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Beyond Gravity: The Mechanics

of Cohesive Sediment Transport

. How electrochemistry, biology, and history .
| — ~ govern the lifecycle of mud, clay, an silt R




Diagnostic Matrix

" MNoncohesive(Sand) | Cohesive(Clay)
Electrochemical + Biological + Gravity]
( Flocs (dynamic aggregates) ]
‘ [1I-defined, history-dependent ]

Gravity vs. Fluid Shear

Independent grains

Well-defined (Shields curve)

Size only (Stokes) Eiable (flocculation, salinity, concentraﬂ’
Deterministic l Probabilistic (Krone model) .
Grain Size (D50) ‘ % Fines (> 10-20% threshold) ’

Rule 1: If the clay fraction exceeds 10%, gravity

and fluid shear are no longer the sole actors.




The Cohesion Engine Bl

Negative

Mohr-Coulomb Cohesion Law
surface charges

T =r'ry + o tan qbﬁ

<rLd"' v H ~ 7 o \
% Yield Stress (Cohesion) — Internal Friction —
. : The critical chemical/biological  standard mechanical
& van der Waals attraction, baseline resistance. resistance.
‘j; electrostatic bonds, and
sticky organic biofilms \

Unlike sand, cohesive sediment maintains shear resistance (7,)
even when effective normal stress (o) drops to zero. The strength
comes from the chemistry, not just the weight.
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Premium, editorial slide Environmental Context Box

The Dynamic Watel’ Column Freshwater vs. Saltwater

=

: : . et Ji
Saline water adds cations ¥ _ B il *“' gl
(Na*, Ca?"), reducing ) A T 12} -
negative particle repulsion. Bt

. : : Fresh Saline
Collisions bind particles.

Salinity is the catalyst for rapid flocculation.

Aggregation

(Chemistry) ®" Macrofloc

B (> 133 um) #¢
a( M) S o GELU]e
r. ' : | ' (Turbulence)

A o 44

@ Fluid shear stresses rip
fragile structures apart.
Floc strength actively

decreases as size increases.




Mixed Suspension Layer

Constant concentration,
minimal interaction.

Stratified Layer

Settling begins to
outpace mixing.

The Lutocline

The critical transition zone.
A sharp gradient where sediment
concentration spikes.

Fluid Mud Layer

Behaves as a non-Newtonian fluid.
Capable of stationary entrainment.

Consolidated Bed

Measurable effective stress.
History-dependent strength.

Sediment behavior
Is fundamentally
distinct in each
vertical layer. A

particle’s dynamics
change as it descends
through the Lutocline.




Floc Settling Velocity (w,;)
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Free Settling

Low concentration.
Particles settle
independently.

Hindered Settling

High concentration. Flocs
crowd and block upward
fluid displacement.
Settling grinds to a halt.

Flocculation-
Enhanced

Moderate concentration.
Increased collisions
build massive flocs.

Settling velocity
maximizes.
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100 10 102
Sediment Concentration (kg/m?)

More sediment does not mean faster deposition.
The system chokes itself at high concentrations.
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Pipeline Flowchart

Size (K,) Concentration (K,) Turbulence (K)) Salinity (K_,)

Primary /e Fi

: A\ /4 | inal Floc

p ample J o | - jEr-- (\‘* = 151N Velocity:
velocity: f | ..,

w, = 0.0005 m/s 4. ox | /. 0.707x /. W~ 0.00174 m/s

Smaller primary Moderate Neutral mixing. Partial salinity

particles yield concentration enhancement.
stronger enhances
flocculation. collisions.

Wsf = Kq K K¢ Kgqs

The Flocculation Multiplier: In this real-world example, dynamic interactions
cause the sediment to settle ~3.5x faster than gravity alone would predict.
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Based on Li et al. (2025).

100% - Stage 1: Inhibition
8 80% -
=
=
2 60%-
)
=
=
= 40%- S
= Increased salinity initially
= raises fluid density and
O 0% - viscosity. Result:

; Slower settling.
0%

Stage 2: Acceleration

Salinity compresses the
Electrical Double Layer
(EDL), turbo-charging

flocculation. Result:
Faster settling.

The Stokes-Law Trap:

Linear models fail because
real-world settling is not
monotonic.

It is a two-stage temporal process

10

44

min . 100
Time

defined by early inhibition and
late-stage acceleration.

1000
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Low Suspended Sediment High Suspended Sediment
Concentration (SSC) Concentration (SSC)

When sediment concentration is low, When concentration is extremely high
Salinity drives the system. (>1200 NTU), the Salinity effect vanishes.

It dictates floc size by reducing Physical particle collisions
electrostatic repulsion. overwhelm chemical bonds.

The Synergistic Trap: You cannot model salinity or concentration in isolation.
The impact of water chemistry scales inversely with the volume of mud in suspensiGsieesosa




Bed Shear Stress
Tp = 0.05 Pa

Thd,min ) Thd,max
(002Pa) [ e B 00 0 0 (0.10 Pa)

100% Deposition ap = 0.625 0% Deposition
Probability (a;, = 1) Probability (a;, = 0)

Unlike sand, which drops deterministically when flow

D b — b 0, S f C slows, mud deposition is governed by a sliding
probability (a;) calculated between critical thresholds.
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Mode 1: Surface Floc Erosion Mode 2: Mass Erosion

Catastrophic chunk failure when bed strength
is fundamentally exceeded (Tem = 2-5 Tce).

Erosion (Ej) is a linear function of “Excess Shear”—how far the

actual force pushes past the bed’s specific threshold (7ce).




Noncohesive (Sand)

Continuous
Exchange

: : -.c,u::'-
(_57 r_’:f Q. r::
“E;_@G' 63%@@%{:5}3@ SoSe :::JO ‘C)%%OL%

Erosion and deposition happen
simultaneously and constantly. The bed is
in dynamic equilibrium.

Cohesive (Clay)

| Erosion

Exclusive Behavior

Deposition

Erosion and deposition rarely occur at the same
time. The system exists in discrete, mutually
exclusive phases based on shear stress thresholds.
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Stage 1: Fresh Deposit Stage 2: Deforming Bed Stage 3: Consolidated Bed
(Time = 0) (Time = Hours/Days) (Time = Weeks)

High water content. Weight of new sediment High density.
Easily eroded fluff layer. forces pore water out. High structural strength.
Low T_.. Density increases. Massively increased erosion
threshold (t_,).

Key Takeaway: Erodibility is an artifact of time.

The longer cohesive sediment sits, the harder it is to move. A NotebockiM



SEDIMENT BED DYNAMICS: RIPPLE HEIGHT VS. MUD FRACTION
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Ripple height (mm)
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The Tipping Point:

It only takes 10% to 20% cohesive
fines to fundamentally alter
transport. The cohesive “glue”
suppresses bedform generation,
Increases critical shear stress, and
effectively shuts down traditional
bedload transport.

Sand ripples actively forming.
Noncohesive behavior dominates.
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Initial mud fraction in bed (%)

Ripples completely suppressed. The
bed becomes flat and highly resistant.
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Hydraulics Electrochemistry

Shear Stress Salinity &
& Turbulence Surface Charges
(Controls breakup, (Controls flocculation,
mixing, and thresholds). density, and settling

speed).

The Cohesive
Transport Regime

EPS Biofilms &

Microorganisms
(Secretes ‘sticky’ bio-flocs,
vastly increasing cohesion
and reducing erosion).

Biology

Sand is driven by physics. Mud is a holistic, multi-physics ecosystem where engineering

models must account for chemical bonds and biological timeframes.
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