Norwegian University of

@ NTNU - Trondheim Faculty of Engineering Science and Technology
Science and Technology Department of Civil and Transport Engineering

Thesis Title: Date: 7/6/2015

Laboratory Investigation of the Pore Pressure | Number of pages (incl. appendices): 102

Built-Up in Moving Debris
Master Thesis x | Project Work

Name: XIANG YU

Professor in charge/supervisor: VIKAS THAKUR

Other external professional contacts/supervisors:

Abstract

Debris flow poses significant threat to property and human life mainly as a result of its high sediment
concentrations and mobility. For the purpose of predicting debris flow mobility and mitigating potential
damage, considerable attention has been drawn to the development of debris flow physical models.
Despite of the achievements, a thorough mechanism accounting for the built-up and maintaining of pore
pressure within the shearing layer of debris flow has not been made available mainly due to the lack of
experiment data. In viewing of that situation this study developed a coaxial-cylinder apparatus and
conducted two series of tests concerning pore pressure built-up in samples of varying solid fraction
concentration (by volume) and fine grain content (by weight) at differing rotational velocity.

The first series of tests show that when solid fraction concentration increase from 20% to 50%, pore
pressure built-up tends to be higher. The second series of tests exhibit that similar pattern can apply
except for samples with 80% and 100% silt content. This peculiarity together with grain size analyses
before and after experiment give rise to a postulation that mixing rods shearing may be responsible for
the constant pore pressure built-up, while «most breakable grain sizes” may exist and have led to the
extraordinarily low peak values and prolonged decline in samples with rich silt content through
dilatancy. Nonlinear relationship between pore pressure built-up and rotational velocity was found in
all tests. Initial stagnation and transitional stage were observed for most samples; plausible explanations
have been proposed. Concerning the shortcomings of current study, some recommendations are also
provided.
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Background
Debris flow is gravity-driven mixture of sediment and water, and is mechanically characterized

by the interaction of solid and liquid fractions. Initiated by heavy rain fall or slope failure,
debris flow may entrain more material on its way and gain disastrous momentum before
deposition. Each year around the world debris flow causes considerable damage and claim
many fatalities. In order to predict the mobility of debris flow and estimate the potential
influenced area, multiple physical models have been developed. Practically most models are
based on a single-constituent material even though a debris flow is clearly a mixture. Therefore,
the role played by the fluid can at most be incorporated parametrically, and certainly not
kinematically. Solid-fluid interaction (including pore pressure generation and dissipation)
plays a significant role in the entrainment and detrainment processes involved in moving debris.
However, until now, only few experiments have been dedicated to the significance of pore-
liquid pressure built-up, and its correlation to flowing velocity and grain size on a limited range
of samples. In view of this, this study shall help in improving our understanding of the pore
pressure built-up in moving debris. Debris flow is a vast topic and it is not possible to cover all
aspects in one master thesis. Therefore, a dedicated description of tasks to be carried-out in this
master thesis is as follows.

Task Description

e Literature review on debris flow classification, process, pore pressure built-up and
entrainment as influencing factors of its mobility.

e Development a new laboratory set-up to study the pore-pressure built-up in moving
debris. i.e. development of a coaxial-cylinder, mixing component and data collecting
system.

e Testing on varieties of samples of varying solid fraction concentration, and fine
contents.

e Establish a relationship between the pore pressure and fine contents in debris

e Analyze test results and compare with the results with the literature.

e Evaluate the representativeness of results, and the effectiveness of this apparatus.

e Come up with improving measures and proposals concerning better experimental study
of pore pressure built-up and entrainment effect in the future.
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1.Introduction

1.1. Background
Debris flow represents a gravity-driven mixture of sediment particles of various sizes

and water flowing down channel-shaped region. Triggered by heavy precipitation, rapid
snow melting, warm wind and abrupt change in the temperatures, debris flow
constitutes surging fronts, variably erodible sediment and compositions that may
change with position and time. Each year around the world debris flow causes
considerable damage and claim many life losses. In Norway fatalities caused by debris
flow are less than in many other countries because of the low population density in
influenced areas. However, annual economic losses from damage on properties and
infrastructures are enormous. According to the statistics, alone in year 2011, the cost of
damage increased by about 100 Million Euros (NIFS 2014). Recent experiences from
Norway and also the studies (e.g. (Nadim, Kjekstad et al. 2006, NVE 2011, Infrarisk
2013, NIFS 2014)) suggest there is a growth in the frequency and/or intensity of
extreme rainfall, rapid snow melting, and change in the ambient temperatures. In return,
the frequencies and the magnitudeof debris flow have increased (see Fig. 1.1).

o) DMFs susceptibility 1
map of Norway R g
| ; +7 |

: Legend
v '
l IZ Considerable- S =3

4 |
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£

Figure 1.1: (a) Geohazard challenges in Norway based on www.skrednett.no; (b)
DMFs susceptibility map of Norway illustrated using a recent study carried-out by
NIFS (2014); (c) Change in landslide frequencies due to climate change suggested by
NVE (2011)

In order to identify the locations where climate trigged debris flow can actually occur,
various quantitative or semi-quantitative approaches have been proposed to assess the
relations between climatic conditions and debris flow. These approaches are often
focused on rainfall intensity based models, while other vital parameters such as the size
of the catchment area, snow melting and the geomaterials itself are often less-attacked.
Geomaterials, which are found in a great variety in the nature, exhibits different thermo-
hydro-mechanical properties depending on their types and origin. Whether a
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Chapter 1: Introduction

geomaterial may be subjected to debris flow depends on, among other, it's resilience
towards climate factors, infiltration properties, water retention properties under drying
and wetting process, pore water pressure built-up, content of fine grains and the degree
of saturation.

For the purpose of predicting the mobility of debris flow and coming up with effective
countermeasures to mitigate its damage, multiple physical models have been developed.
As a complex material debris flow exhibits many aspects of phenomenology: dilatancy,
internal friction, cohesion, fluidization and particle segregation, but in most theories
only the first three are successfully incorporated. Practically, the role played by the fluid
is usually treated parametrically, not kinematically. Solid-fluid interaction (including
pore pressure generation and dissipation) plays a significant role in the entrainment and
detrainment processes involved in moving debris.

Until now, only few experiments have been devoted to the significance of pore-liquid
pressure built-up, and its correlation to flowing velocity and grain size on a limited
range of samples. In view of this, this study shall help in improving our understanding
of the pore pressure built-up in moving debris.

1.2. Objective of the study
Debris flow is a vast topic and it is not possible to cover all aspects in one master thesis.

Therefore, this master thesis is dedicated to the following issues.

* To develop a co-axial cylinder experiment system and evaluate its
effectiveness.

» To explore the effects of solid fraction concentration on pore pressure
built-up, and the relationship between pore pressure built-up and
flowing velocity for this series of tests.

* To examine pore pressure build-up in samples of varying fine grain
content.

» To verify the existence of decline of pore pressure build-up after certain
velocity, and to explain it in terms of sediment dilatancy (particles
break-up).

* To observe pore pressure built-up profile at differing heights, and
dissipation process in varying samples.

1.3. Methodology
The capricious timing and disastrous nature of debris flows hamper direct collection of

detailed data. Scientific understanding has thus been gleaned mostly from qualitative

Laboratory Investigation of the Pore 5 Master Thesis, Spring 2015
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Chapter 1: Introduction

field observations and experiments and models (Iverson 1997). As a master thesis
project the available time and resources are also limited. Therefore a portable apparatus
that can be fabricated and operated without great effort seems appropriate. Starting from
the schematic illustration of a double-cylinder equipment (Wang and Sassa 2003) the
co-axial cylinder, mixing component and data-collecting system have been developed.
Tested samples were from the mixture of Geo&Geo sand and Tiller silt available in the
laboratory. Apart from two main series of tests, some trial tests were also conducted to
gain knowledge of suitable sample height, sensor data quality and centrifugal correction.

1.4. Scope of the study
After assembling the apparatus, several trial tests were ran to check the torque capacity

of motor, and to improve the mixing rods, the test procedure and the sensors’
performance. Afterwards, two series of samples with varying solid fraction
concentration and silt content were performed.

Before extracting meaningful information from test results, three pure water tests were
conducted to provide basis of centrifugal correction as sensors on the wall were
believed to give reliable data. Out of the purpose of verifying dilatancy as reason of
floating ratio decline, sieving tests and hydrometer tests were performed before and
after experiment.

1.5. Limitations
First of all, coaxial cylinder apparatus used for debris mixture has seen few precedents

(Wang and Sassa 2003) though coaxial cylinder rheometer has been common in
obtaining rheological parameters of pure liquid or suspension. Thus detailed
documentation of apparatus, procedures, and potential challenges are unavailable. For
this reason much effort has been paid and some errors or imperfections were realized
only after the event.

The adopted Geo&Geo Sand and Tiller Silt are classified as medium sand and coarse
silt respectively. Clay content in the silt is merely 2.1% by weight, rather low compared
with 6.76% in M30 from Wang & Sassa’s work. Therefore discrepant results could be
expected.

In explaining decline of pore pressure built-up hypothesis of sediment dilatancy was
proposed. And in many tests the transitional stage was observed. However when did
particle start to break and at what rate, and what really happened during transitional
stage remained unclear unless micro phenomena were made visible.

Finally major findings of this study were not examined against in-situ events.
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1.6. Structure of the thesis
Structure of the next chapters will be discussed as follows:

Chapter 2: presents literature reviews on the definition, classification and process of
debris flow, influencing factors of debris mobility, and studies on the physical modeling
of debris flow.

Chapter 3: presents the set-up of the coaxial cylinder apparatus, experiment procedure
and plan, tested materials, and supplementary tests as well.

Chapter 4: presents the original results, centrifugal corrections, corrected results and
analysis.

Chapter 5: concludes the main messages draw from the study. Shortcomings of this
work are also discussed.

Chapter 6: presents some recommendations towards future work on this topic.

Appendices: presents the drawings of coaxial cylinder apparatus, plots of data-saving
duration, and plots of test results that are not incorporated in main content.

