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Abstract. The initiation of motion of sand-mud bed mixtures remains inade-

quately understood and not accurately predicted. This study sought to compare 

and analyze the methodology and results of different sand-mud erosion experi-

ments. Data from different erosion experiments were combined to create a da-

taset of varying sand-mud combinations with an emphasis on varying clay-silt 

ratios. The framework proposed by Van Ledden [1] was used to separate the da-

ta into six different bed types. These bed types are characterized by their cohe-

sive property and network structure. The cohesive property is based on the mass 

fraction of clay and the network structure is based on the dominant sediment 

fraction. The different bed types demonstrated different ranges of critical bed 

shear stress for various ranges of median grain size or mass fraction of mud. 

This indicates that distinct initiation of motion mechanisms are dominant in dif-

ferent bed types. 
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1 Introduction 

Sand-mud is a ubiquitous type of sediment in estuaries and deltas. Estuaries and del-

tas function as locations for global ports around the world and as vital habitat for ma-

rine ecology. Analyzing the properties of sand-mud mixtures, particularly its erosion 

potential, facilitates in the planning and management of these systems. 

Sand-mud erosion occurs in different modes (e.g. particle, surface, and mass ero-

sion) as discussed by van Rijn [2]. However, identifying the initiation of motion re-

mains without quantifiable standards. As a result, recent sand-mud erosion experi-

ments continue to use different methods. 

The proposed mathematical models for sand-mud initiation of motion, donated by 

the critical bed shear stress parameter or 𝜏𝑐𝑟𝑖𝑡 , have been developed based on availa-

ble sand-mud data from researchers developing those models. These equations de-

scribe the initiation of motion of sand-mud beds through bulk parameters, such as 

median grain size diameter, 𝑑50, or mass fraction of mud, 𝑃𝑚𝑢𝑑. However, mud is 

composed of silt and clay. Clay particles are naturally cohesive while silt particles 

exhibit apparent cohesion due to their reduced permeability. At present, initiation of 

motion equations for sand-mud mixtures do not account for different quantities in silt 

and clay. 



2 

To date, an erosion experiment using wide variations in sand-silt-clay combina-

tions has not been undertaken. As a result, the analysis of the initiation of motion of 

sand-mud beds with different mud fractions using large variations in silt and clay 

quantities has not been done. However, recent erosion experiments have been per-

formed with limited but different ranges of clay-silt combinations. 

This study was conducted to combine the results of sand-mud erosion experiments 

that used various clay-silt ratios through an analysis of methodologies. This study also 

examined a framework that highlights the contribution of each sediment fraction in 

the initiation of motion process. This paper is organized as follows. Section 2 explains 

the methodology used in the selection of data and framework. Section 3 lists the ero-

sion experiments whose results are included in the combined dataset and the applica-

tion of the chosen framework to the combined dataset. Section 4 gives conclusions on 

the created dataset and implications of applying the selected framework. 

2 Data and framework selection 

The methodology for dataset selection needed criteria to assess the discrepancies in 

methods between different erosion experiments. The methodology for framework 

selection needed to isolate the different sediment fractions based on physical charac-

teristics.  

 

2.1 Data selection 

The selection process defined criteria to analyze methodologies and results across 

erosion experiments. Datasets from erosion experiments using sediment less than 2 

mm were used. The definition of each sediment fraction was based on their cohesive 

properties (sand: non-cohesive; silt: apparently cohesive; clay: cohesive) and grain 

size diameter. Specifically, the grain size diameter definition has the diameter lower 

limit of sand at 63 µm and the diameter upper limit of clay at 2 µm. Furthermore, 

datasets must have reported measured bulk geotechnical parameters such as water 

content, and bulk density. Next, a criterion for experimental setups limited the selec-

tion to those that used unidirectional flow since this type of forcing replicates the tidal 

forcing in estuaries. The method of obtaining derived parameters was also reviewed to 

ensure that parameters such as bed shear stress were similarly calculated. The deriva-

tion of bed shear stress from erosion experiments lacks a standardized methodology, 

therefore, multiple methods were accepted. Such methods included experiments that 

derived bed shear stress from law of the wall velocity profiles or experiments that 

estimated from the measured near-bed turbulence. A more subjective derived parame-

ter is the 𝜏𝑐𝑟𝑖𝑡  or the bed shear stress at initiation of motion. Similar to bed shear 

stress, there is no standard definition for determining 𝜏𝑐𝑟𝑖𝑡 . Consequently, multiple 

methods were also deemed accepted. These methods included: visual observation, 

extrapolation from the relationship between erosion rate and bed shear stress, a 

threshold erosion rate, and a threshold suspended sediment concentration value. These 

criteria did not yield an absolute like-for-like comparison across sand-mud erosion 
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experiments. However, the criteria provided a dataset with a large variation in sand-

mud composition, bulk geotechnical parameters, and initiation of motion information. 

