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A STUDY OF THE RHEOLOGY OF DEBRIS FLOWS IN 

RELATION TO STOP AND START HYSTERESIS 

IN YIELD STRESS 

by S. M. Contreras 

It was theorised that stop and start hysteresis in yield stress is inevitable in 

explaining the intermittent or pulsating field behaviour of debris flows. This aspect was 

investigated under controlled laboratory conditions through the application of 

viscometric techniques. Remoulded debris flow materials and some small-scale physical 

models of the prototype materials were subjected to viscometric tests using a 40-cm 

diameter cone-and-plate rheometer with a gap angle of 30 0. These involved both stress-

driven and shear rate-driven tests to establish the yield and stopping stresses, and the 

rheological behaviour of the flowing material, respectively. 

The results confirmed that yield stress is indeed higher than the corresponding 

stopping stress in a given flow event. This hysteresis in yield stress was detected easily c, 

in shear stress-driven tests. Extrapolation to yield and stopping stresses from the flow 

curves of shear rate-driven tests was not possible because of data scatter. 

The yielding phase was characterised by a gradual build-up of strength before a 

flow could occur in response to an applied stress. It signifies the gradual deformation of 

the material as coarse grains reorient and rearrange themselves (through rubbing and 

interlocking). Hence, the yield strength of the material is controlled by the frictional 

resistance (static) between coarse grains. 

The stopping stress is equivalent to the minimum shear stress as the material 

slows to a halt. The rapidly increasing apparent viscosity caused by decreasing shear 

rates outweighs the applied stress so that the material gradually slows down. The 

apparent viscosity includes the sliding friction of coarse grains and the viscosity of the 

interstitial fluid both of which have been physically active while the material is flowing. 

Dilatancy induced by shear minimises the interlocking of grains while the interstitial 
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slurry reduces the contact between grains thus maintaining a low shear strength in a 

newly stopped material. Dilatancy is less apparent in fine-grained materials due to the 

more intensified particle aggregation and clustering of grains thus reducing grain-grain 

collisional energy. The results then showed that stop and start hysteresis in yield stress 

is more conspicuous in coarse-grained debris flow materials. This was also revealed in 

the tests of small-scale physical models of the prototype material. The magnitude of 

both yield and stopping stresses increases with increasing solid concentration and 

confining pressure (i.e. depths of the overburden). 

The coarse-grained debris flow materials display a dilatant plastic rheology 

while the fine-grained materials show a non-linear viscoplastic rheology. Some of the 

flow curve envelopes also exhibited other phenomena which are associated with the 

rheological behaviour of dense suspensions. These include granulo-viscous behaviour 

resulting in a wide data scatter, and torque decay with time that reflects the slow process 

of structure formation within the material under steady shearing. At varying shear rate, 

the torque decay can be due to the adjustment of particle packing structure that can be 

altered by a change in shear rate thus resulting in a decreasing shear stress. 

The viscometric tests of the physical models did not show the expected 

behaviour as the 'real' fluid effects seem not to completely simulate the whole debris 

flow phenomenon. It is more appropriate in viscometric tests of this kind to use actual 

material in order to have a more accurate description of the flow behaviour even in 

qualitative terms. 

While this study has confirmed the presence of stop and start hysteresis in yield 

stress, it also shows that the rheology of debris flows is very complex. 

KEYWORDS: Debris flows, intermittent, viscometric, rheology, rheometer, hysteresis, 

yield stress, stopping stress, shear stress, shear rate, dilatant plastic, 

viscoplastic, granulo-viscous, time-dependent, torque decay, physical 

models, complex. 
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PREFACE 

There has been a growing interest in the study of the rheology of debris flows to 

find effective solutions that could mitigate their impacts on humans. Rheological 

models have been formulated and a lot of theories that employed these models have 

been suggested to unravel the complexities behind these natural phenomena. This thesis 

is another attempt to explore the complex field behaviour of debris flows. Chapter 1 

presents the. rationale, and scope of this study. A fundamental understanding of debris 

flows in terms of their physical properties, and the underlying processes that control 

their field behaviour are presented in Chapter 2. The basic concepts of rheology, the 

various rheological models and the theory that leads to the performance of this thesis are 

also highlighted. Chapter 3 describes the materials and apparatus used as well as the 

methodologies employed in the experiment. Chapters 4 and 5 present the results of the 

viscometric tests conducted on the prototype and model materials, respectively. A 

thorough discussion of the results, which identifies the most likely behaviour of debris 

flows, is also incorporated in these chapters. Chapter 6 links the results with the 

behaviour of the field phenomenon and with other applications where rheology is also 

important. Finally, Chapter 7 presents the summary and conclusions that provide the 

complete picture of what this study has achieved. 

There might be errors existing in this thesis, particularly in the interpretation of 

others' work despite my best efforts to ,avoid and eliminate them. In this regard, I 

apologise to those authors whose findings were also cited in this study, but I might have 

inadvertently misunderstood. 

I want to thank my supervisor, Dr. Tim Davies for his untiring support and 

guidance. The helping hands of the staff of DNRE, particularly Rick Diehl and David 

Lees are greatly appreciated. Special thanks to Engr. Rodolfo M. Lucas and Dir. 

Godofredo N. Alcasid, Jr. of the Bureau of Soils and Water Management (Philippines) 

for giving me the opportunity to pursue my masters degree. Thanks to NZODA (New 

Zealand Official Development Assistance) for funding my studies. 

I want to thank my wife Mhana, and my children Eman, Kris, Mariz and Ron for 

their encouragement, support and patience while this thesis is being undertaken. 
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Above all, I thank the Almighty God Who provides me this flow of life, 

wisdom, and strength, thus enabling myself to transform the positive outlooks of this 

study into opportunities and some failures into challenges. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background of the Study 

Debris flows are among the most dangerous natural hazards that cause enormous 

losses to both human lives and properties. They are defined as forms of mass 

movement of bodies of granular solids, water and air (Varnes 1978). They contain 

particles from clay to large rocks, and often include a wide range of particles of bimodal 

size distribution. They may contain so many solids (75-90 % by weight) that they look 

like fast-moving rivers of wet concrete. The mechanical properties of the mixture 

determine the flow behaviour and the transporting capacity of debris flows. High 

sediment concentration gives them the ability to transport huge boulders and to exert 

high impact forces against objects in their path (Brantley and Power 1985). An increase 

in water content tends to reduce their internal strength so that the mixtures may exhibit 

different flow properties. 

The phenomenon of debris flows has attracted the attention of geomorphologists 

for more than a century not only because of their catastrophic effects, but also of their 

significance in changing our landscape. A lot of researches have been done in the past, 

but there are still unexplained principles relevant to the nature and behaviour of debris 

flows once they occur. One point of interest is the tendency of a debris flow surge to 

remobilise after it has stopped. There are such cases as observed in China (Davies et al. 

1991) wherein a debris flow that has stopped regains velocity with a small slow-moving 

wave growing into a large surge as it moves downstream. Relating this behaviour to 

shear stress-rate of shear curve (rheogram), there must be the existence of lower and 

upper yield points, and thus of hysteresis at low shear rates. It implies that the flow 

curve position and yield stress are lower when the flow is slowing to a halt than when 

the materials start to move from a stationary condition. This behaviour can be best 

explained by investigating and analysing the rheology of debris flows. 
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1.2 Nature and Scope of the Investigation 

The behaviour of debris flows can be likened to that of fresh concrete, which 

requires the existence of lower (stopping) and upper (starting) yield points (Ukraincik 

1980). Essentially, if there is only one yield point, then the sudden appearance of waves 

from stationary materials would not have been possible. Hysteresis was also noted in the 

investigation of fine slurry behaviour, but its role in explaining debris-flow behaviour is 

still a point to be cleared up (Davies et al. 1991). In this regard, this study focused on 

the rheological investigation of debris flows with the following objectives: 

1. Measure directly the yield and stopping stresses. 

2. Develop flow curves of debris flows that will establish their lower (stopping) 

and upper (starting) yield points. 

3. Evaluate the role of hysteresis to explain the field behaviour of debris flows. 

The study was undertaken under controlled laboratory conditions because of the 

intermittent occurrence of debris flows in the field. Even if their occurrence is 

monitored, the field measurement of relevant parameters necessary in the analysis 

requires sophisticated instrumentation. The laboratory experiments consisted of 

viscometer tests on the prototype debris flow materials and on artificial mixtures 

representing small-scale physical models of the prototype. The study considered the 

second material because laboratory experiments such as this favour the adoption of 

physical modelling. Moreover, physical models can represent the varying physico-

mechanical characteristics of debris flows which could not be or could be seldomly 

found in the place of occurrence. In this regard, this study has also a secondary 

objective. It also aims to investigate the appropriateness of physical models in obtaining 

measurements to test the suggested new theories regarding the rheological behaviour of 

debris flows. 

..::;:~: ~~:';':-;-;-:i 
,:~;.--;,::-?:'i:~ 
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CHAPTER 2 

REVIEW OF LITERATURE 

2.1 Introduction 

The rheological investigation of debris flows is not a straightforward task as the 

debris flow phenomenon in itself is confused by complexities, which are the subjects of 

relentless efforts among researchers. Along this line, many attempts have been made to 

explain the very complex behaviour of debris flows since Bagnold (1954) introduced his 

concept of dispersive pressure. This chapter thus presents a sequential review of the 

related works done in the past as well as the corresponding findings that enhance the 

recognised literature on this subject. 

The first part of this chapter, therefore, discusses the characteristics of debris 

flows and the mechanism of their occurrence. The different types of debris flow as 

determined by the origin of debris materials and the forces that trigger their movement 

are also presented. This part also describes the behaviour of debris flows as observed in 

field situations and the different theories suggested by previous workers to explain this 

behaviour. 

In rheological terms, the properties of the moving material can be appreciated by 

establishing the shear stress-shear rate relationship. Therefore, the middle part of this 

chapter clarifies the observed field behaviour of debris flows by giving more emphasis 

to the application of rheology. It begins with a discussion of the fundamental concepts 

of rheology and some of the rheometric techniques applied to characterise fluids. It is 

followed by a review of the different rheological models formulated by previous 

researchers to determine initially the most appropriate model that could describe the 

rheological behaviour of debris flows. This part also enumerates the different methods 

employed to generate field data and to measure the required rheological parameters. 

The results of the rheological investigation of some mixtures are also reviewed to 

illustrate the complexity of some rheologies. 

Physical models have been recognised as effective tools in solving problems in 

hydraulic engineering. The next part of this chapter provides an overview on the 

possibility of adopting small-scale physical models in describing the rheology of debris 
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flows. The previous applications of physical models as well as the advantages and 

disadvantages of such schemes are also reviewed. 

The last part of this chapter summarises previous works which serve as the 

starting point for this study. It also summarises the complete debris flow event through 

the different phases that might indicate the presence of stop and start hysteresis in yield 

stress. It finally identifies the most appropriate rheological model that reflects the 

hysteresis phenomenon that this study intends to explain. 

2.2 Debris Flow Mechanism and Characteristics 

2.2.1 Types of debris flows and the nature of their occurrence 

Debris flows occur when addition of water mobilises poorly sorted rocks and 

soil debris from hillslopes and channels. They are characterised by high bulk density 

ranging from 1.80 - 2.53 tlm3
. Costa (1984) interpreted debris flows to include 

mudflows, lahars, tillflows, and debris avalanches. In specific terms, debris flows have 

20 to 80 per cent of materials coarser than sand sizes while mudflows contain more mud 

and sand. Although mudflows connote finer materials than are found in debris flows, the 

latter term is quite often used to describe all such types o~ mass-wasting processes. 

Debris flows may form on planar hillsides or at the toes of large slumps.· Most often 

they develop at the head of small gullies where ground water seepage or surface runoff 

is concentrated to initiate streams. The combination of steep slope, weak or easily 

weathered rocks or surficial cover, and abnormally high precipitation that increases 

pore water pressure, can trigger the occurrence of debris flows. Artificial alteration, 

especially excavation of the footslope and the removal of vegetation, are additional 

factors that generate the process. 

Lahars are volcanic debris flows consisting of relatively thick mixtures of water 

and volcanic sediments that originate from slopes of volcanoes. Torrential rains, 

sometimes triggered by pyroclastic eruption, saturate the unstable tephra on the slopes 

of the composite cones and cause lahars to flow downslope. Bursting of temporary dams 

formed by pyroclastic flows in channels is another source of lahars. 

Tillflows are debris flows that originate from sediments on the surface of 

glaciers and flow laterally on the adjacent lower surface as glaciers melt. Flow is 
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initiated by slumping of sediments, back-wasting of slopes with stagnant sediments and 

glacial ice, and ablation of debris-laden ice. 

Debris avalanches are movements of debris characterised by very rapid to 

extremely rapid debris flows. They may originate at the head of first order tributary 

streams due to saturation by heavy rains. Earthquakes can also trigger debris avalanches 

as in the case of the 1970 avalanche in Peru that obliterated the town ofYungay in just 3 

minutes after an original ice fall. 

Progressively smaller and steeper basins have the potential to transport 

increasingly larger percentages of eroded materials by debris flows. Costa (1984) 

suggested three reasons for this occurrence. First, rainstorms drop proportionally larger 

volumes of water on smaller basins. Second, smaller basins are usually the highest and 

most prone to rain and snow accumulation. Third, their slopes are steeper and more 

rugged resulting in greater instability of surficial materials. 

2.2.2 Debris flow evolution and underlying processes 

In order to explain debris flow behaviour, the associated processes that lead to its 

occurrence and recurrence in a given flow event must be understood. Davies et al. 

(1992) outlined the "complete" debris flow process that evolves in three distinct 

landscape units. These comprise a steep and actively eroding gully wall, a steep and 

narrow degrading gully, and a less steep and wider alluvial channel or valley. 

The occurrence of debris flows was found to be dependent on the intensity of 

rainfall (Takahashi 1991). The initial slope failure through landslide of the gully wall, 

usually due to the absence of vegetation, might supply sediments to the bed. The eroded 

materials, which consist of both fine and coarse materials, may flow down the gully 

(first-order stream). The flow may gradually grow as it entrains loose materials along 

the bed while proceeding downstream. It may stop if it reaches less steep points or is 

obstructed by large rocks causing the building up and temporary damming of slUrry. 

The continued accumulation of slurry may create enough static pressure to move the 

enlarged mass of rocks and slurry down the gully. The flow thus consists of a series of 

surges, with coarse materials at the head and finer slurry toward the tail. With intense 

rainfall, the surges can be energised, move faster and entrain more bed materials 

deposited from a previous surge forming a much larger surge as it goes down the gully. 

~~~~:~:;~:~':::':~i 

[:;,:::n 
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It may also proceed further ,downstream until it slows and stops when reaching a 

widened channel or flatter gully slopes. 

Major events (intense rainstorms) may occur and cause substantial quantities of 

coarse slurry to travel to the gully exit and onto the channel or fan surface. With major 

and minor events or through time, the upper gully can be alternately infilled through the 

accumulation of slope materials and scoured by intense rainstorm. On the other hand, 

the lower gully bed level may vary more slowly being scoured by major events and 

infilled with slurry by minor events. Takahashi (1991) suggested that the very unstable 

deposits in the gully bed can also be mobilised and become debris flows by the 

appearance of surface water flow. This water flow may be caused either by the sudden 

release of dammed-up water behind the deposits or piping of seepage water through the 

deposits. This idea was developed from the observation that the time of occurrence of 

debris flows almost coincides with the appearance of surface water flow in the gully bed 

(Mt. Yakedake; 1962 and 1979). 

Essentially, gullies (first-order streams) may deliver to the main channel (higher-

order stream) a series of surges of varying volume, density, grain size distribution and 

fluidity. Considering that the main channel is wider and with flatter slope than the 

gullies, debris flow behaviour in the channel is expected to be much different. This is 

illustrated by the unexplained phenomena of debris flow behaviour as in the case of the 

observation made by Davies et al. (1991) at Jiangjia, China. They observed debris flow 

surges after heavy rain at Jiangjia Gully and noticed that following a passage of a surge 

the succeeding slurry flows very gradually to a complete halt. However, after few 

minutes of stopping, the appearance of small waves in the stationary slurry was noticed. 

The waves increased rapidly in speed and amplitude until they became large noisy 

surges. Other researchers (Takahashi 1991, Wan and Wang 1994) classified this 

behaviour as intermittent debris flow that is very conspicuous in the basin. Takahashi 

(1991) correlated this occurrence with the series of rainfall events such that debris flow 

occurs when rainfall intensity increases and does not occur when the intensity decreases. 

2.2.3 Physical properties of debris flows 

As described by Johnson and Rodine (1984), a debris flow is a complex material 

consisting of various admixtures of water, air, clay minerals, and granular solids with a 
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variety of size distributions. There is a great variability in the composition of debris 
I 

flows as they occur at different times and places. For instance, the glacier-generated 

debris flows at Mt Rainier, Washington, USA produce bouldery deposits from which 

muddy water drains for a period of few hours to few days (Walder and Driedger 1993). 

Samples taken from debris flows at Tarndale Slip and Mt. Thomas, New Zealand were 

described by Phillips (1988) as either muddy sandy gravels (> 30% by weight of gravel 

and 1:1to 9:1 sand to mud ratio) or gravelly muddy sands (5 - 30% by weight of gravel 

and 1: 1 to 9: 1 sand to mud ratio). Cobbles and larger clasts might predominantly 

compose small debris flows, which are very crucial in describing their properties. 

Typically, a debris flow may consist of a very steep flow front, a head containing the 

densest slurry, and a progressively more dilute "tail" (Pierson 1986). The steep, lobate 

front is composed predominantly of the coarsest particles available for transport, while 

the tail accounts for the recessional limb of the slurry flood wave (Figure 2-1). 

ONSET OF 

FLOW DIRECTION c::::> 
COARSE PARTICLES I N SUSPENSION 

BULENCE 
PRECURSORY 

SU 
BOULDERY 

FRONT 

_T:rtA::!:IL~~~~~~~ll;;~~~~IIHEAD' / 

~ypErR_ I~L FULLY DEVELOPED DEBRIS FlowT~AR;AB~E 
CONCENTRATE (SLURRY FLOW) CONCEN-
STREAMFLOW TRATION TRANSITION BOU LDER 

ACCUMULATION 
(NOT LIOUEFIEOI 

Figure 2-1. Schematic diagram of a typical debris flow showing its major components 

(after Pierson 1986). 

Despite the very few field observations that yield quantitative data, Costa (1984) 

was able to consolidate these observations as summarised in Table 2-1. It indicates a 

wide range of solid concentration of debris flows, that is 20% - 90% by weight or 15 % -

86% by volume. Keaton (1990) described this wide range of solid concentration and the 

associated flow types graphically as illustrated in Figure 2-2. It also reflects the findings 
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Table 2-1. Physical properties of sampled debris flows (after Costa 1984). 

Location Veloclty Slope Bulk Newtoman" % Clay Depth Sohds Reference ~~;'~i~ 
Density Viscosity 

I 
I 
I 

(m/sec) (%) (g/cm3) (Poise) (m) (% Wt.) 
i 

Rio Recentado, 2.9-10 4.6-17.4 1.13-1.98 1-10 8-12 20-79 Waldron 

Costa Rica 1967 
~~~;~~~.:~Z~~ 
;';'';~~;'~~1 
.-.:=:-.:-:-;:;:>:<! 

" 
~:--~.:-~~~:-ii 

Hunshui Gully, 10-13 2.0-2.3 15-20 3.6 3.5 80-85 Liand 
:'~~:-~.:~:'.' ,'.1 

China «0.005 nun) Lou 1981 

Bullock Creek, 2.5-5.0 10.5 1.95-2.13 2100-8100 4 1.0 77-84 Pierson 

New Zealand 1981 

Pine Creek,Mt 10-31.1 7-32 1.97-2.03 200-3200 0.13-1.5 Fink et al. 

St. Helen, Wa. b 1981 

Wrightwood, 0.06-3.8 9-31 1.62-2.13 100-60000 1.0 59-86 Morton & 

Canyon, Cal. Campbell 

(1969 flow) 1974 

Wrightwood, 1.2-4.4 9-31 2.4 2100-600 <5 1.2 79-85 Sharp & 

Canyon, Cal. Nobles 
~:: ~-=- ,:';:,;::,;< 

(1941 flow) 1953 

Lesser Alma- 4.3-1.1 10-18 2.0 2-10.4 58 Niyazov 

tinka River, Degovets 

USSR 1975 

Nojiri River, 12.7-13.0 5.8-9.2 1.81-1.95 2.3-2.4 Watanabe I :~:::,-:->; 

I' 
I 

Japan Ikiya 1981 

r--··· 
Mayflower, 2.5 27 2.53 30,000 1.1 1.5 91 Curry 

Gulch, Colo. «0.004 nun) 1976 

b Dragon Creek, 7.0 5.9 2.0 27,800 5.8 80 Cooley 

Arizona et a1.1977 :.,-;'.", 

• Costa uses Newtonian viscosity; the writer prefers apparent viscosity 
b Calculated values from deposits 
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Figure 2-2. Theoretical relationship between sediment concentration and different 

ranges of flow behaviour at S. G. = 2.65 (after Keaton 1990). 

of several workers (e.g. Morton and Campbell 1974; Pierson 1985; Beverage and 

Culbertson 1964) who eJ?phasised that sediment concentrations of debris flows are in 

the range of 78% - 95% by weight or 57% - 87% by volume. It is noteworthy that 

the flow types suggested by Keaton (1990) were also shown in the schematic diagram 

of a typical debris flow made by Pierson (1986). Costa (1984) noted that the water 

content of debris flows may range from about 0% - 30% or greater by weight. This 

agrees at some point to what has been described by Keaton in Figure 2-2. They can 

have apparent viscosities of 1 to 8 x 10 3 poises and observed velocities ranging from 

0.5 to about 20 mlsec. Bulk densities vary widely and are dependent on the grain-size 

distribution of the samples as influenced by the sampling method used. 

Mechanical analyses of debris flows indicate that a very small portion of their 

materials consists of silt and clay-size particles (10% - 20 %) and the percentage of clay 

can be suprisingly low (Costa 1984). In essence, this would mean that larger particles 

(i.e. sand, gravel, cobbles and boulders), are 80 % to 90 % of the total solid materials. 

