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Abstract 
 
Our ability to interpret the deposits of marine sediment gravity flows (SGF) has been greatly restricted by a lack of understanding of their 
flow processes. This limitation is reflected in the numerous classification schemes and the difficulty in using terms such as low (LDTC) and 
high‐density turbidity currents (HDTC). 
 
Here we report a novel experimentally derived classification scheme that for the first time identifies flow types and quantifies their 
transition points. A series of 25 runs of three types of turbidity currents ranging from 2.5% to 35% concentration by volume with 
non‐cohesive (silt‐sized glass beads) and cohesive (kaolin) sediment was performed at different clay‐silt ratios. Digital camcorders, 
Ultra‐High Concentration Meters, Ultrasonic Velocity Profiler and a Rheometer were used to acquire flow and rheological data. 
 
The hydrodynamic properties of the flows were determined using changing flow geometry, and high‐frequency time‐series, depth‐average 
values and vertical profiles of velocity and sediment concentration. Moreover, the deposits were studied using Scanning Electron 
Microscopy. 
 
Six types of flows were distinguished based on a comparison of hydrodynamic, depositional and rheological properties. A 3D phase 
diagram was created, showing the boundaries between these flow types in terms of rheological behaviour, bulk volumetric and clay 
concentration. The main characteristics of the flow types are:  
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 Type I: Newtonian; grains supported by turbulence; segregation of grains and normally graded beds.  
 Types II and III: Newtonian; grains supported by turbulence, hindered settling; undulating high‐concentration near‐bed layer 

(stronger in type III); partial size segregation forming partially graded beds.  
 Type IV: non‐Newtonian; viscous flow; formation of plug (flow freezing) and shear flow generating graded beds of muddy sand.  
 Types V and VI: non‐Newtonian; viscous flow with thick mud layer; grain support by matrix strength; cohesive freezing forms 

ungraded muddy sand with coarse‐tail grading near to the top.  
 
A new process‐related classification of sediment gravity flows is proposed. Type I resembles classic LDTC behavior, and Types V and VI 
are similar to the debris flow behavior. Types II and III are classified as inertial HDTC, due to flow turbulence, and Type IV represents a 
viscous HDTC, due to cohesive clay influence on flow and deposit. 
 
The implications of the new classification scheme for natural deposits of SGF will be discussed. 
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FLOW PROPERTIES
- Concentration
- Mechanism support -Turbulence 
- Rheology
- Grain size and type

DEPOSIT PROPERTIES
- Gradation
- stratigraphy
- facies

SEDIMENT GRAVITY FLOWS

Two approaches

Lots of classifications in literature – some examples 

NOT COMPLETE UNDERSTOOD AT ALL 

Classification of Sediment gravity flow based principally

And/or
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Generate experimentally different flows

Link hydrodynamics and depositional process
Model of sedimentation process (natural analogue)

Distinguish those flows from other sediment gravity flows 
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Experimentally-derived classification
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EXPERIMENTS EXPERIMENTS –– 4 GROUPS 4 GROUPS –– 25 AT TOTAL25 AT TOTAL

BALLOTINI
(100%)

BALLOTINI 
KAOLIN (50:50)

KAOLIN 
(100%)



Apparatus Apparatus 

Perspex Long Tank: 4,5 m long x 0,2 m 

wide x 0,5 m high

Slope: 0,8°

Mixture volume: 120 litres

Lock-exchange experiments
.5 cm

9 cm

15 cmUHCM
UVP

Velocity data –
UVP – 10 probes

Concentration data 
4 UHCM´s



Equipments –

Deposit samples
Scanner Electron Microscopy 

Mixture rheology 
Bohlin rheometer 

Flow geometry
2 Video-cameras and interactive white board 

EQUIPAMENTS EQUIPAMENTS 
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SCANNING ELECTRON MICROSCOPY (SEM) 