2.2 Framework  

The work by Van Ledden [1] proposed a framework delineating the erosion behavior 

of sand-mud that accounts for each sediment fraction. The framework categorizes 

according to 2 characteristics: cohesion and network structure. Cohesion is based on 

the empirically observed threshold for mass fraction of clay or 𝑃𝑐𝑙𝑎𝑦 . Sand-mud is 

considered cohesive with 𝑃𝑐𝑙𝑎𝑦 ≥ 5-10%. In subsequent analyses, this threshold is set 

at 7%. Network structure refers to the sediment fraction that may or may not form a 

network of particles within the sand-mud bed. From fluidization experiments, sand 

particles form a network when the volume fraction of sand, 𝜙𝑠𝑎𝑛𝑑, exceeds 40%. 

Similarly, silt particles form a network when the volume fraction of silt, 𝜙𝑠𝑖𝑙𝑡 , ex-

ceeds 40% of the pore volume around sand particles. In contrast and due to the cohe-

sive nature, a clay-water matrix is formed instead of a clay network. This matrix is 

present when sand-mud bed is neither sand- or silt-dominated, and cohesive. Finally, 

a mixed network is formed when neither sand nor silt form a network and the bed is 

non-cohesive. A mixed network is characterized as having contributions from all 

sediment fractions. The proposed framework results in six bed types: (I) sand-

dominated non-cohesive, (II) sand-dominated cohesive, (III) mixed network non-

cohesive, (IV) clay-water matrix cohesive, (V) silt-dominated non-cohesive, and (VI) 

silt-dominated cohesive. The framework is adopted to describe the initiation of mo-

tion based on cohesion and dominant network structure of a sand-mud bed type. 

3 Results 

3.1 Selected datasets 

After applying the proposed criteria, the following datasets provided a wide range of 

sand-mud compositions with sufficient experimental and geotechnical information.  

The work by Jacobs [3,4] investigated sand-mud erosion using artificially created 

sand-mud based on clay-silt ratios between 0.04-0.44 and sand-silt ratios between 

0.31 and 18.6.  

The work at the US Army Corp of Engineers [5] investigated the erosion thresh-

olds of sand-mud using both artificial and natural sand-mud. The sediment had mud 

content from 0 to 100% with different types of clay. Experiments were conducted 

using purely Kaolinite. Other experiments were conducted using a combination of 

Kaolinite and Bentonite. While another set of experiments used mud taken from the 

Mississippi river.  

The previous two datasets provided data containing mud with significant clay con-

tent. It was necessary to find datasets that conducted erosion experiments for mud 

with low clay content (𝑃𝑐𝑙𝑎𝑦  < 7%). Part of the PhD work by te Slaa [6] was useful in 

filling this gap in data since the PhD work focused on the erosion of silt-rich envi-
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ronments. In this dataset, the clay content was 0 while the silt content was between 

90-100%.  

Another erosion experiment that focused on the behavior of silt-dominated systems 

is the work by Yao [7]. The recalculated 𝑃𝑠𝑖𝑙𝑡  of the sediment samples range from 20-

82% while 𝑃𝑐𝑙𝑎𝑦  was approximately 0%. This dataset provided additional samples 

with significant silt content and insignificant amounts of clay content. 

Finally, the dataset from the MuSa project in Deltares [8] collected and tested 

sand-mud samples from within the Netherlands and from sites abroad. The range of 

sand-silt-clay composition had mud content between 12-95%, and composed of dif-

ferent clay-silt ratios, 0.19-0.76. 

The geotechnical information provided in the experiments were not consistently 

reported. To complete the information, known geotechnical relationships were used to 

calculate for any gaps. In the end, it was imperative that median grain size diameter, 

(𝑑50, m), water content (W%), volume fraction of water (𝜙𝑤𝑎𝑡𝑒𝑟), dry bulk density 

(kg m3⁄ ), and bulk density (kg m3⁄ ) were known or calculated for each data point.  

In total, the dataset contains 107 data points. This dataset has different combina-

tions of sand and mud as well as sufficient data containing different types of mud. 