Takahashi (1991) presented the particle size distribution of debris flows at Jiangjia 
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Ravine, China through a distribution curve of particle size (Figure 2-3). The curve 

illustrates that the materials are mixture of two components. The first one is about 20 

mm (classified as coarse gravel by USDA) in mean diameter and the other is less than 2 

mm (medium sand to clay). The volume concentration of slurry (d<1.0 mm) of the 

viscous debris flows in Jiangjia can be as high as about 35% - 50%, and the slurry with 

fine particles (d<0.05 mm) of about 25% - 35% (Huiling 1990). 

(I) 

100 

50 

Jiang-Jil Ravine 

Luo Gu1she'& Zhu Pinsyi 
( Low vilcos1tJ debris flo~ ) 

, , 
I , 

, , 

,~,., 

" " " ..-,,' 
~ 

,I 

.... 
.' 

" 

Li JiBn & Yuan Jianmo ' 

i ' , ~ .... L Luo Guishe & Zhu PlnSl'i 
./~ ( Viscous debris flow ) 

~ ..... ,. .... -...... -... _.,.. 
............... ~,,,J::": ....... - ••• -... 

10 100 
,.- .. o .... -_ .. -- -.. -""'" 

0.01 0.1" 1.0 
d (mm.) 

Figure 2-3. Particle size distribution of debris flows at Jiangjia Ravine, China, 

(after Takahashi, 1991). 

Pierson (1980) studied the materials collected from surges of debris flows at Mt. 

Thomas, North Canterbury, New Zealand. He noted that the materials have an average 

diameter of 16 millimetres. Gravel (d > 2 mm) comprised 70% (by weight) of solid, 

20% was sand, 6% was silt, and 4% was clay. Between surges, solid materials in the 

more watery fluid comprised about 20% gravel, 54% sand, 15% silt, and' 11 % clay 

with gravel moving as bedload rather than suspended load. Phillips (1988) studied 

sampled materials from debris flows at Tamdale Slip, New Zealand. He found that on 

average, the samples contain 39.6% gravel-size materials, 43.5% sand, 7.7% silt, and 

9.2% clay. 

fI::~~~~~m 
! 
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2.2.4 Mechanisms of large particles support and transport in debris flows 

Many investigators have described the mechanisms by which large and heavy 

particles are transported and maintained in suspension by debris flows. Several theories 

were formulated to explain these mechanisms; some of these important theories are as 

follows: 

1. Cohesive strength. Several investigators (Johnson 1970, Hampton 1975) 

suggested that the ability of debris flows to transport large particles, is based on the 

cohesive strength of the muddy matrix surrounding the large particles. The cohesive 

strength of the matrix provides the bearing capacity that helps in maintaining the 

particles to remain in suspension. 

2. Buoyancy. This is determined by the difference in density between the 

submerged solid and the fluid matrix. According to Johnson and Rodine (1984) and 

Hampton (1975), the buoyant force acting on a boulder in a debris flow is equal to the 

weight of all displaced materials (fines and water). With the cohesive strength of the 

matrix, this force helps to maintain the boulder in suspension. Hampton (1979) and 

Pierson (1981) added later that buoyancy may also be enhanced by excess pore water 

pressure caused by the partial transfer of large particles' weight to the muddy matrix. 

3. Dispersive pressure. Bagnold (1954) suggested this mechanism when he 

demonstrated that when a mixture of poorly sorted grains is SUbjected to shear by the 

flow, the larger particles drift toward the surface of the flow. The drift force is the result f· 

of the stresses transmitted to the particles during their collision. This dispersive pressure 

is directly related to the square of the diameter of the particles. Dispersive pressure acts 

more strongly on the largest particles. They are moved toward the surface of the sheared 

flow and maintained in suspension by the smaller particles. 

4. Turbulence. Several investigators, as reported in Pierson (1981), inferred 

that this mechanism is operative in particle support. Turbulence is the result of the 

variation in direction and magnitude of velocity vectors with time. It is acknowledged to 

be an important component of sediment entrainment and transport in water. Within the 

turbulent flow, such variations provide a mechanism that contributes part of the lift 

force required to support the large particles within the debris flows. However, the 

efficacy of turbulence as one of the particle support mechanisms has been doubted in the 
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past (Pierson 1981). This is because debris flows are most often laminar (Johnson 

1970), and with high viscosity (Bagnold 1954) and high cohesive strength. 

2.3 The Rheology of Debris Flows 

2.3.1 Introduction 

The behaviour of a moving fluid can be further characterised by its rheological 

properties. These properties are presented through the shear stress - shear rate relation as 

described by a constitutive rheological equation or by a flow curve that is the 

diagrammatic expression of the equation. The great variation in the flow properties of 

debris flows requires appropriate techniques that can predict the behaviour equivalent to 

a complex flow situation. These techniques must be capable of providing means that 

could correlate the identified properties and the observed field behaviour so that the 

phenomenon can be interpreted and explained. Rheometric techniques have been used in 

the past to construct rheological equations that will predict the behaviour in a more 

practical situation. Some of these techniques and the merit of their application to explain 

the complex behaviour of debris flows are the subjects of this section. The basic 

concepts of rheology, the different rheological models fOl111,ulated to describe debris 

flows, and some relevant'views about these models are therefore reviewed. 

2.3.2 Fundamental concepts of rheology 

Rheology is defined as a science that treats the deformation and flow of matter 

(Fredrickson 1964, The British Society of Rheology 1995). Its primary goal is the 

prediction of the force system necessary to cause a given deformation or flow in a body. 

Conversely, it also aims to predict the deformation or flow resulting from the 

application of a given force system to a body. Hence, in simple terms, rheology deals 

with the relation between force and deformation in material bodies. The nature of this 

relation depends on the material of which the body is constituted (Markovits 1988). 

Rheology is interdisciplinary and is used to describe a wide variety of materials. The 

common factor, however, lies in the fact that these materials exhibit some sort of flow 

or deformation. 

i.-__ 

F~;?~ 
I 
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Essentially, the rheological investigation of debris flows focuses on the model of 

flow that embraces the property of viscosity. It is the measure of the internal friction of 

a fluid and is defined as the tangential shearing force per unit area that will produce a 

unit velocity gradient. However, this model is inadequate to depict the non-linear 

deformation behaviour that is observed in debris flows. In this case, the ratio of the 

applied shear stress to the rate of shear is not constant; this is sometimes referred to as 

the apparent viscosity. 

2.3.3 Types of fluids 

Depending on the relationship between fluid shear stress and the rate of shear, 

fluids can be classified as Newtonian or non-Newtonian. The relationship is described 

by a constitutive rheologic equation or by a rheogram which is the diagrammatic 

expression ofthe equation (Figure 2-4). 

Newtonian Fluid 

A fluid is Newtonian if the shear rate (y) in the fluid under isothermal condition 

is proportional to the stress (t ) at the point under consideration. It is expressed as, 

't = Jl (y) (2. 1) 

in which Jl is the viscosity of the fluid. Hence, the relation of shear stress and rate of 

shear for Newtonian fluid is linear, with zero as the y-intercept in the flow curve (see 

Figure 2-4). 

Non-Newtonian Fluid 

Non-Newtonian fluid is a fluid whose flow behaviour departs from that of an 

ideal Newtonian fluid. Therefore, it does not have constant viscosity in accordance with 

Newton's Law; Some other more complicated rheological equations are required to 

describe the behaviour of the fluid. Harris and Wilkinson (1988) broadly classify non-

Newtonian fluids into three types as follows: 