DEPOSIT SAMPLES DEPOSIT SAMPLES 
METHODOLOGYMETHODOLOGY
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PROPERTIES 



90 % B   90 % B   75 % B  75 % B  NONNON--COHESIVE   COHESIVE   MIXED MIXED 
50:50   50:50   

25%B   25%B   

BALLOTINI

ClayClay BallotiniBallotini

%Ballo. % Clay
%Ballo. % Clay

%Ballo. % Clay

GRADATION   GRADATION   

TYPE OF SEDIMENTS  TYPE OF SEDIMENTS  



RHEOLOGICAL BEHAVIOUR 
VISCOSITY OF THE MIXTURES
RELATION WITH Cvol AND %CLAY

Evaluating the results altogether
RHEOLOGY  OF THE 

MIXTURES
DEPOSIT

PROPERTIES 
HYDRAULIC
PROPERTIES

TIME SERIES 
GEOMETRY 
VERTICAL PROFILES
VELOCITY
MEAN VALUES

CONCENTRATION

GRADATION
DISTRIBUTION OF SEDIMENTS
CAPACITY TRANSPORT
GRAIN TYPE AND SIZE
DEPOSITIONAL RATE

GROUPING FLOWS WITH 
SAME PROPERTIES

Defining thresholds and transition points
6 regions

MORE THAN 20 
PARAMETERS

GEOMETRY 
RHEOLOGY
MEAN VERTICAL PROFILES 
MEAN GLOBAL VALUES
TIME SERIES 
INTERNAL DYNAMICS 
DEPOSITIONAL PROPERTIES 
NON-DIMENSIONAL RELATIONS 



••REGION IREGION I

ClayClay SiltSilt

Grain by grainGrain by grain
Normal to massive Normal to massive 

gradationgradation

VelVel

ConcConc

Deposition ProcessDeposition Process GradationGradationTime SeriesTime Series

ConcConc

VelVel

Ne
wto

ni
an

Ne
wto

ni
an

Shear rateShear rate

Sh
ea

r s
tr

es
s

Sh
ea

r s
tr

es
s

VHead < VBody

VELOCITYVELOCITY
BODY/HEADBODY/HEAD

MECHANISM SUPPORTMECHANISM SUPPORT

SOME OF THE 22 PARAMETERS SOME OF THE 22 PARAMETERS 
•Highlighting the main ones

GEOMETRYGEOMETRY
BODY/HEADBODY/HEAD

HHead > HBody

VEL AND VEL AND CvolCvol
PROFILEPROFILE

% SEDIMENTS% SEDIMENTS

RheologyRheology

% Silt% Silt % Clay% Clay

turbulenceturbulence



••REGION II REGION II 
AND IIIAND III

ClayClay SiltSilt

Frictional freezingFrictional freezing

Massive gradationMassive gradation

VelVel

ConcConc

Deposition ProcessDeposition Process GradationGradationTime SeriesTime Series

ConcConc

VelVel

Ne
wto

ni
an

Ne
wto

ni
an

Shear rateShear rate

Sh
ea

r s
tr

es
s

Sh
ea

r s
tr

es
s

VHead < VBody

VELOCITYVELOCITY
BODY/HEADBODY/HEAD

MECHANISM SUPPORTMECHANISM SUPPORT

SOME OF THE 22 PARAMETERS SOME OF THE 22 PARAMETERS 
•Highlighting the main ones

GEOMETRYGEOMETRY
BODY/HEADBODY/HEAD

HHead = HBody

VEL AND VEL AND CvolCvol
PROFILEPROFILE

%  SEDIMENTS%  SEDIMENTS

RheologyRheology

% Silt% Silt % Clay% Clay

Turbulence and Turbulence and 
hindered settlinghindered settling



••REGION IVREGION IV
HYDRID

ClayClay SiltSilt

Transition to Cohesive Transition to Cohesive 
freezingfreezing Hydride depositHydride deposit

