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ABSTRACT

Thisthesis presents experimental work on foam/sand mixtures carriedout in the Civil
Engineering Laboratory at Oxford University, as well as the findings associated with
it. This research represents the preliminary stage of a research project on Sail
Conditioning Agents in Pipe Jacking and Mechanised Tunnelling, sponsored by the
Pipe Jacking Association (PJA) and three water companies. The experimental work
was carried out in order to evaluate the fundamental soil properties of foamed sand,
in particular its compressibility, permeability and shear strength.

The first chapter deals with basic aspects of soil conditioning agents and their
application to tunnelling, and provides an under standing of the fundamentals of foam
behaviour. An introduction to the problems encountered in tunnelling isgiven. A brief
study of foams and their properties is presented and the role of foams as soil
conditioning agents is described.

In the second chapter, a description of the foam generator used is provided. Two types
of sand (fine and coar se), four types of foaming agents and a specific polymer mixture
were employed for the testing. In some cases, sodium bentonite was used alone or in
combination with foam and polymer. The sample preparation method, together with
the results from measuring the reduction of the power input required to mix sand
with foam, are presented.

The third chapter presents the compression tests performed in a 75 mm Rowe cell.
Results are presented as volume changes variation with the applied vertical stress.
Quality control was carried out on the test results in order to evaluate the likely
inconsistencies during the preparation and measurements. The most notable outcome
was that for fine sand even at high pressure the final voids ratio of foam/sand
mixtures after the compression remained higher than the maximum voids ratio of dry
sand. Some measurements of the foam/sand mixtures permeability were also
performed in the Rowe cell. Tests were carried out using the constant head principle
with a" Marriotte bottl€" . Permeability values determined from testing are compared
with indirect evaluation from the compression tests.

In the fourth chapter direct shear strength tests in a standard shear-box are
presented. Fine and coarse sand mixed with foam were tested in shear under seven
different vertical loads. Results are presented as plots of shear strength against
horizontal deformation. Very low values of shear strength for foamed sand tests are
recorded. The shear strength is plotted against the relative density index along with
the experimental results from Bolton’s correlation. Foamed sand shear strength
values are scattered within a range below that of Bolton's correlation. Finally, the
conclusions from the test results are discussed.
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Chapter 1. Foams as Soil Conditioning Agents

1.1 Introduction

1.1.1 General

The past decades have been marked by a rapid growth in underground construction.
Worldwide, there is a growing need for new infrastructure such as pipelines and
communication cables as well as roads and railways. Additionally, public authorities and
private companies have recognised the benefits offered by underground construction as an
aternative to open excavation for transportation and services networks (sewers, pipelines,
cables), especidly in urban environments. The utilisation of underground space offers a

new approach to urban planning and infrastructure.

Tunnelling and trenchless technology are considered to be more suitable than open
excavation in cases where ground conditions are unfavourable or where the surface
disruption is expected to be high. The term tunnelling encompasses many different methods
and techniques from conventional methods (drill and blast) to more advanced methods
utilising sophisticated Tunnel Boring Machines (TBM). Trenchless technology is a broad
term used to describe a range of methods, materials and equipment that can be used for
congtruction, installation or rehabilitation of underground infrastructure (ISST, 1998).

1.1.2 Mechanised tunnelling and pipe jacking

Tunnelling and pipe jacking are methods of underground (or trenchless) construction. Some
of the techniques developed more recently include mechanised tunnelling and
microtunnelling whereas others (conventional tunnelling and pipe jacking) have been
employed for decades. The term mechanised tunnelling has become synonymous with
tunnelling by TBM. The performance of these machines can be enhanced significantly by
using suitable additives during the excavation process. By utilising mechanised techniques,
benefits in reduction of construction time and consequently construction cost can be

achieved.
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Pipe jacking is a specific trenchless technology method as well as an underground
construction process. It can be described as the process in which pipes are directly installed
behind a shield machine by hydraulic jacking from a shaft, such that the pipes form a
continuous pipeline in the ground (ISTT, 1998). The pipe jacking technique can be defined
as the installation of pipes over 900 mm internal diameter whereas the microtunnelling
technique involves ingtallation of pipes of less than 900 mm internal diameter. As a result,
the distinction between pipe jacking and microtunnelling is “a matter of size” (ISTT, 1998).

Pipe jacking and microtunnelling differ from the other methods of tunnelling in the way the
lining isinstalled. Thus, shields for pipe jacking and tunnelling are similar in principle and
operation. The advent of closed face TBMs brought about significant progress by extending
the operationa limits of TBMs in unfavourable ground conditions (Biggart, 1999). In soft
ground conditions, there are two principal types of shield machines usualy employed:
dlurry shield machines and earth pressure balance machines (EPB). Both of them use
artificial means to support the face during excavation in an attempt to control the rate of
advance and keep the ground deformation within some limits (Anagnostou & Kovari,
1996). In durry shields, face support is provided by durry that is formed behind the cutting
head by mixing water with a well ‘designed’ fluid (usualy bentonite-based). A further
development of slurry shield is the ‘Hydro-shield’” (Herrenknecht, 1999), which uses an air
bubble within the machine head in order to control efficiently face pressure variations or

changes in advance rate.

EPB machines (Figure 1.1) are specific kinds of tunnel boring machines (TBM), which are
increasingly being seen as the answer to many tunnelling problems where adverse
geologica conditions are encountered. In EPB machines, mechanical pressureis applied to
the excavated soil in order to provide counterbalance to the earth pressure at the face and
prevent heave or subsidence. EPB offers many of the advantages of durry shields. In EPB
shields, support is provided by the excavated soil behind the cutting head in the excavation
chamber. In contrast to other methods, the EPB can do without a secondary support
medium such as compressed air because the excavated material itself serves as a support
medium. Between the earth durry in the excavation chamber and the ground at the face the
pressure balance is reached. The excavated ground is pressed through the openings of the
cutting wheel into the excavation chamber where it is mixed with the earth durry. The
bulkhead presses the earth durry mixture and the pressure of the earth durry in the
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excavation chamber is controlled by the rate of spoil removal. The torque should be kept
low to achieve successful performance and to keep the construction cost below that of other
conventional tunnelling methods (Mélis, 1999).

Slurry shields machines work successfully in every type of soft ground (Maidl, 1996) hut
are widely used in non-cohesive ground. In discussing the use of the two types of machines,
Herrenknecht (1994) noted that in the case of durry shields, consideration must be given to
the particle size distribution of the soil. The main concern is that the excavated materia
must be separated from the bentonite durry and the presence of fine material makes the
separation process expensive and onerous. For an EPB shield machine, clayey-silty and
silty-sandy ground are perfectly suited (Maidl et al, 1996). The range of soils, which can be
excavated using an EPB, can however be extended using soil conditioning.

1.1.3 Soil conditioning in tunnelling and pipe jacking

The term soil conditioning refers to the use of suitable additives (conditioning agents) n
various proportions to ater the soil properties of the excavated spoil. Conditioning agents
have been used extensively in drilling and tunnelling operations for many years.
Particularly in tunnelling and pipe jacking, the performance of tunnelling machines is
enhanced using proper ground conditioning and lubrication agents (Milligan, 2000a).
Recent experiences in mechanised tunnelling have revealed the prime importance of ground
conditioning agents in the excavation process from the tunnel face to the spoil handling
(Milligan & Marshdl, 1998; Pellet & Castner, 1998). Soil conditioning is applied in
relatively long drives and in difficult ground conditions, where fully mechanised systems

are used. Some case studies are presented in the last section of this chapter.

Soil conditioning agents are usually bentonite-based durries (Thomson, 1993), sometimes
mixed with various types of polymer as well as foams. Foams were introduced in the
tunnelling industry in the late 1970's in Japan with EPB machines (Maidl et al, 1996).
Today, apart from the physical and chemical requirements associated with the performance
of the various agents and chemical additives, environmenta issues must also be taken into

account. The latter means compliance with both safety-in-use and disposal regulations.
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Sail conditioning agents improve the performance of severa of the TBM parts and may be
introduced at various points as discussed in the following sections.

Tunnel face:

At the tunnel face, the main role of soil conditioning agentsis to reduce the friction between
the cuttings and the cutting tools of the machine's cutter head. The reduction of friction
decreases wear and torque requirements for the cutting head. This, in turn, results in lower

operationa cost and longer life for the components of the machine.

In durry shields, the conditioning agent (bentonite suspension) creates a ‘filter cake’ which
supports the tunnel face and makes the ground impermeable. In EPBs, soil conditioning
agents can reduce the permeability of the soil in order to allow the excavation to take place

in a controllable way, in coarse-grained water bearing soils.

In &l cases, the soil conditioning agent should be introduced at the point of cut as early as

possible to alow sufficient mixing with the ground.

Machine head:

The main abjective is to reduce friction within the machine head and to create a more
homogenous mass so that cloggings are avoided. Reducing friction again results in a
reduced wear within the head. It also decreases the power requirements for the cutter head
to turn the excavated materia into a suitably plastic mass. Creating a more plastic and
homogenous excavated mass improves its workability and consequently, allows for better
control of the pressure changes at the face of the tunnel. This, in turn, appears to improve
the stability of the tunnel face and provides better control of ground movements thereby
contributing to safer working conditions for the personnel in the tunnel. In slurry shields,
the excavated materia falls into an excavation chamber filled with slurry, which is placed
behind the cutting head.

In EPBs, the addition of conditioning agents is necessary so that the excavated material can
be transformed into an earth-slurry supporting the tunnel face. The excavation chamber is
also filled with the excavated material and at this stage, can be conditioned with suitable
agents. It isimportant to note that the interior of the excavation chamber should be designed
in such a way as to provide the best possible mix of il and additives. The ports on the
cutting head must ensure early mixing of the conditioning agents with the excavated
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material. At the cutting head, each injection point should have its own delivery line in order
to prevent blockages. This mainly concerns the face ports that are more prone to blockages.

A high advance rate is achieved due to the improved flow characteristics of excavated
material through the cutter head and the lubrication of the moving parts.

Spoil handling:
Soil conditioning agents dso affect the handling process by reducing the wear of the parts

of the spoil removal system. In slurry shield machines, the spoil is pumped out from the
face to the surface separation plant. In order to transport the spoil efficiently with the
minimum pipe and pump wear at the required velocity, the slurry must have the optimal
flow characteristics. For example, thixotropic properties of the bentonite durry are useful so
that in case of a circulation hat, spoil remains in suspension without settling out in the
pipes. The reduction in the friction losses in the pipes, vaves and pumps results in lower
power consumption and savings in energy.

In dlurry shield machines, the last stage of the excavation process is the separation of the
spoil from the durry. The addition of conditioning agents facilitates the separation process.

Adding special flocculating or deflocculating agents can also enhance separation. The final
spoil contains less fine material after it has been processed in the separation plant and

therefore isin a more suitable state for disposal. In durry shields, the excavated material is
removed hydraulically and is separated from the support medium (bentonite) in a separation
plant. This is the mgor disadvantage of using durry shiedd machines on account of

environmental hazards and the high cost involved should the soil contain a high percentage
of fines (Herrenknecht, 1994; Maidl et al, 1996).

In EPB shields, screw conveyors achieve the removal and the transportation of the
excavated materia from the pressurised excavation chamber to the tunnel exit under

atmospheric pressure. The removal rate is very significant because it is related to the rate of
advance. ldedlly, the two rates should be compatible, otherwise loss of the support pressure
a the tunnel face occurs. When the soil in the excavation chamber has not reached a

sufficiently low permeability, a further injection of conditioning agents in the screw
conveyor prevents excessive flows of water. An important detail with regard to the design
of screw conveyors is their position in the excavation chamber. When the screw conveyer is
located at the bottom of the excavation chamber, it is easier to empty it. The spoil should be
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in a suitably plastic state in order to allow controlled extrusion through the screw conveyor
without causing excessive wear or consumption of power (Milligan, 2000b).

Sometimes the same type of conditioning agent is used to achieve different material
properties. For example, in the excavation chamber of an EPB machine, the aim is to make
the soil more plastic and workable usually by adding water. However, afterwards excessive

water in the screw conveyor can create problems (Milligan, 2000b).

In Table 1.1, the application of soil conditioning agents with tunnelling machines is
summarised. In this table, TBMs include the open or shield mode machines suitable for
rock conditions whereas durry shields and EPBSs, are principally for soft ground conditions.
Specificaly, in EPBs, the addition of conditioning agents extends their range of application
(Table 1.2) as described in the ensuing paragraphs.

The suitability of the various types of conditioning agents depends on the different ground
conditions encountered. For example, in clays, when bentonite slurries are used, he
addition of polymers makes them more effective. However, if polymers are used aone, they
will disappear into the formation without providing any lubrication (Lyon, 1999a).