I 

~~~~gl 
~;~!:;)#~~;::: 
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Yield Pseudoplastic ~ __ 

Ideal 

y 

log't 

logy 

Figure 2-4. Rheograms (flow curves) of the different types of fluids. (a) Rheograms 

on arithmetic co-ordinates, (b) Rheograms on logarithmic co-ordinates 

(after Cheremisinoff, 1986). 

1. Time-independent fluids in which the rate of shear at any point in the fluid is a 

function of shear stress at that point. 

2. Time-dependent fluids in which the relationship between shear stress and 

shear rate depends on the time the fluid has been sheared, that is on its previous history. 

3. Fluids that have the characteristics of both viscous liquids and elastic solids 

and exhibit partial elastic recovery after deformation, the so-called viscoelastic fluids. 

!- .. 
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The rheologic equation for time-independent fluids is 

f('t) = y (2.2) 

where y, the rate of shear, is a function only of shear stress 'to These fluids can be 

divided into three distinct types depending on the nature of the function. These types, 

the flow curves for which are shown in Figure 2-4, are the following: 

1. Bingham fluids. These exhibit a yield stress 'ty, the stress that must be 

exceeded before flow starts. Its shear stress, therefore can be expressed as 

(2.3) 

in which 'ty and ~B are the Bingham yield stress and plastic viscosity of the fluid, 

respectively, and are constants. 

2. Pseudoplastic fluids. These show no yield value, but the ratio of shear stress 

to the rate of shear (termed as apparent viscosity) falls progressively as shear rate 

increases. This "shear thinning" phenomenon is expressed by the rheologic equations, 

k (y )m (power law) 

(2.4) 

(2.5) 

where ~a is the apparent viscosity, y is the rate of shear, and k and m are constants. k is 

the coefficient of consistency and m is the plastic index. For pseudoplastic fluids m<l. 

3. Dilatant fluids. These fluids are similar to pseudoplastics as they show no 

yield stress, except that their apparent viscosity increases with increasing rate of shear. 

Their rheological formula is similar to equations 2.4 and 2.5 with m> 1. Dilatancy 

however, is not as common as pseudoplasticity and is generally observed for fairly 

concentrated suspensions of irregular particles in liquid. 

Yield pseudoplastic fluids are not commonly presented in most references. 

Cheremisinoff (1986) referred them to pseudoplastic fluids possessing yield stress that 

must be exceeded before flow starts. 
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The apparent viscosity of some fluids depends not only on the rate of shear but 

also on the time the shear has been applied. These fluids may be subdivided into two 

classes, namely; thixotropic and rheopectic fluids. At a certain rate of shear, the shear 

stress for thixotropic fluid deteriorates with increasing time. On the other hand, the 

shear stress for rheopectic fluids increases with increasing time. 

2.3.4 Viscometric methods used in fluid characterisation 

Harris and Wilkinson (1988) suggested two main viscometric methods for the 

determination of rheological properties of time-independent fluids. These are as follows: 

1. Determination of shear stress-shear rate relationship directly. This is done by 

subjecting the sample to a uniform rate of shear in a suitably designed instrument and 

measuring the corresponding shear stress. These viscometers are usually rotational 

instruments. 

2. Indirect inference of shear stress-shear rate relationship from observations on 

the pressure gradient and volumetric flow rate in straight pipe or capillary tube 

viscometer. In these instruments, the rate of shear is not constant as it rises from zero at 

the centre of the pipe to a maximum at the wall. Consequently, the interpretation of the 

results is not easy. 

The rotational instruments are favoured by most workers over tube viscometers. 

This is because using the former, a particular sample can be sheared for a longer period 

and an approximately more uniform shear rate can exist all throughout the sample. 

Most of these rotational viscometers are based on the relative rotation about a common 

axis of either two cylinders or a cone and plate with surface lying in plane through the 

apex of the cone (Figure 2-5). These are called concentric cylinder viscometers and 

cone-and-plate viscometers, respectively. Of particular interest is the cone and plate 

viscometer with an ideal geometry shown in Figure 2-6. It consists of a cone with radius 

R having a large vertical angle and axis perpendicular to a plate, the vertex of the cone 

being in the plane of the surface of the plate. The cone or the plate rotates with an 

angular velocity ro. Usually the angle 80 is less than 5° down to as little as 0.03°. 

With such small values of 8o, there is no need to distinguish between tan80 and 80 so 
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(a) 

Figure 2-5. Common types of rotational viscometers. (a) concentric cylinder 

viscometer (b) cone and plate viscometer (after Whorlow 1980). 

. O .. 

. ~~1J~ 1 ~-------..-;::r- . -- . , ~ ~:: '.. . --r--" ... .., 
j __ ~~T1~ 

(a) 

(b) 

Figure 2.6 Ideal geometry of cone and plate viscometer. (a) Vertical section 

through an ideal viscometer, (b) Section when the cone is truncated. 

(after Whorlow 1980). 
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that the shear rate 'Y at radius r, where the velocity of the surface is rro can be expressed 

as, 

'Yr = reo (2.6) = 

The equivalent torque T can be integrated from the expression 

(2.7) 

where "C = shear stress. However, in many actual instruments, the tip of the cone is 

usually flat up to a radius R\ (Whorlow 1975). Hence, the conical surface has a torque 

of 

R 

f 2 2 3 3 T = 2nr "Cdr = 31t"C (R - RI ) 
RI 

(2.8) 

2.3.5 Rheological models of debris flows 

There have been many models derived from experiments on sediment fall 

velocity and slurry competence, or from theoretical consideration of velocity 

distribution. However, so far there is no unique rheological model that could best 

describe the full range of materials and physical conditions of debris flows. Each 

method is essentially a conceptual or hypothetical model for limited conditions that are 

yet to be fully defined (Krone and Bradley 1989). They vary in their degree of 

complexity and may not be universally applicable (Phillips and Davies 1991). This 

section therefore presents the various rheological models formulated to describe the 

rheological behaviour of debris flows. 
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Forms of Rheological Models 

In order to explain the complex behaviour of debris flows, they have been 

modelled in various forms by several workers. Some of these models are as follows: 

1. Coulomb-viscous model. In this model, Johnson (1970) assumed that the 

resistance to flow of debris is due to the shear strength resulting from cohesion and 

internal friction, and viscosity. The model thus combines the Coulomb Equation ('t = C 

+ 8tan~) and the Newtonian viscous flow equation ('t = J.l y). This combination results 

in the Coulomb-viscous model in the form 

't = C + 8tan~ + J.ly (2.9) 

where 't is the shear stress, c is cohesion,. 8 is the normal stress, ~ is the angle of 

internal friction, J.l is viscosity, and y is the rate of shear. 

2. Bingham model. The term (c + 8 tan ~) in the Coulomb-viscous model may 

represent the shear strength of debris flows and so the model can also be represented by 

the Bingham model expressed as 

,. 

't = 'ty + J.lB Y (2.10) 

where 'ty and J.lB are the yield strength and Bingham viscosity, respectively. The 

equation indicates that the yield strength (or yield stress) must be exceeded by an 

applied shear stress before a fluid will flow.like a viscous liquid. It is claimed by some 

workers ( i.e. Johnson 1970) that the same model seems to explain the features of debris 

flows and their deposits. The Bingham model is a popularly adopted model for clay 

slurries (Bird et al. 1982). 

3. Dilatant model. This model is formulated by Takahashi (1978) based on 

experimental results ofBagnold (1954). He modelled debris flows as dilatant fluids, and 

using Bagnold's concept of dispersive pressure he expressed the shear stress as, 

't = P tan ~ (2.11) 
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where 't is the shear stress, P is the dispersive pressure, and ~ is the dynamic angle of 

internal friction. 

4. Generalised Viscoplastic model (GVF). Chen (1985) believed that a viable 

rheological model should consist of a time-independent part and time-dependent part. 

Hence, he fonnulated the GVF having both of these parts as well as the two other major 

rheological properties, the nonnal stress effect and soil yield criteria. He believed that 

this model is sufficiently accurate, yet practical for general use in debris flow modelling. 

It is consist of the combined fonn of the "power law" and Bingham-plastic models and 

is expressed as 

't = S + J.l (y)n for 't 2: s; Y = 0 for't :s s (2.12) 

where 't = shear stress, s = yield stress equal to c (cohesion stress), and J.l = coefficient 

equal to A tan~. A = proportionality between nonnal stress, 0, and the shear rate, y ; and 

n = exponent. 

5. Dilatant Plastic model. Many studies dealing with debris flow rheology 

assumed a Bingham-type behaviour. However, the mean shear rates of debris flows of 

less than 10 sec-1 usually depart from a true Bingham behaviour in the flow curve 

(Wasp 1977, Davies 1986). With this concern, Davies (l986) proposed that at the lower 

shear rate region, debris"flows may exhibit a dilatant plastic rheology. At higher shear 

rates, they tend to exhibit a rheology similar to that of a Bingham plastic as indicated in 

Figure 2-7. It shows an extension of the dilatant model with the inclusion of yield stress 

in the model. 

2.3.6 Rheological behaviour of debris flow materials 

Yield and stopping stresses 

Aside from their high bulk density and viscosity, debris flows are known to 

possess a plastic yield strength. They were observed to exhibit the characteristics of a 

Bingham fluid which has a yield strength that must be exceeded prior to flow or 

, defonnation. The yield strength of a debris flow, then, describes that property of the 

material as it changes its behaviour from a stationary condition to a flowing mass when 

~:::=~:i~:::':-:-iJ r: ___ t~::=-:~~ 
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Figure 2-7. Dilatant plastic model by Davies (1986) 

(after Phillips and Davies 1991). 
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external forces are applied. This property is primarily due to a combination of cohesive 

forces provided by the very fine particles and frictional forces (sliding and interlocking) 

between coarser particles (Pierson 1986, Costa 1984). The magnitude of these forces ) 

may depend on the physical and mechanical properties of the material as influenced by 

grain size, grain-size distribution, and grain concentration. Costa (1984) suggested that 

the high concentration of sediment in debris flows causes viscosity to increase which 

also "contributes to the strength of the flow". He estimated the shear strength of debris 

flows to be within the range of > 20 Pa, the minimum value of which was doubled 

(40 Pa) in his estimate four years later. The yield strength of the static mixture has been 

described by Takahashi (1991) in detail through the equation 

(2.13) 

F 
I 
I 
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where Tys is the yield strength, Ps is the pressure due to submerged weight of the 

particles and s , in the case that interstitial liquid is Newtonian, is the interparticle 

cohesion which is negligibly small when the particles are large. If the interstitial liquid is a 

Bingham fluid due to high concentration of silt and clay, s should be the yield strength of 

such fluid. 

On the other hand, the mechanism by which debris flows cease to move is still 

debatable at this point. The stopping stress is very crucial in detennining the distance a 

debris flow should travel before it stops. Yield strength is considered by some 

researchers (Costa 1984; Johnson and Rodine 1984) as a factor that allows debris flows 

to stop on sloping ground. In this case, debris flows may tend to stop in place when 

internal shear stress is exceeded by the shear strength of the flow. Applying this 

mechanism, it is assumed that the distinctive landforms or deposits of debris flows are 

therefore the results of the shear strength of the material. With this assumption, Johnson 

(as reported in Costa 1984) suggested ways to measure yield strength from natural 

debris flow deposits formed after it has stopped flowing. 

The tendency of debris flows to continue moving or to come to a halt has been 

previously described by Hooke (1967) as reported in Bull (1980). His theory suggests 

that a debris flow stops when the shear stress on the bed no longer exceeds the yield 

strength of the mud. He defines this threshold through the equation, 

t 0 It c = (p g d S) I t c = 1. 0 

where: t 0 = shear stress on the bed 

t c = yield strength of the mud 

p = density 

d = depth 

g == gravitational acceleration 

S = hydraulic gradient 

(2.14) 

Bull (1980) relates the above equation to the probability that the yield strength 

of mud may increase with an increase of debris load, loss of water or both. Thus, 

temporary stoppage of the snout or margins of a debris flow may occur repeatedly 

during a given flow event as surges of mud are produced from the source. However, 

with the many factors affecting yield strength and the complex mechanism associated 

with it, a simple equation may not prove applicable in all situations. 
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Analysing the behaviour through rheology, Davies et al. (1991) suggested that 

debris flows can be likened to fresh concrete which exhibits hysteresis of yield stress. 

This implies that the shear strength (yield stress) when the material starts to move is 

greater than the strength (stopping stress) available when the material is about to stop. 

In order to have a thorough understanding of the theory proposed by Davies et al. 

(1991), the hysteresis phenomenon and the application of rheological concepts to the 

flowing materials are reviewed in the following sub-topics. 

Hysteresis in debris flow rheolo2Y 

Hysteresis is considered common in soil-water relationships. The phenomenon 

has been observed by many researchers in the relationship between hydraulic 

conductivity, and pressure potential or saturated percentage of water. It is found at the 

high water content range and is due mainly to complicated sizes of capillary pores in the 

soil. Recently, hysteresis was also suggested to be present in debris flow behaviour in 

the relationship between shear stress and rate of shear (Davies et al. 1991). 

Hysteresis can be explained by describing first the reversible process. If we 

consider a system taken from state A to state B along a given path by changing an 

independent variable, then a dependent variable will pass thr0llgh a certain set of values. 

If the independent variable is returned along the same path B to A, the dependent 

variables will pass through the same set of values as those found in the forward change. 

However, there are cases when the path taken by the dependent variables during the 

change from B to A is different from that during the change from A to B. This is despite 

that all parts on both paths correspond to stable and reproducible values of the 

dependent variables. Hence, the change AB exhibits hysteresis which complicates the 

physical analysis of a process. 

The hysteresis phenomenon in debris flow rheology can be understood by 

looking at the flow curve in Figure 2-8. It implies the presence of a yield stress, L y, that 

must be exceeded by an applied stress before shearing could commence (i.e shear rate, 'Y 

= 0) and a stopping stress, Lyl , equivalent to the shear stress present in the material that 

is about to stop. 
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Shear 

Stress 'tl .............................................................................. . 
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Figure 2-8. The suggested flow curve of debris flow materials. 

Referring to Figure 2-8, it can be expressed that at 

y= 0; (2.15) 

which means that there is no deformation in this region. On the other hand, at 

y> 0; 't - Ila (y) (2.16) 

which implies that when shearing has commenced, the shear resistance of the material is 

controlled by the apparent viscosity, Ila , which is a function of the shear rate, y. If 

equation 2.16 is applied to a known model, the Bingham model that includes a yield 

stress, then 

't Ila (y) = 'ty + IlB (y) (Cheremisinoff 1986) (2.17) 

where IlB is the plastic viscosity. However, the Bingham model suggests that the yield 

strength ofthe material is an active parameter even in a moving material. 
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With a decreasing applied stress as shear rate is reduced to zero, stopping stress 

may result from 

Lim l!a(Y) (2.18) 
y~O 

or Lim 'ty + I! (y) 2.19) 
y~O 

In analysing the presence of hysteresis in yield stress, the difference between 

stress-driven and shear rate-driven behaviour must also be recognised. The full range of 

behaviours exhibited by a shear rate-driven flow curve generated from many laboratory 

tests is not necessarily accessible to the shear stress-driven field phenomenon (Davies et 

al. 1991). In a shear stress-driven behaviour, a decrease in shear stress from 't l to 'tYl 

will result in a decrease in shear rate from A to C (see Figure 2.8). A further decrease in 

shear stress slightly below 'tyl will reduce y to zero so that the rising flow curve (C to 

'ty) accessible in a shear rate-driven behaviour cannot be followed. If't is increased 

slightly above 'ty, Y must suddenly achieve the value at B and the initial part of the flow 

curve will not be followed again. The shear stress when y is equal to zero is equivalent 

to the stopping stress of the material. It cannot be measured by extrapolating flow 

curves generated from shear rate-driven tests because of too much data scatter. It can be 

measured as the residual stress of a newly stopped material through a shear stress-driven 

test. Therefore, hysteresis such as that in Fig. 2-8 might not be detected in a shear rate-

driven test. 

Davies et al. (1991) expressed that hysteresis seems inevitable in field conditions 

where the debris flow phenomenon is stress-driven rather than shear rate-driven (as in 

many laboratory tests). The difference between shear stress-driven and shear rate-driven 

behaviour is therefore important in performing and interpreting viscometric tests to 

investigate the observed behaviour of debris flows. 
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The behaviour of the flowing material 

In general, previous studies on debris flow rheology assumed a Bingham-type 

behaviour. However, recent findings (e.g. Phillips 1988) suggested that the Bingham 

model was rather idealised when applied to describe the rheology of debris flows. In 

most cases, departures from the linearity of the Bingham model were noted particularly 

at lower shear rates. 

The study of Phillips (1988) investigated the rheology of debris flows with 

grains of up to 150 mm. diameter. At lower shear rates, he found out that the rheology 

of debris flows can be described by a flow curve as shown in Figure 2-7 which is 

equivalent to the dilatant plastic rheology formulated by Davies (1986). It is 

characterised by a gradual decrease in shear stress with increasing shear rates then 

followed by an increase in shear stress beyond. This behaviour is very prominent in 

debris flows that exhibit a bimodal grain size distribution. In case of fine-grained 

unimodal materials, the behaviour may follow a plastic or viscoplastic rheological 

model. In essence, the above behaviour is only true of shear rates less than 10 sec- I 

where shear rates of most debris flows fall. 0' Brien and Julien (1988) obtained similar 

findings when they suggested that the rates of shear in natural open channel-debris 

flows are commonly within the range of 10 sec- I and below. 

The experiments of Major and Pierson (1990) confirmed that the rheological 

behaviour of fine-grained natural debris flows materials is compatible with the Bingham 

model at shear rates in excess of 5 sec -I. They postulated that at these shear rates, the 

behaviour of the material is dominated by the rheology of the fluid phase consisting of 

clay, silt and water. At lesser shear rates, they inferred that the rheological behaviour of 

the material may deviate from the Bingham model due to particle interaction between 

sand grains (i.e. rubbing, grinding and interlocking). As a result, that part of the curve 

was described as either shear thinning or weak shear thickening. Holmes et al (1990) 

tested mudflows with varying sediment concentrations using a large vertically rotating 

flume. At one point, they considered the Bingham model to approximately describe the 

flow curve they generated from the experiment. However, they also put an argument 

that their curve can be better represented by either a pseudoplastic or non-linear 

viscoplastic model. 
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Indeed, there is no rheological model that is universally applicable to describe 

the full range of properties and behaviour of debris flows (Phillips 1988, Krone and 

Bradley 1989, Phillips and Davies 1991). Each model has unique features of its own 

and is popular with a distinct group that applies the model. The Bingham model has 

been exclusively used in China for modelling the non-Newtonian behaviour of debris 

flows. The Coulomb-viscous model of Johnson (1970) has been popular among 

modelers in the United States while Japanese modelers preferred Takahashi's debris 

flow formula (1978) which he derived from Bagnold's model. Chen (1985) claimed that 

his GVF model is sufficiently accurate, yet practical for general use in debris flow 

modelling. Considering the properties the majority of reported debris flows possessed, 

the dilatant plastic model formulated by Davies (1986) was opined by Phillips (1988) as 

the appropriate model that could best describe debris flow rheology. This model clearly 

reflects the presence of upper and lower yield points in the flow curve which seems 

applicable in describing the rheology of debris flows. A full viscometric test is still 

necessary to confirm this phenomenon. The test should determine rheologic parameters 

such as yield strength and produce the flow curves that will describe the rheological 

behaviour of the material, perhaps by considering the most appropriate method 

suggested in the next section. 

2.3.7 Determination of rheologic parameters of debris flows 

Rheological models can be utilised in the study of debris flows by determining 

the rheological parameters of the constitutive equation that expressed a specific 

model. There are two methods of measuring these parameters, namely; field methods, 

and laboratory methods. Essentially, data collection and analysis of debris flows is more 

difficult than "normal" flows. Data such as slope, velocity, depth, and concentration 

can be obtained through the field methods while viscosity and strength can be measured 

through laboratory experiments. Krone and Bradley (1989) listed a complete data set 

and the corresponding methods of measurements as outlined in Table 2-2. 
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Table 2-2. Complete Data Set and Method of Measurements For 

Hyperconcentrations and Debris Flows (after Krone and Bradley 1989), 
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VARIABLE METHOD OF MEASUREMENT 

A. Field Data 

Suspended Sediment Concentration 

Mean Velocity (or distribution) 

Surface Velocity (if unable to 

obtain mean or distribution) 

Depth 

Width 

Water Surface Slope 

B. Laboratory Analysis 

Viscosity and Yield Strength 

Fall Velocity 

Point Sampler, Depth Integrating 

Sampler, Dynatrol, Dip Sample 

Price Meter, Marsh McBurney, 

Pressure Transducers, 

Super-Elevations 

Optical Meters, Time Lapse 

Photography, Floats 

Other Estimates of Surface 

Velocity 

Soundings, Sonar 

Survey 

Survey 

Rotating Cylinder Viscometer, 

Cone and Plate Viscometer, 

Capillary Viscometer, 

Rheogionometer (or Rheometer) 

Visual Accumulation Tube, 

other Settling Tubes or Devices 

: . 
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Field Methods 

Johnson (1984) suggested that the field methods may include observation of 

debris flow deposits, or observation of the moving flow. The last is the least likely 

method to consider due to the very long recurrence interval of debris flows and the 

danger of closely observing the flow once they occur. Moreover, some of the field 

methods particularly those involving sophisticated devices, have some limitations at 

higher concentrations and flow ranges while some are more applicable in laboratory 

flume experiments. They may also entail maintenance and operational problems due to 

large clasts in debris flows to which these devices are exposed. Geometric variables such 

as width, depth and gradient may be measured using conventional survey techniques. 

Mean velocity may also be estimated either during or after events by measurements of 

super-elevations (Johnson and Rodine 1984). 

Laboratory Methods 

Viscosity and yield strength are the important rheologic parameters which are 

particularly measured using laboratory methods. However, there are still some problems 

that need to be addressed in order to find appropriate methods that could sensibly 

measure the rheologic parameters mentioned. Johnson and Rodine (1984) acknowledged 

the difficulties of determining the strength properties of debris flows in the laboratory. 

The use of tests developed in soil mechanics is generally not feasible for remoulded 

debris flow materials. Early investigators tried various techniques such as spherical 

penetrome~ers (Johnson 1970); conical penetrometers (Rebinder 1967 as reported in 

Johnson and Rodine 1984); and dynamic cone penetrometers (Hansbo 1957 as reported 

in Johnson and Rodine 1984), but only simple strength parameters can be obtained. 

Considering the nature of debris flow deposits, rheological parameters can be determined 

using different types of visco meters as indicated in Table 2-2. O'Brien and Julien (1986) 

used a rotating cylindrical viscometer to analyse mud flow data from the Colorado 

Rockies. Phillips (1988) utilised a large inverted cone and plate rheometer in testing a 

debris flow material that contains particles as large as 150 mm. In the same experiment, 

a small scale 1: 5 model of the same rheometer was also used to test fine-grained 

debris flow materials. Major and Pierson (1990) conducted an experiment on large 
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large samples of fine-grained natural debris flow deposits using a wide-gap concentric-

cylinder viscometer. 

2.4 Rheology of Highly-concentrated Mixtures 

2.4.1 Introduction 

In order to have a good appreciation of the rheological behaviour of debris 

flows, such behaviour should also be compared with other mixtures having more or less 

similar rheological properties. For instance, the investigation of the rheology of dense 

suspensions and of fresh concrete indicates a flow curve similar to that of debris flows 

(Davies et al. 1991). These fluids are also known to exhibit yield strength so that they 

must be examined from the point of view of rheology rather than from hydrodynamic 

principles developed from studies of Newtonian fluids (Fisher 1971). In addition, like 

debris flow materials, they also tend to depart from the true Bingham behaviour at low 

shear rates. Therefore, this section reviews the rheology of sediment-water mixture and 

fresh concrete to reinforce earlier discussion on the rheology of debris flows. 

2.4.2 Rheology of sediment-water mixture 

The rheology of sediment-water mixtures has already been investigated by 

several workers. Their rheological properties were found to lie between those of 

Newtonian fluids and those that offer considerable resistance to an applied shear stress 

before they flow. This range of behaviour is influenced by the grain shape, grain size, 

grain-size distribution, and concentration of solids. Grain shape is important in 

determining how a fluid flows as flat, tubular grains have larger surface areas for their 

sizes and can "tie-up" relatively larger volumes of water. For grains of fine silt and clay-

size, electro-chemical surface forces are stronger than gravitational forces and therefore 

can control particle interaction. On the other hand, for large cohesionless grains 

effective surface forces are smaller than gravitational forces so that frictional and 

inertial factors control particle interaction. Essentially, cohesive forces may dominate 

the flow behaviour of mixtures having abundant fine-grained particles while frictional 

and inertial effects dominate the flow behaviour of mixtures having abundant large 

", -, 
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grams. Phillips (1988) confirmed the finding of prevlOUS workers that highly 