3.2 Bed type classification 

The framework proposed by Van Ledden is applied to the collected datasets. The 

results are shown in Fig. 1: 54 datapoints in bed type I, 3 datapoints in bed type II, 13 

datapoints in bed type III, 25 datapoints in bed type IV, 12 datapoints in bed type V, 

and 0 datapoints in bed type VI. Despite the absence of data in bed type VI, the result 

of applying the framework provides an opportunity to investigate parameters and 

processes in bed types I to V. 
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Fig. 1. Ternary diagram showing the spread of data from the datasets that fulfilled the selection 

criteria. Each data point is marked and colored according to its Van Ledden bed type [1]. 

 

Classification of sand-mud into different bed types shows its effect on the range of 

𝜏𝑐𝑟𝑖𝑡 . Fig. 2 shows a plot of each bed type in terms of its 𝜏𝑐𝑟𝑖𝑡  against 𝑑50 and volume 

fraction of mud, 𝑃𝑚𝑢𝑑 . Bed type I has the largest 𝑑50 and lowest 𝑃𝑚𝑢𝑑  with a wide 

range of 𝜏𝑐𝑟𝑖𝑡  between 0.1 – 2.4 Pa. Despite limited datapoints, bed type II has smaller 

𝑑50 but larger 𝑃𝑚𝑢𝑑  than bed type I with a narrower range of 𝜏𝑐𝑟𝑖𝑡  between 0.9 – 1.0 

Pa. Bed types III and IV have a large spreads of 𝑑50’s and of critical bed shear stress-

es despite containing the same fraction of mud. Bed type III shows that an increase in 

𝑃𝑚𝑢𝑑  may result in an increase in 𝜏𝑐𝑟𝑖𝑡 . Conversely, bed type IV appears to decrease 

in 𝜏𝑐𝑟𝑖𝑡  with increasing 𝑃𝑚𝑢𝑑. Finally, bed type V does have a large range of 𝑑50 but 

its 𝜏𝑐𝑟𝑖𝑡  values are, on average, comparable to the values of pure sand. The bed types 

with different cohesive and network structure properties are shown to affect the mag-

nitude and spread of 𝜏𝑐𝑟𝑖𝑡  across 𝑑50 and 𝑃𝑚𝑢𝑑 . 

 

Fig. 2. Left plot presents 𝑑50 and 𝜏𝑐𝑟𝑖𝑡. Data points are colored according to bed type [1]. The 

𝜏𝑐𝑟𝑖𝑡 of pure sand from van Rijn [9] is also plotted for reference. Right plot presents the 𝜏𝑐𝑟𝑖𝑡 as 

𝑃𝑚𝑢𝑑 varies. The data points are similarly colored [1]. 

This classification helps identify which mechanisms may be relevant during the com-

plex initiation of motion process. The complexity is evident in the different forms of 

proposed critical shear stress equations [9][10][11]. Using a framework helps reduce 

complexity by classifying sand-mud mixtures on a physical basis. In this classifica-

tion, a better understanding of the controlling factors for different sand-mud combina-

tions can be done. Furthermore, 1
st
 order equations can be estimated based on the 

subdivision. These can serve as guidelines for future erosion experiments or analyses. 

4 Conclusions 

The objective of this study was to build a dataset with a large spectrum of sand-silt-

clay combinations from various erosion experiments in an attempt to obtain like-for-
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like comparisons between experimental setups and results. This objective was sought 

in lieu of performing erosion experiments with different mud content using a large 

variation in clay-silt ratios. Since there is no standardized methodology for measuring 

parameters, an absolute fair comparison was not achieved. This is especially true for 

derived parameters such as bed shear stress and critical bed shear stress. Nevertheless, 

the selection of methods and reported sediment information are reasonable criteria to 

build a coherent dataset of various sand-silt-clay combinations from different erosion 

experiments. 

The framework proposed by Van Ledden classified this dataset into six bed types 

based on cohesion and network structure characteristics. This approach avoids hidden 

or compound effects that is possible in mathematical models that describe initiation of 

motion based on the variations of a single parameter, such as 𝑑50 or 𝑃𝑚𝑢𝑑 . This 

framework reduces the complexity in sand-mud bed initiation of motion using physi-

cal characteristics by classifying sand-silt-clay combinations into bed types. The 

framework also allows subsequent research to focus on parameters dominant in de-

scribing processes in initiation of motion per bed type.  
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