In sands with gravels or poor rock and in sandy-silty soil, foams can be used as
conditioning agents. When cobbles and gravel are encountered, polymer additive with foam
(0.1 to 3 % per volume) is necessary. The addition of foam offers two maor benefits:
increased compressibility and reduced permesbility.

In fine-grained soils, foam can be enhanced with natural polymers, which prevent water
absorption. This helps to prevent clogging and balling. Milligan (2000b) noted that in stiff
over-consolidated clays, the addition of agents makes clay more plastic. However, it is
difficult to estimate how much water must be added to reduce the undrained shear strength.
If too much is added, then it can turn the clay to durry whereas insufficient water can make
the clay stiffer and would then need extremely high power to remould it.

In high plagticity clays, alarge quantity of water is required to sufficiently change the water
content and therefore, the shear strength. In this case, the danger is the creation of large
chunks of clay in a softened soil matrix that will clog up the machine and the conveyor
(Milligan, 2000b). For intermediate plasticity clays, the best practice isto create a rubble of
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intact clay blocksin a*matrix’ of polymer foam, which inhibits water absorption but allows
clay blocksto dide around each other.

1.1.4 Soil conditioning agents for EPB machines

This section describes the soil conditioning agents used with EPBs. These soil conditioning
agents are typically foams, water or oil based mixtures with bentonite clay or polymer
suspensions.

In EPBs, the role of soil conditioning agents is to improve the soil properties by both
increasing compressibility and reducing shear strength and permeability. The objective isto
make soil more plastic with low interna friction and low permeability. Failure to satisfy the
above criteria, results either in blockages at the cutting head, clogging or problems in
trangporting. Without soil conditioning agents the use of EPBs would be limited to fine-
grained soils (Maidl et al, 1996).

The common materials used with EPBs are bentonites, foams and polymers. Polymers and
bentonite durries are introduced into the soil in aliquid form, usually as thixotropic fluids.

It isof prime importance that the exact quantity of the additivesis precisely predetermined.

Bentonite slurries used n tunnelling industry are made by mixing bentonite and water.

They have thixotropic properties, forming agel at concentrations 3-6 % per volume (Lyon,
1999a). The name bentonite is used to characterise a range of clay minerals. primarily

potassum, calcium and sodium montmorillonites. Montmorillonites consist of thin flat
sheets of clay particles and have the ability to absorb water and to swell. Water is absorbed
onto the external and internal sheet surfaces due to their low bonding energy. Calcium ions
provide a stronger bond than the sodium ones and swell less. In tunnelling practice, sodium
bentonite is preferred because it is the most dispersing type, showing higher viscosity than
the other types for the same durry density. Bentonite slurries can be tsed as a means to

enhance the capacity of the durry to carry the excavation debris (Lyon, 1999Db).

Polymers are made from small chemical compositions, known as ‘monomers’, through a

chemical process, in which the monomers are linked together to form large long chain

molecules. Polymers are used separately or in addition to bentonite, to form suitable
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dlurries. Some types of natural polymers such as cellulose sugars, starches and proteins can
be used in tunnelling. In addition to these, synthetic polymers such as polyacrylamides
(PA), carboxymethyl cellulose (CMC) and polyanionic cellulose (PAC) can be used.
Synthetic polymers have been developed in the petroleum drilling industry as an dternative
to bentonite durries. When used with bentonite, they improve the ability of bentonite
durries to form ‘filter cake and to maintain a dispersed structure. However,
polyacrylamides and their derivatives are very important as soil conditioning agents
(Milligan, 2000b) and have been used particularly with EPBs with foam or bentonite as face
stabilisers (Babendererde, 1998). The role of the polymers is the inhibition of the ground
from absorbing water, dehydration and (when used with oil) the lubrication of the tunnel or
shaft. Water absorbing polymers like partially hydrolysed polyacrylamides (PHPA), can be
used with foam in small proportions to ‘plastify’ coarse-grained soils.

Foams as conditioning agents are presented in Section 1.2

1.2 Foams

1.2.1 General

Foams are defined as a dispersion of gas bubbles in a liquid or solid in which at least one
dimension falls within the colloid size range (1-1000 mm). Thus, foams typically contain
either very small bubbles or more commonly, quite large ones separated by thin liquid films
(lamellag). The detailed study of foams is beyond the scope of this thesis; here only some
basic aspects of foam behaviour are presented.

The dispersed phase of the foam is usudly called the internal phase, whereas the continuous
phase, external. Foams can be depicted two-dimensionally as a dructure in which foam is
between two phases. on the bottom, there is bulk liquid and above this, in a second bulk
phase, gas. The gas phase is separated from the thin liquid-film by a two-dimensional
interface. The region that encompasses the thin film and the two interfaces on either side of
the film is conventionally defined as lamella (Figure 1.2).

Foam can be formed in a liquid, if bubbles of gas are injected and the liquid between the
bubbles can drain away. In pure liquids, gas bubbles will rise and separate according to

S. Psomas 12



Properties of foarm/sand mixtures for tunnelling applications

Stokes law. The foam structure will be unstable because there will be no thin-film
persistence. Persistence can be achieved by adding surfactants, which transform the bubbles
into foam cells. In these cases, the foam contains gas, liquid and a foaming agent. The
stability (persistence) of the foam is related to the film thinning and the coalescence
process. The stability is determined by a number of factors (Bikerman, 1973): gravity
drainage, capillary suction, surface elasticity, vscosty, electric double layer repulsion,

dispersion force attraction, steric repulsion and proper surfactants.

The interfacial propertiesin foams are of prime importance because the gas bubbles have a
large surface area. Even a modest surface energy per unit area can become a considerable
total surface energy. As the bubble size decreases, the total surface area increases and

consequently energy has to be added to the system to achieve dispersion of small bubbles.
The energy can be either mechanica and/or chemical by adding the proper surfactant

(Schramm & Wassmuth, 1994).

The role of surfactants is to reduce the surface tension. Surfactants are chemica
compounds, typically short-chain fatty acids that are either amphiphilic or amphipathic. The
most favourable orientation of these molecules is at surfaces or interfaces so that each part
of the molecule can reside in the fluid for which they have greater affinity. In thisway, they
create monolayers at interfaces. The surface absorption of a surfactant at the interface acts

against the normal interfacial tension.

Surfactants are classified according to the nature of the polar (hydrophilic) part of the
molecule (Figure 1.3). In an aqueous solution, dilute concentration of surfactants act as
normal electrolytes but as their concentration increases, their behaviour aters. The
surfactants behaviour can be explained in terms of the formation of organised aggregates of
large numbers of molecules called micelles. In micelles the lipophilic parts of the
surfactants associate in the interior of the aggregate and leave the hydrophilic parts to face
the agueous medium. The concentration at which micelle formation becomes significant is
caled the critical micelle concentration (cmc) Figure 1.4) and it is a property of the
surfactant but this depends on the nature of hydrophilic group and the surface (Porter,
1994). The range of Molar values of the cmc for typical surfactants is between 10°and 10™.
Above a certain temperature, which is caled the Krafft point, the solubility of some
micelle-forming surfactants increases due to the maximum reduction in surface or

interfacial tension occurring. The Krafft point is the temperature at which the cmc is equal
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to the saturation solubility (Moroi, 1992). Surfactants are classified based on the charge
carried by the polar head group: anionic, cationic, non-anionic and amphoteric.

Immediately after foam generation, there will aways be a tendency for liquid to drain due
to the force of gravity. The liquid will drain by flowing downward through the existing
liquid films, which congtitute the interior of the lamellae. The gas bubbles will not be
spherical and at this point, the capillary forces will become competitive with the forces of
gravity. The pressure differences between the plateau area force the liquid towards the
plateau area, initiating the thinning process, which in turn, will lead to film rupture and the

collapse of the foam.

The initia requirements for foam formation are low surface tension and surface elasticity.
Schramm and Wassmuth (1994) noted that greater elagticity tends to produce more stable
bubbles, but a restoring force is needed in order to produce persistent foams and counteract
the 'overwhelming effects of the gravitational and capillary forces. If a surfactant-stabilised
film undergoes a sudden expansion, then immediately the expanded portion of the film
must have a lower degree of surfactant absorption than unexpanded portions because the
surface area has increased. This local surface expansion provides surface tension, which
increases the resistance for further expansions. The resisting force exists under the
condition that surfactant absorption equilibrium has been established in the film. This is
known as the Gibbs-Marangoni effect, where a tension force counteracts film rupture
(Figure 1.5). The durability of the thin layer is dependent on the surface elasticity, which is
a dynamic phenomenon; many surfactant solutions display dynamic surface tension

behaviour.

Another aspect of foam behaviour is the electric double layer. The interfaces on each side of
the thin-film are equivalent so that any interfacial charge will be equally carried on each
side of the film. If afoam film is stabilised by ionic surfactants, then their presence at the
interfaces will induce a repulsive force that opposes the thinning process. The magnitude of
the force will depend on the charge density and the film thickness.

Gas bubbles can be stabilised entirely by the repulsive forces created when two charged
interfaces approach each other and their electric double layers overlap. Schramm and
Wassmuth (1994, p. 28) noted that “when the interfaces that bind a foam lamella are
electricaly charged, the interacting diffuse double layers exert a hydrostatic pressure that
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acts b keep the interfaces apart”. The net pressure difference between the gas phase
(bubbles) and the bulk liquid from which the lamellae extend is called ‘ digoining pressure’.
This pressure is the total of electrical, dispersion, and steric forces that operate across the

lamellae.

1.2.2 Foam properties

The term “foam” implies the mixture of foam concentrate with water and air. Until recently,
protein-based foaming agents were deemed to be more suitable than the synthetic ones for
tunnel operations because they tend to retain the water for longer, producing more stable
bubbles (Cash & Vine-Lott, 1996). Protein-based foams consist of protein-based agents and
a glycol-based booster. Protein-based agents, in turn, consist of various sources of
hydrolysed protein (animal blood, horn and hoof meal, soya beans, waste fish and corn
gluten), solvents and stabilizers (Lyon, 1998). However, synthetic foams, which are
composed of anionic hydrocarbons, solvents and stabilizers (Lyon, 1998), have been
improved and are becoming very popular. Synthetic foams consist of synthetic detergent
and a glycol-ether booster. In both types of foaming agent, a soluble polymer can be added
together with other special site-specific additives like corrosion inhibitors, solvents and

anti-freeze agents.

Regardless of the foam type, a very crucia parameter, which determines foam persistence,
is the bubble size. Bubbles have diameters greater than 10 mm Foam stability is not
necessarily a function of bubble size, although there may be an optimum size for an
individual foam type. Foams should not be characterised in terms of a single bubble size
because there is a size distribution, which can be represented by a distribution function.
Generdly, the smaller the air pores, the more stable the foam will be. The size of the
bubbles depends on the dilution rate, the density of the foam, the foam generator and the
mechanical conditioner (Cash & Vine-Lott, 1996).

A bubble size distribution that is weighted toward smaller sizes represents the most stable
foams. In such cases, changes in the bubble size distribution curve with time yield a
measure of the stability of the foams. The bubble size distribution also has an important
influence on the viscosity, which increases as the size reduces. This happens because the
enlarged interfacial area and the thinner films increase the resistance to flow. The viscosity
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will also be higher when the bubble sizes are relatively homogeneous, which is when the
bubble size digtribution is narrow rather than wide (Schramm & Wassmuth, 1994).

It must be mentioned that the existence of a different phase — solids - dters the behaviour
and the properties of the foam. The presence of dispersed particles can increase or decrease
foam stability, which can be achieved by having a bulk viscosity enhancement, so that a
stable dispersion of particles in the solution will be created 1n addition, another mechanism
is present when the particles are not completely wetted with water. In this case, particles
tend to collect at the interface in the foam where they may add to the mechanical stability of
the lamellae. Intermediate contact angles between 40 and 70° appear to be optimal for solid-
stabilised foams (Figure 1.6). The easiest way to control foams is by adding a suitable
surfactant but they can be very costly (Porter, 1994) and for this reason, should be used
carefully. Foam control is achieved by using additives called anti-foams, which prevent the

formation of foam, and de-foamers, which cause collapse of the already formed foams.