concentrated fine suspensions exhibit a Bingham plastic rheology while coarse grain-

fluid mixtures exhibit a dilatant behaviour. 

The potential for interaction between particles is also dependent on the 

concentration of solids in the mixture. Bagnold (1954) and others had confirmed that 

water retains its Newtonian characteristics until the volume of concentration of solids 

exceeds 9 percent (Fisher 1971). At higher concentrations, particle interaction becomes 

more active and the mixture begins to have a non-Newtonian behaviour. It is therefore 

very apparent that the higher the sediment concentration, the more likely the mixture to 

behave as a non-Newtonian fluid. It was also found that at a certain level of 

concentration and grain size distribution, the interacting frictional effects of large non-

cohesive particles may become more important than the cohesive effect of the fine 

fraction and therefore dominate the rheological behaviour of the total mass. 

2.4.3 Rheology of fresh concrete 

The rheology of concrete mixes has been investigated (e.g. Uzomaka 1974, 

Ukraincik 1980) in relation to cement and concrete researches for concrete quality 

control. The observed similarities of fresh concrete and debris flows in terms of 

consistency and physical appearance prompted researchers to investigate the rheology of 

fresh concrete and relate the result to the rheology of debris flows. Thus, in an attempt 

to give a good picture of the appearance and properties of debris flows many 

researchers (e.g. Costa 1984, Davies et al. 1991, Wan and Wang 1994, Myers and 

Brantley 1995) have quoted the properties of fresh concrete in describing the behaviour 

of debris flows. 

Uzomaka (1974) undertook a rheological investigation of fluid concrete mixes 

using a concentric cylinder rheometer. From the results of his experiment, he concluded 

that fluid concrete mix behaves like a Bingham plastic so that its flow characteristics 

can be defined by a yield value and plastic viscosity. He determined the yield value by 

obtaining the intercept of the linear portion of the flow curve on the torque axis. He also 

deduced that the yield value and plastic viscosity of the material are affected by the 

variations in mix parameters as both values increase exponentially with decreasing 

water/cement (water-fines) ratio. However, he did not elaborate other possible variations 
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in the mixture parameters such as the amount of coarse grains (sand and gravel) which 

could also influence the rheological properties of the mixtures. For instance, Erickson 

(1949 as reported in Fisher 1971) shows that shear resistance decreases when coarse 

aggregate (0.48 cm to 3.2 cm) is initially added to fresh concrete with solid to water 

ratios of 0.45 and 0.60. This finding suggests that at some stage of concentration, the 

fine cohesive particles dominate the behaviour of the mixture so that the addition of 

coarser grains will reduce the cohesive effects of the fines. 

The study of Ukraincik (1980) provides a more detailed investigation of the 

rheology of concrete mixes by SUbjecting the samples to both high and low shear rates. 

He produced a set of flow curves that display a very complex behaviour in which shear 

thinning or shear thickening behaviour is observed at high shear rates. At low shear 

rates, a decline in shear stress with increasing shear rate followed by a gradual increase 

in shear stress behaviour can be noticed in all the flow curves he developed. An 

apparent shear thinning can be noticed at the transition between low and high shear 

rates. Another interesting feature of all the flow curves is the existence of both lower 

and upper yield points. Davies et al. (1991) theorised that such yield points may also be 

true of debris flows in the light of the recent observation on their field behaviour. A 

typical flow curve developed by Ukraincik in his experiment is shown in Figure 2-9. 

Torque 

T 

TUY .... 
T Uy = Torque at upper yield point approximated 

by the Bingham model 

T L Y = Torque at lower yield point 

Torque at first rotational speed 

Speed (Shear Rate) 

Figure 2-9. A flow curve of fresh concrete reconstructed from the result of Ukrainicik' s 

(1980) experiment. 
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Phillips (1988) also attempted to investigate the rheology of fresh concrete using 

a 2.0-meter cone-and-plate rheometer. He produced a flow curve that is best described 

by shear thinning and approximated the yield stress by extending a fitted line toward the 

shear stress-axis (his Fig 5.25). He also considered that the data, though sparse and 

somewhat inconclusive, could well fit a Bingham model. Taking the fitted line from the 

data scatter, the flow curve (his Figure 5.36) is approximately similar to Uzomaka's 

flow curve. However, if data points are connected by a single line, a shear thinning 

behaviour can be clearly discerned. 

2.4.4 The complex behaviour of dense suspensions 

While the previous discussion did not mention the complexities surrounding the 

viscometric test of dense suspensions, this section emphasises that features as revealed 

in the outcome of past researches. The result of the rheological investigation of dense 

suspensions made by several workers (e.g. Cheng and Richmond 1978, Cheng 1984, 

and Phillips 1988) contradicts earlier theory that the rheology of dense suspensions can 

be expressed by a unique curve. The reproducibility of the viscometric measurement in 

reality is inherently poor and is usually characterised by a very wide data scatter. In this 

case, the shear stress - shear rate relation is then described bya flow band or flow curve 

envelope with the mean and standard deviation being functions of solid concentration. 

This is because the reproducibility becomes worse as concentration is increased beyond 

40 to 50 % by volume (Cheng 1984). The effect of packing structure changes associated 

with phase separation (particle migration) that occur during the flow was suggested to 

govern the overall flow property. It was also seen that the details of particle migration 

and other structural behaviour were also dependent on the viscometer geometry and the 

flow channel dimensions relative to the particle size. 

One of the most interesting observations noted by previous workers is the 

tendency of dense suspensions to display torque decay as the material is being sheared. 

Under varying shear rates, Cheng and Richmond (1978) suggested that this 

phenomenon is due to the adjustment of particle packing structure that takes place at 

every step of speed change to such an extent that a curve showing a decreasing torque 

with increasing speed is obtained. On the other hand, under constant shear rates, the 

torque decay with time reflects the slow process of structure formation (Cheng 1984), 
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the magnitude of which depends on solid concentrations and particle sizes. When using 

a coaxial cylinder viscometer, this phenomenon is seen to be the result of the inner 

cylinder losing contact with the sample particularly at high shear rates. Cheng (1984) 

also found that in rotational viscometers, this torque decay may occur when a well 

stirred sample is subjected to·shear. The phenomenon may continuously persist as long 

as the sample is sheared and is repeatable on the same sample on re-mixing. 

Another feature that can be expected from dense suspensions is the granulo-

viscous behaviour that is exhibited by materials containing particle concentrations high 

enough for granular behaviour to modify the viscous behaviour of the fluid phase 

(Cheng and Richmond 1978). In most cases, the granulo-viscous behaviour is 

characterised by fluctuating torque in rotational viscometers even at a steady rotation. 

This phenomenon may further increase the data scatter producing a complex behaviour 

that could be very difficult to interpret. 

2.5 Small-scale Physical Models of Debris Flows 

2.5.1 Introduction 

Physical modelling is based on the simulation at redu~ed scale of those features 

that dominate the problem under consideration (Ackers 1987). The use of a scaled down 

representation of a prototype situation is common in hydraulic engineering. The criteria 

for a model to replicate the prototype involves several types of similarity. Geometric 

similarity requires that the model and the prototype should be the same shape. Dynamic 

similarity requires that corresponding forces in the model be in the same relative 

magnitude as those in the prototype. 

Davies (1994) suggested that small-scale physical modelling can be effectively 

utilised to produce a dynamically similar field debris surge using an experimental . __ 

channel (laboratory flume). In his experiment, he used coal slack to model the prototype 

rocks and wallpaper paste solution to represent the prototype slUrry. However, the 

feasibility of adopting a similar model in rheometric techniques to produce a 

dynamically similar rheological behaviour of debris flows is still to be verified. This 

section, therefore, reviews some of the applications of small-scale physical models and 
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the implications of their adaptability to rheological investigations of debris flows. It also 

outlines some pointers that should be borne in mind when using this technique. 

2.5.2 Advantages and disadvantages of using pbysical models 

Physical models have been long employed in the investigation of complex 

phenomena. Several workers (e.g. Dalrymple 1985, Hughes 1993) pointed out some of 

the advantages of using physical models. These include: 

1. Physical models permit easier collection of data at reduced cost. 

2. The degree of experimental control allows simulation of varied or rare 

environmental conditions. 

3. Visual feedback from the model can be easily obtained by observing a 

physical model in operation. 

4. It integrates the appropriate equations governmg the process without 

simplifying assumptions. 

In the same manner, physical models have also some drawbacks that should also 

be noted to achieve sensible and reproducible results out of the process. Notably, these 

were cited by Hughes (1993) to include the following: 

1. Scale effects are secondary features that are not accurately simulated 

resulting in differences between the model and the prototype. Thus, the 

features that dominate the problem must be identified to scale them correctly 

so that the scale effects become negligible. 

2. Laboratory effects are the differences between the prototype and model 

response that arise from the limitations of the laboratory facilities and 

apparatus. 
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2.5.3 Application of small-scale physical modelling 

The complete set of dimensionless parameters 

Dimensional analysis of debris flows suggests that small-scale physical 

modelling of these phenomena is feasible (Davies, 1994). In relation to this, a complete 

set of dimensionless products must be determined from pertinent process variables. 

This complete set will be used to establish a model similitude such that the 

dimensionless products have the same value in the prototype and in the model. As 

pointed by Hughes (1993) every finite set of variables which describes a physical 

process can produce a complete set of dimensionless products. Davies (1994) has 

enumerated variables significant in describing the behaviour of debris flows. These 

variables are the following: 

Ps = grain solid density, kglm3 

P = fluid slurry density, kglm3 

g = gravitational acceleration, m/s2 

d = representative flow depth, m 

V = representative flow velocity, m/ sec 

f.t = fluid slurry viscosity, Pa - s 

D = representative grain diameter, m. s = grain shape factor, dimensionless 

~ = grain size distribution, dimensionless e = channel slope angle, dimensionless 

From these variables, dimensionless products can be formed usmg a 

combination of dimensional analysis and knowledge of debris flow processes. The final 

complete set of dimensionless products derived by Davies (1994) from the above 

variables is the following: 

d P. V3
p -,- --

D P f.tg 

These dimensionless products were applied by Davies to model field debris flow surges 

and determine surge velocity and depth at varying channel slope, interstitial fluid 

viscosity, and inflow rate. 
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Physical model materials 

The selection of the model fluid and sediment to minimise scale effects is guided 

by the scaling relationships. It may also depend on some practical considerations such 

as material availability and cost. For instance, the prototype-to-model ratio can be 

manipulated by considering a model fluid other than water. In case that large quantities 

of model fluid are required, however, water or solution in water becomes the best 

practical choice. Sediment grain size diameter is another model variable to be 

manipulated. There are several ways to select model sediments as required by the 

scaling criteria. The grain size can be scaled the same as the geometric length scale. 

Model sediments having different size and density as compared to the prototype can 

also be selected using lightweight materials. Some of these lightweight materials are 

included in the list ofBettess (1990) presented in Table 2-3. 

Table 2-3. List of lightweight materials used in physical modelling (after Bettess 

1990 ). 

Specific Gravity 

1.0 to 1.1 

1.1 to 1.2 

1.2 to 1.3 

1.3 to 1.4 

1.4 to 1.5 

1.5 to 1.6 

1.6 to 1.7 

a Acrylonitrile Butadiene Styrene 

Materials 

Polystyrene, sawdust with asphalt 

Nylon, Perspex, PVC, Wood 

ABSa
, Bakelite, PVC 

Bakelite, Coal, Walnut shells 

Bakelite, Coal, Sand of Loire 

Coal, Sand of Loire 

Lightweight aggregate 

For debris flow materials, the preliminary model can be developed if the 

concentration and particle size distribution are properly given. It is assumed that the 

debris flow material comprises two constituents. These are the large grains and the 

dense highly viscous interstitial slurry of fine grains in water in which the shearing of 

the large grains takes place. This is also the assumption or similarity argument 

formulated by Davies (1994), so that the fine grains present in the prototype need not be 

modelled anymore. Instead, the viscous prototype interstitial fluid can be represented by 
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a less dense, less viscous fluid in the model. The large grains can be represented by a 

lightweight material that can be selected from the list of Bettess (1990). Hecker et al. 

(1989) also suggested the use of practical lighter materials such as coal and synthetics to 

represent sediments in the calibration of a movable bed river model. 

2.6 Summary and Discussion 

Debris flows have been the subject of investigation by many researchers 

primarily because of their importance in changing our natural landscape and their 

catastrophic effects on. humans. They have a very complex behaviour being controlled 

and modified by nature itself and what humans can do is just to observe and study that 

behaviour and the associated processes so that possible approaches of mitigating 

impacts (i.e. engineering and social interventions) can be derived. The relentless efforts 

of previous researchers are manifested by the very impressive compilation of theories 

and facts that form part of the literature in this subject. 

The literature reviewed in this study has generally implied the application of 

rheology in understanding the behaviour of debris flows. In relation to this, a total 

debris flow process can be simplified by considering the following phases which 

constitute a given flow event: 

1. Stationary phase - the phase when the material is in a stationary state or 

static behaviour. There is no movement of particles at this stage. 

2. Yielding phase - the phase that represents the limit of the material being in a 

stationary state as it starts to flow or yield due to an applied shear stress. There is a 

gradual movement of particles at this stage as the yield strength of the material provided 

by cohesion of the fine fraction and frictional resistance of coarse grains is exceeded by 

the applied stress. 

3. Flowing phase - in this phase there are two situations that should be borne in 

mind. At lower shear rates, it is theorised that particle interaction of coarse grains 

through grain-grain collision and interlocking may dominate the behaviour if their 

amount is significant. At higher shear rates, the viscous interstitial slurry in which the 

coarse grains are shearing may dominate the overall behaviour as it acts as transporting 

medium that causes the material to move en masse. The behaviour of the mixture at this 

~::;~:~~~~~~:j 
! . 



39 

stage is very complex because of dispersion and inter-particle coUision between coarse 

grains that may not have a clear and easy-to-define pattern. 

4. Stopping phase - this is the stage when the flowing mass gradually slows 

down. Some workers (Costa 1984; Johnson and Rodine 1984) claimed that stopping was 

due to the yield strength of the material which becomes significant as the material slows 

down due to the reduction in applied stress. Other workers (e.g. Davies et a1. 1991) 

explained the phenomenon in rheological terms by suggesting the presence of yielding 

and stopping stresses and thus of hysteresis at low shear rates. This theory is also 

considered as· cl1Jcial in explaining the intermittent or pulsating behaviour observed in 

some known debris flows (e.g., Jiangjia Ravine debris flows, 1991). 

It is easy to describe the properties of the material in stationary phase, perhaps by 

applying known principles in soil mechanics. However, when the material yields, then 

flows until it stops, the behaviour must be analysed within the context of rheology, which 

is more complex. These complexities can be due to the inherent properties of the material 

itself as it consist of a wide range of grain sizes, to the geometry and dimension of the 

apparatus used in the viscometric test, or both. The complex behaviour observed by 

previous workers in the rheological investigation of debris flows, and of dense 

suspensions in general includes: 

1. Granulo-viscous behaviour which may cause wide data scatter due to stick· 

slip phenomenon and packing density variation. 

2. Torque decay with time due to slow process of structure formation within the 

material. 

3. The probable time-dependent behaviour associated with the torque decay 

phenomenon, so that establishing the shear stress- shear rate relation may 

become very difficult. 

Perhaps~ these complex behaviours have partly given rise to the contrasting views 

among researchers on the probable rheological behaviour of debris flows as indicated by 

the different rheological models formulated to describe them. Each modeler and 

subsequent researchers who apply a specific model have a favourable claim of their own 

that justifies the applicability of their model. The theory of Davies et aI. (1991) to 
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my mind, is the most exciting proposition that needs to be clarified using available 

laboratory experimental tools (e.g. physical modelling) and rheometric techniques. It 

outlines the different phases in a given debris flow event that this study intends to 

explore and unravel so that debris flow behaviour can be further understood. 
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CHAPTER 3 

MATERIALS, APPARATUS AND RHEOMETRIC METHODS 

3.1 Introduction 

This study deals primarily with the investigation of the rheological behaviour of 

debris flows. It involves the determination of yield and stopping stresses and the 

development of flow curves that describe the shear stress-shear rate relation through 

rheometric tests. This chapter discusses the selection of appropriate materials, 

apparatus, and viscometric methods that can measure the required rheologic parameters 

and generate the corresponding flow curves. 

The first section describes the types of materials chosen for the viscometric 

tests. These were both natural mixtures of reconstituted debris flow material and 

_ artificial mixtures that served as small-scale physical models of the prototype. The 

middle section presents the important features that justify the selection of a rheometer 

for this experiment. The possible errors associated with the instrument are also 

identified for subsequent result interpretation and analysis. The experimental set-up and 

methodologies are outlined in the last part of this chapter. 

3.2 Materials 

3.2.1 Choice of materials 

Prototype materials 

The choice of the prototype debris flow materials was primarily based on the 

proximity and access of the research facility to the possible material sources, and the 

availability of documented previous studies of these materials. The proximity and 

access to possible sources were considered so that these materials can be readily and 

easily obtained when needed at reasonable time, efforts, and costs. Previous studies 

made on the materials can serve as sources of benchmark information for subsequent 

result interpretation and analysis. 
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The prototype materials were therefore taken from Mt. Thomas, South Island, 

New Zealand which is about an hour's drive from the research facility of Lincoln 

University. Sample materials were collected from small lateral levee deposits, which are 

perhaps formed by one of the most recent minor occurrences. Large gtains ( > 35 mm) 

were removed ,from the samples because such grain sizes were expected to be too large 

for the size of the rheometer chosen for the test. Debris flows at Mt. Thomas have b~n 

the subject of investigation of various workers (e.g. Pierson 1981, Phillips 1988) and the 

frequency of their occurrence in the past is well-documented by Pierson (1980). Phillips 

(1988) has already tested Mt. Thomas debris flow "full-scale mixes" and ''fines'' using 

the large and model cone-and-plate rheometers, respectively. However, some aspects of 

their behaviour (e. g. yield and stopping stresses) although hinted to be present, were not 

elaborated. 

SmaU- scale physical model materials 

Physical modelling or the use of equivalent materials that could produce the 

wide-ranging physico-mechanical properties of debris flows was also applied in the 

study. With this scheme, crucial variables such as grain-size distribution and slurry 

viscosity can be easily manipulated to a varying degree and magnitude and at the same 

time the varying properties of debris flows can be represented and thoroughly studied. 

In reference to the physical models of Davies (1994), mixtures comprising coal 

slack and wall paper paste were similarly considered in this study. The choice of model 

materials was made on the basis that a typical debris flow has two physical constituents, 

namely; the large grains, and the viscous slurry in which the grains are shearing. For 

convenience in handling the materials and considering the size of the rheometer chosen, a 

scale of 1:20 as used by Davies (1994) was also adopted. The prototype rocks with a 

mean size of 0.20 m and a density of 2.65 tlm3 were therefore modelled by 1 em coal 

slack. Similarity considerations require the use of lightweight materials in the model 

(Section 2.5.3). The use of coal in physical modelling is also well cited in the literature. 

The prototype slurry having a density and viscosity of 1.8 tlm3 and 1 Pa - s, respectively 

was modelled using 0.2 % by weight solution of wallpaper paste in water. It gives a 

density of the model fluid of 1.0 tlm3 and a viscosity of 0.005 Pa - s. Wallpaper paste 

(CMC) solution was one of the mixes used by Phillips (1988) in evaluating the model 

cone-and-plate rheometer performance. 

~;~~::~~~~,:~~:.~j 
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3.2.2 Material description 

Prototype materials 

Debris flow materials from Mt. Thomas are generally characterised by granular 

solids having continuous gradation from clay to large boulders. These materials were 

most likely delivered downstream from active erosion in the middle catchment of 

Bullock Creek (Figure 3-1) when long duration steady rainf-all occurred in the area. The 

sediment production was mainly due to debris avalanches on bedrock faces and loose 

rock rubble, and rotational slumping of unstable debris mantle and debris regolith (Hill 

1993). The debris flow deposits are extremely poorly sorted with mean bulk densities of 

2.08 t/m3 for flow material sampled during surges and 1.73 t/m3 for flow material in 

between surges (Pierson 1981). Debris flow surge deposits in Bullock Creek are shown 

in Figure 3-2. The physical properties of Mt. Thomas debris flow materials are 

summarised in Table 3-1. 

Figure 3-1. A photograph of the middle catchment, the source of debris materials of Mt. 

Thomas debris flows (taken on September 1997). 
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Figure 3-2. A photograph of debris flow surge deposits in Mt. Thomas (taken on 

September 1997). 

Table 3-l. Physical properties ofMt. Thomas debris flows (after Pierson 1981) 

Property Mean value for Mean value for 
flow material sampled flow material sampled 

between surges during surges 

Bulk density (g/cmJ) l.73 2.08 
Density of solids (g/cmJ) 2.70 2.70 
Water content (wt 0/0) 40 22 
Composition by weight (0/0): 

Clay 11 4 
Silt 15 6 
Sand 54 20 
Gravel 20 70 

Dominant clay minerals Illite, Non-swelling Illite, Non-swelling 
chlorite, Kaolinite chlorite, Kaolinite 

Properties of interstitial 
pore fluid: 

Clay/silt (by wt) 0.80 (0J59 - 0.95) 0.72 (0.61- 0.82) 
Clay content (wt 0/0) 16 (11- 20) 21 (17 - 29) 
Clay + silt content (wt 0/0) 

Fluid densities (g/cmJ): 
26 (19 -32) 33 (30 -39) 

Clay + water 1.09 (1.07 - 1.12) 1.12 (1.10 -1.16) 
Clay + silt + water l.20 (1.13 -1.26) l.27 (1.25 -l.33) 



45 

Physical model materials 

Coal. Coal slack was used to represent the coarse materials present in debris 

flows. Coal has already been used in small-scale modelling by previous researchers (as 

prototype rocks in Davies 1994, as coarse sediments in Hecker et al. 1989). According 

to size, coal is classified as large coals and medium coals. Large coals (having no upper 

size limit) are described in terms of size and shape (i.e. large cobbles, cobbles, trebles, 

etc.) of the screen aperture over which they are made. Small coals are described with 

respect to their method of preparation (i.e. smalls, washed; smalls, dry cleaned; or 

smalls, untreated), and maximum fines passing a square aperture of 1/8 inch. Specific 

gravity of dry coal is 1.3. The bulk density of loosely packed dry coal, depending on a 

number of factors (i.e. size and grading of the material, size of the container, percentage 

of free moisture), ranges from 0.60 - 1.00 tlm3
• Particle density of smaller experimental 

coal slack used by Davies (1994) was measured at 1.4 tlm3 
• 

Bettess (1990), through a survey of lightweight sediments for use in mobile-bed 

physical models, has enumerated some comments about coal. These· comments which 

can be considered in using coal as a model material are the following: 

1. Larger sizes tend to have a "flaky" particle shape. This may lead to hydraulic 
" segregation of different particle shapes. 

2. Slight inhomogeneity of specific gravity. 

3. Absorption of algae may take place in open-air model. 

Sodium Carboxy methyl Cellulose-CMC (Cellulose Paste). CMC (HOOCCH2) 

is a gummy substance obtained as hygroscopic powder or granular solid by reaction of 

alkali cellulose and sodium chloroacetate. It is soluble or swells in water and is used 

primarily as· thickening, -emulsifying and stabilising agent. It is also commonly used 

and recognised as wallpaper paste and can be easily prepared through mixing with tap 

water. CMC solution has a low molecular weight and low viscosity (viscosity ranging 

from 10 - 25 mP - s. at 4 % concentration), thus making it a suitable substance to 

represent the prototype viscous slurry of debris flows. Different concentrations can be 

prepared to obtain varying viscosity. An increase in CMC concentration will result to an 

increase in viscosity. However, temperature may significantly affect the materials as 

lower viscosities are expected with higher temperature. In addition, the structural 

~--~.::~~ 
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characteristics of CMC solution can change with time due to bacterial decay of the 

cellulose molecules. 

3.3 Apparatus 

3.3.1 Choice of apparatus 

An experimental device can be effectively used in a laboratory experiment, if 

such a device has already been tested and evaluated with materials of known behaviour 

and properties. It should have flexibility to accept varying properties of materials and 

with proven reliability to give sensible results. Fredrickson (1964) implied that the 

choice of instrument for viscometric studies depends upon the consistency of the 

material to be studied and the shear rate range of interest. In the rheological 

investigation of debris flows, Phillips and Davies (1991) emphasised that the equipment 