Laboratory Investigation of the Pore 4 Master Thesis, Spring 2015
Pressure Built-Up in Moving Debris Xiang Yu



2.Literature review
2.1. General
Debris flow, as a specific subject of study, has derived from the regime of landslide(Stiny 1910).
Hereafter the definition of debris flow has received considerable attentions from varying
researchers to distinguish it from mud flow, debris avalanches and debris flood(Jakob and
Hungr 2005). A systematic compilation of the main hyperconcentrated flow classifications has
been proposed by G. Lorenzini and N. Mazza (2004) in which debris flow is endowed differing
meaning according to criteria adopted.

Nowadays it is widely accepted that debris flow is a gravity-driven mixture of various size of
grains and abundant water that usually develops from slope failure or intensive precipitation in
unprotected mountain area. Confined in channel-like region, debris flow may exhibit great
variation of composition and kinetics depending on topography, sediment condition etc.

In order to come up with effective counter-measures, a thorough understanding of the post-
failure mobility of debris flow is necessary(Hungr 1995). Among the influencing factors the
role play by water and entrainment condition of bed have been revealed of great significance
through remarkable experiments and analytical examinations (Wang and Sassa 2003, Iverson
2013).

2.2. Debris flow: definition
Debris flows occur when masses of poorly sorted sediment, agitated and saturated with water,

surge down slopes in response to water infiltration and gravitational attraction. Both solid and
fluid forces vitally influence the motion, distinguishing debris flows from related phenomena
such as rock avalanches and sediment-laden water floods. Different from avalanche and flood,
whose behavior is dominated by solid grain forces and fluid forces respectively, debris flow is
marked by the collaboration of solid grain forces and fluid forces as solid particles and liquid
take approximately similar fraction by volume (lverson 1997). Based on multiple laboratory
experiments on samples from Colorado, O’Brien and Julien (O’Brien and Julien 1985)
classified hyperconcentrated flows, according to the properties determined by sediment
concentrations, as water floods, mudfloods, mudflows (debris flow) and landslides (Fig. 2.1).
Sediment concentration by volume in debris flow varies between 45% and 55%; silt and clay
particles, which may constitute to a large content, make debris flow extremely viscous and give
it notable yield stress, enabling debris flow to hold considerably sized clasts in suspension.
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Figure 2.1: The classification of hyperconcentrated streamflows in the study of O'Brien and
Julien (Julien and Lan 1991)

Besides, debris flow is also characterized by low plasticity (plasticity index < 5%) in sand and
finer fractions, particle size segregation (Takahashi, Nakagawa et al. 1992), bouldery front and
lateral levee as well (see Fig. 2.2). In current study the thin bottom layer (Fig. 2.3) under severe
shearing, where fine grains concentrate, is of interest.

Fine matrix
(< 0.4 mm)

shear zone

Figure 2.3: Illustration of shear zone
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2.3. Classification of debris flow
Majorly based on solid concentration, fine grain content and consequently the dominating

stresses, debris flow has been classified by many researchers (Coussot 1992, Takahashi 2014)
as: stony type, viscous debris flows, and turbulent-muddy type, though other terminologies
may be adopted. “Stony debris flows” refer to those in which the stress is dominated by particle
collision, “turbulent muddy debris flows” correspond to those that are dominated by turbulent

mixing stress, and “viscous debris flows” are characterized by viscoplastic stress.

2.3.1. Stony type debris flow
Stony debris flows are majorly featured by a large proportion of large particles. Dynamics of
this type debris flow is dominated by grains collisions and inertial stress. When collisional
effects are not damped by viscosity, grains give rise to collective phenomena, such as
segregation, force percolation or shock waves (Herrmann and Luding 1998).

In order to account for the decisive effects of large particles in the simulation of stony debris
flow, two-phase models, considering a continuum fluid phase, and large sediment particles,
such as boulders, as a non-continuum phase, are more appropriate and competent in delivering
accurate results (De Wrachien and Brebbia 2010).

2.3.2. Viscous debris flows
When the fine grains in interstitial liquid account for a significant proportion in the entire solid
fraction, and it is mainly composed of cohesive solids, the fluid becomes highly viscous slurry.
In addition to the large viscosity of the slurry, the dense content of coarse particles adds to the
apparent viscosity of the whole material. Therefore, in such a debris flow, the viscous stress is
more prominent than the stresses caused by the inter-particle collisions and/or the macro
turbulent mixing. This kind of debris flow is called as the viscous type.

A dimensionless coefficient B, initially defined by Bagnold R. A. (1954) and later named by
Hill H. M. (1966) as Bagnold number is commonly used to differentiate stony and viscous
debris flows. It reads

1
_ Psdf/lﬁif

B
a us

(2.1)

In which

iy = the dynamic viscosity of the liquid (Pa - s);
y = shearing rate (s~ 1);

ps = density of solid particles (kg/m3);

d = characteristic diameter of the grains (mm);
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A is the linear grain concentration at point y in flow and is related to the volume concentration
by

(2.2)

where
¢ = volume concentration of solids in flow;
co = volume concentration of solids at closet possible packing.

As illustrated in Fig. 2.4 viscous debris flows are denoted by B, < 40, and stony debris flows
by B, > 450 with a transition region for 40 < B, < 450.
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Figure 2.4: A typical grain size distribution and its effect on the dynamics of the mixture. The
Bagnold number is calculated with us = 1.0 Pa-s,p = 1000 kg/m*,2=1, y=100 s
Y(Leonardi, Wittel et al. 2014)

2.3.3. Turbulent-muddy type debris flow
This type of debris flows is, even though they may contain many large boulders, primarily
comprised of fine content. Usually the fine fraction (clay) is large enough (say about 10%) for
the solid-water mixture to form an interstitial fluid that significantly reduces inter-particle
collision and have the mixture manifest liquid behavior (Coussot and Meunier 1996). Frequent
occurrence of this type of debris flow is often seen in volcanic ash cover area as it can be easily
eroded even by a slight rainfall. Samples collected in the channel works downstream in the
Nojiri River of Japan indicate that the concentration of solids with median diameter 0.3-1 mm
is up to 54-72% by volume. Despite that, the fluidity measured with Manning’s formula
resembles that of plain water flow(Takahashi 2014). In terms of mechanical characterization,
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this type of debris flow is mainly described with the help of Bingham model(Coussot and
Meunier 1996).

2.4. Process of debris flow
2.4.1. Initiation

Three prerequisites must be fulfilled to initiate a debris flow: failure of the mass, sufficient
water to saturate the mass, and conversion of gravitational potential energy to internal kinetic
energy to transform the localized sliding motion to widespread deformation(lverson 1997).

The mechanical sources of debris flow initiation can be analyzed as three types:

1. Water runoff. Flowing surface water may erode gully deposit when shear strength of
deposit is exceeded by shear stress due to increased water level and/or seepage force.
The concentration of solids in the water flow later becomes dense enough to be called
debris flow;

2. Landslides. Landslides may be mobilized into debris flow when sufficient water, either
stored in the slide or supplied from outside, exists.

3. Dam breach. The collapse of a dam in river or gully may lead to catastrophic surging
debris flow.

Water runoff induced debris flow

Water infiltration and a flowing layer on the surface happen when there is rainfall or flood.
This may cause erosion as the shear strength z,. of deposit is surpassed by shear stress t.
Assuming 7 and 7, to distribute linearly normal to the terrain surface, Takahashi (1978,
Takahashi 1981) described the six cases (Fig. 2.5) corresponding to the relative arrangement
of those two lines as shown below. In cases (1), (2), (3), and (4), t is larger than z,., therefore
debris flow may arise

Figure 2.5: Relative relations of shear strength and shear stress
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By conducting large scale experiments in the USGS debris flow flume, Mark E. Reid et al.
(1997) observed disparate patterns of initiation when the slope is exposed to these three
hydrologic conditions: localized groundwater inflow, prolonged moderate-intensity rainfall,
and high-intensity rainfall. Groundwater inflow and prolonged moderate-intensity rainfall lead
to sudden, complete failure whereas moderate-intensity sprinkling gives rise to retrogressive,
block-by-block failure.

Landslides induced debris flow

Two types of landslides occur on the occasion of intensive rainfall; the shallow landslide of
about 1~2m thick and the deep-seated one of several tens of meters thick. The shallow
landslide stores plenty of water in itself and is also facilitated by a high flood runoff discharge.
As a result, under the severest rainfall it is easily transformed into a debris flow almost from
the instant of the initiation of motion. The mechanism of mobilization of shallow landslides
can further be classified into three subcategories: monolithic, retrogressive and progressive (see
Fig. 2.6).

Surface water flow

e}

Figure 2.6: Subcategories of shallow landslides

As pointed out by Takahashi (2014) deep-seated landslide needs a relatively long time before
the ground water level rises high enough to make the earth block unstable. Hence, it often
occurs later than the time of strongest precipitation. Due to that reason, the mechanism for the
transformation into debris flow would be entirely different from that of a shallow landslide.

Dam breach induced debris flow

There are two types of dams that may trigger hazardous debris flow; natural dam and check
dam. Natural dams are formed after huge amount of masses fall by chance into a river channel
and choke the river. Check dams are constructed by human beings to mitigate the momentum
of debris flow and collect debris material. The failure of natural dams are often attributed to
overtopping and/or seepage, while check dams collapse are commonly due to the failure of
barrier structure.

2.4.2. Transportation
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After initiation the debris flow starts to flow mainly under the influence of gravity. The flow
velocity, debris depth and run-out area are often of great interest as they indicate the magnitude
of potential damage. Multiple factors are found to contribute to the dynamics of debris flow
during transportation. Among them topography stands as an apparent and dominant element.
The steeper the path is, the more turbulent the flow will be, also the entrainment capacity. In
the contrary, the deposition effect will be more prominent. As the laboratory studies conducted
by Espen Fiskum (Fiskum 2014) displayed, the lateral confinement of flow path facilitates
debris transportation markedly.

The significance of deposit conditions have been analytically proved and experimentally
documented regarding debris volume increase and flow velocity. Sassa and his colleagues
(Sassa, Fukuoka et al. 1998, Wang and Sassa 2002, Wang and Sassa 2003, Sassa, Fukuoka et
al. 2004) examined the pore-pressure built-up and maintaining effects of several samples of
fine sand mixed with varying content of medium silt. The results revealed that the finer-grain
content was not only capable of increasing the peak excess pore pressure but keeping the
pressure at a considerable high level for about one day, long after the stoppage of debris flow.
Abrupt excess pore pressure rise was observed (Wang and Sassa 2002) even in dense sands,
which was found to be triggered by grains crushing.