VelVel

ConcConc

Deposition ProcessDeposition Process GradationGradationTime SeriesTime Series

ConcConc

VelVel

VHead > VBody

VELOCITYVELOCITY
BODY/HEADBODY/HEAD

MECHANISM SUPPORTMECHANISM SUPPORT

SOME OF THE 22 PARAMETERS SOME OF THE 22 PARAMETERS 
•Highlighting the main ones

GEOMETRYGEOMETRY
BODY/HEADBODY/HEAD

HHead = HBody

VEL AND VEL AND CvolCvol
PROFILEPROFILE

% SEDIMENTS% SEDIMENTS

RheologyRheology

% Silt% Silt % Clay% Clay

Viscous forces starting actViscous forces starting act

Non Non --NewtonianNewtonian

Yield stress   Yield stress   

Shear rateShear rate

Sh
ea

r s
tr

es
s

Sh
ea

r s
tr

es
s



••REGION V REGION V 
and VIand VI

ClayClay SiltSilt

Cohesive freezingCohesive freezing
MUD DEPOSITMUD DEPOSIT

VelVel

ConcConc

Deposition ProcessDeposition Process GradationGradationTime SeriesTime Series

ConcConc

VelVel

VHead > VBody

VELOCITYVELOCITY
BODY/HEADBODY/HEAD

MECHANISM SUPPORTMECHANISM SUPPORT

SOME OF THE 22 PARAMETERS SOME OF THE 22 PARAMETERS 
•Highlighting the main ones

GEOMETRYGEOMETRY
BODY/HEADBODY/HEAD

HHead < HBody

VEL AND VEL AND CvolCvol
PROFILEPROFILE

% SEDIMENTS% SEDIMENTS

RheologyRheology

% Silt% Silt % Clay% Clay

MATRIX STRENGHTMATRIX STRENGHT

Non Non --NewtonianNewtonian

Yield stress   Yield stress   

Shear rateShear rate

Sh
ea

r s
tr

es
s

Sh
ea

r s
tr

es
s



REGIONREGION
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V & VIV & VI
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Diagram phase
Rheological thresholdRheological threshold



• BRIEF SUMMARY  

REGION IREGION I: Low density flow; Newtonian; grains supported by upward component of 
turbulence; no hindered settling; segregation of grains and normally graded beds. 

REGION II:REGION II: Newtonian; grains supported by turbulence; turbulent flow with gently 
undulating high-concentration near-bed layer; partial hindered settling and partial size 

segregation forming partially graded beds. 

REGIONREGION III:III: Newtonian; fully turbulent flow with strongly undulating high-
concentration near-bed layer; hindered settling resulting in rapid deposition and 

generation of partially graded beds.

REGION IV:REGION IV: non-Newtonian; viscous flow; formation of “plug” and shear flow
(mud layer close the bottom); viscous forces cause freezing of the flow and forming 

graded beds of muddy sand.

REGIONS V and VIREGIONS V and VI: non-Newtonian; viscous flow with thick mud layer; grain 
support by matrix strength; weakly undulating internal mud layer; cohesive freezing

forms an ungraded muddy sand with coarse-tail grading on top.



RHEOLOGICAL BEHAVIOUR 
VISCOSITY OF THE MIXTURES
RELATION WITH Cvol AND %CLAY

ThenThen……

RHEOLOGY  OF THE 
MIXTURES

DEPOSIT
PROPERTIES 

HYDRAULIC
PROPERTIES

TIME SERIES 
GEOMETRY 
VERTICAL PROFILES
VELOCITY
MEAN VALUES

CONCENTRATION

GRADATION
DISTRIBUTION OF SEDIMENTS
CAPACITY TRANSPORT
GRAIN TYPE AND SIZE
DEPOSITIONAL RATE

FINALLYFINALLY
ExperimentallyExperimentally--derived derived 

classificationclassification

MORE THAN 20 
PARAMETERS

GEOMETRY 
RHEOLOGY
MEAN VERTICAL PROFILES 
MEAN GLOBAL VALUES
TIME SERIES 
INTERNAL DYNAMICS 
DEPOSITIONAL PROPERTIES 
NON-DIMENSIONAL RELATIONS 

GROUPING FLOWS WITH 
SAME PROPERTIES



Experimentally-derived classification
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IN LITERATURE, THE PROPERTIES OF:

ARE WELL ACCEPTED! ARE WELL ACCEPTED! 

COMPARINGCOMPARING THESE PROPERTIES WITH THE 6 THESE PROPERTIES WITH THE 6 REGIONS,REGIONS, DIAGRAMDIAGRAM PHASE,PHASE,

REGION I REGION I –– LOW DENSITY!LOW DENSITY!

REGION V and VI REGION V and VI –– DEBRIS FLOWDEBRIS FLOW
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Experimentally-derived classification
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Proposal: Experimentally-derived classification

Possibilities of flow evolution 
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REGIONS II & III – INERTIAL HDTC
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REGION IV –VISCOUS HDTC
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REGIONS V and VI –DEBRIS FLOWS
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CONCLUSIONS

The 6 regions defined showed a transition between the sediment gravity flows –
from debris flows to low density turbidity current

Clay presence plays an important role on mixtures (rheology behavior changes) –
yield Stress

The database of the study can be used as input in numerical models

First experimentally derived classification 
coupling flow and deposit process as well as rheological 

behaviour of the mixtures

Regions II and III are slightly different as well as regions V and VI

do not misunderstand! but clarify some concepts and physics of the flows 
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