to be used should accommodate a reasonable range of grain sizes, produce shear rates 

similar to those occurring in actual debris flows, and give accurate, reproducible results. 

For the purpose of this study, the model cone and plate rheometer that was 

evaluated by Phillips (1988) to accommodate grain sizes as large as 15 mm was chosen. 

Whorlow (1980) and Harris and Wilkinson (1988) discussedthe use of cone-and-plate 

type viscometers in the ~xperimental characterization of fluids. As compared with other 

types of rotational viscometers, the cone-and-plate rheometer requires higher precision 

in construction and more sensitive torque measuring devices. However, it normally 

requires lesser amount of test samples, produces smaller temperature rise, and is easier 

to clean. It, also gives results that are more easily interpreted provided that the edge 

effects are not serious (Whorlow 1980). With these advantages and the result of the 

previous evaluation of the apparatus, the use of the model rheometer as the experimental 

device for this study is justified. 

3.3.2 Description of the apparatus 

A cone-and-plate rheometer is an instrument being used for measuring apparent 

viscosities and normal stresses. It was designed on the premise that when a rotating 
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body is immersed in a liquid, it experiences a viscous drag or retarding force which is a 

function of the speed of rotation of the body. Figure 3-3 shows the schematic. cross-

section of the cone-and- plate rheometer. The design of the rheometer is similar to that 

described by Whorlow (1980) in Figure 2-5a (i.e cone is truncated), except that it 

considers a larger cone angle. It consists of a transparent perspex cylinder with 30° cone-

shaped floor that can be rotated relative to a stationary plate or lid. It has a depth of 0.10 

meter and an inside diameter of 0.40 meter and could contain 0.006 m3 of sample. The 

material to be tested is sheared between the rotating cone and the stationary lid which is 

free to move vertically. The lid is maintained to float horizontally on the sample through 

a lid stabiliser (see Figure 3.3). 

Lid Stabiliser Assembly 

Torque measuring 
annulus assembly 

Figure 3-3. Schematic cross-section through the rheometer; shaded components are 

stationary, unshaded components may rotate. 

Measurement of rotational speed and reaction torque on the stationary plate 

yields the shear stress-shear rate relation of the material. The reaction torque due to 

viscous traction is measured on a concentric annulus which is a part of the plate. The 

torque then can be expressed as 
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3 3 T = 2 I 3 1t (R - Rl ) 't (3.1) 

where T is the total torque on the plate, R is the radius of the cone, Rl is the radius of the 

truncated part of the cone, and 't is the equivalent shear stress. The shear stress, 't, is 

expressed in terms of its relation to shear rate, so that 

(3.2) 

where )l is the apparent viscosity and y is the equivalent shear rate. Since 

y = rO) Irtan8 (3.3) 

equation 3.1 finally becomes 

(3.4) 

where 0) is the angular speed of the cone and 8 is the angle between the cone and the 

plate. Equation 3.4 thus implied that viscosity is a function of the ratio of torque and 

angular speed of the cone. 

3.3.3 Possible sources of error when using the rheometer 

Previous users of the model rheometer (e.g. Phillips 1988) confirmed its 

applicability in investigating the rheology of various fluids. However, it is still 

important to identify possible sources of error when using the instrument so that the 

results can be more realistically analysed and interpreted. The applicability of the basic 

rheometric equations depends on the existence of a simple type of flow through the fluid 

being studied. The existence of such an ideal flow is dependent on the design 

configuration of the apparatus (e.g. cone geometry, cone-plate angle, diameter). Walters 

(1975) enumerated possible sources of error when using the cone and plate rheometer. 

Some of these sources are the following: 
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1. Effect of gap angle. The assumption that a constant shear rate exists 

throughout the fluid is dependent on the gap angle. Fredrickson (1964) and Walters 

(1975) suggested a gap angle of less than 4 0 , while Whorlow (1980) specified a gap 

angle of less than 50 to maintain a uniform shear rate within the fluid. Whorlow (1980) 

further explained that larger angles are not commonly used for routine work because the 

analysis of results for non-Newtonian fluids might become complex. 

, 2. Inertial effects. In cone-and-plate rheometers, inertial effects may result to a 

secondary flow (super-imposed on the rotation about the axis ofthe instrument) which is 

radially outward near the rotating cone and inward near the stationary plate (Walters 

1975, Whorlow 1980). This single-vortex pattern is predicted for a viscous Newtonian 

fluid (Walters 1975). The effect has been observed with large cone-pla~e angles by 

Giesekus (1965 as reported in Whorlow 1980) and others and can be suppressed to some 

extent when using small cone-plate angles Whorlow (1980). Using a model rheometer 

with a large cone-plate angle, Phillips (1988) studied the possibility that secondary 

circulation might be significant, but found that it was on order of magnitude weaker than 

the main flow in the region below the measuring annulus. 

3. Edge and end effects. These effects can be due to the instrument members 

being of finite dimensions, to the free surface and related surface-tension problems, or to 

"fracturing" effects. The edge effect associated with the first cause might be expected in 

torque measurements due to the distortion in the flow field near the edge of the 

instrument members. On the other hand, the effect arising from free surface and related 

surface-tension problems is more significant in inducing errors in normal force 

measurements. The third type of effect is concerned more with 'shear - fracture' 

instabilities. In describing this ''fracturing'' effect, Walters (1975) cited the work of 

Hutton (1975). He observed the occurrence of instability in a cone-and-plate flow when 

a certain critical stress was reached. The instability manifested itself as a rapid fall in 

stress and the higher the rate of shear, the shorter the time before the fall occurred. When 

the stress fell to a low value, it oscillated considerably. The effect was reversible 

provided that the sample did not aerate and was not expelled from the shearing gap. 

Whorlow (1980), in explaining the edge effect in cone-and-plate rheometers, suggested 

that while most fluids can be tested at low rate of rotation, an increase in speed tends to 

break the edge zone, and so the measured torque is correspondingly reduced. 
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4. Viscous heating. The error caused by viscous heating is alsO important, 

because when a fluid is sheared, some of the work done is dissipated as heat. The shear-

induced heating could give rise to an increase in temperature within the fluid. This 

process may become a source of error particularly when testing highly viscous fluid at 

high shear rates. 

5. Instrument imperfections. These are in connection with the instrument design 

configurations which are closely associated with the geometry of instrument members as 

well as alignment of surfaces and related problems. Various workers (as cited in 

Whorlow 1980) have reported errors arising from cone imperfections, incorrect cone 

truncation, and small axial movement of rotating members due to bearing imperfection. 

These instrument imperfections are not likely to be applicable to the the model 

rheometer considering that it has been used by many researchers and has been tested to 

give reliable results. 

3.4. The Viscometric Tests 

3.4.1 Preliminary work 

The experiment was undertaken using the research facilities of the Soil and Water 

Laboratory, Department of Natural Resources Engineering, Li!1coln University. Initially, 

the instruments and materials needed for the experiment were prepared and organised. 

The model rheometer was first checked to determine the need for some repair and 

necessary adjustments based on the recommendation of previous users. Floor-

modifications at the wall-floor intersection were carried out to minimise the formation of 

dead zones of tightly packed grains. In addition, there were other modifications made to 

further improve the performance of the rheometer. These include: 

1. the covering of annular gaps with rubber seal~ to avoid leakage of material 

2. the installation of a lid stabiliser assembly (see Figure 3-3) to make the lid float 

horizontally while the sample is being sheared. 

Machine and software familiarization, and a series of test runs were done prior to 

the actual performance of the experiment. In essence, an intensive machine 
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reconditioning, and self-enhanced training were undertaken before the actual 

viscometric tests commenced. 

3.4.2 Laboratory procedure 

The laboratory procedure was as follows: 

1. setting-up ofthe apparatus 

2. static calibration of torque measurement 

3. preparation of samples for testing 

4. loading and testing of the samples usmg the rheometer; (a) by direct 

measurement of yield and stopping stresses, (b) by determining shear stress at 

varying shear rates. 

Set-up of the apparatus 

The components of the apparatus were arranged for convenience of the operator 

and to facilitate the utilization of a micro-processor based data acquisition system. 

Figure 3-4 shows the schematic diagram of the set-up and the data acquisition system. 

Rheometer AC Electric Motor 

1-------+ ....... . 

Load Cell 

o 
Excitation 

Voltage Source AI D Converter 

Speed Regulator 

Computer 

KeyBoard 

Figure 3-4. Schematic diagram of the apparatus and data acquisition system 
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The rheometer cone rotates with the sample held in the gap between it and the 

fixed plate (see Figure 3-3). The bowl is driven via a pulley and belt from an AC electric 

. motor. Rotational speed can be altered by adjusting the speed regulator which is 

independently connected to the motor, and can be measured by a tachometer that can 

readout as low as 0.1 rpm. The reaction torque due to viscous traction on the measuring 

annulus can be measured by means of a line or wire attached to a 5 kg load cell which 

is connected to the data acquisition system. The analog voltage signal from the load cell 

is converted to digital signal through an analog-to-digital (At'D) converter. The voltage 

level can be read in the microprocessor where the acquired data are also stored and 

processed. Voltage excitation is provided by a 12-volt DC battery that is connected to 

the load cell. The actual physical arrangement of the whole apparatus indicating the 

different components is shown in Figure 3-5. Other instruments such as tachometer, set 

of weights, set of sieves, and pan balance are also shown in the figure. 

Figure 3-5. A photograph showing the physical arrangement of the apparatus in the 

laboratory, and other instruments: (1) Rheometer, (2) AlC Motor, (3) 

Speed regulator, (4) Load cell, (5) AJD board, (6) Computer, (7) Voltage 

excitation source, (8) Tachometer, (9) Pan balance, (10) Set of sieves, 

(11) Set of weights, and (12) Graduated cylinder. 
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Static calibration of torque measurements 

The readings generated from the data acquisition system were in terms of 

voltage difference expressed in millivolt units. The readings, therefore, were calibrated 

such that the data in millivolts can be expressed in equivalent force (Newtons), and 

ultimately in equivalent torque which is a function of shear stress exerted by the 

materials. The calibration was done by applying a gradually increasing and decreasing 

weights (0 - 4.64 kg) and then taking the equivalent reading in millivolts for every 

applied weight. The result of the static calibration that was applied in the processing of 

data is shown in Figure 3-6. 

1600 

1400 / 
/ 

1200 

ctI 1000 D. 

/ 
/ 

iii 
VI 
CI) 800 ... -C/) ... 
ctI 

600 CI) 
..c 
C/) 

400 

/ 
V 

--- -------

/ 
/ 

200 L. 

a / 
a 5 10 15 20 25 

Signal Readings, millivolts 

Figure 3-6. Shear Stress - Readings (millivolts) calibration curve. 

Preparation of samples 

The experiment involved the viscometric tests of two general types of mixtures. 

The mixtures consisted of remoulded natural debris flow materials, and an artificial 

mixture of coal slack and wallpaper paste solution. The latter was considered in order to 

study debris flow extensively through small-scale physical models, such that grain sizes 

which cannot be accommodated by the rheometer can be modelled. 
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Remoulded natural debris flow mixture. There were two classes of samples 

prepared for this mixture. These samples are: 

1. Samples consisting of fresh debris flow materials in their original natural 

state as taken from the source. Larger grains were removed to suit the 

operating requirement of the rheometer and to represent the desired grain size 

range. These samples were coded as Sl' 

2. Samples consisting of previously tested material prepared by manipulating 

the grain size and grain-size distribution of the original material. These 

samples were coded as S2' 

The samples were prepared by mixing the sediments with different volumes of 

tap water so that varying solid concentrations could be achieved. Each sample was 

thoroughly mixed in a separate container before loading into the rheometer bowl. 

Coal slack - wallpaper paste (CMC) solution artificial mixture. Similarly, 

there were also two classes of sample prepared for this mixture. The preparation was 

made by manipulating the sizes of coal slack and maintaining the concentration of 

CMC solution at 0.20 %. The two classes of samples prepared are the following: 

1. Samples representing debris flow materials (Section 2.2.3) that contain more 

boulders (> 64 mm); coded as Ml samples. 

2. Samples representing debris flow materials that contain more gravels (2 - 64 

mm); coded as M2 samples. 

The above samples were prepared by ensuring that the lower size limit of the 

prototype materials does not put the coal slack size in the cohesive sediment range. The 

mixtures were stirred well before loading into the rheometer. 

Loading and testing the samples 

After preparing a specific sample, it was then loaded in the rheometer bowl by 

taking the following series of steps: 
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1. The lid was carefully removed and then the sample was loaded evenly into 

the rheometer bowl. 

2. A good contact between the sample and the measuring annulus was checked 

and ensured before placing the lid to its closed position. 

3. The measuring annulus was connected to the load cell by means of a torque 

WIre. 

4. The excitation voltage source was turned on prior to data acquisition. 

5. Yield and stopping stresses were measured through stress-driven tests, and 

the shear stresses were measured at constant and varying rotation rates. 

Yield and stopping stresses determination. The methods of detennining yield 

and stopping stresses represent the field situation in which the debris flow phenomenon 

is driven by shear stress or gravity (Davies et al. 1991). Accordingly, the yield stress 

was measured by connecting the rheometer cylinder to a string and applying a vertical 

increasing weight through a pulley until the material yielded (i.e. cylinder started to 

rotate). The reaction torque was measured through the concentric annulus which is 

connected to the load cell and then to the data acquisition system. Figure 3-7 shows a 

photograph of the laboratory set-up for yield stress detennination. As shown, the 

increasing weight was provided by discharging water gradually into a bucket until its 

weight caused the cylinder to rotate. 

On the other hand, the stopping stress was determined by applying a decreasing 

weight that caused the rotation to stop. A pile of metal weights (approximately equal to 

the weight required for the cylinder to rotate in the first set-up) was put on a stool just 

below the pulley. Each metal weight was tied, through a string of pre-determined length, 

to the horizontal bar that holds the pulley, so that if the stool is pulled away each weight 

is released one at a time. The release of each weight caused the rotation to slow down 

until the last piece when the rotation finally stopped with the weight holder remaining 

hanging. The residual shear stress at the time the material stopped moving was 

considered as the equivalent stopping stress. Figure 3-8 illustrates the set-up just after 

the rotation has stopped. 

;:::;~;::';;'.'I 
:~---. __ -.I 

;.'-"." "'--



56 

Figure 3-7. The laboratory set-up for yield stress detennination. 

Figure 3-8. The laboratory set-up for stopping stress detennination. 
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Shear stress measurement. Shear stress (torque) was measured by varying the 

rotational speed of the rheometer. Torque readings were logged during each test at a 

sampling rate of 50 Hz for logging periods of 10 to 30 seconds and 25 Hz for extended 

logging periods of 160 seconds. The extended logging period was used to determine the 

possibility of a time-dependent behaviour of natural mixes. Readings were taken from 8 

rotational speeds (7.5 RPM - 43 RPM) in almost all the applications. The effect of 

mixing the sample prior to every logging period was also evaluated by comparing the 

corresponding torque readings with those from an unmixed sample. In most of the tests, 

four runs were performed for each rotation rate to establish the repeatability of readings. 

Two runs were performed in the case of the extended logging periods of 160 seconds. 

Each point in the flow envelope curves presented herein represents an average value per 

second out of the sampling rate of either 25 points per second or 50 points per second. 

This scheme was not applied in the yield stress determination where the exact yield 

point must be delineated from the shear stress.., time curve. 

3.4.3 Methods of analysis and interpretation 

graphs: 

The results of the viscometric tests were presented through the following sets of 

1. Shear stress-time curves that determine the yield and stopping stresses. These 

curves were measured independently as described in Section 3.4.2. 

2. Shear stress-shear rate curves that illustrate the flow behaviour of the sample 

under varying shear rates. 

3. Shear stress-time curves that determine the time-dependent behaviour of the 

sample under constant shear rates. 

From the shear stress-time curves (1 above) the yield stress was determined as 

the highest shear stress immediately before the very distinct data scatter in the curve. 

This highest point is usually followed by a sudden decline in shear stress which marks 

the yielding of the material. The data scatter reflects the span of time when the material 

is moving. The stopping stress was delineated as the minimum shear stress indicated by 

the prolonged smooth segment just after the data scatter had ceased. 
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The rheological behaviour of the flowing material was analysed qualitatively 

through the shape of the flow envelope curves. In order to substantiate a specific 

behaviour, the upper and lower bands of the logged data should exhibit similar shapes. 

Otherwise, it can be considered that the flow curve did not display any particular 

behaviour at all. 

The time-dependent behaviour of the material (3 above) was interpreted in terms 

of probable shear stress decay (i.e. shear stress decreasing with time) under constant 

shear rates. This phenomenon was interpreted from the extended logging period that 

generates the shear stress-time curves under steady shear rates. 
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CHAPTER 4 

THE RHEOLOGY OF REMOULDED DEBRIS FLOW MATERIALS 

4.1 Introduction 

This chapter presents findings on the rheological behaviour of debris flows. It is 

so organised such that each of the important rheological parameters and the factors 

affecting them are scrutinised objectively. The first part highlights the results of tests 

conducted on samples derived from the debris flow mixtures collected from Mt. 

Thomas. It begins with the characterisation of the samples tested, followed by the 

presentation of the outcome of each test. The end result indicates the rheological 

properties of the material as shown by the measured yield and stopping stresses and 

shapes of flow curve envelopes generated through rheometric tests. Shear stress-time 

curves are presented in order to have a good picture of the yield and stopping events as 

well as of the material in motion. The behaviour of the flowing materials is described in 

terms of flow curve envelopes due to the very prominent data scatter resulting from the 

tests. Previous researchers (e.g. Cheng 1984, Phillips 1988) also used this method in 

presenting their flow curves. Therefore, the flow curve envelopes reflect not only the 

rheological behaviour of the material but also the degree of data scatter obtained from 

each test. This part also analyses the possibility that debris flow materials might have a 

time-dependent behaviour. The last part of this chapter presents the analysis and 

synthesis of the results to clarify the observed behaviour and to give an overall picture 

of the total output this study has achieved. 

4.2 Experimental Results 

4.2.1 Physical properties of prototype materials 

Grain size and grain-size distribution 

The original debris flow material collected from a lateral deposit at Mt. Thomas 

includes fine slurry components and coarse clasts of about 70 mm diameter. Grains 
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larger than 35 mm were removed to fit the samples to the size of the rheometer. Using 

the triangular diagram of Folk (1968), the resulting materials can be classified as muddy 

sandy gravels (with >30% gravel and sand to mud ratio of 1:1 to 9:1). In order to 

simplify the grain size distribution, a more generalised classification was made by 

separating the coarse grains from the fine fraction that formed the interstitial slurry 

when mixed with water. The specific size that separates the two components of debris 

flows is not clearly defined. However, related literature (e.g. Huiling 1990, Davies 

1994) suggests that the slurry may consist of water intimately mixed with fine grains of 

< 1 mm. Hence, for the purposes of this study the fine fraction consists of grains <1 mm 

(clay to fine sand) in diameter while the coarse fraction consists of grains >1 mm 

(medium sand to gravel). Table 4-1 shows the grain characteristics of the samples 

tested. Several different sediment concentrations (84 % - 88%) were prepared from 

these samples to determine the effect of concentration on the rheological properties of 

the material. 

Table 4-1. Grain size characteristics of samples tested. 

Samples % Gravel % Sand % Silt and % Coarse % Fine grains 

clay grains (>:1 mm) (~1 mm) 

Sia 
b 65 31 4 73 27 

Slbc 60 36 4 68 32 

S2a 
d 70 27 3 77 23 

S2be 65 28 7 71 29 

a SI samples represent fresh material in its original natural state, only the larger grains were removed to 
suit the operating requirement of the rheometer. S2 samples consist of previously tested material prepared by 
manipulating the grain size and grain-size distribution of the original material. 

b Maximum grain size is about 20 -25 mm. 

C Maximum grain size is 8 mm. 

d Maximum grain size is about 35 mm. 

e Maximum grain size is about 12.5 mm. 
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4.2.2 Rheology of remoulded debris flow material 

Sample with maximum 2rain size of 20 mm (SIa) 

Figure 4-1 shows the shear stress versus time yielding curve that indicates the 

most probable yield stress of the material at a solid concentration of 87 % by weight 

(Cw) or 72 % by volume (Cv). The yield stress was taken as the highest point 

immediately before a very distinct irregularity or data scatter that represents the logged 

data of the continuously moving material. Several levels of smooth lines prior to 

yielding are very obvious in most of the runs undertaken. These are probably due to 

coarse grains that momentarily jam and prevent motion of the torque measuring 

annulus. The average yield stress is about 360 Pa (310-400 Pa) which is equivalent to 

the shear strength of the material prior to deformation. On the other hand, Figure 4-2 

illustrates a typical shear stress-time stopping curve obtained from the tests. As 

expected, the average stopping stress value of 218 Pa (146-291Pa) was significantly 

lower than the yield stress. The curve also shows the time span when the material is 

moving although the yielding point prior to such motion is not so perceptible. 
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Figure 4-1. Typical shear stress - time yielding curve of debris flow material with 

maximum grain size of 20 mm (Sla) at 87 % Cw (72 % Cv). 
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Figure 4-2. Typical shear stress - time stopping curve of debris flow materials with 

maximum grain size of 20 mm (Sla) at 87 % Cw (72 % Cv). 

The yield and stopping stresses of the material at 85 % Cw (68 % Cv) were also 

measured. An average yield stress of about 340 Pa (306-403 Pa) and a stopping stress 

of 190 Pa (178-207 Pa) were calculated. The gradual build up of strength prior to 

yielding was also observed in the shear stress - time yielding curve in Figure 4-3. The 

maximum shear stress in the curve (point 1) reflects the time when coarse grains 

rearrange and reorient themselves in response to an applied stress. In the process, grains 

rub and interlock with each other so that shear stress increases up to point 1. However, 

that point is not the true yield stress because the subsequent decline in shear stress does 

not represent the material moving en masse but merely a result of localised sliding and 

partial release of interlocked grains. The true yield stress is point 2 which represents the 

maximum shear stress immediately before the material moves as indicated by the data 

scatter. The corresponding stopping curve is illustrated in Figure 4-4. The stopping 

stress is delineated as the shear stress of the newly stopped material indicated by the 

prolonged smooth line ( constant torque) just after the data scatter. 
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Figure 4-3. Typical shear stress - time yielding curve of debris flow material with 

maximum grain size of 20 mm (SI8) at 85 % Cw (68 % Cv). Point (1) 

represents the shear stress when the grains rearrange and reorient 

themselves while point (2) is the true yield stress immediately before the 

whole material"moves. 
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Figure 4-4. Typical shear stress - time stopping curve of debris flow material with 

maximum grain size of 20 mm (SI.) at 85 % Cw (68 % Cv). 
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In the development of flow envelope curves, two sets of runs were undertaken. 

The first set considered an increasing rotation rate from 7.5 RPM up to a maximum rate 

of 43 RPM. The sample was mixed before each logging period as previous trial runs 

indicated that particles tend to settle and organise with prolonged shearing. The second 

set involved a decreasing rotation rate down to the minimum rate that was achieved, but 

this time the sample was not mixed until the completion of the runs. Remixing was not 

incorporated in the run-down test to verify the packing structure changes and particle 

migration that may occur in an undisturbed material under prolonged shearing (see pp 

89-91, sub-section "The effects of grain size, grain-size distribution, and structure 

changes"). 

Figure 4-5 shows the flow envelope curve of the material at 87 % Cw (72 % Cv) 

under increasing shear rate. It generally indicates a shear thinning behaviour equivalent 

to the non-linear viscoplastic described in the literature. In contrast, Figure 4-6, the 

equivalent run-down curve, indicates flow bands of shear stress that gradually decline 

with increasing shear rate up to about 3.5 sec-I, followed by an increase in shear stress. 

The thickness of the flow band at given rotation indicates the degree of fluctuations in 

torque readings that rise and fall very rapidly. Each point in the curve represents the 

average shear stress - shear rate coordinate for every second of logging period. 
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Figure 4-5. Flow curve envelopes for run-up measurement of debris flow material with . 

maximum grain size of 20 mm (Sla) at 87 % Cw (72 % Cv). 
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Figure 4-6. Flow curve envelopes for run-down measurement of debris flow material 

with maximum grain size of20 mm (Sla) at 87 % Cw (72 % Cv). 

Flow envelope curves were also derived from the same material at a solid 

concentration of 85 % Cw (68 % Cv). The shear thinning behaviour was again observed 