1.2.3 Testing foamed soil

There are various tests available to evauate the foam properties and their effectiveness in
soil conditioning. Various test procedures have been developed based on experience and
previous applications of foams mainly in the petroleum industry. The bulk properties of the
foams can be determined through standard testing as suggested by ASTM (Schramm &
Wassmuth, 1994). Generally, foam stahility is tested through one of three methods:

lifetime of single bubbles

steady-state (dynamic) foam volume under given conditions of gas flow

rate of collapse of a (static) column of foam generated

For tunnelling applications, Quebaud et al (1998) recommended some smple tests to
characterise foam:
The generation test to study the relationship between the generation pressure of the
fluid in the generator with the foam flow rate
The consistency test in order to quantify the foam quality (bubble size)
The half-life test to measure the time necessary for foam to lose half of its solution
The compressibility test to understand the foam behaviour in a confined environment
under pressure variations
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Similar to the half-life test is the “ quarter drain time” test, in which the volume of the liquid
produced by the degradation of the foam is collected in ameasuring cylinder. The term
“quarter drain time” refers to the amount of time required to achieve 25% liquid drainage
from the foam structure.

The compressibility of the foam can be measured by varying the air pressure applied to a
foam volume. The test uses a trangparent cylinder filled with foam, on which air pressure p
is applied. Assuming that the law PV=constant applies, the expansion ratio ER at absolute
pressure p related to ER, at atmospheric pressure p, is

(ER1) p= (ER.-1) pa 121

The expansion ratio ER is defined as the ratio of the total volume of foam tested to the
volume of liquid required to produce that foam.

It must be noted that the rheological properties of foam are sensitive to each test. Thus, for
tunnelling applications it is better for the foam to be tested mixed with the soil. There are
some specia tests which can be carried out that assess the water content, slump, torque
resistance (adhesion test), sedimentation and permeability:

1. Foam penetration test

The objective is to determine the penetration of the injected foam into the ground in front of
the cutter-head. Excessive penetration will result in excess foam consumption and the
support pressure provided may be inadequate; if the penetration is insufficient, there isthe
risk of ground water inflow. The apparatus used in this test forces foam to penetrate a soil
sample in atest cylinder against a back pressure. Quebaud et al (1998) reported that initial
penetration of about 30 mminto the sample was amost instantaneous. The results, however,
cannot be applied directly to the tunnel machines because the conditions and the mechanics
differ considerably (Milligan, 2000Db).

2. Mixing test

There are different mixing tests for foamed soil (Decon, 1996; Quebaud et al, 1998;
Condat, 1998) but all of them are based on the same procedure: a system of blades stirs the
soil in a pan or tank and the power input required for the mixing is measured. Afterwards
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foam (with or without another additive) is added and the reduction in power consumption is
measured. Bezuijen et al (1999) and Bezuijen (2000) carried out some mixing tests in an
experimental chamber, under confining pressure, in an attempt to smulate the EPB

conditions.

3. Slump test

Simple slump tests (as those performed on fresh concrete) can give an indication of the
plasticity of the soil. Quebaud et al (1998) suggested that a dump of 12 cmis required to
provide a mixture with the optimum characteristics for plastic flow in an EPB. Maidl (1995)
and Jancsecz et al (1999) aso noted, after carrying out this type of test, that foam made the

soil more plastic.

4. Permeability test

Permeability can be measured in a constant head permeameter (for coarse-grained soils) and
in a hydraulic compression cell or (for fine grained-soils) special techniques such as
congtant flow rate permeability tests (Zhang et al, 1998) can be employed. Foamed soil is
less permeable than ordinary soil by over two orders of magnitude as Quebaud et al (1998)
and Bezuijen et al (1999) reported.

5. Compressibility test
Compressibility can be assessed in a cylinder similar to that used in foam penetration
testing (Milligan, 2000b). Alternatively, foamed soil specimens can be tested in a hydraulic

compression cell under different vertical pressure.

6. Adhesion/friction test

According to Quebaud et al (1998), measurement of the friction angle can be achieved on a
doping stainless steel plate. Alternatively, this can be achieved by using a shear box
(Jancsecz et al, 1999) or aring shear apparatus in order to measure the continued dliding
over an interface under confining pressure (Milligan, 2000b). This test aims also to measure
the adhesion between the foamed soil and metal surfaces.

7. Cone Penetrometer test

This test determines the effect of different foaming agents on clays. The apparatus consists
of a metdlic cone, which falls down into the soil sample and the penetration depth is
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measured. Jancsecz et al (1999) in the Izmir tunnel project noted that the more foam or the
higher the foaming agent concentration added to the soil, the higher the penetration depth.

TBM manufacturing companies in Japan, Germany and UK have carried out research on the
effect of foams in tunnelling. More advanced research in this area was undertaken in
Germany (Maidl, 1995), in France (Quebaud, 1996) and in the Netherlands (Bezuijen et al,
1999; Bezuijen, 2000). The German and French projects centred on foamed soil properties
and the influence of different proportions of foaming agents on soils. The Dutch project had
quite a complex experimental set-up. The effect of foam on soil was studied in an
apparatus, in which the excavation process was simulated. The results showed the
relationship between the shear strength of the soil and the porosity. The addition of the
foam increased the porosity and decreased the permesbility by replacing the pore water.
Research on foamed soil in the UK started recently at Oxford University. The aim of this
study is to evaluate the mechanical properties of different soil conditioning agents (foam,
bentonite and polymers) as well as their effectiveness when mixed with different soils. The

project focuses on coarse-grained soils.

1.3 Current Practice in the Use of Foams in Tunnelling

Excavating, mixing and handling the excavated soil resultsin a waste of energy and wear of
the moving parts of the EPB machine. The addition of arelatively cheap conditioning agent
such as foam can lead to significant reductions in the torque required for the cutting and
trangportation of spoil. The benefits of using foam are presented in this section along with

severad case studies.

1.3.1 Main issues using foam with EPBs

Foams are used with EPB machines in fine-grained soils. In coarse-grained soils, the
permesbility of the soil is the crucial parameter and should not exceed 10° s
(Herrenknecht, 1994). EPB TBMs operate more effectively when the soil immediately
ahead of the cutter and in the excavation chamber forms a 'plastic’ plug, which prevents
water inflows and ensures face support. Foam appears to integrate very well with the soil.
When foam is added, the bubbles lower the density of the earth durry and reduce the

S. Psomas 19



Properties of foarm/sand mixtures for tunnelling applications

friction among soil particles. Reduction of the ground internal friction leads to a reduction
in power requirements.

Foam must be added onto the face so that it mixes with the soil before the air bubbles start
to disintegrate. A foam-generating unit produces foam where the foam solution is swirled
up with compressed air and then is injected through nozzles in front of the cutting wheel or
into the excavation chamber. Based on site experience, the conditioning unit should be
mounted as closely as possible to the injection point (Cash & Vine-Lott, 1996; Mauroy,
1998). Additionally, the injection points should be as close as possible to the cutter head
(Moss, 1998).

As stated in Section 1.1.3, one of the main objectives of adding foam to the face is to create
an impermeable layer. In the case of bentonite durries, this can be achieved after the
consolidation of the durry, which becomes an impermeable membrane. However, in low
permeability soils, the ability of bentonite durries to form the ‘filter cake' fals
(Herrenknecht, 1994). Foam can be used with EPBs, in any type of soil, provided that the
final permeability of the foamed soil is not over 10° m/s. By adding anionic-active water
absorbent polymers such as PASs, the soil particles are coated, creating a three-phase system
(Herrenknecht & Maidl, 1995). In front of the cutting wheel, foam displaces free pore water
out of the soil and thus the polymers can be absorbed. Hence, the watertightness of the

recently developed three-phase system lies considerably above that of the natural ground.

Another benefit of using foam is the increased compressibility of the soil. As a result, the
bulk modulus of the ground mixture is lowered so that it is possible to control the support
pressure at the tunnel face (Maidl et al, 1996). If the pressure in the excavation chamber is
dropped, the gas phase within the structure will expand and the ground will deform. Asthe
volume of soil is relatively small and well-confined in the excavation chamber, small
differences in the proportion of foam:excavated soil can be used as a rapid response

measure to a sudden change of ground conditions at the tunnel face.

The mgjor advantage of using foam instead of bentonite-based conditioning agentsisthat a
significantly smaller volume of extra liquid is added to the natural water content of the
muck. This, in turn, results in a smaller volume of excavated material. As 90% of foam
consists of air, which will escape entirely after only afew days, the original consistency of
the ground can be restored very quickly. The other 10% of foam consists of solution which
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is 90-99% water and the rest, foaming agent and polymers (Maidl et al, 1996). Laboratory
tests (DECON, 1996) showed that the best performance in tunnelling operations can be
achieved by using a mixture of 10% solution: 90% air. The same report revealed the
dependence of the foam stability on the temperature as well astheratio of solution:air.

The foam expansion rate (FER), otherwise known as expansion ratio (ER), is an important
parameter in measuring the effectiveness of the liquid concentration in producing foam. It is
aso important to know the foam injection ratio (FIR) or mixing ratio, which is the ratio of
volume of foam over the volume of excavated soil. On site, the FIR should be varied

significantly in different ground conditions (Kusakabe et al, 1999):

Environmental issues are becoming increasingly important when t comes to tunnelling
practice. The trend is to use biodegradable materials such as low toxicity protein-based
foams. There are some standards procedures to evaluate the toxicity and biodegradability of
foams. It should be mentioned, however, that these tests are designed for fire-fighting
foams, for which a large variety of types exists in the market. One of the main benefits of
using foams in tunnelling is that foam dissolves with time when the air disappears and the
foaming agents are biodegradable. On the other hand, polymers, which can be used with
foams, degrade very sowly but recently degradable polymers based on natural materials are
becoming popular (Lyon, 1999b).

However, information on the environmental impact of soil conditioning agents is limited.
This is because there is no standard test procedure to assess the suitability of the existing
products. The problem is becoming evident in the case of pipe jacking, where the durry is
disposed in the muck and part of it is used for lubrication and consequently will remain in
the ground. Furthermore, the cost of disposal increases when the material contains either
toxic or non-biodegradable materials because additiona remedia treatment is required.
Rapid degradation may be problematic because as Milligan (1999, p. 13) noted “if run-off
enters water courses, the degradation reaction may de-oxygenate the water”. Conditioning
agents that are based on natural materias like guar (dimming aid), xanthan (a constituent of
tomato ketchup) or locust bean gel are environmentally safe. The solvents based on oil as
well as the fluorocarbons in foams are considered to be potentially dangerous.
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1.3.2 Casestudies

Peron & Marcheselli (1994) first reported the use of foam in sandy-gravelly soils for a
shallow tunnel of 8.0 m diameter in Italy. The foam system was developed by Obayashi in
Japan. The proportions of the foam concentrate were 1.5% foaming agent and 0.7% of
cellulose polymer stabilizer in water. The proportion was foaming solution 100 | : air 600 |
(@1.9 bar). The FIR was from 60 to 80% in dry soil and from 50 to 60% in water bearing
ground.

Another situation where foam was used was the Vaencia metro tunnels (Wallis, 1995). The
tunnel was beneath the ground water table, in aluvia sands and gravels with about 15%
fines and some lenses of stiff sty clay. EPB was fitted with injection ports for both
bentonite and foam. After experiencing problems using bentonite as the conditioning agent,
it was found that the use of foam produced a more homogenous and compressible material.
The average consumption was about 500 | of foam per nT excavated, of which only 18 |
were foaming solution, compared to 220 |/nT of bentonite. The FIR ranged from 25 to 35%.
The foam mixed with the soil reduced the power and the torque needed to turn the cutting
wheel by the order of 20%. Herrenknecht and Maidl (1995) also referred to the same case
as evidence of the benefits of utilising foam.

Webb and Breeds (1997) reported another successful use of foam in atunnel, with a water
head of up to 18.3 m, driven through mixed ground. Various proportions of a water-
absorbing polymer were used (0.5 to 2%) together with foam and bentonite. Mauroy (1998)
reported the positive effect of using foam as a soil conditioning agent in reducing cutter-
head torque for a 7.7 mdiameter tunnel in clay. The foam had an expansion ratio of 20 and
was injected through different ports at the cutter-head and into the excavation chamber and
the screw conveyor. Babendererde (1998) also referred to the same project noting a cutter-
head torque reduction of over 50% and thrust force reduction from 2000 to 1200 t.

Another successful case of use of foam with polymer and bentonite (Jancsecz et al, 1999)
was the construction of part of the Izmir rail trangit tunnels. The 6.5 mdiameter EPB was
driven through a wide variety of soil conditions such as sandy silts, sands and clay under
water table. In silty sand and clay foam (with bentonite) of about 300 to 500 I/n?, an ER of
6 to 10 was used. In a second drive in the same formation, due to clogging of the foam
injection pipes, the soil conditioning agent was switched from foam to bentonite durry. In
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sandy soil, the ER was increased from 12 to 15. In sty soil (sea-side), foam was utilised
only when needed to keep the water away and to make the muck less * sticky’. The polymer
consumption varied between 0.01 and 0.5 kg/nT of excavated soil. Bentonite was used
instead of foam during the stoppages because of break-downs or maintenance. The authors
concluded that the use of foam in combination with bentonite and polymer improved
considerably the performance of the EPB machine in terms of productivity, cost and safety.