After performing eight large scale experiments in the USGS debris-flow flume, Mark E. Reid
et al. (Reid and Iverson 2011) concluded that the largest debris-flow volume growth and speed
increase occurred when debris flows traveled over wetter sediment. Undrained loading and
loose sediment contraction were proposed as the mechanisms. Initial stress states and shearing
history of sediment were also reported (Wang and Sassa 2002) to have effects on flow
dynamics during transportation.

2.4.3. Deposition
Deposition of debris flows normally happens after lateral confinements end, which give rise to
widespread-flowing, then depositional lobes form where the frictional resistance of coarse-
grained flow fronts and margins is sufficient to terminate progress of the trailing, liquefied
debris. In some cases (lverson 2014) no marked variations of topography exist, but merely
depletion of kinetic energy due to friction and collision brings the debris flow to a halt.

The mechanism of the stoppage and deposition have been less treated, despite its significance
to the prevention of hazard. Hooke (1967) conducted experiments in which small alluvial cone
were built, and found the angles of cone slopes to lie between 4° and 8°, values that are about
average for natural cones rich in cobbles and boulders. Johnson (1970) derived the equation of
the snout curve as below assuming plastic behavior of the debris material. As indicated in Fig.
2.7, x axis is made parallel to debris bottom and pointing to the direction of movement, while
y axis is normal to the bottom and pointing upwards.
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X =— ;—Zln [cos (;—dy)] (2.3)

Ty

where yq is the bulk density of the plastic substance, and T, is the yield strength.

Y
direction of flow

—

snout, x=f(y)

X

Figure 2.7: lllustration of the snout curve

Takahashi & Yoshida (1979) presented the criterion for the stoppage of debris flow in situation
where the slope of the channel abruptly changes to a flatter value without expansion of width.
According to the criterion, the snout would stop when

tana

tanf < tang tand, (2.4)

where 8 and 6,, are the angles of downstream and upstream channel respectively; « is the
dynamic angle of internal friction, while ¢ is the internal friction angle.

Empirical methods for predicting deposition area have been studied by many researchers.
Among them, the one proposed by Iverson et al. (Iverson, Schilling et al. 1998) has received
wide attention. Their method, which originates from the study of volcanic lahars; correlates
lahar volume (V) with valley cross-sectional area (A) and planimetric area (B) inundated by
employing two semi-empirical equations (V- A and V- B), has inspired multiple endeavors to
establish similar correlations suitable for debris flow in certain area (Crosta, Cucchiaro et al.
2003, Griswold 2004, Berti and Simoni 2007).

2.5. Influencing factors of debris flow mobility
Debris flow mobility refers to the flow behaviors during motion which, from a microscopic

point of view, may incorporate kinetics and reverse segregation of grains, interaction between
interstitial liquid and solid fraction, and entrainment process etc. As manifestations of above
behaviors, flow velocity, momentum, turbulence, and indirectly the traveling distance
constitute the observable characteristics of debris flow dynamics.

Numerous factors influence debris flow mobility. Geological condition provides important

implications towards initial void ratio, initial stress states and stress history of source material.

Topography characteristics, for instance elevation, path gradient, lateral confinement and
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singularity, decide the potential energy available, and its rate of conversion into kinetic energy
as well. In addition, pore pressure built-up together with entrainment have been demonstrated
by researchers (Wang and Sassa 2003, Iverson, Logan et al. 2010) to have significant impacts
on the mobility of debris flow.

2.5.1. Pore pressure built-up
At the stage of initiation, increased pore pressure could be induced by intensive and prolonged
rainfall, eventually resulting in slope failure. While in the process of transportation, floating of
coarse grains, contraction of loose or medium dense sands, along with grain crushing are found
to be the most important triggers leading to the built-up of high pore pressure, most often
corresponding to liquefaction.

After presenting the three typical cases of pore pressure generation at slip plane (Sassa 1988),
Sassa and Wang (2002) conducted a series of ring shear tests in a specially designed apparatus
to examine the pore pressure built-up and the behavior of sand under undrained condition when
subjected to long shear displacement especially at the initiation stage. Through their tests, the
effects of relative density, stress state and shear history were inspected. In order to facilitate
the interpretation of liquefaction as a consequence of high pore pressure built-up, “static
liquefaction resistance” (Rv.), proposed by Kramer and Seed (1988) to analyze the condition
needed to trigger liquefaction in ring shear tests and the “brittleness index” (Iz) proposed by
Bishop (1967) to analyze the consequence of liquefaction, were introduced (see Fig. 2.8).
Finally, it was revealed that an optimal density existed at which the undrained brittleness index
had a minimum value; meantime, the undrained brittleness index turned greater with increasing
initial normal and shear stresses, but decreased with shear times.
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Figure 2.8: Three typical cases of pore pressure generation at slip plane (Sassa 1988)
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Shear stress

Shear displacement

Figure 2.9:Shear stress - shear displacement curve in the ring shear test (Wang & Sassa,
2002)

In a subsequent experiment of these two authors (Wang and Sassa 2003), they further
investigated the effects of grain size and fine-particle content in pore pressure built-up and
maintaining. By employing a double-cylinder apparatus (Fig. 2.10), in which saturated samples
were rotated at varying speed, and pore pressure was measured at the bottom. Measured pore
pressure was found to increase with velocity. In addition, sample with finer grains or greater
fine grain content floated more easily, and higher pore pressure could be maintained during
motion (as shown in Fig. 2.11, where S7 denotes a relative coarse sand, S8 denotes the finer
one, M10/20/30 are names given to sands mixed with 10%, 20% and 30% of clay by weight
respectively). Remarkably, peak value of excess pore pressure generated in sample with 30%
of clay content lasted for about 5 hours after the stop of rotation before experiencing
appreciable drop (see Fig. 2.12).
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Figure 2.10: Arrangement of double-cylinder rotating apparatus (Sassa 1988)
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f

Floating ratio r

Rotational velocity (ecm/sac)
Figure 2.11: Floating ratio versus rotational velocity for different samples (Wang and Sassa
2003)

Floating ratio referred in the diagrams is a dimensionless indication of excess pore pressure
that was defined by Sassa (1998), and is formulated as:

e (2.5)

re =
f Ot—Us

where, u is measured pore pressure; g, is total normal stress, u, is the static water pressure, or
the initial water pressure measured before the rotating.
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Figure 2.12: Time series of floating ratio after the rotation ceased for different samples
(Wang and Sassa 2003)
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As shown in Fig. 2.10 that floating ratios of samples S7 and S8 reached their crest before
apparent drop was instantly observed at greater rotational velocity. In the authors’ opinion, this
phenomenon was attributed to the fact that when mixing rods rotated too fast (relative to the
moving mixture) the mixture could not move with rods, and subsequently was subjected to
shearing, which reduced the agitation of grains, and thus caused reduction in pore pressure.
Alternatively, dilatancy due to the break-up of particles may turn out to be a more convincing
explanation.

For samples containing various content of clay, floating ratio tended to stabilize after certain
velocity, and no significant decreasing trends were detected over the whole velocity range.
Explanation concerning this discrepancy was not offered in their paper.

2.5.2. Entrainment
Entrainment is commonly defined as incorporation of solid and fluid boundary material from
channel path and/or bank. When debris flows grow by entraining sediment, they can become
especially hazardous owing to increased volume, speed, and run-out (Reid and Iverson 2011).

By conducting large-scale flume experiments, Mark E. Reid et al (2011) explored the profound
role played by entrainment in changing the mobility of debris flow. They found that when
debris flows traveled over relatively dry sediment, net scour was minimal, but when debris
flows traveled over wetter sediment (volumetric water content > 0.22), debris flow volume
grew rapidly and flow speed together with run-out were enhanced. In an effort to link water
content with elevated pore pressure, an abrupt transition of entrainment behavior was revealed
with water content threshold as 0.22 (Fig. 2.13). When peak basal pore pressure ratio
approached unity, the sediment would liquefy, leading to reduced basal friction and enhanced
debris flow mobility.
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Figure 2.13: Peak basal pore-pressure ratio, A(= p/o), as a function of bed-sediment
volumetric water content, & Mark E. Reid et al (2011)
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Figure 2.14: (a) Schematic representation of a saturated bed over-ridden by a debris flow,
showing a slope-normal column of unit length and width. (b) Forces acting on the column in
(a) (adapted from O. Hungr et al. (2005))

Entrainment was first attacked in terms of erosion depth. Among the pioneers Takahashi (1978)
assumed slope-parallel seepage and uniform flow, combined with instant drainage, so that the
pore fluid is hydrostatically pressurized and flowing in a steady-state regime. Taking a typical
column of a unit base area for stability analysis (Fig. 2.14), the shear stress at the column base
equals:

T = Wsinf = (yazq + yz)sinf (2.6)
where y is the saturated unit weight of bed material, and y; is the bulk unit weight of the debris.
The normal total stress equals:

o =Wcosp = (yqzq + yz)cosp (2.7)
The pore pressure at the bottom base is:

U =Yy(zq + z)cosp (2.8)

The shear strength of the bed material is given by the cohesionless Mohr-Coulomb shear
strength law, in which ¢ is the friction angle:

S = (0 —u)tang (2.9)
At shear failure S =1, i.e.
(Wcosp —u)tang = Wsinfs (2.10)

Substituting eg. X, Y and Z into eg. and solving for z:

Ya(,_tanB)_yw
_ y(l tamp) y
Z2=Z2a|"yw_, tanp
y ( tan(p)

(2.11)
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The formula shows that a certain amount of entrainment is possible for any value of y, less

than 1’:—‘;’",,, with more dilute flows causing instability to greater entraining depths. For fully

tang

developed debris surges, whose bulk density approximates the density of the bed material (i.e.,
%‘1 ~ 1), no entrainment will be predicted with these assumptions, if the bed itself is inherently

stable.