in the run-up curve in Figure 4-7. The peculiar behaviour in the run-down curve was 

more pronounced than that obtained from the first sample as illustrated in Figure 4-8. 

Samples with maximum grain size of 8 mm (Stb at 88 % Cw or 74 % Cv) 

Figures 4-9 and 4-10 are representative yielding and stopping curves out of 

several runs undertaken. The average yield stress was about 245 Pa (232 - 263 Pa) while 

stopping stress was measured at 224 Pa (215 - 240 Pa). It is noteworthy that values of 

yield stress are relatively lower than the values obtained from the previous samples 

studied despite the fact that the percentage of concentration of this sample is higher by 

1-3%. However, the average values of stopping stress are higher than the values 

measured from the other samples. The gradual build-up in shear stress was not 

manifested in the yielding curve because of the absence of a sufficient amount of large 

grains. The decrease in magnitude of shear stress in the moving material by comparison 

with Figure 4-1 was also evident in both curves. 
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Flow Bands for Run 1 (Run-up Curve) 
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Figure 4-7. Flow curve envelopes for run-up measurement of debris flow material with 

maximum grain size of20 mm (Sla) at 85 % Cw (68 % Cv). 
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Figure 4-8. Flow curve envelopes for run-down measurement of debris flow material 

with maximum grain size of 20 mm (Sla) at 85 % Cw (68 % Cv). 
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Figure 4-9. Typical shear stress - time yielding curve of debris flow material with 

maximum grain size of 8 mm (SIb) at 88 % Cw (74 % Cv). 
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Figure 4-10. Typical shear stress - time stopping curve of debris flow material with 

maximum grain size of 8 mm (SIb) at 88 % Cw (74 % Cv). 
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As expected, the flowing material exhibits a different behaviour·as revealed by the 

flow curve envelopes generated from the test. Figure 4-11, the run-up curve, shows a 

sudden transition from one flow behaviour to another. The curve displays a slight shear 

thinning behaviour up to a shear rate of 4 sec-1 and then followed by a continuously 

decreasing shear stress or torque decay up to the highest shear rate. 

The run-down curve is also characterised by a slight shear thinning behaviour and 

a gradual torque decay upon reaching a shear rate of 5 sec-1 as shown in Figure 4-12. In 

this case, however, the data scatter and the magnitude of shear stress are lesser than that 

of the run-up curVe. Shield (pers comm) undertook similar tests on Mt. Pinatubo lahars 

(philippines) in relation to her MS Thesis at University of Canterbury, New Zealand. Her 

tests also resulted in a similar flow curve particularly at high solid concentration. 
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Figure 4-11. Flow curve envelopes for run-up measurement of debris flow material with 

maximum grain size of 8 mm (SIb) at 88 % Cw (74 % Cv). 
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NowBands for Run 2 (Run-down Curve) 
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Figure 4-12. Flow curve envelopes for run-down measurement of debris flow material 

with maximum grain size of up to 8 mm (Sib) at of 88 % Cw (74 % Cv). 

Samples with maximum 2rain size of 35 mm (S2a) 

For this material, three samples having different sediment concentrations (84 %, 

86 %, and 88 % Cw) were prepared for the tests. All of the samples were also subjected 

to independent measurement of yield and stopping stresses, and to continuous shearing 

at varying rates. As initially anticipated, yield and stopping stresses decreased with 

decreasing sediment concentration. Table 4-2 indicates the mean values obtained from 

several measurements done. The typical shear stress - time yielding and stopping curves 

are shown in Figures 4-13 and 4-14, respectively. In Figure 4-13, point 2 was 

considered as the yield stress instead of point 1 for the same reason that justified the 

selection of a similar point in Figure 4-3. In this case, however, the true yield point is 

higher than the intermediate point because the amount of coarse grains is greater apart 

from its maximum grain size being larger than the other mixture (Sla). 

The effects of confining pressure were also investigated by imposing vertical 

loads on the lid. The result in Table 4-3 shows a significant increase in the yield and 

stopping stresses as the applied vertical pressure was increased. The gradual build-up of 

strength before settling to the final yield strength in response to an applied stress is very 
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remarkable in Figure 4-15. Almost all the resulting shear stress - time yielding curves 

exhibit similar behaviour which can be attributed to the probable effect of the applied 

pressure in the material (see p 88, "The effect of direct stress"). The behaviour of the 

curve in Figure 4-15 could hardly define the exact yield point. However, considering the 

magnitude of measured yield stresses from other trials, point 2 can be conveniently 

selected as the yield point. The increase in shear stress after a minor decline represents 

the release of interlocked grains at the onset of yielding of the whole material. 

Table 4 -2. Avenlge values of yield and stopping stresses for Mt. Thomas debris flow 

mixtures with maximum grain size of 3 5 mm, S2a. 

Sample 

1. 88 % Cw (74 % Cv) 

2.86% Cw(70%Cv) 

3.84% Cw(66%Cv) 

Yield Stress, Pa 

384 (335 - 424) 

263 (261 - 266) 

167 (154 - 180) 

Stopping Stress, Pa 

179 (137 - 215) 

141 (125 - 177) 

146 (119 - 165) 
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Figure 4-13. Typical shear stress - time yielding curve of debris flow material with 

maximum grain size of 35 mm (S2a) at 88% Cw (74 % Cv). At point 

(1), coarse grains tend to rearrange and reorient themeselves while at 

point (2), the whole material starts to move. 
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Fgure 4-14. Typical shear stress - time stopping curve of debris flow material with 

maximum grain size of35 mm (SIb) at 88 % Cw (74 % Cv). 

Table 4-3. Average values of yield and stopping stress of S2a samples at sediment 

concentration of88 % Cw (74 % Cv) under different vertical loadings. 

Sample 

1. No vertical load a 

2. + 20 N load 

3. + 30N load 

Yielding Stress, Pa 

384 (335 - 424) 

470 (416 - 517) 

681 (602 - 726) 

• The weight of the lid is about 48 Newtons. 

Stopping Stress, Pa 

179 (137 - 215) 

215 

265 (252 - 289) 
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Figure 4-15. Typical shear stress - time yielding curve of S2a at at 88 % Cw (74 % Cv) 

with 20-N vertical load. Point (1) may represents the shear stress of 

interlocked grains, the sudden decline in the shear stress level may be 

caused by sliding or partial release of interlocked grains and not by the 

movement of the whole material. Point (2) then is the true yield stress 

immediately before the whole material moves en masse. 

However, a definite behaviour that could describe the flowing material is not 

easily discernible from the set of flow envelope curves generated from both run-up and 

run-down measurements (see Appendix A). The logged data and the flow bands did not 

show any pattern at all despite the fact that the material was not disturbed throughout 

the entire logging period in both the run-up and run-down measurements. Likewise, the 

logged data for the test where a 20-Newton load was applied in the lid did not clearly 

indicate a pattern from which the behaviour of the flowing material can be interpreted 

(see Appendix A). Nonetheless, it further confirms that shear stress tends to increase 

with confining pressure even in a flowing material. The very erratic and wide data scatter 

was noticed in all other runs when different concentrations were tested. This may suggest 

that the maximum grain size was too large for efficient operation of the rheometer. This 

was indicated by the heavy jolting of the torque wire that caused its frequent release or 

loss of connection with the load cell resulting in numerous zero torque readings during 

the logging period as indicated in Figure 4-16. 
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Figure 4-16. A typical logging period record (at 21 RPM) for a debris flow material 

with maximum grain size of 35 mm, S2a . 

Samples with maximum grain size of 12.5 mm (S2b) 

Samples from this mixture with sediment concentrations of 88% Cw (74% Cv) 

and 86% Cw (70% Cv), were investigated and analysed. In addition, tests involving the 

application of a 30-Newton vertical load in the lid were also done. Again, the 

behavioural pattern that indicates the existence of upper and lower yield points was 

very consistent as shown in Figures 4-17 and 4-18. The trend that was noted in the test 

of sample S2a when a vertical load was applied, also persisted in the yield stress 

determination. This is very evident in Figure 4-19 in which the gradual build-up and 

settling down of strength prior to material yielding, were also observed. It is almost 

similar to Figure 4-15 except that it consists of more intermediate points (1 and 2) 

before the final yield point was achieved. The nearly horizontal bits ( constant torque) 

might represent the shear stress of interlocked grains the magnitude of which was 

increased by the imposed vertical loads. The decline of shear stress after each point 

might be due to sliding of some interlocked grains and not to the movement of the 

whole material. The true yield stress then is point 3 which represents the shear stress 

present in the material before it moves en masse. 
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Figure 4-17. Typical shear stress - time yielding curve of debris flow material with 

maximum grain size of 12.5 mm (S2b) at 88 % Cw (74 % Cv). 
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Figure 4-18. Typical shear stress - time stopping curve of debris flow material with 

maximum grain size of 12 mm (S2b) at 88 % Cw (74 % Cv). 
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Figure 4-19. Typical shear stress - time yielding curve of S2b at 88 % Cw (74 % Cv) 

with and imposed vertical load of 30 Newtons. This is similar to Fig. 4-15 

except that there are more intermediate points (1) and (2) that represent the 

shear stress of interlocked coarse grains before the final yield point (3) or 

the shear stress immediately before the whole material moves is attained. 

The implications of the complex rheological behaviour of debris flow mixtures 

and the inherent poor reproducibility of viscometric measurement of such mixtures were 

again manifested in the flow curve envelopes generated. These can be gleaned in Figures 

4-20 and 4-21 that comprise flow envelope curves of one shearing cycle (i.e. run-up and 

run-down). The run-up curve, similarly shows a decreasing shear stress up to a shear rate 

of 4.5 sec-I and then an increasing shear stress afterwards, that is taking the upper band 

as the point of reference. However, the lower band could barely confirm such a 

behaviour. In contrast, the run-down curve exhibits an apparent shear thinning. Looking 

on the shape of the curve, however, a tendency of a shear stress decay can be noticed 

beyond the shear rate of 6 sec-I. 

Several tests with an applied 30-Newton vertical load in the lid, were also done 

for both concentrations of 88 % and 86 % Cwo With the load, the jerking effect on the 

torque wire was minimised and the contact between the wire and the load cell was better 

maintained thus eliminating zero torque readings. Despite the imposed load, the upward 

movement of the lid was still observed during the entire test. Generally, the flow curve 

envelopes generated from the several tests conducted exhibit either shear thinning or the 

peculiar behaviour of a decreasing shear stress with increasing shear rate followed by an 

increasing shear stress (see Appendix B). 
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FlowBands for Run 1 (Run-up Curve) 
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Figure 4-20. Flow curve envelopes for run-up measurement of debris flow material 

with maximum grain size of 12.5 mm (S2b) at 88 % Cw (74 % Cv). 
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Figure 4-21. Flow curve envelopes for run-down measurement of debris flow material 

with maximum grain size of 12.5 mm (S2b) at 88 % Cw (74 % Cv) 

i . 

,' .. -.>_ .. 
~~.: .. -:..:-:,~::-~ 
":-.'>.<~=--~ 

.. ', ~ .' ... '.'.' 
',"_ .. -'-".'.,-. 



77 

4.2.3 The behaviour of the flowing material under constant steady shear 

In the light of the very complex behaviour observed in all the samples as they 

are continuously sheared, two sets of extended shearing of one of the fine-grained 

samples were made. This is to determine the probability of the material changing its 

properties with time which at some point affects the process of correlating shear stress 

with shear rate. The first set considers a 160-second logging period for each of 8 

different rotation rates while the second set involves a 125-minute run at an almost 

constant shear rate (21 RPM). In the first set, the material was mixed before each run. 

The second set used another fresh sample, which was continously sheared without 

remixing for the first 90 minutes. Then, the rotation rate was increased to 43 RPM for 

5.33 minutes (320 seconds). At this point, the material was mixed and then sheared 

again at the same rotation rate of 21 RPM until the test was completed. 

The results of both sets of run have indicated a time-dependent behaviour of the 

material. A period of torque build-up, a time of rapid decay in torque reading and a span 

of relatively stable torque readings were recognised in both sets of test. Figure 4-22 

presents one ofthe shear stress - time curves taken from Run 1 of the first set that 
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Figure 4-22. Shear stress - time curve for Run 1 at constant rotation rate of 21 RPM and 

160-second logging period. 

I~'. -'.:- - _.: . ~ 
1'0; • .;-.:. ... ,,;"- -:". -~~ F':::i 
I····:··~ 

I 
I 
I 

I 

~tt!1 
! 



78 

shows the above features. This observation was also noted by Uzomaka (1974) while 

testing fresh concrete using a coaxial cylinder viscometer and by Major and Pierson 

(1990) in the rheological analysis of fine-grained natural debris flow material. 

A rapid decline in shear stress became more apparent for the same rotation rate 

that was taken from Run 2. It even came to a point where a loss of contact between the 

materials and the lid occurred as indicated by the zero readings (see Figure 4-23). It is 

noteworthy that the rate of decline became more rapid at higher shear rates. The curves 

for both Run 1 and Run 2 are compiled in Appendix C. Shield: (pers comm) also 

undertook similar tests on Mt. Pinatubo lahars from the Philippines in relation to her MS 

Geology thesis at University of Canterbury, New Zealand. She observed a similar 

occurrence although there was no loss of contact noted and with decreasing rotation 

rate the readings tended to increase again. It might be suspected that all of these events 

may have happened due to insufficient amount of sample placed in the rheometer bowl. 

However, inasmuch as it only took place after almost an hour of shearing, it also 

probable that this was due to changes in the properties of the material itself caused by 

prolonged shearing. The above observation led to the initiation of the second set of runs. 
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Figure 4-23. Shear stress - time curve for Run 2 at a constant rotation rate of 21 RPM 

and 160-second logging period. 
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Figure 4-24 illustrates the shear stress - time curve that highlights the periods 

that were also noted in the short term runs. These consist of periods of torque build up 

in the first 5 minutes, a gradual decay in the next 3 minutes (A) and a long period of 

more or less stable readings (B). After 90 minutes, the rotation was increased to a 

maximum rotation rate of 43 RPM causing a sudden decline in shear stress. When the 

material was remixed and re-tested at 21 RPM, a "different material" was observed (C) 

with which the measured shear stresses were considerably higher than the previous 

readings obtained. 
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Figure 4-24. Shear stress - time curve for 125-minute logging period. 

4.2.4 Relevant observation during and after shearing of the material 

Most of the flow envelope curves generated have revealed a complex picture of 

the rheological behaviour of the material studied. These curves also conveyed that there 

were indeed changes (physical or structural) occurring in the material within the bounds 

of its inherent properties. The functional limitations of the apparatus used were also 

reflected in these curves, and substantiated by actual observation of the process. 

A complete account of this observation began from the time the electric motor 

was turned on until the runs were completed and the lid was lifted from the bowl to 

examine the material. For instance, the upward movement of the lid was very 
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perceptible during the test of coarse-grained material. This movement was even 

observed in the independent determination of yield and stopping stresses. It marks the 

initiation of motion as the applied stress exceeds the yield strength of the material 

inside. Simultaneously, a very audible rumbling noise was heard as the material was 

being sheared. At some point, isolated and distinct cracking sounds were produced as 

large grains jammed and came in contact with the lid. This was particularly discernible 

at the later stage of shearing when coarse grains seemed to accumulate in the upper part 

of the material. A viscous fluid of water and fines was notictd oozing out between the 

gap of the lid and the bowl at higher rates of rotation (>30 RPM). 

In most cases upon completion of the runs and when the lid was lifted, large 

grains were seen to have accumulated at the surface of the material inside. Figure 4-25 

shows the typical appearance of the material (88 % Cw or 74 % Cv) after each run. 

Figure 4-25. A photograph showing the physical appearance of S2b at 88 % Cw after 

completion of two shearing cycles (a cycle consists of run-up and run-

down measurements). 
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Some degree of compaction was noted particularly in the portion near the wall of the 

bowl. This compaction, with accompanying increase in bulk density in that portion (and 

so decrease elsewhere), was also noticed by Phillips (1988). A picture of fresh sample 

with 86% Cw (70% Cv) is shown in Figure 4-26. After subjecting it to a high rotation 

rate of 40 RPM, Figure 4-27 indicates the process by which the viscous fluid had moved 

outward from the axis of rotation. Essentially, it explains the compaction and increase 

in bulk density of the material around the wall and the escaping of fluid between the 

lid and cylinder. . • 

On the other hand, the upward movement of the lid was almost in1perceptible 

when mixes of finer grains were tested. The rotation was smooth with unifonn grinding 

and occasional knocking sounds provided by colliding grains. 

Figure 4-26. A photograph showing the physical appearance of S2b at 86 % Cw before 

the runs. 
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Figure 4-27. A photograph showing the physical appearance of S2b at 86 % Cw after 

subjecting it 40 RPM rotation. 

4.3 Discussion of the Results 

4.3.1 Prototype mixture characteristics 

The prototype mixture studied represents a material consisting of grains from 

clay to gravel sizes. These grain characteristics might reflect that property of flow 

material from surges of minor occurences. Figure 4-28 shows the particle-size 

distribution curve of the samples. Gravels larger than 35 mm were removed from the 

samples. However, due to the very irregular geometric shape of grains, particularly 

gravel, sieve analysis at some point may not indicate the precise sizes of grains present 

in a sample. For instance, direct measurement of some of the large grains revealed that 

there are significant fraction that passed a 12.5 lnm and 16 mm sieves (i.e width of the 

grains is less than sieve sizes) but their actual length even exceeded 20 mn1 and 35 mm, 

respectively. 
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Figure 4-28. particle size distribution of the samples studied (a) SI original fresh 

material, (b) S2 previously tested material. 

4.3.2 Yield stress and stopping stress 

Yield stress. Yield stress is one of the parameters that describes the rheological 

behaviour of debris flows. Its value is often obtained by extrapolation from 

measurements of shear stress at relatively high shear rates (i.e. usually derived from 

shear rate-driven tests), a method which Ukraincik (1980) considered as misleading. 

Moreover, existing literature (e.g. Davies et al. 1991) suggests that the full range of 

behaviours exhibited by a shear rate-driven flow curve (as in many laboratory tests) 

cannot always be followed by a shear stress-driven field phenomenon. In this study, the 

yield strength was therefore measured through shear stress-driven tests as implied in 

Section 2.3.6 (under sub-section "Hysteresis in debris flow rheology"). The average 

yield stress values of 167 -384 Pa and 245 Pa for coarse-grained and fine-grained debris 

flow mixtures, respectively, fall approximately within the range of values estimated by 

Phillips (1988) for debris flow fines from the same source. He got a range of 50-300 Pa 

through back extrapolations of curves to intercept the shear stress axis. It is not 

surprising that the values obtained in this experiment were quite high. This is because 

the sediment concentration of 84 %-88% by weight used for this experiment is higher 

than that used by Phillips (81.3%- 83.2%). 
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It is apparent in most of the yielding curves generated that there are indeed 

resisting forces that hold the material stationary when stress is applied. In reference to 

Figure 2-8, these resisting forces while opposing an applied stress are generally 

provided by the static friction of the larger grains and by cohesion of the fine fraction 

through the equation, 

y=O; 't = 'ty = c + 8tan~ (4.1) 

where y is the shear rate, 't is the shear stress, 'ty, is the yield stress, c is cohesion, 8 is 

the normal stress and ~ is the angle of internal friction. The effect of cohesion, c, is 

expected to be minimal due to the small amount of cohesive grains present in all the 

samples (see Table 4-1). A complication arises because the normal stress, 8, is carried 

partly by particles and partly by water. The effect of pore water pressure, u, thus comes 

into play and the normal stress can be expressed as effective normal stress, 8', equal to 8 

-u. 
Most of the shear stress - time yielding curves indicate a gradual build-up of 

strength as the applied stress is increased. It is represented by the level smooth lines 

prior to yielding, particularly in the coarser-grained materials. These smooth lines 

(constant torque) reflect the time when the material gradually deforms as large grains 

rearrange and reorient themselves (through rubbing and interlocking) in response to an 

applied stress. At some point, the increase in the applied stress causes the release of 

interlocked grains through sliding, but is not sufficient to cause the movement of the 

whole material. This results in further development of steps of smooth lines until the 

final yield stress is attained. The yield stress, once exceeded by the applied stress, 

becomes irrelevant as shearing of the material commences. At this point, the apparent 

viscosity that includes the sliding friction of large grains and the viscosity of the 

interstitial fluid becomes an active parameter as indicated in the equation 

y> 0; (4.2) 

where fla is the apparent viscosity of the material which is a function of the shear rate y 

and shear stress 't. 
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The above phenomenon can also be explained in a different perspective, by 

considering the total response of the material as a single viscoplastic body. Perhaps, at 

the initial stage, the frictional resistance of finer grains (e.g. sand) occupying the 

interstices between large grains dominates the behaviour. In resisting the applied stress, 

the whole material undergoes consolidation and packing that cause the grains to become 

closer. Eventually, at the final stage the total resistance is provided by both the fine and 

large grains' frictional resistance. This is contrary to what had been previously 

suggested by other workers (e.g. Costa 1984), that such resistance also includes a 

viscous force due to the extremely high sediment concentration of the mixture. The 

viscous force resists the continuity of flow and becomes important only after the 

material has yielded. 

Stopping stress. Besides the yield stress, the results of this work also confirmed 

that debris flows have a stopping stress that must be recognised to fully define their 

rheological behaviour. It is noteworthy that almost all the stopping stresses obtained 

from the independent measurements were lower than the corresponding yield stress 

values. It might correspond to the value in the shear stress axis when the run down curve 

is extrapolated to zero (y = 0). However, considering similar reasons implied in the yield 

stress determination as well as the observed wide data scatter in the flow curves of 

shear rate-driven tests, extrapolating the run-down curve might not be appropriate. 

Stopping stress then was measured as the residual shear stress of a newly stopped 

material when shear stress-driven tests are applied (see Section 2.3.6, sub-section 

"Hysteresis in debris flow rheology"). 

Essentially, it is not the yield strength that causes the material to stop as claimed 

by some workers (e.g. Costa 1984, Johnson and Rodine 1984) because such a strength is 

not present in a moving material. The apparent viscosity, a physically active parameter 

in a moving material as indicated in Equation 4.2, influences the behaviour of the 

material as it slows to a halt. Its rapid increase as y ~ 0 (see Figure 2.8) reduces the 

velocity of the flow to zero. This might be due to greater interaction between coarse 

grains (i.e. rubbing, grinding, and interlocking) at lower shear rates (Major and Pierson 

1990); the mechanism being more prevalent in a material that is about to stop. 

The material, when it has just stopped, has a corresponding strength that is lower 

than the initial yield strength due to the greater dilatation of the material while it is 

;+i-;--~~:+~j 
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moving. Dilatancy induced by shear could be critical in minimising interlocking of 

grains thus maintaining a low shear strength (Pierson 1981) as a material slows to a halt. 

It can also be deduced that while the material is in motion, the viscous interstitial slurry 

where the grains are shearing re~uces the contact and frictional resistance between the 
it 

grains and so the shear stress. 

The equivalent shear stress when the material stops corresponds to the stopping 

stress or the lower yield point in the shear stress - shear rate curve. A sudden increase in 

applied stress will squeeze the grains close together, expelling out the interstitial fluid 

between them and reactivating the inter-particle frictional forces. Eventually, the 

process may again reach a stage when the material regains the yield strength that must 

be exceeded before deformation. When deformation occurs, the interstitial slurry that 

acts as a transporting medium thus becomes more important. In my view, the above 

processes are the probable reasons for having a significant difference between yielding 

and stopping stresses as revealed by the independent measurement of these parameters. 

Phillips (1988) did not measure the values for this parameter, although he hinted that 

there is a lower yield point, distinct from the upper yield point, in the flow curve of 

debris flow material. 

The effects of grain size and grain size distribution 

The effects of grain size and grain size distribution can be more appreciated by 

comparing the measured yield and stopping stresses of coarse-grained and fine-grained 

samples. For instance, the measured yield stress values of Sla are higher than that of the 

finer-grained SIb sample. A similar trend was also observed when comparing S2a and 

S2b samples. They also differ in maximum grain size present as S2a contains grains as 

large as 35 mm while S2b has a size limit of 12.5 millimetres. However, S2b contains 

more cohesive grains (silt and clay) than S2a' As expected, S2a exhibits higher average 

yield stress (384 Pa) than S2b (272 Pa) in response to increasing applied stress. 

Considering that the yield strength of the material is largely defined by the static friction 

between coarse grains, the samples that contain more coarse grains have the highest 