There are also several references on the benefits when EPBs are used with soil conditioning
agents. Pellet and Castner (1998) reported the benefits of soil conditioning in aso reducing
the face resistance. Maidl (1999) noted the success of using EPBs with foam in the
Netherlands in layered silty and clayey sands under earth pressure conditions reaching 350
kPa. Maidl and Jonker (2000) also discussed the increased flexibility and adaptability of
EPBs usng foam in the Netherlands. They aso noted that due to high pressure,
trangportation by screw conveyor could not be guaranteed, which is why a mixed system
with conveyor belt and durry pipe was used. In the mass-transit tunnelling project in
Singapore (Reilly, 1999), EPBs were used with foam and polymer or with foam and
bentonite, under face pressure varying from 150 to 360 kPa in mixed ground. The results
were an impressive reduction in required torque as well as low settlements. Melis (1999)
reported that for Madrid Metro project, the overall cost of utilising EPB did not exceed that
of other tunnelling methods and at the same time was faster.

Problems using foam and polymer with EPBs were reported by Doran and Athenoux
(1998). The problems encountered were in glacia tills with water-bearing lenses under
pressure 2.2 bar and in hard fractured clays. The main difficulty faced was to control the
water content in the low plagticity clay and consequently excessive wear was recorded. In
those conditions, the slurry mode of operation was considered preferable.

1.4 Summary of the effects of the conditioned soil properties
on EPB performance

In the previous sections the properties of various soil conditioning agents and their role in
modifying the ground properties in tunnelling applications were presented. In this section,

the effect of the foamed soil properties, particularly on the improvement of the EPB
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performance, is summarised. The three fundamental properties of the ground examined are
compressihility, permeability and shear strength. In the ensuing paragraphs the influence of
each soil property on the operation of EPBs s discussed.

1.4.1 Compressibility

The increase of the compressibility of the soil in the pressure chamber through the addition
and mixing of conditioning agents, improves the workability and the homogeneity of the
spoil. A more compressible and ‘plastic’ material in the pressure chamber enables the
bulkhead to be responsive to pressure fluctuations, resulting in a better control of the
stability of the face. The main benefit is that if the material in the pressure chamber is very
incompressible then small fluctuations in extraction rate @use large pressure changes.
Increase in compressibility causes a "softer” response in which the pressure in the chamber

can be more easily kept constant.

1.4.2 Per meability

Reduction of soil permeability at the face minimises the possibility of face cdlapse due to
water inflow. Successful control of the permeability of the spoil in the pressure chamber
alows a suitably plastic consistency to be achieved. This is dso important in the spail
remova stage where an effectively impermeable spoil can be remoulded in the pressure
chamber and extruded through the screw conveyor without alowing inflow of ground
water. Particularly in stiff clays, the aim is to form a rubble of intact blocks, in a matrix of
foam which inhibits uptake of water by the clay.

1.4.3 Shear strength

The shear strength of the soil affects the wear of moving parts and cutting tools. Decreasing
the angle of shearing resistance of the soil at the face results in a reduction in wear due to
the reduced resistance to cutting. Reduced resistance results in reduction of wear and torque
and consequently, significant savings in energy. Another function of the conditioning
agents is the lubrication of the cutting parts which in turn reduces the working temperatures

and extends the life of moving parts such as the cutter-head, cutters and screw conveyor.
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Reduced resistance in shear improves the workability of the spoil once it enters in the
pressure chamber and the screw conveyor. However, if the shear strength is reduced too
much than it may not be possible to sustain the necessary pressure gradient in the screw

conveyor.

1.5 Research Objectives

In the UK, individual contractors have investigated foamed soil behaviour in an attempt to
provide solutions to specific construction projects. To this end, the Research and Technical
Committee of the Pipe Jacking Association (PJA) in collaboration with Oxford University
initiated a research project at the end of 1998 on soil conditioning and lubrication in
tunnelling and pipe jacking. The Civil Engineering Group at Oxford University, with the
assistance of the PJA, EPSRC and water companies, has been carrying out research on pipe
jacking for more than 14 years in total. The current project is at stage six of the whole
research programme and its objective is to produce guidelines on the effectiveness of
various soil conditioning agents in tunnelling applications and to specify suitable
assessment procedures for soil conditioning agents. The correlation of the laboratory tests
with data from active tunnelling projects will establish a set of test procedures for assessing
soil conditioning agents under various ground conditions. Further understanding of foamed

soil behaviour will benefit the tunnelling and pipe jacking industry.

The objective of thisthesisisto explore and assess the behaviour of foam/sand mixtures. In
order to investigate the basic foamed sand mechanism, tests on the fundamental soil
properties - compressibility, permeability and shear strength of soil — were carried out. The
ams of the research project are broken down as follows:

to produce foam in-house, suitable for further testing

to assess the foam produced and compare different kinds of foaming agents

to carry out basic compressibility and permeability tests on foamed soil and

demonstrate the effect of the different conditioning agents on sands with relevance to

141 and14.2.

to carry out direct shear strength tests and assess the shear strength changes with

relevance to 1.4.3
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to provide an initial explanation of the mechanism governing foamed soil behaviour

based on these preliminary tests

It must be noted that in the literature there are no reports of experimental work on foamed
soil using standard soil mechanics equipment. No 'ssmple' theoretical framework has been
developed to explain foamed soil behaviour due to the nature of its complexity. Research
has focused primarily on ssmulation and description of the process rather than on explaining

the foamed soil behaviour.
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Chapter 2. Sample Preparation and Properties

2.1 Equipment Set-up

2.1.1 Small scaletesting

In Chapter 1 the objectives of the project were identified. In this chapter, several small-scale
mixing tests carried out on foam/sand mixtures are discussed. These initial tests provided a
first indication of the suitability of the specific experimental equipment and procedures.

Generdly, small-scale tests offer some benefits over larger scale testing:
High stresses can be imposed without requiring specia safety procedures or measures.
The sample can be considered homogenous.
It is afast way to establish an initial datum of performance of the foamed soil against

which decisions for the suitability of larger equipment can be made.

Small-scale testing included mixing, compression, permesability and shear-box tests. Mixing
tests were performed in order to study the behaviour of the foam-soil as well asto evaluate
the importance of foaming agents when introduced to a cutting surface such as a mixer
paddle. However, the way of mixing sands with grout is of prime importance for non-

uniform size mixtures (Scharz & Krizek, 1994).

Compression tests were carried out to study the volume change characteristics of the
foamed soil together with changes in compressibility and permeability. Shear-box tests
were performed to assess the shear strength changes of the soil after the addition of foam.

At the outset, it was unclear whether small-scal e tests would be sufficiently conclusive. The
main advantage of testing larger samples is that in some cases, they provide more reliable
and reproducible results since a larger volume of soil is placed away from the boundaries,

minimizing the interference with them.
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2.1.2 Soil mixer

Initialy, some large-scae trials were carried out by using second-hand equipment to mix
soil and foam. The aim was to test whether mixing sand with foam would provide any
significant reduction in power consumption. In order to study the stated problem an
experimental laboratory system had to be set-up. A large soil-mixer machine, of about ¥ nt
capacity, together with a foam generator would comprise the initial experimental set-up.
Considerable time and effort was required to make the foam-generator operational and
compatible with the large soil mixer. However, due to the difficulties in operating the
equipment and experimenting with different mixtures, the author employed a small single-
phase soil mixer of 4.56 | capacity (Figure 2.1). This soil mixer was reliable and of a
convenient size so that it could be used together with the other apparatus for small scale
testing. In order to measure the power input required to turn the paddle, an electronic watt-
meter was connected in parallel to the soil mixer. The set-up is shown in Photo 2.1.

2.1.3 Foam generator

Many difficulties were experienced in bringing the second-hand foam-generator to an
acceptable operating level and various obstacles were faced in accessing a similar capacity
system from the marketplace. The main problem was the fact that the foam generator was
initially designed for industrial use and consequently the compressed air requirements
exceeded the capacity of the laboratory compressed air supply line. Due to the poor
ar:liquid mixture (2:1 to 3:1) the foam produced was of poor quality (not dry enough).
Therefore, the author decided to develop afoam generator in-house, suitable for small scale
testing. Considerable effort was invested in making a simple yet effective, new foam
generator.

The author designed the new foam generator specificaly for the small-scale tests and
bearing in mind the available space within the civil engineering laboratory (Photo 2.2). The
basic design requirements were that:
The generator ought to be constructed as soon as possible using spare parts and
components.
It had to be a simple design - robust and preferably portable without requiring complex
electrical equipment.
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The size had to be such that it would allow small-scale testing, using the available soil
mixer.

It should produce stable foam at a rate compatible with the capacity of the testing
equipment.

Figure 2.2 shows the basic design as it was conceived by the author. The foam generator
consists of the following parts:
A cylindrica high pressure tank of 144 mminterna diameter, 525 mm externa height
and 7.0 | capacity, filled with fluid
A ‘Venturi’ Inverter to mix the liquid and the air, a sketch of which is shown in Figure
2.2
A smdler metalic cylinder of 125 mm diameter and 175 mm height called the
mechanical conditioner, filled with small pieces of perforated tube (Photo 2.3)
Two main circuits, the high pressure air circuit and the fluid circuit

Various regulators and pressure gauges

The liquid consisted of water and the foaming agent (concentrate). The foam generator
operates by mixing solution (liquid) with compressed air at a proportion of 10:90. Literature
within the field cites similar proportions (DECON, 1996; Maidl et al, 1996). The solution
consists of water, the foaming agent (concentrate dissolved in water) and in some cases, a
small amount of polymer. In every case, the water comprised 95-99% of the solution. The
high air pressure system was necessary in order to create a mixture of air and fluid. Foam
concentrate and water were mixed into the pressure tank. The prescribed proportions are
presented in Section 2.1.4. The solution was then pressurised through the inlet valve on the
top of the tank with compressed air. It was of prime importance that the pressure in the tank

was less than that of the air circuit in order to achieve satisfactory mixing.

Another important aspect is that the fluid and the compressed air had to be mixed before
reaching the mechanical conditioner. This was achieved by mixing the compressed air with
the fluid in a 'Venturi' Inverter (Photo 2.4). This component has an interna configuration
consisting of a T-shape pipe system (see sketch in Figure 2.2). As the compressed air goes
through the larger L-shape pipe, it generates a difference in pressure across the main pipe
and in turn sucks fluid from the smaller pipe. The proportion of air in the mixture was high

resulting in the creation of foam. However, the foam had to be conditioned in the
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mechanical conditioner in order to produce relatively stable 'single size' foam. The diameter
(15 mm) of the perforated tubes (Photo 2.3) in the mechanical conditioner appeared to be
critical to the creation of foam bubbles of appropriate size (less than 1.0 mm). The
maximum pressure of the air system was 7 bar and the operating pressure was 1.8 bar. The
generator delivered foam at arate of 2-4 |/min at atmospheric pressure.

The exact proportions of air:liquid under pressure were not known as this would have
required two separate mechanica flow-meters. However, after each trial the ER was
measured (See Section 2.1.4). The proportion of the foam concentrate to water was
caculated for each test as the mixing took place in the pressure tank. The proportions and
the masses of water and concentrate were taken into account to derive the amount of foam
concentrate used in every test.

2.1.4 Foam testing

The aim was to have the foam generator produce the required amount of foam of acceptable
quality. The foam quality can be assessed from the foam ER and the drainage time.

It appeared that high viscosity foam agents required a pressure difference between the air
circuit and the pressurised tank. The production rate was estimated and the ER was
calculated by filling up the drainage pan with the foam.

There are no standard tests for assessing the quality of foaming agents for tunnelling
applications. The suitability of the foam as a conditioning agent is determined from the ER,
which is the ratio of a measured volume of foam over the volume of the liquid required for
its production. The measured volume is the volume of a drainage pan. For this purpose, a
drainage pan of 2242 m capacity was made in the workshop. At the bottom of the drainage
pan, there was a shut-off vave in order to control drainage. During each test, the pan was
filled up with foam and afterwards, the foam was left to drain out into a measuring cylinder.
The ER ranged between 5 and 40. PPO0 foam and especidly Versa foam gave higher ERs
as well as adrier, “shaving” foam in comparison to the other foam agents. Quebaud et al
(1998) noted that an ER of greater than 7 is considered adequate for tunnelling applications.
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Another measure of the foam quality is the drainage timei.e. the time required to drain out
a certain quantity from the drainage pan. However, the drainage time measured for every
compression test (see Chapter 3) varied, as the ER was not constant. The drainage time for
half life test (50% of the drainage volume measured) varied between 15 and 25 min.