Instead of assuming a steady seepage condition, a more realistic assumption would be that the
bulk weight of the debris flow y;z; will be transferred to pore-water through undrained
loading, hence building high pore pressure within the deposit materials. Thus the new
expression for u is:

u = (z4Yq + Zyw)cosp (2.12)

Following the same steps that have led to equation 2.11 a new formula is obtained (Hungr,
McDougall et al. 2005):

_ Y tang
2 =2aq [V_W_(l_ﬂ)
V4 tang

_Yqtanp
l (2.13)

Equation 2.13 together with equation 2.11 are plotted in Fig. 2.15 and interpreted by O. Hungr
et al. (2005) as follows. Compared with formula 2.11, the new formula predicts entrainment
depth for all values of y,. The actual value of the unstable depth may lie somewhere between

the two extremes depicted in Fig. 2.15 although it is likely closer to the undrained condition
(solid lines) than those for the drained condition.
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Figure 2.15: Erosion depths predicted by equation 2.11 (dashed lines) and equation 2.13
(solid lines)

Contrary to the proposition by Takahashi (1978) that saturated bed sediment fails en masse,
Mark E. Reid & Iverson observed from a series of flume experiments that entrainment occurs
through rapid (5-10 cm/s) progressive downward scour.

The estimation of entraining depth is regarded difficult and subjective for erodible base
channels. Hungr and McDougall (2005) suggested that theoretical means of estimating erosion
depths in such cases is not practically useful, and recourse must be directed to subjective
judgement or empirical relations.

2.6. Debris flow modeling
Analogous to any other engineering challenge, analytical modeling, numerical modeling and

physical modeling have long been dedicated to the study of debris flow. Numerous branches
can be named for each approach. In this study the emphasis is directed to its physical modeling,
which would help draw a most related background for current study.

Detailed data on the dynamic characteristics of debris flow are needed to interpret and predict
debris flow behavior. However due to the sporadic and irreproducible nature of in-situ events,
direct measurements or observations are difficult to obtain. Alternatively various physical
models have been developed, of which flume test, rotating flume (mill) test have received the
most attention.
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2.6.1. Rotating flume (mill)

In USA, Brown S. M. (1992) first proposed the use of rotating flume in his master thesis, later
Huizinga (Huizinga 1993, 1996) continued the development and verified it using Non-
Newtonian Fluids. In Austria, R. Kaitna and D. Rickenmann (2007) constructed a similar
apparatus (Fig.2.16), but had it systematically equipped with more sensors and tracing
techniques. The apparatus allows generating and observing stationary surges of materials
ranging from viscous slurries to granular flows for an extended time period. With it the normal
stress and shear stress at bottom, flow depth/surge geometry, mean flow velocity, surface
velocity and pore fluid pressure could be well documented. Two simple methods were
proposed to allow the flow parameters for a Bingham model to be estimated.

Figure 2.16: Side view of the rotating flume (Kaitna and Rickenmann 2007)

Norifumi Hotta (2011) from University of Tsukuba, Japan employed a small rotating mill (4
cm wide and 20 cm in diameter, see Fig. 2.17) to assess the validity of related constitutive
equations (Hotta and Miyamoto 2008). The results implied that a Reynolds stress model best
fitted the experimental data when only larger particles were present, whereas an “infiltration
flow” drag model best fitted the data when only smaller particles were present. A combination
of the two models provides the best fit to the full dataset. The data are inconclusive as far as
determining which model might work best for real debris flows with a great diversity of particle
sizes.
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Figure 2.17: Sketch of the rotating mill (Hotta 2011)

Excess pore water pressures at different depth were also examined with size-varied glass and
plastic beads under some chosen speeds. In Fig. 2.18 materials of 6 mm glass beads and 6 mm
plastic beads were found to generate more or less linearly distributed excess pore pressure,
which is indicated by pr, and made dimensionless by dividing by unit weight of water (pg).
Excess pore pressure was also found to monotonically increase with rotational speed in both
materials.

50
_Brps[a)mm

O D.8Brps
.Brps(b) % 0.9rps
Orps 40 A 1.1rps(a)
1rps v < 1.1rps(b)

:3rp= 30

10 1 2 3 4 -1“o1234
Pe/og MM p;fpg mm
(d) 6mm glass beads (e) 6mm pla. beads
Figure 2.18: Excess pore water pressure distributions (Norifumi Hotta (2011)). Here “rps” is
short for “revolution per second”

According to Kaitna and D. Rickenmann (2007) the main advantage of employing a rotating
flume is the possibility to establish stationary conditions over an extended period of time. On
the other hand the flow behavior is more complex due to flume bottom curvature, and the effect
of wall friction may be more significant compared to a conveyor belt apparatus. Despite of this,
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rotating flume or rotating mill is still capable of offering meaningful insights into the
characteristics of debris flow at a relatively low cost.

2.6.2. Flume test
Compared with rotating flume (mill) tests, flume tests are able to simulate natural debris flow
events more closely. Among the flume tests that have been conducted (Rickenmann, Weber et
al. 2003, Wang and Sassa 2003, Papa, Egashira et al. 2004, Reid and Iverson 2011) the flume
constructed at U.S. Geological Survey (lverson, Logan et al. 2010) is worth detailed
introduction due to its large scale and systematic influential tests performed.

The flume is composed of a reinforced concrete channel 95 m long, 2 m wide and 1.2 m deep
that slopes at 31 degrees, an angle typical of terrain where natural debris flows originate
(Iverson, Costa et al. 1992). A nearly horizontal concrete runout plate is located at the base
(Fig. 2.19). Various types of sensors are able to be installed, thus enabling the measurements
of soil-moisture, pore pressure, total pressure, flow height, traveling velocity, entrainment
process. According to its website (http://pubs.usgs.gov/of/2007/1315/), 146 experiments had
been conducted from 1992 to 2013, with subjects involving roughness and geometry of flow
path, entrainment of bed sediment, effect of fine content material (loam), and counter-measures.
As an effort focusing on the significance of bed sediment to mobility of debris flow, Mark E.
Reid et al (2011) performed eight entrainment experiments and two control experiments
without any erodible sediment in the flume (lverson, Logan et al. 2010). Among their
discoveries, they concluded that entrainment occurred through rapid progressive downward
scour (see Fig. 2.20) rather than by mass failure at depth as postulated by Takahashi (1978,
Takahashi 1981).
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Figure 2.19: Flume at Figure 2.20: (a) Scour depth detected at 4 measurement sections
USGS down the flume during an entrainment experiment with wet bed

sediment (water content=0.25). (b) Basal pore-pressure
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responses at the 32-m measurement section. Vertical dashed

line denotes arrival of debris-flow front at 32-m section.

Experiment date: 13 May 2008. Mark E. Reid et al (2011)

2.6.3. Coaxial-cylinder test

As mentioned previously, coaxial cylinder test has been employed by Sassa (1988) in the
pursue of relationship between pore pressure built-up and rotational velocity of samples with
varying grain size distribution and fine grain content. Another sketch of their apparatus is given
in Fig. 2.21 below. This apparatus turned to be successful and efficient for that purpose.
However, the solid fraction concentrations of samples were not documented, the grain size
coverage was also confined, and the maximum rotational velocity employed was relatively low
compared with real event. These facts actually outline what can be achieved in future work.

Speed Control
Motor

[

[ Gear Box

=

-:2— et /Saturated Sample

v b
_?ugi ?’-'. i
-

2| 2. Pore Pressure
) e Transducer

—_—

Porous Stone

Figure 2.21: Apparatus to measure pore pressure in moving saturated soils. Size of sample
box: 14 cm (inside), 30 cm (outside) in diameter, 28 cm in depth. Sassa (1988)

Master Thesis, Spring 2015 Laboratory Investigation of the Pore
Xiang Yu Pressure Built-Up in Moving Debris



Chapter 2: Literature review

Laboratory Investigation of the Pore Master Thesis, Spring 2015
Pressure Built-Up in Moving Debris Xiang Yu



3.Coaxial cylinder apparatus set-up

3.1. Apparatus configuration
Starting from the schematic illustration of the apparatus (see Fig. 2.10) from K. Sassa and G.

H. Wang (Sassa 1988, 2003), a coaxial cylinder equipment, mixing component, data-collecting
system were designed and fabricated. Besides, a programme was written dedicating to
controlling. Fig. 3.1 presents an overview of the apparatus.

Multifunction DAQ

Transducer

Motor controller

ignal amplifier

Figure 3.1: Apparatus set-up overview

3.1.1. Coaxial cylinder

The coaxial cylinders (see Fig. 3.1), a 20 cm outer one and 6 cm inner one, sit on a rubber base.
Two O-rings were mounted between cylinder and base to prevent leakage. Six pairs of holes
were drilled on opposite positions of the wall of outer cylinder at varying heights for installation
of transducers. Two holes and connecting ducts were drilled on the base to allow for placing
of porous stones and sensors. The rotating component is mounted on outer cylinder with three
screws. The fixing plate was shaped for the purposes of reducing weight and retaining the
possibility of interference during rotation as indicated in Appendix 1.

3.1.2. Mixing component
Two sets of rods were fabricated, of which the shorter ones are to be used for tests with deposits.
Screw threads were carved on the ends of each rod; three sleeves with total length 7 cm can be
connected to rods enabling adjusting of rod-length (Fig. 3.2). The distance of rods from
cylinder center is 6.25 cm.
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The step motor has 200 steps per revolution, and torque capacity 1.2 N - m, which can be
geared up to 5 times. Maximum rotational velocity was set as 200 rpm, much lower than the
limit 1000 rpm and equivalent to translational velocity 1.3 m/s. Speed increment was given as
3 rpm (1.962 cm/s).

The torque capacity was found insufficient for Geo&Geo sand mixture higher than 10 cm in
trial test, therefore in formal tests the heights of mixture were kept lower than 10 cm. Despite
of this, extra care must be paid during the insertion of rods, and some successful experiences
are worth being mentioned here.

e Before inserting rods, the motor should be turn on at low speed (3 rpm);

e The rods must be lowered slowly. Only when stability is achieved at one depth can they
be lowered further. This could be explained as excess pore pressure was generated upon
agitation of rods, and that reduced effective stress and subsequently shear strength;

e It’s better to have the base fixed or held by someone else during insertion, because the
revolving rods may cause the whole cylinder to rotate.