yield strength (see Table 4-4). At some point, however, the disparity in yield stress' 

might also be due to the ratio of grain size to rheometer size. The reduced resistance of 

the material was noted in the yielding curve of the fine-grained sample (Figures 4-9). 
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Table 4-4. Grain size distribution and average values of yield and stopping stresses of 

selected samples with similar sediment concentration by weight. 

Sample % Gravel 8 % Sand % Silt and Yield stress Stopping Stress 

clay (Pa) (Pa) 

Sla@ 87 % 65 (25 mm) 31 4 360 218 

Slb@ 88 % 60 (8 mm) 36 4 245 224 

S2a@ 88 % 70 (35 mm) 27 3 384 179 

S2b@88 % 65 (12.5 mm) 28 7 272 252 

! The values in parenthesis correspond to the maximum grain size present in the sample 

This curve indicated a more instantaneous yielding of the material without the shear 

stress levels observed in the curves of coarse-grained samples (Figures 4-1, 4-13 and 4-

17). 

On other hand, the fine fraction becomes more important in the process when the 

material is slowing down to a halt. The mixture with the highest content of fine particles 

tend to produce a more viscous fluid when mixed with water. As viscosity influences 

the resistance of the flowing material, a reduction in applied stress can reach a point 

when the viscous force overcomes the applied stress so causing the material to stop. 

Hence, the sample that contains the highest percentage of silt and clay (S2b ) had the 

highest stopping stress. In a situation that the percentages of the finest fraction are even, 

the sample with the highest amount of sand (SIb) may have the highest stopping stress 

as shown Table 4-4. This table further confirms the existence of both yielding and 

stopping stresses in the flow curve of debris flow material as suggested by Davies et al. 

(1991). Likewise, it indicates that yield strength is indeed more controlled by the 

frictional resistance of the coarse grains, and that the viscous interstitial fluid comes into 

play when the material is about to stop. 

The effect of sediment concentration 

The effects of sediment concentration in both the yield and stopping stresses 

were also investigated. The result revealed that the values of both parameters decrease 
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with decreasing sediment concentration as previously shown (see Table 4-2). The 

decrease in yield strength is probably due to the disrupted coherency of the fine 

fraction, and the reduced frictional resistance between coarser grains due to the smaller 

amount of contact between them. In this case, further dilution of the material will tend 

to produce different flow properties. The result agrees with the findings of previous 

researchers that shear strength of debris flows is sensitive to additional water. The 

addition of just two or three per cent water by weight may cause a decrease in strength 

by a factor of two or more (Costa 1984). The decrease in stopping stress corresponds 

with the decrease in the viscosity of the interstitial slurry due to the reduction in 

sediment concentration. The viscous slurry controls the behaviour of the material that is 

slowing down to a halt, so a decrease in viscosity will result in a lower shear stress as 

the material stops. 

The effect of direct stress 

Aside from the frictional resistance and cohesion, there is still another force that 

resists an applied stress, the direct stress ("8" in equation 4-1). This corresponds to the 

confining pressure that increases with depth of the overburden. As expected, yield 

strength and stopping stress both increased with direct stress 9r confining pressure (see 

Table 4-3). It thus confirmed the theory suggested in the literature (i.e. Bull 1980) that 

yield strength may increase with an increase in debris load. 

A very interesting behaviour was noticed in most of the .shear stress-time 

yielding curves. The build-up of the shear strength within the material with the 

increasing applied stress occurs in a more or less stepwise fashion. It is shown by the 

series of smooth or stable torque levels before the material finally yields (see Figures 

4-15 and 4-19). This behaviour was observed in almost all the runs made so that the 

logging period was even extended to 40 seconds to record the whole process. The 

horizontal bits (constant torque) may be due to the material deforming gradually as the 

grains rearrange and reorient themselves; the torque increases as deformation ceases due 

to interlocking of grains. The sudden decline in shear stress levels may be caused by 

sliding grains, and not by the movement of the whole material. It can also be interpreted 

within the context that the imposed vertical load is equivalent to the confining or 

overburden pressure. This pressure gradually squeezes the particles closer together as 
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the interstitial fluid between grains is expelled and drains through the gaps in the lid. 

Consequently, the frictional resistance between grains increases and so the yield 

strength of the material. The stopping stress was also increased due to partial leakage of 

fluid up through the gaps in the lid thus increasing interparticle contact friction and the 

resistance to shear stress. However, for an undrained situation given that the material is 

saturated, an increase in direct stress (8) should be offset by the equivalent pore water 

pressure (u) so that (8-u)tan~ remains constant and the shear stress should be equal for 

all normal force levels. 

4.3.3 The behaviour of the flowing material 

Yield and stopping stresses as parameters of static material that is about to move 

or stop, are easier to determine than the properties of the flowing material. This is 

because the deformation and stopping phases are characterised by a slower and lesser 

movement of grains. On the other hand, when the material is flowing, the movement of 

grains becomes more rapid and agitated so that the resulting flow curve may exhibit a 

very wide data spread. The difficulty also arises because under certain conditions the 

physical properties of the mixtures do not remain constant unless energy is added to the 

system to keep the material fully dispersed (Pierson 1986). In particular, this 

characteristic is very notable in viscometric tests of mixtures containing large grains and 

having high sediment concentrations. When the material was subjected to constant 

shearing, varying degrees of oscillation in the torque readings were observed. 

Nonetheless, this is consistent with the previous observation that the reproducibility of 

viscometric measurement for highly concentrated suspensions is inherently poor (Cheng 

1984). The phenomenon is a function of grain size and grain-size distribution, sediment 

concentration, and perhaps the geometric size of the rheometer. 

The effects of grain size, grains size distribution and structural changes 

Coarse-grained mixture. The wide data scatter observed in almost all of the 

flow curve envelopes can be related to· the granulo-viscous behaviour (Cheng and 

Richmond 1978) which is very conspicuous in dense suspensions containing a high 

concentration of coarse particles. Viscous behaviour is characterised by a flow curve 

with a positive slope (i.e. shear stress increases as the shear rate increases) and is 
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primarily due to the presence of the viscous liquid phase. On the other hand, granular 

behaviour is synonymous with the behaviour of dry or nearly dry solids. This behaviour 

is characterised by the tendency to dilate or to compact and consolidate depending on 

the stresses current at that time. Hence, if the percentage of coarse grains at given 

concentration is high enough for granular behaviour to be significant, this will modify 

the viscous behaviour and so the overall behaviour becomes granulo-viscous. 

The result of viscometric tests undertaken on Sia samples has illustrated the 

features of a granulo-viscous behaviour such as the stick-slip phenomenon and changes 

in flow curves and packing structure of the material. The stick-slip phenomenon was 

manifested by the fluctuating torque readings as a result of jamming and release of 

particles. The changes in the flow curve were indicated by the sudden shift or transition 

from one behaviour to another due to the tendency of the material to separate into non-

homogenous layers. As expected, there is a difference between the flow curves obtained 

from run-up and run-down measurements. The run-up curve was characterised by a 

slight shear thinning behaviour while the run-down curve showed an initial decline in 

shear stress with increasing shear rate followed by an increasing shear stress. It is 

noteworthy that the run-down flow curves in Figures 4-6 and 4-8 approximately 

illustrate the behaviour at lower shear rates of the dilatant plastic model formulated by 

Davies (1986). This behaviour was particularly observed in .the samples that contain 

more coarse grains (Sla) the maximum size of which is within the functional limit of the 

rheometer. S2a samples with a maximum grain size too large for the model rheometer 

did not exhibit any behavioural pattern. 

The difference in behaviour indicated by the run-up curves and the run-down 

curves for Sib and Sla samples confirmed the packing structural changes and particle 

migration occurring in the material in response to continuous shearing. It can. be 

interpreted that the mixing of the sample has broken the dense packing structure within 

the material from time to time forcing liquid out of the interstices between the coarse 

grains. In the process, the behaviour of the fluid phase (silt, clay and water) 

momentarily prevails so that shear stress increased with shear rate even after start-up 

(see Figures 4-5 and 4-7). Without disturbing the sample, the material may undergo a 

packing structure change that causes a decline in shear stress at lower shear rates (see 

Figures 4-6 and 4-8). This packing structure may also break down at some critical shear 

rate (Cheng 1984) resulting to a more intensified grain-grain contacts and to an increase 
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in shear stress, but without the effect of direct mixing. Hence, remixing was not further 

undertaken for subsequent tests (i.e., for S2 samples) both in the run-up and run-down 

tests. 

Fine-grained mixture. The- test of the finer-grained materials (SIb) exhibits a 

different rheological behaviour because of the absence of larger grains. The run-up 

curve suggested a sudden transition from one flow behaviour to another (Figure 4-11). 

The initial part of the curve (i.e. up to shear rate of 4 sec-I) shows a behaviour similar to 

that of Sla and SIb samples. It is, however, followed by a decreasing shear stress or 

torque decay until the highest shear rate. This indicates the greater tendency of fine-

grained materials to undertake particle aggregation and clustering of grains. The mixing 

of the sample this time probably breaks the aggregated structures (i.e. floes or clumps) 

formed by finer grains resulting in a decreasing internal friction particularly at high 

shear rates. This particular case seems analogous with the observation that a well-stirred 

sample when subjected to shear may experience torque decay with time (Cheng 1984). 

The run-down measurements of undisturbed sample also produced a curve characterised 

by a slight shear thinning behaviour and a shear stress decay as shown in Figure 4-12, 

but the degree of data scatter and magnitUde of shear stress is lesser than that of the run-

up curve. This indicates the dominance of the fine grains-water mixture up to 5 sec-I and 

the effect of packing structure changes beyond resulting in a sudden torque decay. The 

apparent shear thinning can be explained by the tendency of this material to form flocs 

or aggregates as it contains a relatively high percentage of fine grains (see Table 4-1). 

At higher shear rates (the sample seemed more stirred and mixed in the process), the 

aggregates may have also broken down into smaller flocs decreasing friction and 

therefore viscosity. It therefore indicates the adjustment of particle packing structure 

that takes place at every step of speed change to such an extent that it results in a torque 

decay (Cheng and Richmond 1978). The phenomenon of torque decay is observed not 

only in cone and plate apparatus but also in coaxial cylinder viscometers and other 

geometries (Cheng 1984). This phenomenon is further discussed in section 4.3.5. 

I 

I 
I 
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The effect of solid concentration 

The data scatter expressed in terms of shear stress-shear rate flow bands is also a 

function of solid concentration, as well as of grain size and grain-size distribution. 

Essentially, this data scatter increases with solid concentration, so that determining the 

effect of varying concentration from the flow curve envelopes is seemingly difficult. 

Hence, the influence of solid concentration on the rheology of debris flow mixtures was 

abstracted by plotting the corresponding mean flow curves, that is, taking the average 

shear stress from the flow bands. 

The mean flow curves for Sla samples in Figure 4-29 show the influence of 

increasing solid concentration on the rheological behaviour of the flowing material. At 

higher solid concentration, the observed behaviour (i.e. shear stress declining and then 

gradually increasing) occurred at lower shear rates and is perhaps due to the 

contribution ofthe fine fraction which becomes more plastic when water content is low. 
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Figure 4-29. Mean flow curves for coarse-grained Sla samples with maximum grains 

size of 20 mm. 
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Although the structure formed by the viscous slurry may contain clay up to sand, the 

tendency to keep the coarse grain in the structure is also reflected in the curve 

particularly at higher solid concentration. It is also obvious that the flow curve is very 

sensitive to changes in water content as indicated by the increase in shear stress as solid 

concentration is increased at higher shear rates. The phenomenon was also noted in 

other samples (S2b) under different test conditions as shown in Figure 4-30. The flow 

curves for this sample generally follow the behaviour of a non-linear viscoplastic. 
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Figure 4-30. Mean flow curves for coarse-grained S2b samples with maximum grains 

size of 12.5 mm (test undertaken with 30-Newton vericalload). 

4.3.4 Apparent viscosity 

The previous discussion of shear stress - shear rate relations has suggested the 

probable behaviour of the flowing material. Another parameter that also functions as a 

"window" through which other characteristics of the flowing material can be observed 

is apparent viscosity. These characteristics can be more appreciated by considering the 

mean values out of the shear stress - shear rate flow bands. Figure 4-31 indicates the 

sensitivity of apparent viscosity to solid concentration in a way that its values increase 
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Figure 4-31. Mean apparent viscosity function for Sia samples. 

with increasing solid concentration at higher shear rates. It is also greatly influenced by 

the rate of applied shear as shown by its rapid increase as the rate of shear is decreased. 

The measured apparent viscosities from several tests conducted are almost within the 

range of values calculated by previous workers (see Table 2-1) partiCUlarly at low shear 

rates. However, a definite comparison cannot be made, even for the same range of 

shear rate as suggested by Phillips (1988). Cheng (1984) pointed out that viscosity, 

when the concept is still applicable, also depends on the dimensions as well as 

geometries of the viscometer used to measure it. For a cone and plate rheometer, the 

difference in the weight of the lid (as determined by the size of the machine and 

components attached to it) may significantly influence the measured values. 

4.3.5 Time-dependent behaviour of the flowing material 

The tests conducted under steady shearing confirmed the existence of a time-

dependent behaviour of the reconstituted debris flow materials. The time scale may 

range from few seconds to several hours and consists of a period of torque build-up, a 

~ 
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torque decay, and a period of stable torque readings. These characteristics associated 

with the transient behaviour of the material can be considered as a manifestation of 

material structure changing with time. The decrease in torque may be due to particle 

packing structure adjustment in response to shearing. As previously noted, this 

phenomenon was observed in coaxial cylinder, cone and plate and parallel plate 

geometries (Cheng 1984). 

In the short term (see Figure 4-22), the torque build up at the start of shearing 

reflects the increase in intergranular contact friction due to dilation of the material that 

took place when the material yielded. The sudden drop in torque reflects a change of the 

material properties. In the long term, the transient behaviour can be described as due to 

packing structure changes caused by particle migration, phase separation, better mixing 

of the slurry or changes in local solid concentration in response to shearing. These 

processes can be gleaned from the physical appearance of the material after shearing as 

shown in Figures 4-25 and 4-27. 

The time scale depends on the rate of shear and solid concentration of the 

material. At sufficiently high shear rate and solid concentration, the torque can even 

drop to zero under prolonged shearing. This behaviour is well reflected in the shear 

stress-time curves (Run 2) in Appendix C. When using a coaxial cylinder, this episode 

was thought to be equivalent to the inner cylinder "cutting a hole" in the sample and so 

losing contact if enough time is allowed for a steady state to be reached. In the case of 

cone and plate rheometer, this might be explained as due to "fracturing effects" resulting 

in shear-fracture instabilities usually characterised by a rapid fall in shear stress 

particularly at high shear rates (Walters 1975). This effect is suggested in Figure 4-24 

in which an increase in shear rate (from 21 RPM to 43 RPM) has caused a sudden 

decline in shear stress. However, it is unlikely that the time-dependent behaviour 

observed results from the characteristics of the rheometer, but rather it is more of a 

manifestation of the complex behaviour of dense suspensions. The behaviour indicates 

the slow process of structure formation and mixing or disturbing the sheared sample 

could break the structure. This theory was also revealed in Figure 4-24 wherein after 

mixing the sample that was subjected to shearing for more than 90 minutes, an apparent 

increase in shear stress ensued. After 30 minutes of continuous shearing, a tendency of 

gradual shear stress decay was again observed signifying the readjustment of the 

packing structure within the material. Perhaps, this trend will continue until such time 
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. that the previous material structure was achieved and the magnitude of shear stress will 

go back to its previous level. This conforms to what had been suggested by Cheng 

(1984) that an observed torque decay is repeatable on the same sample even on 

remixing. 

4.3.5 The results when compared to previous researches 

The slight shear thinning behaviour seen in the run-up curves of SI and the 

run-down curves of S2 was also observed by Phillips (1988) when he tested fine 

materials (82.2 % Cw) from the same source using the same rheometer. Likewise, the 

peculiar behaviour in the run down curves of Sla was also revealed in Phillips' test of 

full-scale mixes using the 2-meter diameter prototype rheometer. However, there is a 

difference in magnitude of shear stress as well as the shear rate where the increase in 

shear stress occurred. This is not surprising because the full-scale mixes contain grains 

as large as 150 mm, apart from the prototype rheometer being much bigger and heavier 

than the model rheometer. The phenotnenon that persists in both cases may be due to . 

the structural changes that occurred within the sample. At low shear rates, the gradual 

decline in shear stress may correspond to the period of packing structure formation. On 

the other hand, the increase in shear stress beyond may be associated with the tendency 

of the large grains to dilate and disperse. In this case, the phenomenon becomes more 

dominant in materials having a significant amount of coarse grains. The higher the 

content of the coarsest grains the faster the grains can dilate and disperse as full 
I 

contacts between these grains are easily achieved. Perhaps, this is the same reason for 

having the increase in shear stress to occur at much lower shear rate (2 sec-I) in the 

previous tests of full-scale mixes made by Phillips (1988). In the present experiment, 

the increase in shear stress following a decline, occurred at shear rate of about 3.5 sec-I. 

Phillips also observed the torque decay phenomenon in the test of some grain-fluid 

mixes (e.g. river sand in slurry of "ultrafine") under varying shear rates. However, he 

did not undertake any prolonged steady shearing ofthe material to estabUsh the time-

dependent behaviour that was observed in this study. 

I 
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I 
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CHAPTERS 

THE APPLICATION OF SMALL-SCALE PHYSICAL MODELS 

5.1 Introduction 

The application of physical models has been proven feasible in producing a 

dynamically similar model of debris flow surge in a laboratory flume (Davies 1994). 

For the purpo.se of this study, a similar attempt was also made although in a different 

context. This chapter presents the results of several tests conducted as well as the 

implication of the applicability of such an approach in describing the rheology of debris 

flows. This study did not go through the intricacies of physical modelling. However, the 

author gave his own view on the appropriateness of physical models based on the 

outcome of the tests. 

5.2 Experiment results 

5.2.1 Physical properties of the model material 

Grain size and grain-size distribution 

The model material is composed of coal slack and wallpaper paste (CMC) 

solution mixture prepared in varying proportions. The coal slack represents the coarse 

grains while the wallpaper paste solution mimics the viscous interstitial slurry. For coal 

slack, there were two ranges of sizes prepared for the test. The first one consisted of 

larger grains with an average size of 10 mm while the other one consisted of smaller 

grains having an average size of about 3 millimetres. Both materials were mixed with 

wallpaper paste (CMC) solution of 0.20 % by weight at varying proportions to model 

the large grains and the interstitial slurry that comprises a debris flow mixture. 

Applying, a model scale of 1:20 (Davies 1994), the first mixture may represent debris 

flows containing a larger amount of boulders (> 64 mm) while the other mixture 

represents debris flows in which gravels (2 - 64 mm) are more dominant. The grain size 

distribution of the coal slack used in preparing the samples is described in Table 5-1. 

The samples and the estimated proportions (by volume) of the represented prototype 
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Table 5-1. Grain size distribution of coal slack mixes. 

% of coal slack sizes a, (Representative prototype class size @ 1: 20) 

Coal 16>D2: 12.5 12.5>D2:8 8>D2:5.6 5.6>D2:2 2>D2:1 

Mix (Cobbles) (Cobbles) (Cobbles) (Gravel) (Gravel) 

M J 18 71 11 - -

M2 - - 32 46 22 

a Size of grains, D, is in tnm. 

constituents are indicated in Table 5-2. The first sample of each mixture may represent 

the nearly dry granular solids in which the interstices of the grains were not fully filled-

up with slurry. 

5.2.2 Rheology of coal - CMC solution mixes 

Table 5-3 summarises the mean values of yield and stopping stresses derived 

from the independent determination of the two parameters. Notably, the difference 

between the yield and stopping stresses is not so significant. The gradual build-up of 

shear strength observed in the prototype material is also a prominent feature of the 

shear stress-time yielding curves particularly for MJ samples having larger coal slack 

(see Figure 5-1). Figure 5-2 shows the corresponding stopping curve of the same 

sample. 

On the other hand, the samples derived from the second mixture, M2, did not 

display the build-up of strength observed in the other mixture. The yielding of the 

material, in response to increasing applied stress, was more abrupt as shown in Figure 5-

3. This was not observed in samples with higher CMC solution content (i.e. 68% and 

57% Cv). In the latter case, the yielding process was characterised by a very gradual rise 

in shear stress so that the sudden decline in shear stress at the onset of yielding is not so 

perceptible (see Figure 5-4). It is noteworthy that the data scatter which reflects shear 

stresses of the moving material, is not so wide compared to the samples having large 

coal slack. 

F 
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Table 5-2. Percentage distribution (by volume) of model materials in the samples. 

Samples 

% Cv of model materials/ (Prototype constituents) 

Coal Slack 

( Coarse grains) 

85 

68 

57 

CMC solution 

(Viscous slurry) 

15 

32 

43 
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Table 5-3. Average values of yield and stopping stresses of coal-CMC solution mixes. 

Sample Yield Stress, Pa Stopping Stress, Pa 

Mia 298 (265 -330) 282 (278 - 290) 

Mlb 203 (178 - 240) 193 (178 - 201) 

M lc 195 (153 - 213) 179 (150 - 201) 

M2a 290 (210 - 290) 194 (186 - 204) 

M2b 195 (173 - 205) 183 (174 - 195) 

M2c 185 (171 - 215) 185 (170 - 200) 

. i 
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Figure 5-1. Typical shear stress - time yielding curve obtained from MI samples. 
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Figure 5-2. Typical shear stress - time stopping curve obtained from M1 samples. 
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Figure 5-3. Typical shear stress - time yielding curve obtained from M2 samples at 89% 

Cw (85% Cv) 
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Figure 5-4. Typical shear stress - time yielding curve obtained from M2 samples at 65% 
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The individual flow curves generated from the first mixture (M,) showed a very 

wide data scatter. For instance, almost all of the flow curve envelopes obtained from 

M'a sample did not indicate any behavioural pattern at all. There are tendencies of 

shear thinning as well as the peculiar behaviour observed in the prototype S'a in the 

flow curve envelopes for M'b' but they are not well implied (see Eigures 5-5 and 5-6). 

The complete set of flow curve envelopes developed for M, samples are shown in 

Appendix D. 

In contrast to the flow curve envelopes of the first mixture, there is remarkably a 

lesser data scatter in the curves developed for the other mixture (M2). However, most of 

the flow curve envelopes obtained from this mixture were nearly flat, with just some 

minor fluctuations in torque values as if shear stress is not affected by the increase in 

shear rate. This observed pattern is shown in Figures 5-7 and 5-8, which represent the 

run-up and run-down curves of one of the samples. The complete set of flow curve 

envelopes generated for this mixture is compiled in Appendix E. 

5.3 Results and Implications 

As in the prototype material, the independent measurement of upper and lower 

yield points has indicated that yield stress is higher than the stopping stress. The wide 

data scatter and the lack of discernible pattern that could describe the flow behaviour of 

the mixture were also observed in the coarsest materials (M, samples). This is almost 

equivalent to the flow curve envelopes obtained from the prototype S2a samples 

consisting of grains as large as 35 millimetres. The result might confirm the functional 

limitation of the rheometer to test material with grains larger than 15 - 20 millimetres. 

To some extent, it also reflects the complex flow behaviour of such material in which 

grain-grain collision is more intensified, but without showing any trend or behavioural 

pattern. 

The more fine-grained M2 samples, despite producing more uniform torque 

readings, also did not show any behavioural pattern at all. In this particular case, the 

scale and laboratory effects inherent to physical models may have come into play. These 

drawbacks that seem conspicuous in physical models when applied to rheological 

investigation of prototype debris flow materials are further explained below: 
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Figure 5-5. Representative flow curve envelopes for run-up measurements, M1b• 
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Figure 5-6. Representative flow curve envelopes for run-down measurement, M 1b. 