2.2 Materials Used

2.2.1 Sands

Two different types of sand were used in order to test the effect of the foam on different
size materid. The sands were uniform so that when they were mixed with foam, produced a
homogenous mixture. Furthermore, the behaviour of uniform sands is more likely to be
sengitive to changes of one particular parameter whereas in well/gap-graded soils the
different shapes and particle sizes when mixed with durry tend to add inter-particle
mechanisms.

The two types of sands were fine and coarse sand (Photo 2.5). The coarse sand was
Leighton Buzzard slica (yellow) 14/25. This is a very uniform sand (coefficient of
uniformity CU = 1.3) with angular grain shape G, = 2.65 and mean particle diameter ds, =
0.85 mm Minimum and maximum void ratios for the coarse sand were 0.49 and 0.79
respectively (Bolton, 1986). The fine sand was Leighton Buzzard silica DA 81DF. It isaso
avery uniform material (CU = 1.4) with Gs = 2.65 and mean particle diameter dso = 0.165
mm Minimum and maximum void ratios for fine sand were calculated as 0.61 and 0.91

respectively, after measuring the dry density at the loosest and the densest states.

2.2.2 Foaming agents

Five different types of foam agent were tested. The foam generator was able to operate with
al of them producing acceptable quality micro-foam. Different proportions of foam:water
were tested under different air pressure. The types of foam tested included:

Angus — Fire P90 (protein based foam agent).

Angus - Fire PPO0 (protein based foam agent with polymer).

CETCO SC200 (synthetic polymeric foam agent).
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CETCO Dirill-Terge (synthetic polymeric foam agent).

CETCO VersaVSX foam agent (synthetic polymeric foam agent).
In addition to these, the CETCO IngtaPac 425 a polymer (PHPA) was used as well as a
specia synthetic oil (VCP) for drilling applications. SC200 and Terge Drill were tested
adding an anionic polymer (CETCO InstaPac 425) at about 0.05% to the foam concentrate.
Therole of the polymer is to absorb water, to cover the sand particles providing adhesion as

well asto contribute to the creation of a homogenous mixture.

However, after carrying out some compression tests (see Chapter 3), only one type &
foaming agent, based on the CETCO Versa foam, was used in compression and shear-box
tests. The author decided to concentrate on one foaming agent and investigate the effect of
other parameters based on the fact that compression tests (see Chapter 3) on the same sand
but using different types of foaming agent showed quite similar behaviour.

It was difficult to draw from the literature a method of calculating the required proportion
of the foaming agent and polymer in the foam solution. Initially, different proportions of
foaming agent for fine and coarse sand were utilised, based on field experience. After some
trials, the final foam solution consisted of VSX ‘Versa foaming agent 3% per volume,
VCP ail with Instapac425 and SC200 (this polymer mixture was conventionally named by
the author as *FOP') 0.7% per volume. Therole of ‘FOP' isto act as a‘booster’ enhancing
the bubble production. The foam generator tank had a capacity of 7.0 | and consequently the
total quantity used was 210 m of foaming agent and 50 ml of *FOP'. This mixture appeared
to produce foam with a stable bubble size. From a first microscopic inspection, the size of
the foam (‘Versa foaming agent 3% with ER = 15) bubbles produced was in the range of
0.1to 1 nm This mixture was used for both sands.

2.2.3 Bentonite and polymer

A very important and commonly used soil conditioning agent is bentonite. Attention was
focused on testing the previous sands, enhanced with bentonite durry aone and in
combination with other conditioning agents. The bentonite used was the CETCO Hydraul-
EZ type bentonite. This is a sodium montmorillonite—type bentonite able to swell to about
10 timesiits origina volume. The proportion of bentonite powder to water is critical for the
rheological characteristics of the produced bentonite slurry. The presence of dispersed
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particles, like bentonite powder in water, dters the flow characteristics and this effect,
which is reflected by the viscosity, is strongly dependent on the concentration of particles.
After some trias, it was decided that the bentonite surry should be around 5% per weight
(mixture of bentonite powder to water a a proportion 5:95). In tunnelling applications, the
bentonite durry dosage should be enough to fill the theoretical porosity of the sand more
than one time, in order to be able to create the impermeable ‘filter cake. The theoretica

porosity n' isthat of the dry sand at aloose state and is given by the formula

N' = €max / (1+Emax) 2.2.1

where €. is the maximum voids ratio of the dry sand defined as the ratio of voids volume
in soil structure over the solids volume. The porosity is related to the water content:

n'=wGs/ (1+w Gy 2.2.2
where w is the water content and G, the specific gravity of soil particles. The theoretica

porosity for fine sand was 0.476 and for coarse sand 0.441, after applying Equation 2.2.1.
Thus the volume of the bentonite Surry was:

Vyurry = @ N' Vand 2.2.3
Wherea values, ranged from 0.5 to 1.9, are shown in Table 2.1. Calculations are based on
several compression tests (see Chapter 3). The quantity of bentonite used in those tests was

80 g for the coarse sand whereas 60 g for the fine sand.

It is convenient to use the bentonite slurry voids ratio e,s, which can be defined as the ratio

of the water used (V,,) over the volume of the bentonite Vjs:
ags = le Vbs 224
The volume of bentonite can be calculated knowing the specific gravity (2.35) and the mass

of the bentonite. For the compressibility tests (see Table 2.1), the bentonite durry voids
ratio varied between 17 and 31.
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Lyon (1997, p. 18) states that bentonite's ability to swell is due to the presence of
montmorillonite, which “consists of crystal |attices of sheets of molecules or atoms that are
thinner and more readily separable in water than those of other clays’. Montmorillonite
provides greater surface area upon which water molecules may be absorbed. The presence
of calcium in the water reduces the effectiveness of bentonite because calcium ions have a
higher charge vaence and therefore hold the crystal lattices of sheets more tightly allowing
less dispersion in water. The water used for the mixing was tap water with a measured pH

between 6.5 and 6.8. However, better mixing was achieved when the water had a pH

between 7 and 8. The presence of calcium was detected by adding a tiny proportion of
ammonium oxylate. The water was treated with caustic soda (NaOH) or soda ash (N&S0,)
so that the pH reached 8.

In al cases with coarse sand and in some with fine sand (see Chapter 3), a small proportion
(25-60 ) of a polymer mixture ‘WOP' (Water:V CP Qil:Polymer) was added. In each test,
the quantity of dry sand used was between 1500 and 2000 g. In the case of coarse sands, the
addition of “WOP helped to produce a more homogenous foamed soil by creating a high
viscosity fluid matrix. The initial proportions were (4:1:1) respectively, and the dosage
from 0.01 to 0.04 ml of “WOP mixture per g of dry sand. The addition of this mixture was
necessary in the cases where the water content of the sand was more than 27-35%. ‘WOP’

was added during mixing in the soil mixer bowl as a ‘pre-conditioner’, prior to the addition
of foam. The performance of the 'WOP mixture improved when the proportion of

oil:polymer changed from 4:1 to 2:3. The final 'WOP dosages used were 25 nl for the fine
sand and 50 ml for the coarse sand (10 ml and 20 m polymer InstaPac425 respectively). In
the case of coarse sand, this quantity was the minimum required to achieve a homogenous
mixture in the mixer bowl! so that a representative durry sample could be tested. However,
when bentonite durry was added, the effectiveness of the "WOP mixture decreased. It must
be mentioned that PHPA polymer and oil were not volatile; after putting a specimen of
predetermined quantity in the oven at 120°C for 24 hours, the mass remained was 97 and
98% respectively. Thus, in the calculation of the voids ratio (see Chapter 3) both of the
additives were taken into account as part of the water fraction in the voids.

Surry bulk density was calculated indirectly by measuring the amount of water in the
sample (Chapter 3). The durry bulk density in the mixer bowl was measured with an
instrument called a ‘mud baance’. It consisted of a base upon which is baanced a
graduated arm with a cup, lid, knife edge, level via, rider and counterweight (Lyon, 1997).
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The durry was poured into the cup until it filled it up. Moving the rider, until level on arms
indicated level, balance was achieved. The density of the various mixtures varied
significantly. Foamed mixtures with either coarse or fine sand were less dense compared to
those with bentonite. For foam/sand mixtures, the bulk density varied between 1.05 and
1.65 kg/l depending on the foam quantity and the presence of bentonite.

A measure of the viscosity of the durry may be made with the Marsh funnel. Viscosity
characterises the flow properties of the mixture. The Marsh funnel has a diameter of 150
mm at the top, tapering over a distance of 300 mm to a smooth bore tube 50 mmlong with
an inside diameter 4.8 nm Over haf of the top opening is a wire screen with apertures of
1.6 mm The time (in seconds) required for a certain quantity of slurry (1500 m) to pass
through exit tube is measured using the Marsh funnel. The measurement in the case of fine
sand with bentonite was about 45 whereas in the case of coarse sand with bentonite was
about 59.

2.3 Foam/Sand Mixing

2.3.1 Foamed soil samples

Four types of tests were carried out: mixing tests, compressibility tests, permeability tests
and shear strength tests. Samples were prepared following the same procedure for every
type of test. The soil mixer bowl wasfilled with sand in adry state. Afterwards, water was
added in a proportion that gave a mixture d prescribed water content. The dry sand mass
was between 1500 and 2000 g.

The mixing sequence of the different materials was of prime importance. Particularly in the
case of the bentonite durry, the polymer mixture had to be prepared outside the mixing
bowl. The prescribed quantity of bentonite powder was mixed with distilled water (pH 7.5)
in a separate pan. Then the polymer mixture was added and mixed with the bentonite Surry
until visua uniformity was achieved. This sequence was important in preserving the
effectiveness of the polymer in retaining water. Afterwards, the mixture was poured over
the saturated sand into the soil mixer bowl. Where foamed soil was tested in combination
with bentonite and polymer, the bentonite slurry was mixed with saturated sand first and
then foam was added.
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After the foam was produced, it was tested to measure the ER. The elapsed time between
production and testing was kept to a minimum. The required quantity of foam was
estimated by measuring the time and the production rate (ml/min) after collecting the foam

in a pan of known volume.

The durry was mixed in the soil mixer at the lowest mixing speed. Higher speed did not
improve mixing and would not have been representative of real-life conditions. Mixing was

consdered ‘completed’” when it appeared to be homogenous following a visual inspection.

The test procedures for compression and shear-box tests are described in the following
chapters.

2.3.2 Foam/sand mixing test

One of the main objectives of adding foam in an EPB machine is the reduction of the wear
in the moving parts as well as the reduction of the required torque. Thisis vita in reducing
power consumption as well as wear of the cutting wheel. This effect has been studied on an
experimental scale (DECON, 1996) using large, industrial size equipment. In an effort to
achieve similar behaviour through the reduction of power required to mix the soil, the
author set-up an experiment using the soil mixer and foam.

It must be noted that these tests did not intend to simulate real conditions but to obtain an
indication of the reduction of mixing power. Thus, the aim was to measure the input power
consumption needed to rotate the mixer paddle when different combinations of materials
were mixed in the mixer bowl. The fine sand was mixed with different quantities of water
and the power input was measured in each case.

Two different mixing tests were carried out. In the first set, the power consumption was
measured for different water contents (Table 2.2) whilein the second, the influence of foam

was tested and the relative power reduction was measured (Table 2.3). In each case, water
content w was calculated as:

w= Mw /Ms 231
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Where Mw is the water mass and Ms is the solids mass. In the above definition, solids mass
includes the non-volatile component of the foaming agent, as it is described in Section
3.3.1. Although there would be an argument for including the non-volatile fraction with the
solid rather than liquid, the above is the more practicable definition for experimenta
purposes as it can be obtained from conventional wet and dry mass measurements. In al
tests, the dry sand mass was 1500 g. The fundamental volume-mass relation for every soil

is:

Se=wGs 232

Where S is the degree of saturation, e is the void ratio and G; is the specific gravity. The
degree of saturation is defined as the percentage of the voids that contain water and the non-
volatile component as it is described in Section 3.3.1. Foam quantity in the mixture was
evaluated by introducing the FIR defined as the ratio of the volume of foam injected into

the mixture over the total volume of the mixture.

Figure 2.3 shows the power consumption of water-sand mixtures at different water content.
The power consumption is related to the torque required to turn the mixer paddle and

consequently to the shearing resistance of the soil mixture. It is evident from Figure 2.3 that
for al tests the power requirement peaks at a certain water content. This occurs at a water
content of about 27%, which indicates according to Equation 2.3.2, a degree of saturation of
about 78.6%, assuming the maximum void ratio (0.91). For an unsaturated soil, thisis close
to the limit of a continuous air phase (Fredlund & Rahardjo, 1993). The lower dashed line
represents the ‘air’ power consumption P, which is the power required by the mixer to
rotate the paddle.