Figure 3.2: (a) Long rods and sleeves; (b) short rods

3.1.3. Data collection system
Up to 6 sensors could be installed on each side of the wall with 4 cm apart. The lowest ones
are 0.5 cm above the base. Initially the wall-sensor was connected to a screw which was home
to porous stone (Fig. 3.3). During trail tests the porous stone was found prone to being stuck
and lead to unreliable readings. This may be because the pore size of porous stone was larger
than the finest grains. Thereafter an alternative method was proposed, which exclude the porous
stone and added an oil-filled hose linking the sensor and screw. The chosen saturation oil was
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paraffin liquid that is high in viscosity, thus assuring full-filling of the hose during installation.
The cavity of screw is prone to trapping air bubbles when wet sample is poured inside quickly
or the water content of sample is too less (when sample with porosity 0.4 was tested, many air
bubbles were observed after careful dumping). Though this has remained as a concern,
satisfactory results have been extracted using this technique judged by coincidence of readings
from sensors of the same height. After experiment, the cavity of screw was found filled with
well-graded sand under visual inspection (Fig. 3.4), which most probably behaved as natural
porous stone.

Porous stone

Figure 3.3: Porous stone and sensor screw

Sand filled
cavity

— Screw

/

Oil-filled hose

—— Sensor
/ '

VA

7

_——— Cylinder wall

.

VLD

Figure 3.4: (Left) Alternative sensor-connecting technique; (right) screw cavity filled with
sand

The sensors are linked to signal amplifier with 4-channel cables. At the end of sensor, the red
cord should be positioned at right side when facing sensor rear (Fig. 3.5). At the end of signal
amplifier, the red cord should be with the red plug as indicated by arrow. Each time before test,
the two holes on base were injected full with paraffin liquid.
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Figure 3.5: Cable connection: sensor end (left); signal amplifier end (right)

3.1.4. Controlling programme
The programme written in LabVIEW 2014 consists of two modules (see Fig. 3.6). One is the
main function module, which offers manual speed control, manual/auto switch button, data
saving options (start button, file name, time interval), pore pressure measurements and
indicators, and raw data measured in mV; the other is auto module which defines the auto test
sequence with speed, duration and data-saving option for each step.
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Figure 3.6: Controlling programme
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3.2. Tested material
Before this study many debris flow flume experiments had been performed by previous master

students Espen Fiskum et al. at NTNU hydrodynamics laboratory. Therefore the initial
intention was to use their material in my experiment and attempt to build connections. However
trial tests shew that their sand was not suitable for two reasons. First, less significant excess
pore pressure could be generated when compared with Geo&Geo sand which has been used
for the basic course “Geoteknikk og geologi”. Comparison of excess pore water pressure before
centrifugal correction is presented in Fig. 3.8 where both tests were carried with same height
and approximately identical solid concentration (50%). The other reason is their sand is too
coarse and stiff, causing insertion of rods rather time-consuming (it took around 1.5 hours in
trial test) for depth beyond 8 cm in addition to the high frequency of getting stuck.

Moraine silt taken at Tiller, Trondheim had been used to increase the fine grain content in
Geo&Geo sand. Clay content in this silt is about 2.1% by weight, which is considerably lower
than that in Loess used in Wang, G. H., & Sassa, K. (2003)’s experiments. Grain size
distributions of the materials used in this study and Wang, G. H., & Sassa, K. (2003) are plotted
in Fig. 3.7. Grain properties of employed samples with varying silt content are compiled in
Table 3.1.

Table 3.1: Properties of employed samples with varying silt content

Sample Silt €50520,5 C50533pg C50540,5 C50550,5 C50S80,,

Mean size D5, (mm) 0.0495 0.3454 0.2630 0.2176 0.1406  0.0832
Effective size, D;, (mm) 0.0074 0.0319 0.0158 0.0138 0.0119 0.0089
Coefficient of uniformity, c¢,, | 10.87 13.62 23.38 23.61 20.59 11.28

Coefficient of curvature, c, 0.49 2.28 2.06 1.97 2.07 0.560

Specific gravity, G 2.647 2.723 2.711 2.704 2.694 2.666

As pointed out by Casagrande (1940), during shear deformation, the void change of sand in
loose state and in dense state tends to produce the same “‘critical void ratio’’. Therefore, it can
be inferred that the tested sand will tend to arrive at the same void ratio after reaching steady-
state movement, no matter whether the sand was initially in loose or dense state. Therefore, in
this test series, all the samples were placed by means of wet mixture without tamping, and the
effects of initial void ratio were not examined.
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Figure 3.7: Grain size distribution of used and referred materials
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Figure 3.8: Comparison of excess pore pressure built-up in Geo&Geo sand and Espen's sand
(data from the average of sensors 3a&3Db)

3.3. Naming of tests
Take test “C50540,5” as an example, here “C” stands for solid fraction concentration by

volume, “S” represents silt content by weight in solid fraction, “h” is to indicate the height of
mixture by centimeter in apparatus. Collectively “C50540,5"means test of sample with 50%
solid fraction volumetric concentration, 40% silt content, and a height of 8 cm.

When it comes to the up limit of solid concentration, 50% seemed appropriate. Initially tests
€605204¢, C64550,, s and C66550,,g , were performed. In test C60520;,,, up to half height
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sand was not stirred up, and it prevented pore pressure readings of sensors 2a, 2b, 3a and 3b
from gaining meaningful increase until speed 174 rpm, when 60% pore pressure increase was
seen (Fig. 3.9). In tests C64550,, 5 and C66550,g, the mixture behaved more in a plastic
manner than fluid.

For several tests deceleration process was performed after maximum rotational speed was
reached. These tests are denoted with a star on the right corner of the name, such as C50520% 5.

Pore pressure built-up in relation to rotational speed
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Figure 3.9: Pore pressure built-up in 605205,

All tests conducted in coaxial cylinder are presented below in Table 3.2, of which samples with
varying solid fraction concentration are classified into test series one; samples of varying silt
content are classified into test series two.
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3.4. Experiment procedure
A standard coaxial-cylinder experiment consists of following steps:

e Calculate weights of every dry material and water;

e Weigh and mix dry material in a container, add distilled water to an amount which is
about 200 ml less than needed; mix until the material becomes homogeneous. The left
water is to be used to flush the container and cylinder’s inner wall,

e Put the container into vacuum fest for at least 30 minutes to have the mixture saturate;

e Saturate the holes, porous stones at base, and the hoses that connect sensors with screws
with paraffin liquid by using syringe;

e Install sensors onto the wall and base;

e Connect data-collecting cables; start the programme and set zero values after 20
minutes;

e Dumping the mixture slowly and carefully into the apparatus. It is recommended to
dump more fluid at the beginning, which would form a liquid surface from bottom and
help exclude air in screw cavities. Direct dumping of mixture onto sensors should be
avoided,

e Flush residual mixture in the container and cylinder wall with the spared about 200 ml
water;

e Rake and mix the mixture carefully. Wait for about half an hour until hydrostatic state
is reached inside the mixture. Name the log file and start to record the static readings;

e Turn on the motor at speed 3 rpm; slowly insert rods into position then install and tight
the three screws on top plate. It is better to fix the apparatus during insertion as rotating
rods may cause the whole apparatus to rotate;

e Seal openings on top plate and unused screw holes on the wall with membrane;

e Maintain the speed 3 rpm for 5 minutes (later it was modified as : “maintain the speed
3 rpm until the excess pore pressure caused by rods insertion fully dissipates”); start to
save data for another 4 minutes;

e Proceed to next velocity level, and maintain for 5 minutes before data saving; or switch
to auto mode which has defined a test procedure beforehand,;

e After the completion of all speed levels and dissipation, copy the log file for analysis.
Turn off the motor and data-collecting system. Detach cables, lift motor and rods;

e Dump the mixture into a barrel for later grain size distribution test;

e Clear the apparatus and sensor screws.

Great consciousness must be paid to exclude air bubbles from hoses and porous stones. Though,
porous stones in the base remained challenging to reach full saturation with syringe. An
efficient alternative is desired. Cautions are also needed for cables, especially the red cords, to
ensure right and sound connectivity.
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3.5. Supplementary tests
3.5.1. Centrifugal correction tests

During rotation centrifugal force contributed to pore pressure built-up. In order to gain net
excess pore pressure induced by sediment particles agitation, centrifugal force’s contribution
must be quantified.

As illustrated in Fig. 3.10, an mixture element close to outer wall with infinitesimal width dR
and area dA is subjected to centrifugal pressures p from outer cylinder, where the sensor sits,
and p’ from mixture interface, normal stresses from above and beneath o, and o;,. The
resulting centrifugal force acting on this element is

E=@(p-p)dA=dp-dA=p-dA-dR-w?-R (3.1)
which gives
p=p-w?[[RAIR+C=2p-w? -R*+C (3.2)

where C is arbitrary constant.
As a result, when w and R are fixed, p is linearly correlated with suspension density p.

In order to quantify its influence three tests with pure water of height 8 cm, 10 cm and 12 cm
were performed. Excess water pressure in test of 8 cm water is plotted in Fig. 3.11. It can be
seen that sensor 2a&2h, 3a&3b gave consistent readings, indicating uniform centrifugal effect
at different height. Sensor 4a experienced ever-reducing but reasonable values due to the
existence of vortex, while sensor 4b presented apparently unreliable data. For specific test,
readings of sensors 2a, 2b, 3a and 3b should be multiplied by the density ratio of suspension to
water before being used for correction. No need of correction for sensors 4a and 4b due to the
absence of centrifugal force at base.
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Figure 3.10: Illustration of centrifugal pressure

Excess water pressure built-up in relation to rotatonal velocity
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Figure 3.11: Water pressure measured in centrifugal correction test (water height 8 cm)

3.5.2. Data saving duration
As stated previously 5 minutes were allocated to reach stabilization of sensor reading. This
choice was based on two trial tests 50520, and €50580,g, which would lend persuasive
basis for samples of varying solid fraction and silt content respectively.

In both tests 9 minutes continuous readings were recorded for rotational velocities: 3 rpm, 39
rpm, 84 rpm, 120 rpm, 165 rpm and 200 rpm. The results showed that 5 minutes were sufficient
to reach stable readings. For speed lower than 39 rpm in test 50520, a decreasing trend was
detected (Fig. 3.12), which was caused by initial excess pore pressure dissipation and will be
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explained in detail later in section 4.2.2. It was also observed that the higher the speed was, the
shorter time was needed to reach stable (see Fig. 3.13 and Fig. 3.14). The rest figures are
attached in Appendix B.