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Figure 5-7. Representative flow curve envelopes for run-up measurement, M2a. 
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Figure 5-8. Representative flow curve envelopes for run-down measurement, M2a. 
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1. The prototype grain size is in the order of microns to several millimetres. The 

lower limit of the larger fraction was represented in the model such that the prototype 

size would not put the sediment in the cohesive sediment range (e.g. grain size < 0.08 

mm) in the model. However, this resulted in a situation in which the model failed to 

achieve the physical and dynamic representation of the prototype. Hence, the complete 

structural changes occurring in the prototype during continuous shearing were not 

achieved through the model. 

2. Laboratory effects associated with the dimension and geometries of the 

rheometer may have prevailed, so that the viscometric response of the model material 

greatly differs from that of the prototype. The same effects might be the probable 

reasons that the testing of fine-grained samples produced nearly flat torque readings 

even at varying shear rates. 

3. The susceptibility of coal slack, particularly the large fragments, to shatter 

when continuously sheared (see Table 5-4). This is not related with either scale effect or 

laboratory effects as it seems that it is .an inherent property of material. The author 

finds nothing in the literature that suggests that grains in moving debris flows break into 

finer fragments when sheared, and so this property may not reflect one of the features of 

the prototype materials. 

Table 5-4. Grain size distribution of M) mixture after shearing the material 

% of coal slack sizes (mm) 

Coal Mix 16>D;:: 12.5 12.5>D;::8 8>D;::5.6 5.6>D;::2 2>D;::1 

M) before 

shearing 18 71 11 - -

M) after 42 

min. shearing 14.65 45.80 15.25 17.60 6.70 

r--· 



106 

The results have partially provided a hint of the most likely behaviour of the 

prototype in relation to start and stop hysteresis through the measured yield and 

stopping stresses. However, it failed to present a substantial picture of the complete flow 

behaviour that this study also aims to achieve. The results, therefore, imply that an 

accurate rheological behaviour of debris flows cannot be fully attained when using coal 

slack and wallpaper paste solution. To be more effective, the task of minimising scale 

and laboratory effects must be further worked out when applying physical models to 

rheometric test of this kind. 

f 
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CHAPTER 6 

PRACTICAL APPLICATION OF THE RESULT 

IN FIELD SITUATIONS 

6.1 Introduction 
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The rheological investigation of debris flows does not end in the measurement of 

yield and stopping stresses and in the derivation of flow curves. To fully appreciate the 

observed behaviour, it should still be correlated with actual field situations or other 

similar practical applications. In this chapter, the author attempts to link the results to 

the observed field behaviour of debris flows, so that the interpretation can be made on 

sound grounds. Other practical situations where similar behaviour is implied, are also 

cited so that the proposed theory can be more substantiated. 

6.2 A Complex Scenario of Interpretation 

A fundamental physical and mechanistic understanding of debris flows as they 

occur in field situations is necessary in order to translate an,d associate the present 

results with the reality of the phenomenon. For this purpose, there are two suggested 

schools of thoughts that are worth considering. The first one fully recognised that in 

debris flows solid particles and water move together as a single viscosplastic body 

(Johnson 1970). In this case, water and solids move at the same velocity and debris 

cannot deposit any except the coarsest particles as flow velocities decrease. This concept 

is the most ideal to apply in the rheological investigation of debris flows. On the other 

hand, the second school viewed a typical debris flow in physical terms as it consists of a 

coarse-grained surge front, a head with the densest slurry flow, and a progressively more 

dilute tail (Pierson 1986). The front is unsaturated and has negative pore fluid pressure, 

high resistance, and is dominated by solid forces that impede the motion of low-

resistance tails more strongly influenced by fluid forces (Iverson 1997). Hence, the full 

rheological behaviour of debris flows should be described by equations that simulate the 

inertial motion of the surges and the probable shearing of grains within the viscous 

dense slurry behind. As a diagrammatic expression of these equations, the 

L." 
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corresponding flow curve should also reflect the flow behaviour associated with the two 

phases of material within a flow event. In considering the second school, there are some 

limitations that must be recognised. For instance, the geometric features of the flow 

bodies cannot be completely simulated in a typical rheometric test. It is, therefore, easier 

to assume during the test that the debris flow material is more or less homogenous as 

suggested in the first school. Apart from these suggested schools of thoughts, the results 

of the tests cannot be accurately applied to the field situation where the material was 

taken. This is because the size of the grains was set within the functional limit of the 

rheometer, so that the full range of grain sizes was not completely investigated. 

Indeed, it is quite difficult and complicated to relate the result to the actual . 
behaviour of debris flows as they occur in a field situation. Nonetheless, the distinct 

flow behaviours of coarse-grained and fine-grained materials were recognised from the 

tests under varying conditions (e.g. solid concentration). The real behaviour of the 

bouldery surge can be interpreted from the granular behaviour of material in which 

coarse grains are more dominant. On the other hand, the flow behaviour of the dense 

slurry behind the bouldery surge can be reflected in the observed rheology of the finer-

grained material. In essence, the complete debris flow event can still be described from 

the results although in a more simplified manner. 

6.3 The Behaviour of Coarse-grained Debris Flow Materials 

The complete rheological behaviour of debris flows was outlined in this study 

according to three phases, namely; the yielding phase, the flowing phase and the 

stopping phase. In relation to the yielding phase, this study has confinned that debris 

flows possess a yield strength that must be exceeded by an applied stress prior to the 

start of motion. This yield strength is provided by the static friction between coarse 

grains and partly by cohesion of the fine fraction. The results then showed that coarse-

grained materials have higher yield strength than the fine-grained materials. On the 

other hand, it is improbable for viscosity to contribute to the yield strength of the 

material as claimed by some workers (e.g. Costa 1984). The apparent viscosity is only 

physically active after the yielding phase when the material is in motion. It includes the 

viscosity of the interstitial slurry and the sliding friction of grains which provide the 

shear resistance to the flow. One of the interesting and novel features that was observed 
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in the yielding phase is the very distinct gradual build up of strength prior to yielding 

as applied stress is increased. This phenomenon is illustrated in almost all of the shear 

stress - time yielding curves. This build-up of strength is theorised to be associated with 

the gradual deformation process in which the grains rearrange and reorient themselves 

(through rubbing and interlocking) in response to an applied stress. A sudden release of 

interlocked grains may result in a different level (constant torque) until the whole 

material moves en masse. 

A parallel can be developed between the above observed behaviour and the real 

phenomenon by looking on the geometry of the flow bodies as previously described. 

Debris flows are usually characterised by having a high-resistance surge front (Iverson 

1997). This boulder front acts as a moving dam that slows down when a narrow channel 

is encountered (Pierson 1986) as large grains j am and clog this constricted section. As a 

result, a debris flow may temporarily stop and obstruct the low-resistance slurry of finer 

grains behind. A continuing supply of slurry upstream may not result in an 

instantaneous movement of the whole stationary material. It is a process accompanied 

by a gradual build up of shear resistance that impedes this material from flowing. In 

some cases, the finer matrix slurry building up behind the coarse front may overtop it 

resulting in a small precursory surge downstream. With continuing supply of slurry, it 

may come to a point that the applied stress exceeds the yield strength provided by the 

grains, thus resulting in the sudden movement of material. The phenomenon can also be 

applied when considering the material as homogenous that flows en masse and stops as 

single material. At the initial stage, the non-cohesive finer grains between the large 

grains provide the frictional resistance. As the applied stress increases, the large grains 

experience greater contact stresses resulting in an increase in the total shear resistance, 

which may collapse once exceeded. Hence, without a sufficient amount of large grains, 

this build-up may not be conspicuous, except at depth in response to confining or 

overburden pressure. 

The behaviour of the flowing debris is dependent on grain size, gram-Size 

distribution, and sediment concentration. When flowing, the viscous slurry becomes 

more physically active as it acts as a transporting medium of grains (Fisher 1971). The 

more viscous the slurry, the more coarse grains can be carried into the flow l
. Ifthere is a 

I In other practical application, like drilling of wells, this phenomenon is also described by the necessity 
of using high viscosity drilling fluids to lift coarse sand and gravel from the borehole. 
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significant amount of coarse grains, then the granular behaviour characterised by grain 

dispersion and dilatancy may prevail particularly at lower shear rates. An increase in 

water content may increase grain dispersion as slurry is diluted and becomes less 

viscous, so that the collisional energy between grains is less dissipated. If the proportion 

of fines is high and the grain size distribution is unimodal rather than bimodal, a more 

plastic type of behaviour can be expected. The above concepts are rather idealised. In 

field situatiops, debris flows may exhibit a combination of flow characteristics due to 

natural forces to which the movement of grains is exposed. For instance, when flowing 

material passes water falls or any significant channel bed irregularities, the dominance 

of coarse grains can be subdued and the flow behaviour can be controlled, momentarily, 

by the fine fraction or vice versa. 

Stopping stress is much lower than yield stress, and is viewed to be strongly 

influenced by the apparent viscosity of the slurry that rapidly increases with decreasing 

shear rate until the material ceases flowing. A decreasing applied stress (perhaps due 

diminishing supply of slurry) may result in a decreasing shear rate accompanied by an 

increase in apparent viscosity. The flowing material slows down when the flow 

resistance or the viscous force within the material outweighs the applied stress that is 

decreasing. The shear stress when the material is about to stop corresponds to the 

stopping stress which is lower than the yield stress. A second c}-'cle of increasing supply 

of slurry will again result in the gradual build up of shear strength, particularly in the 

debris flow front, in response to an increasing applied stress. Again, the frictional 

resistance of the grains becomes more dominant. When the applied stress overcomes the 

shear resistance, the material may restart flowing and the reappearance of waves 

somewhere downstream may follow. 

6.4 The Behaviour of Fine-grained Debris Flow Materials 

The rheometric tests of the more fine-grained debris flow materials also indicate 

the presence of yield strength that must be exceeded prior to the initiation of motion. In 

the absence of a considerable amount of large particles that provide greater frictional 

resistance, the yielding is more immediat~. In field situations, this material represents 

the dense slurry behind the surge front. It is also analogous to the behaviour of 

mudflows that contain more mud and sand. In this case, the yield strength is provided 
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partly by the frictional resistance of finer grains and partly by cohesion of the silt and 

clay fraction. There was also the gradual build up of strength prior to yielding, but not 

as distinctly as that observed in the coarse-grained material. 

The tests of the fine-grained material showed that it behaves as a non-linear 

viscoplastic (i.e. shear thinning with yield strength). Phillips (1988), while testing debris 

flow fines, also noted this behaviour at lower shear rates where the departure from the 

true Bingham model usually occurs. Likewise, Holmes et al. (1990) observed similar 

behaviour in a test made on mudflow material using large vertical rotating flume. As 

previously suggested, this may not be a unique expression of the behaviour of the 

material in an actual field situation. In some instances, while the behaviour may be 

characterised as viscoplastic, it may also show a dilatant behaviour, when the flowing 

material is strongly mixed (say by channel irregularities). 

The stopping stress is also lower than the corresponding yield stress, although 

the difference between the two values is relatively smaller than that obtained from the 

coarse-grained material that contains a small amount of fines. This indicates that the 

stop and start hysteresis behaviour is less pronounced in the fine-grained materials. It 

also shows that the viscous slurry formed by the fine fraction indeed comes into play 

when the material is slowing down to a halt. The effect of diluting the slurry, say from 

normal channel flow, may result in a reduced apparent visco~ity thus extending the 

runout distance where the material finally stops. 

6.5 The Mechanisms of Large Particle Support in Debris Flows 

The mechanisms by which debris flows support and transport large and heavy 

particles have been described in the literature (Section 2.2.4). These suggested 

mechanisms include cohesive strength of the slurry, buoyancy, dispersive pressure and 

turbulence. This section, therefore, attempts to confirm the presence of these 

mechanisms within the context of the result of this study. 

The tendency of large grains to accumulate at the upper part of the material was 

observed in the tests of coarse-grained samples. It indicates that indeed some 

mechanisms are operative either through one or any combinations of those suggested by 

previous workers. In relation to this, the following comments are therefore made: 
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1. It is not probable for cohesive strength as one of the mechanisms because 

there is not enough cohesive grains (i.e. silt and clay) present in almost all the mixtures 

(see Table 4-4). In addition, cohesive strength if available, is a part of the yield strength 

of a stationary material (see Equation 4-1) and so a moving slurry cannot support large 

grains by cohesion. 

2. Buoyancy is also doubted to be significant because there is not enough fluid 

(slurry) to support the large grains. In the newly stopped material, the large grains were 

observed resting over a mixture of mud and sand. They cannot be submerged by just 

pushing them down indicating that they were not floating at all. 

3. Dispersive pressure was noted to be operative as indicated by the upward 

movement of the lid particularly at high rotation rates. In some instances, particles were 

observed oozing out of the holes above the lid, as the cork stoppers were removed in the 

process. The banging sounds of large grains being thrown in the ceiling of the lid were 

also noticed particularly when shearing coarse-grained samples. Therefore, dispersive 

pressure can be interpreted as a very active particle-support mechanism in debris flows 

the magnitude of which can be more intense in a field situation. 

4. Turbulence is an unlikely mechanism to cause particle support because all the 

samples were highly viscous with solid concentrations of 84% - 88%. Therefore, being 

so viscous, their flow can be described as laminar2
• The author then agrees with 

previous workers (Bagnold 1954, Johnson 1970) that turbulence cannot be one of the 

particle support mechanisms in debris flows. 

Considering the limitations of the tests conducted (i.e. there are natural forces in 

field situations which were not simulated in the laboratory experiment), the above 

comments are made not to oppose previous findings. They were expressed based on the 

results of this study, and therefore, the possibility of other mechanisms being operative 

in field situations is not absolutely ruled out. 

2 Laminar flow is also called viscous flow (Douglas 1986). 
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CHAPTER 7 

SUMMARY AND CONCLUSIONS 

This study has focused on the rheological investigation of debris flows in 

relation to stop and start hysteresis in yield stress. Remoulded debris flow materials and 

some physical models of the prototype were subjected to viscometric tests using a 40-

cm diameter co~e and plate rheometer that has a gap angle of 30°. Independent 

measurements of yield and stopping stresses through the application of gradually 

varying external forces, were made to simulate the field situation that debris flows are 

shear-stress driven. Shear-rate driven tests, which are usually employed in most 

viscometric tests were also done to determine the behaviour of the flowing materials. 

The flow curves were presented in term of shear stress - shear rate flow bands or flow 

curve envelopes because of the wide data scatter caused by the granulo-viscous nature 

of debris flow mixes. From the shapes of these curves, the analysis and result 

interpretation were then made in qualitative terms. 

Despite the complexities observed particularly in the flow curve envelopes 

generated, consistent flow curve shapes or trends were obtained, thus making result 

interpretation possible. The tests also revealed a time-dependent behaviour of the 

remoulded debris flow material, which is associated with packing structure changes that 

progress with time. The most exciting outcome was the measurement of the independent 

yield and stopping stresses. With increasing applied stress, the patterns illustrated by the 

shear stress - time yielding curves suggested a behaviour that has not hitherto been 

reported and can be applied to the field behaviour of debris flows. Hence, from the 

foregoing results the following conclusions were drawn: 

1. Apart from apparent viscosity of the flowing material, the rheology of debris 

flows can be described by starting and stopping hysteresis in yield stress. The starting 

stress corresponds to the yield strength of the material that must be exceeded by an 

applied stress (maximum shear stress) prior to the initiation of motion (y = 0). The yield 

strength is more controlled by the grains frictional resistance (static) and partly by 

cohesion within the water-fines mixture that forms the interstitial slurry. After yielding 

(y > 0), the material moves as a single plastic body and the apparent viscosity that 

includes the viscosity of the interstitial slurry and the sliding friction of large grains, 
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becomes physically active. Dilatancy induced by shear breaks the contact between 

grains and thus maintaining a lower shear strength as the flow slows to a halt (y~O) 

which is equivalent to the stopping stress. Once stationary, an increasing applied stress 

may cause the grains to reorient and rearrange themselves (i.e. rubbing, sliding, and 

interlocking of grains) that could lead to the gradual build-up of yield strength, 

particularly in coarse-grained debris flow materials. 

2. The yield stress of the coarse grained debris flow materials is higher than that 

of fine-grained materials. However, the difference between the yield and stopping 

stresses in the fine-grained debris flows was lesser than that of the coarse-grained 

materials. This is due to the reduced frictional forces and the dominant influence of the 

finer grains shearing within the viscous interstitial slurry both in the yielding and 

stopping events. Dilatancy seems to be less apparent in fine-grained materials due to 

the more intensified particle aggregation and clustering of grains that reduces grain-

grain collisional energy. This indicates therefore, that the stop and start hysteresis 

behaviour is more apparent in coarse-grained debris flow materials than the fine-grained 

materials. 

3. Yield and stopping stresses decrease with decreasing sediment concentration. 

Yielding requires dilation prior to failure, which reduces pore fluid pressure and induces 

greater intergranular contact friction. However, the addition 9f water may lead to a 

situation in which the fluid phase of silt, clay and water may increasingly support the 

weight of the coarse grains. In this case, pore pressures within the debris mass may 

become high, drastically reducing the shear strength and greatly facilitating the flow of 

the material (Pierson 1981). The reduction in solid concentration may also result to a 

decrease in the apparent viscosity of the material, so that the corresponding stopping 

stress also decreases. 

4. An increase in direct stress or confining pressure also has a parallel increase 

in both the yield strength and stopping stress, that is considering a drained situation (i.e. 

when pore fluid leaks between the annular gaps). For an undrained situation, the 

increase in normal force is balanced by the pore water pressure so that the yield strength 

should be equal for all normal force levels. The gradual deformation of the material as 

large grains reorient and rearrange themselves in response to an increasing applied stress 

becomes more complex. The release of interlocked grains will usually not result in the 
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movement of the whole material as new levels of shear stress are achieved, the contact 

stresses being different from the previous one. 

5. Debris flow materials with high content of coarse grains tend to exhibit a 

dilatant plastic rheology. This is indicated by the very peculiar behaviour at low shear 

rates where shear stress decreases with increasing shear rate followed by an increasing 

shear stress beyond a certain shear rate. The gradual decline in shear stess corresponds 

to the period of packing structure formation while the increase in shear stress beyond is 

associated with the tendency of the larger grains to dilate and disperse. 

6. At low shear rates, fine-grained debris flow materials manifest a shear 

thinning behaviour that departs from the ideal Bingham plastic model. In this case, 

dilatancy and dispersion of particles seem to be minimal due to the ability of interstitial 

fluid to maintain the grains within the structure it has formed. 

7. Debris flow materials have a tendency to undergo gradual structural changes 

under prolonged steady shearing. This is due to particle migration, and to some degree 

of consolidation and compaction that may result in a sudden shear stress decay. In 

relation to this, the material may exhibit a time-dependent behaviour so that correlating 

shear stress with shear rate becomes very difficult. Shear stress decay may also occur 

under unsteady shearing and can be associated with the adjustment of particle packing 

structure which can be altered by a change in shear rate causillg a similar shear stress 

decay. 

8. The application of physical models in rheometric tests using coal slack and 

wallpaper solution seems not to be possible unless the scale and laboratory effects are 

minimized. Considering that the rheology of debris flows is still poorly understood 

(Pierson 1986, Holmes et al. 1990) because of their non-homogenous make-up, the use 

of other materials might further amplify the difficulties of understanding them. 

9. The model cone-and-plate rheometer is reliable in measuring the yield and 

stopping stresses of debris flow materials. However, a complex behaviour typified by a 

wide data scatter and inherent poor reproducibility of viscometric measurements 

becomes more prevalent when the material is sheared. When the maximum size of 

grains does not exceed the functional limit of the rheometer, these are not due to the 

characteristics of the rheometer, but are in fact manifestations of the complex 

rheological behaviour of debris flows. 
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Appendix A 
Flow Curves of S2a at different solid concentrations 

1. 88 % by weight (Cw) or 74 % by volume (Cv) 
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2. 86 % Cw (70 % Cv) 
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3. 84 % Cw (66 % Cv) 
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4. 88 % Cw (74% Cv) with imposed 20-Newton vertical load 
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AppendixB 
Flow Curves of S2b at different solid concentrations 

1. 88 % Cw (74% Cv) 
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2. 88 % Cw (74% Cv) with imposed 30-Newton vertical load 

700 . 

600 

500 

'" rI 
~ 

400 

J 300 

200 

100 

0 
0 

700 

600 

, 
500 

~ 400 
b 
fIl .. J 300 
fIl 

200 

100 

0 
0 

Flow Bands for Run 1 (Run-upCurve) 

2 3 4. 5 6 

Shear Rate, lIsee 

Flow Bands for Run 2 (Run-down Curve) 

-- ---()- - - - ---
0 ...... 

0 () ...... ...... 
0 0 0 () ...... 

0 
H ~~ 

() 0 
0 (1 

[) 

0 0 n Ii 
() 

II 
() 

I~ 
(~ () n 

II 0 n 
<) 
f~ B U (J 

o () 0 0 0 0 2 __ (1- - - -- Q.. -0_ ~ 

"- ...... 
...... 

"-

2 3 4 5 6 
Shear Rate, lIsee 

" 

7 

7 

"-(r-. 
n 
II 
B 
() ...... 

130 

8 9 

I 
! 

8 9 



700 

600 

500 

., 
II 
b 

400 
00 
:; 
~ 300 

200 

100 

0 

600 

500 

j 400 

j 300 

200 

100 

0 1 

Flow Bands for Run 3 (Run-up Curve) 

2 3 4 5 6 

Shellr Rate, lfsec 

Flow Bands for Run 4 (Run-down Curve) 

..... ..... 
..... ---

7 8 9 

I O+-----~~~~--_+~~~~~~~--~--~~--~----~ 

o . 1 2 3 4 5 6 7 8 9 

Shellr Rate, lfsec 

131 



3. 86 % Cv (70% Cv) with imposed 30-Newton vertical load 
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Appendix C 
Shear Stress - Time Curve of Stb at Different RPM 

for 160-second Logging Period 
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AppendixD 
Flow Curves of M1 at different Solid Concentrations 

1. 89 % Cw (85 % Cv) 

1:1': 
,;; 
rl 
b rn .... 
J rn 

Flow Bands for Run 1 (Run-up Curve) 

600 -,--~,;~ ...... -------,-,-----.... ,---,-.. ~----,--,-,--

500 

400 

300 

200 

100 

---- ------Q---
---,...,,,,- ~ $ -- ..... 

@ <> <> ............ 

i ! I I "I' 
--- ~ ------- - -<>- ---------

<> 

o+-____ +-____ +-____ ~ __ ~~--~----~----_+----_+----~ 
o 

500 

400 

X 300 

J 200 

100 

o 

2 3 4 5 6 

Shear Rate, l/see 

Flow Bands for Run 2 (Run-down Curve) 

-. 
0--- 0-- ---. 

7 8 

8 I 8 ~ ~ --;---~-------o 

--------------~--

2 3 4 5 6 7 

Shear Rate, 1/see 

9 

8 

14:2 

9 

, 

_

' ;;;:-c*,,,~:: 
;~;~:=;~1 
:~»--;-. -~~--- ~ 

- -"-:1 
--', .-:<"?~:'--- -' 

! 

~'j 
I'-:~o 

:.,,::::~_: o. 

f~~~~: 



143 

~ 
2. 75 % Cw (68 % Cv) I 
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3. 65 % Cw (57 % Cv) 
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Appendix E 
Flow Curves of M2 at different Solid Concentrations 

1. 89 % Cw (85 % Cv) 

Flow Bands for Run 1 (Run-up Curve) 

500 

400 

.. 
Po< 300 .;; 
rl 
.l:I 
fI'J 
:; 

200 J! 
fI'J 

100 

0 
0 2 3 4 5 6 7 8 9 

Shear Ra te, lIsec 

Flow Bands for Run 2 (Run-down Curve) 
._-_-__ -~L::.....-~ 

!~~~;-~ 

500 

400 

.. 
~ 300 
'" '" .. 
.l:I 
fI'J .. .. 
J! 200 
CZl 

100 

0 

-~-"--"---------""-""----"-""-"-"------"-~----"--"----"--"--""--"1 

i 
I 
i 

I 
I 

__ -g- - - - - -0-- - - -_ 

t I I II I I fT-I -_ 0 __ 
-...__ 0 0 __ -

- ___ -.-S.)--

0 2 3 4 5 6 7 8 9 

Shear Rate, lIsec 



500 

450 

400 

350 .. 
j:I., 300 .;; 
:l 
tI rn 250 ,.. 
J rn 

200 

150 

100 

50 

0 
0 

400 

100 

o 

Flow Bands for Run 3 (Run-up Curve) 

2 3 4 5 6 7 

Shear Ra'te, l/sec 

Flow Bands for Run 4 (Run-down curve) 

I~ I ~rIJ-l~[~I:[r --

2 3 4 5 6 7 
Shear Rate, l/sec 

8 9 

! 
! 
! 

! 
! 
! 
I 
! 

I 
8 9 

147 

~':.;'-'-:::':;~,;::~;,':j 
t~~,~~:7."1 

---



148 

!~ -;:~;,:~~.>~:::~; 

2. 75 % Cw (68 % Cv) t~{:':c;':!':l 
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Flow Bands for Run 3 Run-up Curve) 
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3. 65 % Cw (57 % Cv) 
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