In the second batch of tests (Table 2.3), foam was added. The power reduction due to foam
can be assessed from the relative power requirement. The relative power requirement Pr
can be defined as the ratio:

Pr = (Pt~ Pair) / (Pws— Pair) 2.3.3
Where P is the measured power with foam and P, is the power measured with wet sand.

Figure 2.4 shows the plot of relative power requirement in foamed sand against FIR. The

S. Psomas 37



Properties of foarm/sand mixtures for tunnelling applications

water content in these tests was between 27 and 33 %. The relative reduction in power
requirement reached 100% in some cases. However, when FIR exceeded 0.32 the power

reduction did not show further improvement.

The variation of the relative power requirement of the various soil mixtures is shown in
Figure2.5. The vertica axisis the relative power increase DP with respect to Py,

DP = 100 (P — Pair) /(Pds - Pair) 234

where P is either P, or Py while Py is the power measurement for mixing dry sand. The
relative power increase in the case of foamed soil is much lower than that of wet sand. The
required power increases dightly as the water content increases for the foamed sand case
(Figure 2.5). The valuesin Table 2.4 were the averages caculated from the water-sand
mixing tests (Table 2.2) and foamwater-sand mixing tests (Table 2.3). P, was considered
to be constant (110 W).

The mixing tests demonstrated the positive effect of adding foam to a wet sand mixture by
reducing the required power input required. It appeared that this behaviour occurred after a
certain quantity of foam was introduced to the mixture. Additionally, the beneficial effect of
foam is more significant at a range of water content between 22% and 30%, for this
particular type of sand. The power reduction provides an indication that foam when mixed
with sand reduces the internal friction of the mixture and consequently, its shear resistance.
The implication of this behaviour in terms of compressibility, permeability and shear
strength will be discussed in the following chapters.
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Chapter 3. Compression Tests

3.1 Compressibility of Foamed Soil

3.1.1 Introduction

Classical soil mechanics refers to soils fully saturated with water. However in many cases,

soils are not fully saturated, and the voids are filled with water and air or even gas. These
soils are defined as unsaturated and their behaviour differs significantly from that of

saturated soils. The relative quantities of water and gas within unsaturated soil are of prime
importance since they ater the basic soil structure considerably, resulting in different

mechanical behaviour. Thus, unsaturated soils can be classified depending on the degree of
saturation; when it is low, the gas phase is continuous but the water discontinuous, forming
menisci at particle contacts. When the degree of saturation is high, the water is continuous
but the gas forms discrete bubbles. These extreme cases of unsaturated soils are likely to
behave differently (Wroth & Houlsby, 1985).

Assuming that soil particles and pore water are incompressible, the volume changes in a
saturated soil are due to the water flow. In the case of unsaturated soils, volume changes are
due to water and air flow as well asto air compression during loading. At this stage, foamed

soil can be considered a specia type of unsaturated soil.

In recent decades, considerable effort has been invested in the study of unsaturated soils.
The most important finding was that the concept of a single effective stress was invaid in
describing the volume change behaviour for unsaturated soils. Bishop and Blight (1963)
first used two independent stress variables (s - ug) and (ug- uy), where s isthe total applied
stress and u,, U, the pore air and pore water pressures respectively. Fredlund and
Morgenstern (1976, 1977) anaysed the unsaturated soils as a four phase materid,
considering the fourth phase as the air water interface (contractile skin). They carried out
experiments verifying the uniqueness of athree dimensional surface with three independent

state parameters: the voids ratio e, the net total stress (s - uy) and the matric suction (uq -

Uy)-
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When there is air in the voids, fluid menisci form at inter-particle contact points. Two types
of pore water can be recognized: bulk water and capillary water acting on single soil

particles. In this situation the effects of changes in capillary water pressure and total stress
are independent: the former induces variations of normal stresses at the inter-particle
contact points and the latter still acts as in the saturated soil case (Rampino et al, 1999).
Thus, two independent stress state variables are necessary to describe the soil behaviour:
the total net stress and the matric suction. An unsaturated soil will undergo volume change
when the net norma stress or the matric suction variable changes in magnitude. For

unsaturated soils containing water and air, Fredlund and Rahardjo (1993) described

extensively the subject by presenting different concepts for volume change theory.

Another case of ‘non-saturated’ soils is gassy soils. These soils form in the seabed if it
contains undissolved gas, typically methane nitrogen or carbon dioxide. The degree of
saturation is high and the gas is usualy in the form of discrete bubbles which are much
larger than the norma voids spaces (Wheedler, 1988). Considerable research has been
undertaken at Oxford University to investigate the behaviour of these soils, the findings of
which are presented in Whedler's (1986) and Thomas (1987) theses. However, the
experimental work demonstrated that these soils do not satisfy the unsaturated soil model of
a single compressible fluid. The behaviour was explained (Thomas, 1987) by adopting a
double compressibility model. Thomas (1987) showed that in the case of gassy soils, unlike
other unsaturated soils, the gas pressure was not governed by the pore water pressure. The
only restraint was that the menisci had to hold a gas pressure between a maximum and a
minimum value of capillary pressure. More recently, in Canada, Grozic et al. (1999) carried
out undrained triaxial tests on loose gassy sand. The results revealed that sand strain softens
and experiences flow liquefaction.

3.1.2 Volume changes and por e fluids

One of the fundamental aspects of soil behaviour is the volume change properties. In
conventional soil mechanics, volume change theory is formulated by constitutive relations.
The volume change congtitutive relations are equations which relate the stress state to the
deformation state variables. Severa forms of the volume change congtitutive equations
have been developed for saturated as well as unsaturated soils.
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Volume change theory can be expressed in a compressibility form. The compressibility of
saturated soil is described by Terzaghi’s one-dimensional consolidation theory. The
derivation of the equation is based on the conservation of the mass of water flowing through

an element of saturated soil. The theory can be found in standard textbooks.

Generdly, the volume change of a phase is related to a pressure change by its

compressibility C as:

=-dV/Vdp 3.1.1

where V is the total volume and dV/dp is the volume change with respect to a pressure
change dp. The negative sign is used in order to give positive compressibility in Equation
3.1.1. In classical soil mechanics, the compressibility of the skeleton is defined by using the
volume change coefficient m, with respect to changes in net norma stress for one-
dimensiona consolidation. In compressibility form, constitutive equations can be written

as:

De~ m,Ds 312

where De, is the compressive volumetric strain and m, is the coefficient of volume change

with respect to a change in normal effective stress Ds,’.

The mechanica behaviour of an unsaturated soil under compression is governed by the
change in pressure of its main components. air, water and soil. Pore pressures (air and
water) are generated after loading under undrained conditions. The applied total stress is
carried by the soil and pore fluid (water and air) depending upon their compressibility.
Thus, the induced pore air and pore water pressures are related to the applied total stresses.
The excess pore pressures will dissipated if pore fluids (water and air) are allowed to drain
(drained conditions).

In soil mechanics volume and volume changes can be represented by the voids ratio e and

the change in voids ratio De respectively:

e=W/Vs 3.13a
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and De=¢g-& 3.1.3b

where V, is the volume of voids in the soil structure, Vs is the volume of solids, g theinitia
and e the fina voids ratio. In this thesis, the volume of voids includes the water, the gas
and the volatile component of the liquid foaming agent (FOP) and the additive WOP,

whereas the volume of solids includes al the non-volatile components.

Fredlund and Morgenstern (1976, 1977) visuadised unsaturated soils as a four-phase
mixture, with two phases that come to equilibrium under applied stress gradients (soil

particles and contractile skin) and two phases that flow under applied stress gradients (air
and water). The total volume change of the soil element must be equal to the sum of volume
changes associated with each phase. If the soil particles are assumed to be incompressible,

the continuity requirement for the unsaturated soil can be stated as follows:

DV, / Vo = (DViw+ DVy) / Vo 3.1.4

Whereas V.,/V, is the volumetric strain which can be used as a deformation state variable
and defines the soil volume change resulting from the deformation. The volume of
contractile skin is assumed to be negligible. Equation 3.1.4 can be written in a form using

the voids ratio:

De= De, + Dey 3.15

This expression can be used to determine the relative reduction of the two phases
(water/gas) after the completion of the compression stage. For example, Fredlund and
Rahardjo (1993) noted that in some cases where the air volume becomes less than
approximately 20% of the voids, air dissolving in water significantly affects the
compressibility of the air-water mixture. However, this is not the same in the case of
foamed soil where the air (gas) void ratio is generally higher.

On the other hand, the compressibility model for gassy soils had two modes of
deformations, as was presented by Thomas (1987). The first mode of deformation was due
to the local shear behaviour and the compression and dissolution of the gas which
accompanied changes in total stress. The second mode of deformation was due to overal
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drainage or shear behaviour of the saturated matrix and was caused by changes in
consolidation stress. According to the same author (p. 248) "a gassy soil behaves as a
saturated soil containing discrete compressible solid inclusions’. He aso noted that time-
dependent volume changes that occurred under undrained conditions, such as loca
consolidation around gas voids and the dissolution of gas into pore water, were difficult to
separate from the volume changes due to the dissipation of pore water pressures.

Matric suction appears to be one of the main stress variables that affects an unsaturated soil.
However, matric suction can be described using the Kelvin equation; for unsaturated soils
the pore air pressure is related to the value of the pore water pressure and their difference
depends upon the surface tension T between air and water without taking into account any
effect of the vapour pressure:

Ua-Uy= 2T/R 3.1.6

where u, is the ar-pore pressure, u, is the water-pore pressure and R is the radius of
curvature of the formed air water menisci. The above equation provides a quaitative
description of the dependency of matric suction on the bubble size. However, Fredlund and
Rahardjo (1993) noted that it is dmost impossible to measure the radius of curvature.
Furthermore, a macroscopic compressibility model incorporating satisfactorily the above

relationship has yet to appear in the literature.

3.1.3 Scope and objectives

In Chapter 1, it was stated that one of the main benefits of using foam in tunnelling is the
increase in the compressibility of excavated soil. The increased compressibility improves
the EPB's productivity and efficiency allowing for better control in the whole excavation
process. Creating a 'plastic’ spoil with reduced stiffness allows the machine to be more

responsive to sudden changes of pressure at the face of the tunnel.

After reviewing the literature, it became evident that there is no unified theory for the
compressibility behaviour of soils containing water and gas in various proportions.
Particularly for foamed soil, experimenta datais lacking. Bearing this in mind, the primary

objectives of the volume change study were to:
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quantify the volume changes under vertical loading in a hydraulic cell (Rowe cell)
correlate volume change characteristics with the type of loading (undrained-drained)
and with time and evauate the difference between different combinations of
conditioning agents

identify the mechanics of the particular behaviour that results from the use of foam

The apparatus, the procedure and the results of the tests are presented in the following

sections.

3.2 Compressibility Tests in Rowe Cell

3.2.1 Description and calibration of the apparatus

Compressibility tests were performed in a 75 mm diameter Rowe cell (Figure 3.1). This
choice of apparatus was based on some advantages that the Rowe cell offers over the
conventional oedometer, which can be summarised as follows:
Larger samples can be tested compared to oedometer testing.
Permeability can be measured directly with a proper set-up.
It has a hydraulic loading system and control facilities. Control of the drainage at the
bottom enables loading to be applied in an undrained manner, allowing development of
the pore pressure. This also alows the initial immediate settlement to be measured
separately from consolidation settlement.
The sample can be loaded either by applying uniform pressure over the surface ‘free
strain’ or through arigid plate, which maintains a loaded surface plane and is known as
‘equal strain’.
Additionally, the Rowe cell was available immediately and the author brought it to
operationa condition in a relatively short amount of time. It must be noted that if a larger
Rowe cell had been used, a higher proportion of foam:soil and a bigger volume sample
could have been tested. The benefit lies in the fact that more reliable data can be acquired.

However, alarger Rowe cell would require alarger sized soil mixer.
The experimental set-up is shown in Figure 3.2. It consisted of the 75 nm diameter cell, a

pressure transducer to measure the applied pressure, appropriate signal conditioning units,
an LVDT (linear variable differentia transformer) to measure changes in height.
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Furthermore, there was an air/water pressure interface system to convert the operating air
pressure to hydraulic pressure, a sensitive pressure regulator (0-60 psi) as well as the
various vaves, tubes (4 mm) and fittings (Photo 3.1). The maximum allowable vertical
pressure of this set-up was 240 kPa.

The pressure and the displacement of the diaphragm were measured electronically through a
Data Acquisition Unit (DAU). The DAU provided power to the transducers, amplified the
return signal and stored it in memory. The unit was controlled by a PC that enabled to
access the data at any time during test. Data were retrieved at the end of each test for

subsequent processing. M easurements were taken at arate of one per second.