C50S20 h8: sensor 3a & 3b readings at rotational velocity 39 rpm
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Figure 3.12: Pore pressure recorded over time at velocity 39 rpm in C50S20_h8

Test C50S20 h8: sensor 3a & 3b readings at rotational velocity
rotational velocity 84 rpm
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Figure 3.13: Pore pressure recorded over time at velocity 84 rpm in C50S20_h8
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Test C50820 h8: sensor 3a & 3b readings at rotational velocity 200 rpm
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Figure 3.14: Pore pressure recorded over time at velocity 200 rpm in C50S20_h8
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4.Results and discussions

4.1. General
In total 15 coaxial cylinder tests (including repeated ones) have been performed and classified

into two series. Among the data generated from experiments, the net excess pore pressure due
to particles-liquid interaction and floating ratio are of the most interest. Pore pressure measured
at base and different heights on the wall enable better interpretation of pore pressure
distribution when compared with merely sensors at base. In some tests inconsistent results were
observed from sensors 4a and 4b. In addition, under high rotational velocity centrifugal forces
acting on the wall took up a considerable proportion of pressure measured. As a result, the
quality and representativeness of sensor readings must be evaluated, and the centrifugal effects
must as well be quantified before any meaningful information can be drawn.

Three tests with pure water were conducted to provide reference for centrifugal correction.
Some interesting results and plausible explanations are presented. Afterwards the results were
compared with experiment results from Wang & Sassa (2003) in terms of consistency and
discrepancy.

4.2. Original results
Some representative tests of the two series are chosen here to present original pore pressure
measured at all sensors.

C30S20 h10.3

Rotational velocity [rpm]
0 50 100 150 200

Pa]

Pore pressure

0 20 40 60 80 100 120 140
Rotational velocity [cm/s]
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Figure 4.1: Original pore pressure in relation to rotational velocity in test 3052010 3
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Figure 4.2: Original pore pressure in relation to rotational velocity in test C40520;,,,
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Figure 4.3: Original pore pressure in relation to rotational velocity in test C50520,g
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Figure 4.4: Original pore pressure in relation to rotational velocity in test C50533;,5
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Figure 4.5: Original pore pressure in relation to rotational velocity in test C50540g
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Figure 4.6: Original pore pressure in relation to rotational velocity in test C50550;,5
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Figure 4.7: Original pore pressure in relation to rotational velocity in test C50580,g
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Figure 4.8: Original pore pressure in relation to rotational velocity in test C505100;,g

4.3. Analysis of original results

After zero values were set when no mixture had been filled in cylinder, pore pressures were
measured in kPa per second. The final stable readings found at completion of dissipation were
believed to correspond to hydrostatic pressure, and were used to adjust measured data, which
means to increase or decrease according to the difference between stable values and hydrostatic
pressures (see illustration Fig. 4.9). Here original results of excess pore pressure are processed

in Pa.
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Figure 4.9: Original data adjustment

4.3.1. Quality evaluation of sensors
As the heights of most tested samples were below 10 cm, six sensors were installed on the wall
with three on each side. They were named as 1a&1b, 2a&2b, and 3a&3b from top to base. The
two sensors on base were labeled as 4a&4b as shown in Fig. 4.10.

Figure 4.10: Naming of sensors

At static state and low rotational velocity the mixture near surface consisted with more liquid.
During fast rotation the height of mixture varied drastically (Fig. 4.11), which would aggravate
the instability of readings of sensors 1a and 1b.
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Figure 4.11: Turbulent surface at high rotational velocity

Compared with sensors 1a and 1b, sensors 2a and 2b gave much more stable and consistent
readings. However, as a result of inverse segregation (Savage and Lun 1988), richer fine grain
content was found near basal layer which was best represented by material at sensors 3a&3b’s
height.

In Wang & Sassa’s (2003) experiment, data was only obtained from sensors installed at base.
While in this study the two porous stones were often found to give divergent readings (see
“Section 4.2”), which fact had data quality of readings from sensors 4a and 4b suffer. Even
though one of these two sensors can be trusted, severe vortex posed another challenge as it
became difficult to measure mixture’s height above them, subsequently impeding the
acquisition of net excess pore pressure and floating ratio.

Owing to the above reasons, sensors 3a and 3b stood as the most promising ones regarding the
objective of observing the relationship between rotational velocity and pore pressure built-up
as well as floating ratio.

4.3.2. Rods-insertion induced excess pore pressure and modified procedure
In test C50550,¢ it was found that a considerable jump of pore pressure occurred upon
initiation of test following the procedure that allocated 5 minutes for each velocity step before
data-saving started. Instead of increasing with rotational velocity pore pressures measured at
sensors 3a and 3b decreased until velocity 48 rpm (see Fig. 4.12). Since silt content had been
raised and mixing rods were inserted given a short time, thus a most plausible postulation could
be that excess pore pressure formed as a result of rods-insertion, and later was maintained as
the mixture near outer wall had not been stirred up before certain velocity. Bearing this in mind
a modification of experiment process was made that the initial velocity 3 rpm must be
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maintained until no decrease of pore pressure can be observed before proceeding to next
velocity.

Pore pressure built-up in relation to rotational speed
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Figure 4.12: Pore pressure built-up in 50550,

Later in an attempt of observing pore pressure built-up during deceleration in test C50550y,
pore pressure without the influence of rods-insertion before velocity 48 rpm was recorded.
With this procedure not only pore pressure built-up can be studied, but less time would be
consumed. The velocity would be raised directly to 200 rpm again before dissipation could be
observed. Later the exploration of correlation between initial excess pore pressure and silt
content was also made possible. As a result, this procedure had been adopted ever since. Fig.
4.13 below illustrates such test procedure in terms of pore pressure measurement at sensor 2b.
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Figure 4.13: Modified test procedure

4.3.3. Test series one
While silt content by weight was kept as 20%, solid fraction concentration by volume increased
from 20% to 40% and 50% corresponding to porosities 0.8, 0.6 and 0.5. Since different mixture
heights were used, thus excess pore pressure is normalized by individual hydrostatic pressure,

i.e. A—uh, where h is water height at sensor. After initial growth upon initiation a range of

Yw

velocity (3 rpm to 39 rpm) without meaningful growth was seen in all three tests. This may be
because the generated excess pore pressure was confined to narrow zone around rods, and
rapidly dissipated radically and vertically. Following this stage a short duration of sharp linear
rise was experienced by test 505204 interestingly before another segment of moderate
development was seen. As excess pore pressure had been continuously accumulated, another
mechanism of decreasing excess pore pressure in addition to dissipation must exist. Tests
3052045 and €40520,,, displayed simpler behavior; their growing rates seemed identical
to test C50520,g after velocity 120 rpm (78.48 cm/s), giving a constant disparity (0.248) for
adjacent tests.
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Figure 4.14: Normalized excess pore pressure built-up in test series one

4.3.4. Test series two

In this series of test solid fraction concentration was maintained as 50% while silt content was
varied among 20%, 33%, 40%, 50%, 80% and 100%. Abnormal values exist at the beginning
of test C50550 g due to the influence of rods insertion. The data after velocity 48 rpm (31.392
cm/s) can still be trusted though. As far as individual test is concerned, similar characteristics
can be detected as in “samples of varying solid concentration”. Generally higher excess pore
pressure is gained with higher content of silt. However tests C50533,5 and C50540,5" give
almost identical values. The difference between tests C50520,g and 50533, dwindles until
velocity 138 rpm (90.252 cm/s) where parallel plots start.
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Figure 4.15: Excess pore pressure built-up in test series two except for 50580, and

€505100,5

The situation gets complicated after tests €50580,5 and €505100;g were included for
consideration. These two tests start with greater Initial excess pore pressure, and that of test
50580, even exceeds test C505100,5. Thereafter test C50580,,4 continues to rise linearly
but at more moderate rate compared with the previous four tests. Eventually it reaches 814 Pa
which is 218 Pa lower than that of test C50520,. A stable gap of around 90 Pa between test
€505100,5 and €50580,5 was formed soon after initiation and pertained except for the last
two velocity steps. Bearing all six tests in mind, it appears implausible to explain with a

straightforward pattern.
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Figure 4.16: Excess pore pressure built-up in test series two

4.4, Centrifugal correction
Different from Wang & Sassa’s (2003) experiment in which sensors installed at base provided

pore pressure readings, in my work the two sensors at base failed to offer reliable data, and
wider rotational velocity range was used. As a result excess pore pressure readings detected on
outer wall consist of not only contribution of particle and liquid interaction but also centrifugal
effect. Accompanying high velocity rotation, vortex (Fig. 4.17) became marked and varied with
velocity and sample.

Figure 4.17: Illustration of vortex

In order to quantify centrifugal effect tests of pure water were performed with various heights:
8.2 cm, 10 cm and 12 cm. Average of net excess water pressure, i.e. difference between
pressure measured and initial hydrostatic pressure, at sensors 3a and 3b are plotted in Fig. 4.18
in relation to rotational velocity. All three tests give consistent results. This validates that vortex
is only the manifestation of centrifugal force, and should not be deducted separately, which
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would undermine net excess water pressure. Average values of the three tests were used for
correction.

Compasison of net excess water pressure built-up
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Figure 4.18: Comparison of net excess water pressure built-up in three pure water tests

4.5. Corrected results
Centrifuge effect corrected net excess pore pressure from sensors 2a, 2b, 3a and 3b in some

representative tests are plotted below. Readings from sensors 4a and 4b were not included as a
result of the absence of mixture height, which would make the derivation of net excess pore
pressure untenable.
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Figure 4.19: Net excess pore pressure built-up in test 3052010 3
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Figure 4.20: Net excess pore pressure built-up in test 4052041,
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Figure 4.21: Net excess pore pressure built-up in test C50520;,4
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Figure 4.22: Net excess pore pressure built-up in test C50533,,¢
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Figure 4.26: Net excess pore pressure built-up in test C505100;,g

4.6. Analysis of corrected results
4.6.1. Net excess pore pressure
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Test series one

After centrifugal correction and mixture height normalization, the net excess pore pressure
exhibits more distinct characteristics (Fig. 4.27). First of all higher net excess pore pressure is
obtained with higher solid concentration in a nonlinear manner. Secondly, in contrast to the
previous uncorrected results, constant values other than linear growth were achieved by three
tests at approximately the same velocity 129 rpm (84.366 cm/s). Besides, tests C30520410.3
and €50520,5 possess the middle stagnation while test C40520,,, shows rather linear
development within this range.

