the so-called yield stress (the 
shear stress at γ̇ =0), ηB is a parameter related to the 
mud viscosity, and η is the so-called flow index. 
When n<1, mud exhibits shear-thinning behavior; 
when n>1, mud exhibits a shear-thickening 
behavior. For the Herschel-Bulkley model, an 
apparent viscosity ηa is defined by Eq. (4) as follow:  

ηa= τ0  
γ̇

+  𝜂𝜂𝐵𝐵𝛾̇𝛾𝑛𝑛−1, |τ| ≥ τ0                   (4) 

There is no definition for the apparent viscosity 
when |τ|>0, in three common cases that occur in 
laminar flows, it can be adopted from the Herschel-
Bulkley model when τ0=0 and n≠1, a Newtonian  
models when τ0=0 and n=1, and  Bingham's  plastic 
model when it occurs τ0>0 and n=1. The Bingham 
model is used as a common mathematical model of 
mud flow in drilling engineering and in handling 
slurries [19].  

In other literature [9], the Dual-Bingham 
method in the same case proposes equations for 
connecting τ and γ̇ as follows:  

�
τ = τ0  + η0 γ̇, γ̇<γ̇c
τ = τ∞  + η∞ γ̇, γ̇≥γ̇c,                       (5) 

Where τ0 is Dual-Bingham yield-stress and τ∞  is 
Dual-Bingham apparent yield-stress. So is viscosity 
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η0 and η∞ . Shear stress γ̇c  is obtained from the 
following equation:  

γ̇c = τ∞  - τ0   
η0- η∞

                            (6) 

4.3 Dry-granular flow rheology relationship and 
suspended flow 

Boyer's previous research conducted a series of 
simple shear experiments that determined the 
relationship η(Iv). To cases of neutral floating 
particles (ρp/ρf=1) immersed in a viscous liquid. 
The study linked the rheological framework of dry-
granular and suspended flow [20]. Measurements 
with mass parameters show that friction can be 
described as the transition from dry-granular 
rheology to suspended flow rheology (where the 
contact of the particles is completely ignored): 

μ(Iv) = μdry(Iv)+ μsusp(Iv) 

= μs+
μd-μs
I0
I v 

+1
+ Iv+ 5

2
∅cIv

1
2          (7) 

Where I0=0.006, μs=0.32, and μd=0.7. The values 
for μs and μd  are within the classical range observed 
for dry granular flows [21]. While I0 it seems to 
depend on the definition of  tmicro. The term ∅c is the 

packing fraction in which the viscosity diverges in 
suspension experiments, found to be 0.585 by 
Boyer [20].  The results of calculations with 
Herschel-Bulkley from laboratory data resulted in 
very low sediment concentrations.  

Dual-Bingham can provide a satisfactory 
description of the flow curve. However, other 
sediment samples cannot use a single 
model/equation to describe the flow curve 
measured. Although it is not possible to use a single 
Herschel-Bulkley model to describe the flow curve, 
it can identify two flow regimes (low shear rate 
regime and high shear rate) and use the Bingham 
model for each regime, i.e. to use the Dual-Bingham 
model described by Eq. (5). In the plot log Fig.8, the 
difference between the curve and the measured data 
is magnified in the low shear level region. It can be 
observed that the shear pressure predicted by both 
models is slightly greater than that measured at low 
shear rates ( γ̇ <0.01s−1) especially for high 
concentration mud samples, suggesting that both 
models slightly more predicted the yield pressure. 

The curve plot at the study site is shown in Fig.7 
Shear Stress Dual-Bingham τ0 approaches Shear 
Stress which is spawned to flush out the sediment at 
the base of the sediment trap. The results of 
laboratory tests that have been calculated shear 
stress and viscosity are presented in the following 
Table 2 and Table 3: 

 
Table 2 Herschel-Bulkley parameters model 

 
No Location τ0 (N/m2)  η0(N.s/m2)  τ͚ (N/m2)  η͚ (N.s/m2)  
1 u/s S1 40.21 27.65 135.65 0.07 
2 u/s S2 3.43 3.54 11.21 0.01 
3 u/s S3 1.85 4.34 5.40 0.00 
4 d/s S1 41.87 201.20 198.21 1.43 
5 d/s S2 3.53 3.40 6.30 0.08 
6 d/s S3 2.65 1.99 4.87 0.01 

 
Table 3 Dual-Bingham parameters model 

 

No Location τ0 (N/m2)  η0(N.s/m2)  τ͚ (N/m2)  η͚ (N.s/m2)  γc(l/s)  
1 u/s S1 40.21 27.65 135.65 0.07 10.21 
2 u/s S2 3.43 3.54 11.21 0.01 4.76 
3 u/s S3 1.85 4.34 5.40 0.00 1.65 
4 d/s S1 41.87 201.20 198.21 1.43 9.91 
5 d/s S2 3.53 3.40 6.30 0.08 3.65 
6 d/s S3 2.65 1.99 4.87 0.01 0.902 
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Fig.7 Herschel-Bulkley and Dual-Bingham parameters model plotted by laboratory tests result 
 

 
 

Fig.8 Dual-Bingham yield stress and initial viscosity 
 

 
 

Fig.9 Friction coefficient μ as a function of Iv, computed using the confining pressure P0=0.1(ρp-ρf)gd that 
accounts for particle weight 
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As shown in Fig.9, physically, the sediment 
concentrate of Cv sediment volume reflects the 
distance between the sediment particles; that is, a 
decrease in Cv will increase the distance between 
the sediment particles and thus weaken the force 
between the sediment particles. The results of the 
analysis obtained are determined by adjusting the 
flow curve as measured by the same rheological 
model and thus can be compared because the results 
determined by the extrapolation method largely 
depend on the rheology model used to extrapolate. 

 
5. CONCLUSIONS 
 
Plots the frictional friction curve as a function of the 
viscous number Iv, which is calculated using the 
pressure P0=0.1(ρp-ρf)gd contributing as particles 
>0.007mm (See Fig.9). The dashed red curves 
represent dry μdry (Iv) and μsusp (Iv) respectively, and 
the black line represents the relationship in the test 
data with a range of 3×10−5≤Iv≤2, which is the result 
of Eq.(7), in where ∅c is the only fixed parameter. 

As a result, Iv<3×10-5, there is no convergence 
of friction coefficients with static values (μ=μs). 
Contrary, μ decrease continuously below the μ with 
diminishing Iv. After analyzing the rheological 
properties of these sediments, the simple Dual-
Bingham model is simply to apply than the 
Herschel-Bulkley model. Analysis shows that 
stable and dynamic rheological properties can be 
expressed as precise exponential functions of 
sediment volume concentration, with empirical 
parameters depending on size distribution, clay 
content, organic content, and mineral composition. 
Sediment samples on the downstream side are more 
rapidly cemented. It takes shear stress of 153 N/m2 

to flush out the sediment that has been tapped within 
six (6) days.  

The rheological nature of the steady flow of 
sedimentary mud and oscillations at the study site 
cannot and is very difficult to break with its original. 
The interrupted sample from the study site also 
bothered to be tested with empirical equations. 
Rheometer and direct research at the location will 
be very accurate to find out the rheological 
properties of the sediment.  
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