Two types of calibration are required in compression tests. The first type of calibration isto
determine the relationship between the output from the transducers and the parameters
being measured. The LVDT was calibrated using a caliper and the pressure transducer was
calibrated against a digital pressure indicator, Druck DPI 600. Calibration curves described
the correlation between measured voltage and applied pressure as shown in Figure 3.3. The
other type of calibration is the system compliance. System compliance concerns the
diaphragm displacement correction. In this case, a diaphragm calibration test was
performed to measure the deflection of the diaphragm itself. A dummy sample of mild steel
was placed and after applying load, the displacement was measured. Strain was measured as
diaphragm displacement over sample height. The load-displacement curves (loading-
unloading) gave a strain less than 0.5% within the range of 50 to 220 kPa (see Figure 3.3).
The deformation of the diaphragm was deducted from the measured deformation. The

fluctuation of the recorded values was of the order of 1 to 2%.

Furthermore, a test was performed pressurising the cell using water, at the test maximum
pressure (226 kPa), in order to measure possible leskage from valves, sedls and
diaphragms. During some trials, leakage was observed through the O-ring sea and before
the cell cap was placed and bolted. This brought to light a problem, which later had to be
taken into account during quality control of the results (see Section 3.3.2).
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3.2.2 Test procedure

The type of test conducted was with ‘equal strain’ loading and single drainage at the

bottom. The procedure followed for the compressibility tests was as follows:

The sintered bronze porous discs were placed beneath the diaphragm to collect water
draining vertically from the sample. The average permeability of the discs was in the order
of 10° nvs. These discs provided rigidity and uniformity of loading pressure on the top
surface. Before each test, they were boiled in de-ionised water for at least 20 min in order to
saturate them. In the cell base, a ‘vyon’ porous plastic was fitted in the central drain hole.
This fitting had to be replaced every few tests with fine sand, as it tended to be clogged due
to the presence of fines,

As soon as the foamed soil was well-mixed (about 2 min), the Rowe cell was prepared. The
outlet at the base level was filled with water in order to flush out al the air. The first
sintered bronze porous disc was placed above the base. The second was positioned after the
sample had been poured into the cell. The discs were porous to allow drainage but at the
same to prevent clogging of the outlets by the finer material. The upper disc also provided
‘rigidity’ and alowed a uniform displacement to be applied to the whole surface of the
specimen. The foamed soil was poured into the cell (still in a very loose state). Finally, the
cover was lowered carefully to st onto the flange without entrapping air or causing
pinching. Attention was given to ensure that the diaphragm flange lay perfectly flat on the
body flange.

The LVDT was set on the top of the settlement drainage rod and the initial readings were
recorded. As the pressure valve was on, the pressure regulator was adjusted to low values
(lessthan 10 kPa). Prior to each test, in order to de-air the hydraulic system, the bleed valve
on the top of the cap was opened so that any trapped air bubbles were driven out of the
system.

With the valve of the diaphragm pressure line closed, the pressure was adjusted with the
regulator to the value of the first loading stage. In total nine loading stages were carried out
in each test and four unloading stages. The sequence was (14.1, 20, 28.3, 40, 56.6, 80,
113.1, 160, 226.2, 113.1, 56.6, 28.3, 14.1 kPa) for the Series | tests. For the subsequent tests
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the sequence in the unloading phase was dtered to give a better distribution (20, 28.3, 40,
56.6, 80, 113, 160, 226, 160, 80, 40, 20 kPa). It is recommended (Head, 1994) in
conventional oedometer tests that the successive load values be double that of the previous
stage (in other words the load increment is equal to the load aready applied). Due to the
high compressibility of the foam, the author considered that a close spacing of points would
be more appropriate, thus the load increment was factored by C2.

Initially, some tests were performed with the bottom outlet valve kept continuously open
during the loading stage (fully drained). The rest of the tests were carried out in two stages:
undrained and drained stage. In the former, the bottom outlet was closed and the load was
applied. After the immediate settlement was completed, the outlet was opened and the
consolidation was recorded. The vertical pressure was increased to the next increment as
soon as the LVDT measurements reached a steady value. However, some tests were
performed using equal time intervals. During the unloading stage, the bottom outlet was left

open.

Before and after the test, the sample was weighed and the water content, dry density and the
voids ratio were determined. The procedure's shortcomings are presented in Section 3.4.
The height was measured with a caliper before and at the end of the test at different radial

positions and the average was considered to be the mean height of the sample.

3.3 Tests Results

3.3.1 Calculation procedure

To smplify the analysis of tests results, the compression tests are listed in date order. Tests
marked with letter 'f' stand for the fine sand tests whereas those with the letter 'c' stands for
coarse sand. In total, 47 different tests were carried out, primarily on fine sand and foam.
Four different foaming agents were used as well as different proportions of bentonite and
polymer for fine and coarse sand. The first tests were fully drained tests fO1-f13); the rest
had an undrained stage and then were drained at each loading step. The results from the
consolidation tests after processing are presented in Table 3.1. Tests are numbered in date
order together with some data about the materials used and some comments derived from
the testing procedure. As is noted in the remarks column, some tests are characterised as
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inconclusive due to rather high discrepancies in the measurements, and this will be
explained in the next section.

One objective of compression tests was to determine the volume change difference for
various conditioning agents as can be expressed by the voids ratio. The total voids ratio
consists of two components: the gas voids ratio e, and the water voids ratio e, , which can
be expressed as.

eg =
Volume of Gas + Volume of the Volatile Component of the Mixture
Volume of Solids

and
ey =
Volume of Water + Volume of the non-Volatile Component of the Mixture

Volume of Solids

The volatile and the non-volatile component of the mixture refer to the quantity of the
polymer and oil used, as stated in Section 2.2.3. The following procedure was followed for
the calculation of voids ratio.

The (bulk) density of the sample at any time was.

r=mM/V 331
where M was the mass of the sample and V its volume. The mass was measured on a scale
and the volume was deduced after measuring the height of the sample at the beginning or at

the end of the experiment. The area of the sample remained constant during the test.
Knowing the density, the dry density r 4 could be calculated as:

rg=r/(1+w) 332

wherew was the water content measured from a sub-sample at the beginning of the test (the
procedure will be explained later in this section). The same measurements were carried out
a the beginning and at the end of each test.
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The voidsratio (for the initia or final conditions) can be calculated as:

e=(Gsrwlrg) -1 333
where G is the specific gravity of solids in which the non-volatile component of the
additives (FOP and WOP) was included. According to Vertugo and Ishihara (1996) for
loose soil, the calculation of voids ratio through the water content and dry density is more
reliable than that through the height measurements. Assuming that during the test the cross
section area of the sample remained constant, the equivaent height of solid particles was:

Ho= Ho/ (1+e) 334

where H, was the initial height of the sample (measured) and therefore, the difference in
voids ratio at each stage with regard to the initial conditions was:

De= DH / Hs 3.35

where DH is the measured (LVDT) change in height. The voids ratio at each stage was:

e= e -De 3.3.6

However, the difference in voids ratio consisted of the difference in gas voids ratio e, and
the difference in water voidsratio e, (as defined in previous page) is:

De= Dey+ Dey 337

The difference in water voids ratio was calculated by measuring the water volume in the
drained stage. Thus, combining equations 3.3.5, 3.3.6 and 3.3.7, the difference in gas voids
ratio at any loading stage was:

Dey= DH/Hs- Dey 338
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Furthermore, knowing the amount of water in the final stage, the water voids ratio together
with the gas voids ratio were determined:

B final = Bwinitial - DBw 3.3.9a
€y final = €ginitial - D&y 3.3.9b

After determining the water voids ratio at the beginning and the end of each increment, the
gas voids ratio was aso calculated. The fina voids ratios were the final values of the last
unloading stage. The initial values of ratios were those calculated at the beginning of each

test.

A measure of the one-dimensional deformability of the soil per unit thicknessis the volume
change coefficient m, which can be calculated knowing the incremental voids ratio
differencede:

my, = de/dsy (1+¢€) 3.3.10

where ds, was the incremental vertical pressure change.

For each stage, graphical plots of settlement and volume change against time can be
obtained. The settlement (compression) against time graph is used to derive the time
corresponding to 90% of compression ty, Which is necessary in order to determine the
coefficient of consolidation c,:

cv= T H? / oo 3311

where H is the drainage path, equal to the mean sample height at the particular stage and tq
is the equivaent time of 90% consolidation. Ty is a time factor equal to 0.848 (for single
drainage with equal strain loading) derived from a theoretical consolidation curve (Head,
1986). The coefficient c, is usually expressed in nf/year. It must be noted that for the
compression tests, the analysis was dependent on an overall behaviour and the calculated tgo
value was calculated assuming a curve fitting technique based on ‘averaged’ degree of
consolidation. This approach is explained in relation to evaluation of permeability, in
Section 3.5.
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A typicd example of the spreadsheet calculations made for tests of foamed fine sand with
bentontite and polymer mixture ‘WOP' is Table 3.2. On the first page of the spreadshest,
the measured quantities before mixing are presented and represent the initial proportions of
the materials added in the mixer bowl. Each materia (sand, foam, bentonite Slurry and
polymer ‘“WOFP') is expressed in volume and mass of its basic components (air, water and
solid). The measure (input) values are highlighted. The column marked ‘ Proportion’ shows
the consumption of each material in the mixture. For example, ‘Proportion’ 0.95 indicates
that 95% of the initial material quantity was used for mixing. In the box entitled ‘ Mixture’,
all the materials are expressed in mass and volume, according to their volatility. For water
and air, the volatile fraction is 100%, whereas for oil and PHPA, 2 and 3% respectively.
The box at the bottom right hand corner of the spreadsheet displays the most important
indices. the water content, the degree of saturation, the voids ratio, the FIR and the bulk
density.

On the second page of the spreadsheet, the calculations made at the beginning and at the
end of the text, based on measurements, are presented. Again, the measured (input) values
are highlighted. On the right hand side of the second page, in the *Computed values box,
theinitial and fina values of the water and gas voids ratio are depicted. In the same box the
initiad and the final mass of water is aso given. These vaues have been deduced from the
measurement data, according to the calculation procedure described in Equations 3.3.4 —
3.3.7. The compressihility coefficient is calculated for each compression stage applying
Equation 3.3.10. The permeability coefficient is caculated in some of the compression
stages, where it was possible to do so (See Section 3.5).

During mixing part of the air in the foam was lost, thus the voids ratio in the mixture e, was

lower than that of the sample g. In the ensuing section, the methodology used to explain the

uncertainty in measurements is discussed.

3.3.2 Quality control

The measurements taken in the tests include an element of redundancy which allows certain
cross-checks to be made. Quality control of the results was necessary to evaluate the range

of error during the whole process of the compression tests.
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The main concern was the derivation of the fina voids ratio value and the shape of the
curve voids ratio versus vertical stress, which revea the compressibility characteristics of
the foamed soil. However, the question which arose was how much confidence can one
assign to the absolute value of the final voids ratio provided that there are some water gains
or losses during the process. A smplified sketch of the procedure is shown in Figure 3.4.
Discrepancies are expressed as water mass differences corresponding to loss or gain of

water during the process.

A critical parameter in determining the initial or the final voids ratio e is the water content

w, which is defined as the ratio of water mass over the solids mass.
w= My / Ms 3.3.12

The mass of solids includes the non-volatile component of the additives as described in
Section 3.3.1. Water content was measured at the beginning and at the end of the test from a
sub-sample. It was assumed that the water content in the sub-sample would be the same as
that in the cell and that in the mixer bowl. However, the values calculated and those derived
from the mixing proportion were not exactly the same.

There were three ways to calculate the initial water content. The first was through the
measured quantities put in the mixer bowl. In that case, the water content could be defined
as (Table3.2):

_ total massof the volatile component
total massof thenon - volatile component

(0]

Another way was by applying the Equation 3.3.12, after putting a sub-sample in the oven
for 24 hours, measuring the mass reduction and calculating the water content w;.

Findly, the third way applied to tests without foam where saturation S was 100%. The
water content is related to the voids ratio at all times using the following expression:

wGs=eS 3.3.13
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Furthermore, for the conditions of Rowe cell compression tests, it can be safely assumed
that at any time:

De/(1+€) = DH /H 3.3.14

The initial estimated water content w;. can be deduced from Equations 3.3.13 and 3.3.14

using thefinal values:

Wie = Ws + DH (Wf +:|JG5) [ Hs 3.3.15

where w; is the final measured water content, Hs is the final measured height of the sample,
G;s is the specific gravity of the solids and DH the measured compression of the test.