Normalized net excess pore pressure built-up in relation to speed
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Figure 4.27: Normalized net excess pore pressure built-up in test series one

Test series two

Compared with the uncorrected results of this series, linear rise after velocity 129 rpm (84.366
cm/s) is replaced by modest decrease in all tests (see Fig. 4.28), and the decreasing rates seem
alike. But the pattern that greater net excess pore pressure (Au,..) is gained with higher silt
content is maintained though the difference between tests €50533,g and C50540,35" is
minimal. Regarding the velocity when Au,,,; started to level off, lower velocity appears to
correspond to test with higher silt content except for test 50550, which is flawed in quality.
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Net excess pore pressure built-up in relation to speed
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Figure 4.28: Net excess pore pressure built-up in test series two excluding 50580, and
5051004

Similar to the phenomenon observed in previous uncorrected results, initial Au,,.; exceeding
half of their peak value was met in tests €50580,5 and €505100,g (Fig. 4.29). And the
maximum Au,,, in test 505100, is inferior to that in C50580;,5 which is even lower than
that in €50520,g. Once again prolonged declines present in both tests. But a range of constant
values in test 505100, from velocity 48 rpm (31.392 cm/s) to velocity 102 rpm (66.708
cm/s) is not seen in test C50580;.
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Net excess pore pressure built-up in relation to speed
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Figure 4.29: Net excess pore pressure built-up in test series two

The abrupt jump under speed 3 rpm (1.962 cm/s) in these two tests seemed suspicious. In order
to verify this suspicion, one more test €50580,g was performed with 1 rpm as velocity
increment, and 60 rpm as ending point. As shown in Fig. 4.30, where data from the average of
sensor 3a and 3b is plotted, similar sharp pore pressure built-up was obtained again, which
consequently verifies the existence of initial abrupt increase.
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Figure 4.30: Verification of initial net excess pore pressure jump

4.6.2. Net excess pore pressure distribution
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A rough idea of net excess pore pressure distribution is made possible by plotting the average
results from sensor 2a&2b and 3a&3b at some chosen velocity levels. Representative tests
505335 and €50580,gare shown in Fig. 4.31 and Fig. 4.32. Starting from approximately
linear profile, continuous increase of pore pressure occurred at both mid height and base. When
rotational velocity rose to magnitude corresponding peak pore pressure generation, abrupt
reduction of excess pore pressure was first perceived at sensors 2a and 2b in most samples
excluding €50580,5 and €505100,5. While in these two samples, reductions were first
detected with sensors 3a and 3b. After the first reduction comparable decreases were found at
those two locations, thus giving nearly parallel curves in the lower segment of mixture. In some
cases, for instance test 50580, ", the net excess pore pressure at sensor 2a&2b diminished to
negative values. A mechanism accounting for the difference of net excess pore pressure
development at different height is naturally demanded.
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Figure 4.31: Net excess pore pressure profile in test C50533;,5
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Figure 4.32: Net excess pore pressure profile in test 50580,

According to Norifumi Hotta (2011) linear distribution of Reynolds stress (p) from turbulent
mixing exist in stony debris flow (equation 4.1). However results in current study imply that
this formula could not apply and more appropriate rheological equations are desired.

2 (1-c)?/3 25u%,

z
br = kfpd c2/3  4h2 (1 - Z) (4.1)

4.6.3. Floating ratio
Test series one
To better compare excess pore pressure generation, test results were presented by floating ratio
(vr) (Wang and Sassa 2003) which was originally defined as

Y= (4.2)

Ot—Usg

where u is measured pore pressure, u, is static water pressure (ugs =y, X h,,), o, is total
normal stress. In this study the numerator is substituted by net excess pore pressure Au,.; =
U — Ug — AUgep, iN Which Au,,, is the excess pore pressure induced by centrifugal force. If
every grain floats in water, namely 100% liquefaction, y; = 1.0.

Test results in this series are shown in Fig. 4.33 in the form of floating ratio versus velocity of
mixing rods. Comparable to the features demonstrated in Fig. 4.27, nonlinear relationship
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prevails in these three tests. Starting at around 15% upon velocity 3 rpm (1.962 cm/s), yf
stabilizes at 48%, 65% and 70% in tests C30520y,10 3, C40520;4, and €50520,¢ respectively.

Floating ratio in relation to rotatonal velocity
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Figure 4.33: Floating ratio versus rotational velocity in test series one

Test series two

Floating ratio in tests €50520;g, C50533;5, C50540,5, and C50550,4, is plotted against
rotational velocity in Fig. 4.34. Analogous to net excess pore pressure in these tests, nonlinear
relationship presents in each test regarding the whole velocity range. After the initial jump,
floating ratio tends to rise at a given velocity with silt content also in a nonlinear manner while
few exceptional points can be seen in tests C50533,5 and €50540,5". The highest floating
ratio was achieved in test C50550; as 98.9% at velocity 129 rpm (84.366 cm/s).
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Floating ratio in relation to rotatonal velocity
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Figure 4.34: Floating ratio versus rotational velocity in test series two excluding C50580;,¢
and €505100,

Floating ratio in the rest two tests 505805 and €505100,4 is shown in Fig. 4.35 with the
previous four tests plotted in dash line. Floating ratios which are around 50% at velocity 3 rpm
(1.962 cm/s), lower peak values and reversed relation, prolonged decline, and the ascending
tendency at end in test 505100, altogether make these two tests extraordinary, and call for
further scrutiny and sophisticated explanations.
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Figure 4.35: Floating ratio versus rotational velocity in test series two
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4.6.4. Dissipation
After rotation stopped pore pressures were continuously logged for another 24 hours. Later
floating ratio y; was plotted versus elapsed time for major tests as shown in Fig. 4.36. The test

results revealed full dissipation in less solid-concentrated sample (€30520;,,.3) was not that
much quick when compared with 50520 ,g. When silt content varied from 40% to 100%
similar time was consumed to reach full dissipation except for C505100,,5" which took 5 hours
before regaining hydrostatic state. Regarding the maintaining of peak floating ratio, it is
consistent that longer peak duration is obtained in sample of higher solid concentration and
greater silt content.

1.000
0.900
0.800

1 10 100 1000 10000 100000
C30820 h10.3 ——C50820 _h8 —— (50840 h8 Eplapsed time [s]
C50850 h8 —— C50S80 _h8 C50S8100_h8

Figure 4.36: Time series of floating ratio after the rotation ceased for different samples

Compared with the results (Fig. 4.37) obtained by Wang & Sassa (2003), results in current
study are much less remarkable. Fine grain content, especially clay content, is believed to be
able to explain the discrepancy of pore pressure maintaining capacity of samples in the two
studies. Table 4.1 lists clay content by weight in the mentioned tests. It appears that nonlinear
relationship linking clay content and dissipation time exists. However as sand types and grain
size distribution differ greatly in the two studies, it seems implausible to draw a universal
correlation.
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Table 4.1: Clay content of samples in current study and Wang & Sassa (2003) ’s experiment

Test Clay content % (by weight)
M10 5.59
M20 6.17
M30 6.76
C50S20 0.87
C50S40 1.08
C50S80 1.69
C50S100 2.10
1.0 LS L S LA RSP L B L s S LI B B AR

e

Floating ratio r;

1 10 100 1000 10* 105 108
Elapsed time (sec)

Figure 4.37: Time series of floating ratio after the rotation ceased for different samples in
Wang & Sassa (2003) ’s experiment

4.7. Comparison and discussion
4.7.1. Comparison
Regarding the relationship between floating ratio versus rotational velocity, results of two test

series in current study are compared with Wang and Sassa (2003) (Fig. 2.11) in terms of
consistency and discrepancy.

Consistency
e Firstly, the results show positive correlation between floating ratio ysand silt content
except for 505805 and €505100,.
e Secondly, despite of the initial and transitional stages observed in current study, floating
ratio tends to increase with rotational velocity on the whole before reaching peak or
constant level.

Laboratory Investigation of the Pore Master Thesis, Spring 2015
Pressure Built-Up in Moving Debris Xiang Yu



Chapter 4: Results and discussions

Thirdly, the velocities corresponding to floating ratio peak, constant level, and
transitional segment migrate towards lower velocity with increasing silt content, and
solid fraction concentration as well.

Discrepancy

More sophisticated floating ratio development processes exist in current study. Instead
of smooth growth after initiation, most samples experienced a brief abrupt rise after
coming to a steady stage roughly ranging from 3 rpm (1.962 cm/s) to 39 rpm (25.506
cm/s). Initial stagnation stage was given as its name. Afterwards another range with
insignificant variation was detected in most tests. However the beginning and ending
points varied from one test to another. This stage was named transitional stage.

Test results from series two exhibit that distinct behaviors started after velocity 25 cm/s.
Floating ratio in test C30520,,,.3 remained more or less constant until velocity 50 cm/s,
while €40520,,, began to rise linearly, and €50520,5" was about to arrive at
transitional stage. Stable stages of these three tests initiated at about the same velocity:
138 rpm, or 90.25 cm/s, which is a contrasting fact when compared with test series two.
Not surprisingly, smaller increment of floating ratio was gained from €40520;,,, to
€50520,5" then from €30520},10.5 t0 C405204,4,.

More prominent decline of floating ratio was detected by Wang & Sassa with samples
of coarser grains (S7), and stable values with minor deviation were gained with samples
with the most fine grain content (M30). On the contrary, in current study the finer
samples are found to give more obvious and prolonged decrease of floating ratio
(€50580;,5 and €505100,3). Besides, these two tests also gave inconsistently low
floating ratio with 5051004 pertaining even lower peak values than 50580, .
Considering the proportion of initial floating ratio y; to maximum floating ratio y yqx
(Fig. 4.38), samples of varying solid fraction concentration shew inverse correlation,
while samples of test series two roughly gave higher ratio for greater silt content.
Collectively more liquid and fine grains concentrated the mixture is, the higher floating
ratio it may reach at low flow velocity.
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Figure 4.38: Relative floating ratio in different tests

4.7.2. Discussions
Acrticulation of the mechanism accounting for the increase of pore-liquid pressure with
increasing rotational velocity would be necessary for providing basis of other special
phenomena’s explanation.

Granular temperature, which measures the degree of agitation of solid grains and is determined
by the ensemble average of grains’ velocity fluctuation (Ogawa 1978, Campbell 1990, Iverson
1997), is capable of deliverring satisfactory interpretation. When the sample is rotated by
mixing rods, not only the mean velocity of grains will be increased, but also velocity fluctuation,
i.e., higher granular temperature. Interparticle collisions with greater random moving velocity
can help grains to fluctuate and float on the pore fluid, thus elevate the pore-liquid pressure
(Wang and Sassa 2003).

Initial stagnation

As data from sensors 2a&2b and 3a&3b were majorly used, the excess pore pressure generated
near mixing rods at low velocity would rapidly dissipate and could not accumulate at sensors
on the wall to high enough magnitude. Later until the majority of solids were stirred up, sensors
on cylinder wall finally had more prompt response to rotational velocity increase.

Transitional stage

Observed in most tests, excess pore pressure was maintained for varying duration of time
before reaching peak values. A potential explanation could be that within certain velocity range
the increase of mean velocity is not necessarily accompanied by the increase of velocity
fluctuation. This explanation, which is against the basic assumption in “Granular temperature”,
could also support the final constant level experienced by some tests.
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Floating ratio versus silt content and rotational velocity

When it comes to the positive correlation between floating ratio and silt content,
Wang & Sassa provided a sound interpretation. They wrote that, since the increase
in pore pressure was owing to the floating of grains in the fluid. Thus, corresponding
to a certain rotational velocity, there will be more grains involved in floating for
sample with high silt content, which is finer; consequently, the resultant pore-
pressure increment will be greater. However results from €50580,;g and
€505100;,5 can hardly be deciphered with this hypothesis. As a result a non-
monotonic correlation should exist.

Regarding the decline of floating ratio after certain velocity, Wang & Sassa
proposed that “because the mixing rods rotated too fast (relative to the moving
mixtures) so that the mixtures could not move with the mixing rods together, the
mixtures were subjected to shear; therefore, a reduction in pore pressure evidently
occurred as a consequence.” However it remained unclear how the reduction in pore
pressure is connected with shearing. It may seem clearer to rephrase that when the
rods moved too fast, disturbance in suspension became limited, and so did the
agitation of particles, hence leading to reduced pore pressure.

The decline can alternatively be attributed to sediment dilatancy which is caused by
particle-breakup. To verify this hypothesis grain size distribution tests were
conducted before and after experiment. A representative result is displayed below.
As shown in Fig. 4.39 the percentage of grains from 0.075 mm to 0.125 mm
decreased from 28.50% to 5.95%. Meanwhile grains with size ranging from 0.02
mm to 0.075 mm increased its percentage from 16.59% to 40.9%. Thus break-up of
large particles had actually occurred. Assuming this process lasted for a relatively
long time and had kept a steady rate, prolonged decline of floating ratio would be
made possible. Furthermore, if the process terminated after a duration, floating ratio
may again rise with increasing rotational velocity. The final rising segment of
505100, may be explained in such a way.
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Grain size distribution of sample C50S80 h8 before and after test
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Figure 4.39: Grain size distribution of sample €50580,¢ before and after test

e As mentioned in “section 4.5.2”, negative net excess pore pressure occurred.
Though being subject to shearing and dilation effect both account for pore pressure
reduction, it is more likely to have their combination or dilation effect alone explain
that distribution because being subject to shearing can only bring down positive
pore pressure not lead to negative values independently.

4.7.3. Limitations
Due to the lack of well documented precedent experience of this experiment, many lessons
have been learnt through trial and error. Quite a few limitations concerning objectives of the
study were realized after tests finish; they are listed as follows.

e In the first series of test, only silt content 20% was explored. Given higher silt content
the behavior of samples in this series may be different.

e Porous stones used for wall sensors and base sensors are prone to getting stuck and
damage as a result of particle collision. Specified porous stones with appropriate pore
size are thus expected.

e Currently the base was not able to be fitted in vacuum fest after being injected with
paraffin liquid. Consequently unusable data quality has been induced. Therefore a better
saturation procedure is desired.

e As the study is concentrated on the basal layer in debris flow, normal pressure from

upper material surely plays an important role towards basal layer behavior. This effect
was also not included here.
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e The space between two cylinders was found too wide (6,5 cm) compared to the outer
cylinder radius. Narrower space is believed to be able to offer more velocity-uniform
flow.

e Decline of pore pressure was revealed to derive from rods-shearing effects and
sediment dilatancy, but their individual contribution, the rate and timing of particle
break-up remain unclear. It would be pleasant to have these two factors separately
studied.

e In this experiment horizontal rotation not only resulted extra excess pore pressure but
also forced sediment particles to cluster near outer cylinder. Thence solid fraction
concentration would deviate from that designed.
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5.Conclusion

5.1. Main messages
Based on tests results presented in this study the following messages can be drawn

corresponding to objectives.

1.

As for objective one, the coaxial cylinder apparatus has been proved effective in
delivering data on pore pressure built-up and its distribution though some shortcomings
remain to be improved.

Concerning the second and third objectives, pore pressure built-up in both series of test
is correlated with rotational velocity in nonlinear manner. Universal formulation fitting
all results seems unlikely as some tests shew distinct initial stagnation and transitional
stage while others maintained more or less linear growth before reaching stable value.
Samples €50580,gand €505100,4 even possess prolonged decline, which indicates
that quite a wide phenomenological spectrum has been covered. More samples with
intermediate silt content (from 50% to 80%) and solid fraction concentration seem
worthwhile of further inspection.

Corresponding to objective four. Compared with samples of less silt content, more
drastic growth after initiation but lower maximum values of pore pressure built-up were
observed for samples €50580,g and €505100,5. Knowing that finer sample in Wang
and Sassa’s work (loess with D5, = 0.0182 mm) gave not only higher pore pressure
built-up but also stable endings, a reasonable postulation could be constructed on the
notion «most breakable grain sizes” that is concentrated from 0.075 mm to 0.125 mm
in current study. Combined with the fact that finer grains can float easier, test results in
the second series and Wang & Sassa’s work can be explained under a global scheme.
That is to say when most grains are with size above the «most breakable grain sizes”,
sharper pore pressure built-up, more notable and earlier decline could be expected for
finer samples. On the other side when most grains sizes are below it, higher pore
pressure built-up and also floating ratio would be easily achieved without noticeble
decline upon rapid rotation.

Regarding objective five. The patterns of pore pressure distribution described in
“section 4.5.2” could be interpreted that, in samples of less silt the difference of grain
size composition between mid-height and base is greater than samples of richer silt
(€50580ygand €50510045). Besides, the proportion of “most breakable grains” is also
higher in the former group of samples.

In natural event the basal layer of debris flow is expected to experience ever-reducing
friction and maximum pore pressure built-up soon after initiation, because the
maximum pore pressure built-up found in current tests was below 1 m/s, and peak
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velocity up to 10 m/s during transportation is regarded common from observations
(Hutter, Svendsen et al. 1994). Therefore the mobility of debris flow would be highly
facilitated before notable reduction of pore pressure built-up due to sediment dilatancy.
At higher velocity the reduced pore pressure, i.e., higher friction resistance would
instead help drag the flow.

6. The first series of test suggested that pore pressure built-up tended to increase with solid
concentration. Considering in real event solids are more concentrated at the front, and
the rear consists of richer liquid, thus, apart from boulders at front, higher frictional
coefficient would be seen near the rear. This distribution of resistance would help
elongate debris body and accelerate deposition.

Figure 5.1: Friction coefficient longitudinal distribution

5.2. Shortcomings
Assessed in the domain of physical modelling of debris flow, some shortcomings of co-

axial cylinder experiment can be named as below.

e At low speed the disturbance induced by mixing rods is confined within narrow space.
Even though the generated pore pressure could be captured by sensors beneath rods,
the result is still of flawed representativeness before radial dissipation becomes
negligible.

e First of all, energy replenished to debris mass is from rotating rods, other than gravity.
The adoption of steel rods may aggravate the break-up of grains, which could be less
significant in real events.

e For the purpose of studying entrainment in this apparatus, some modifications are still
needed.
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6.Scope of future work

As it is described in (Section 1.5 and Section 4.2.4), many efforts need to be done by fulfilling
the limitations of this study. Possible future works are listed below:
e Concerning samples and the apparatus:

o Finer soil with greater clay content, for instance exceeding 5%, is interesting to
test with to see if stable floating ratio approaching unity is possible to achieve.
Samples of higher fixed silt content (>20%) and varied solid fraction
concentration are also expected to shed light on a broader spectrum of samples.

o Specified porous stones with appropriate pore size are expected to avoid being
stuck and damaged upon collision. Better saturation and vacuumization
procedures for the porous stones and ducts at base are needed.

o Larger inner cylinder is believed to be able to deliver more radially-uniform
velocity field, less lateral dissipation under low velocity and less severe particle
migration upon centrifugal force. Modification can be directly made on the
current base.

e Concerning test procedure and verification:

o Normal pressure from upper material plays an important role towards basal
layer behavior, thus more representative results are promising if this effect could
be modeled.

o Work to separate the two factors accounting for decline of pore pressure built-
up: rods-shearing and sediment dilatancy, would be valuable. Scrutiny into
transitional stage is also expected to be fruitful.

o In-situ or large scale flume test observations of pore pressure built-up decline
due to dilatancy.

o Verify the existence of “most breakable grain sizes” and study the geometric
and physical properties of those particles.

e Construct empirical or analytical correlations to incorporate the significance of pore
pressure built-up in debris flow mobility simulation models.
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Appendices

Appendix A: Drawings of coaxial cylinder apparatus
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Appendices

Appendix B:

Test C50S80_h8: sensor 3a readings at rotational velocity 39 rpm
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Figure 0.1: Pore pressure recorded over time at velocity 39 rpm in C50S80_h8
Test C50S80_h8: sensor 3a readings at rotational velocity 84 rpm
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Figure 0.2: Pore pressure recorded over time at velocity 84 rpm in C50S80_h8
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Test C50S80_h8: sensor 3a readings fluctuation at rotational velocity
200 rpm
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Figure 0.3: Pore pressure recorded over time at velocity 200 rpm in C50S80_h8
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