The discrepancy between the various water contents in the mixture w,, w; and W, was
expressed in water mass @) that should be added or removed in order to match these
numbers. In the case of foam tests, a comparison was made between w, and w;,. The
calculated discrepancy dM,, was:

dMy, = dw Ms 3.3.16

where dw was the water content difference (W, —w; , W, — Wieand w, — W) and M the mass
of solids which was:

Ms= M;/ (1+w;) 3.3.17
With Mi, the initial measured mass of the sample.
Another way to calculate the discrepancy between the measured and calculated valuesis by
examining the degree of saturation at the beginning of the test. The comparison is between
the degree of saturation S, based on the mixture material proportions and the degree of
saturation calculated at the beginning of the test S. In this case, the equivaent differencein

height of the water can be calculated from the initial degree of saturation S

dHw = dSe H; /(1+e) 3.3.18
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where the difference dSis

dS=S%-5 3.3.19
Theinitial degree of saturation S is caculated from:
Theinitia voids ratio can be calculated as:

8 =(Gsrwlra)-1 3.3.21
wherer 4 isthe dry density (Mg/n?) of the sample. The difference in water massis

dMy, = Gy pw A dHy, 3.3.22
where A is the cross sectional area (") of the sample. This type of check caculation
involves not only the water content but also the discrepancy in the height of the sample and
therefore the absolute value is higher.
The whole procedure is depicted in Figure 3.4 in an effort to clarify the sequence of the
process. As can be seen in the 'Quality Control' spreadsheet in Table 3.3, the differencesin
water can be compared with the amount of water expelled during compression tests. Thisis
an indication of the relative error expressed in water |0ss. In order to accept or reject atest,
the above two types of errors are compared with the aforementioned discrepancies, which
were derived from the experimental procedure.
Discrepancies in the measurements can be explained in a number of ways. In order to
quantify the discrepancies, the author tried to express them as loss or gain of water mass
(see Table 3.3).

The measurement error of the caliper was of the order of + 0.5 nm This affected the

final height measurement and consequently, the initial height.
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When the cell cap was placed, the sample was compressed because of the weight of the
cap, and furthermore, some water (of the order of 5 m) may have been lost. The
leakage came from the base O-seal ram, which could not be sedled perfectly until the
top cap bolts were tightened. Consequently, the sample was drier than assumed to be.
The existence of water in the drain outlet increased the water content in the cell
compared to that in mixture. This was because before pouring the sample into the cell,
the drain outlet had to be de-aired. The air was flushed out and then the base sintered
disc wasfilled with water.

At the beginning or at the end of the test, during the assembly or the disassembly of the
cell, some quantity of water might be present on the cell edges, increasing the weight of
the sample. As aresult, the initial (or final) measured mass of the sample was greater
than expected.

The proportions of the various materials in the mixture differed dightly than those in
the Rowe cdll. This led to the first type of error where the water content in the mixture
w, was different than that measured from the sub-sample. Particularly with coarse
sands or where the initia quantity of water was much higher than that needed to
saturate the sand, after the addition of the conditioning agent (either bentonite or foam),
the mixture in the bowl failed to be homogenous. In this case, the water content in the

sample as well as in the sub-sample was not the same as in the mixture.

Tests were performed on saturated sand, wet foamed sand with or without polymer as well

as foamed sand with polymer and bentonite. In each case different volume changes were
measured. The results of Quality Control evauation are depicted in Tables 3.4 - 3.5. For
each test, a number reflects the estimated gains or losses of water. The convention is
positive differences mean that the sample was drier than the mixture. As can be seen in the
tests marked with the letter ‘A’ the differences are negligible, whereas in the tests marked

with letters ‘A? and ‘R’, the differences were substantial. The latter tests were not initially
rejected but their results were treated with scepticism. However, the average difference in

mass of water was quite small overall.

3.3.2 Compression variation with time

The variation of compression with time was one of the important outcomes from each
foamed test. It was expected that the presence of gas would ater the shape of the curve
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compared to that of saturated sand and would reflect the increase of compressibility. In
Figures 3.5 - 3.8 the plots of compression against time are presented for some typica

foamed fine sand tests. The undrained stage was first and then the drained followed. The
undrained stage usually lasted some seconds; this time was enough to compress the gas
phase at the particular pressure. As soon as LVDT measurement indicated no further
settlement, the valve at the bottom of the Rowe cell was opened, water drained out and as a

result, consolidation settlement took place, under drained conditions.

As can be seen in the Figures 3.5, the most significant compression took place in the range
of low vertical stresses (20-40 kPa) for atypical foamed fine sand test (f22). It isinteresting
to note that after the increment of 56.6 kPa, the settlement was amost exclusively during
the undrained stage. However, this type of behaviour was not observed in the case of
foamed bentonite fine sand or when polymer was added (see f46). When foam and polymer
was used, compression appeared to occur in both stages irrespective of the vertical stress.
As is shown in the series of Figures 3.8, compression still occurred at high stresses. In
particular the bentonite foamed sand appeared to require a longer time to consolidate
(clearly shown for f39 and f40, demonstrating that the bentonite affected the rate of
consolidation in the stages over 80 kPa - see Figures 3.6 - 3.7).

The behaviour of the soil sample during consolidation in response to a single load
increment is investigated further by plotting a graph of settlement against square root of
time. This is important in order to assess the consolidation rate and indirectly, soil
permesbility. Plotting the drained stage compression against the square root of time and
applying one of the standard curve fitting techniques, the coefficient of consolidation can be
determined (Head, 1986). Aswill be shown in the ‘ Permeability Evaluation’ (Section 3.4),
the standard technique was not applicable in most of the cases due to the shape of the curve.
In many cases, the curve was either flat or it appeared aternatively to have two parts. one

steep and linear (large compression) and the other quite flat (small compression).

3.3.3 Void ratio variation with vertical stress

Volume change behaviour can be quantified by plotting the void ratio against the applied
total vertical stress. The addition of polymer and/or bentonite altered the foamed soil

behaviour to a different extent. The results are grouped according to particle size and
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whether they include foam, polymer or bentonite. The graphs depict the void ratio against
the logarithm of vertical pressure. For foamed fine sand tests, only the compression stage is
shown for illustration purposes. However, the unloading stage did not significantly change

the final value of voids ratio.

Fine sand:

Tests marked as Series | are those with foaming agents P90, PP90 and SC200. Those
grouped as Series || are those using 'Versa foam. Figures 3.9 - 3.12 show Series I/l tests
together with a typical saturated fine sand test (f04). For fine sand compression, fine sand
was tested at different water content and at different densities. In the first type of test, dry
loose sand was poured into the cell filled with water, creating sediment and achieving a
denser state than that of the other wet sand test. In the second type of test, a sand sample of
the prescribed water content was poured into the cell after having been mixed in the soil
mixer. In each graph, the minimum as well as the maximum voids ratio for the dry sand are
presented for comparison purposes. These values are referred to as a relative density of O
and 100% respectively.

Figure 3.9 shows the voids ratio variation with vertical pressure for various foaming agents.
(testsf05-f13). The curves follow the same pattern, starting at a high voids ratio and ending
up clearly at a point above the maximum voids ratio for sand aone. A different marker is
used to depict the main foaming agents (P90, PP90 and SC200). Different starting/ending
points reflect differences in foam quantity and the ER. However, in order to reduce the
number of parameters, it was decided to focus on one type of foaming agent to investigate
the behaviour of the foamed soil whilst changing the other parameters. Figures 3.10 - 3.11
depict tests with Versa foam (Series 1), using different foam quantities and ER. For the
purposes of enhancing illustration, the low FIR (less than 35%) tests are separated from the
high FIR (more than 35%). Details about materials proportion in these tests can be found in
Table3.1. Figure 3.12 shows al series|| tests.

In Figure 3.13 the graphs of the average values for these two groups (Series | and Series 1)
are depicted. In the same graph the average high and low FIR values are plotted. The results
show clearly that the higher the quantity used, the larger the difference in voids ratio for
samples tested under the same loading conditions. Thisis illustrated in Figure 3.14 where
volume changes are plotted against FIR.
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Non-foamed tests are shown in Figure 3.15. The introduction d polymer increases the
compressibility of soil. In the case of bentonite with polymer, the initial voids ratio was
quite high (f39). Some tests were carried out with bentonite and polymer. The behaviour of
test f39 seemed quite different from that of f30 or f31 but similar to bentonite with coarse
sand (€33 - Figure 3.15). When foam is added the increase in compressibility is evident
(f40) asisshown in Figure 3.18.

For tests with foam and polymer (WOP) the initial water content was higher and the
loading stages lasted longer. Tests f46 and f47 were almost identical and the sole difference
was the time intervals at each loading stage: for 46 the duration of the test was 1 hour
whereas for the f47 it was 10 hours. For f45 the duration was 50 hours but there were only
three loading stages (Figure 3.19).

Coarse sand:

In the case of coarse sand, foam was added with polymer (‘WOP'). This was necessary
because otherwise the sample would not be homogenous; the foam quantity was not enough
to create the homogenous structure seen in fine sand. Due to the size of the cell, a higher
proportion of foam could not be tested. A higher proportion of foam in the soil was needed
to reach avoid ratio similar to those of fine sands.

Non-foam coarse sand tests showed similar behaviour to the non-foam fine sand tests. In
bentonite with polymer tests (€33, c42), the fina voids ratios were higher than those of
bentonite sand tests (c37, c34) asshown in Figure 3.15. For tests ¢33 and ¢34, the amount

of bentonite and water used was reduced.

The foam effect can be seen in Figure 3.17 where foamed soil (tests c27 and ¢28) is
compared with saturated coarse sand (test c24). Again, in al figures the maximum and the
minimum voids ratio are depicted in each graph for comparison purposes. Coarse sand in
foamed tests gave final voids ratios well above their loosest dry state. All tests using coarse
sands were performed under undrained/drained conditions.

Bentonite tests showed smilar behaviour to fine sand tests. Figure 3.17 shows the voids

ratio variation with pressure for two bentonite coarse sand tests (¢35 and c44) with different

proportions. Due to the addition of water both started at high voids ratio but the end point
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differed significantly. It is interesting to compare these graphs with the non-foam test with
bentonite and polymer: c37 and c42 differ significantly but their shape is similar.

3.3.4Void ratio variation

Examination of volume changes in terms of voids ratio differences is a smple way to
acquire a first insight into what kind of interaction happens between gas and water. It is
important to detect what happens to the free gas in the sample during the compression. The
actual behaviour of the foamed soil at the beginning and at the end of the test can be
described following the change of certain 'specia’ voids ratios. These are the water voids
retio e,, the gas voids ratio e, and the 'matrix’ voids ratio e,. The water voids rétio is
defined as.

ewv= Vw/ Vs 3.3.23
where Wv is the water volume, which includes the volatile component of the additives (FOP
and WOP) and Vs is the solids volume which includes the non-volatile component of the
additives (FOP and WOP). The gas voids ratio is:

6= Vg/ Vs 3.3.24

where V is the gas volume. The 'matrix’ voids ratio is actualy the water (liquid) voids
fraction in the mixture and can be expressed as.

em= V! (Vg + Vo 3.3.25

The tota voids ratio measured at the beginning and at the end of each test is.

e=e+ ey 3.3.26

The above analysis assumes that the gas dissolution in water is negligible. An illustration of

the 'specid’ voids ratiosis depicted in Figure 3.20.
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Table 3.6 presents all the voids ratios and volume changes for the foam tests. Figures 3.22
show the correlation between the changes in matrix voids ratio and gas voids ratio with the
total volume changes. The plots suggest a strong link between gas voids ratio and the total

volume changes but no correlation between matrix and total volume changes.

In order to examine what happens in the two phases (water and gas) the curves of the voids
ratio againgt time were used. The data are incomplete since measurements were not made to
dlow determination of gas and water voids ratios at every stage. Figures 3.21 show the
voids ratio variation with time for some foamed fine sand tests. The compression of the gas
phase appears to be much higher for low pressures and follows the same pattern for these
tests. Volume changes due to gas compression were larger than those due to water
exclusion, as Figures 3.21 show for tests f40, f41, c44, f46 and f47. The exception was test
f43 where the water volume change appeared to be larger.

Figures 3.23-3.26 depict the voids ratio against pressure. Here, only the initial and the fina
values based on measurements are presented. Therefore, results are plotted only for start
and end points as in an attempt to reveal the general trend of the gas and water voids ratios.
It is evident that while the trend is a reduction of gas voids ratio, the amount of this
reduction differs over the same pressure gradient (212 kPa). For foamed tests without other
agents (f14 - f25), the gas voids ratio appeared to be dependent on the initial foam quantity:
the higher the FIR and consequently the initial voids ratio, the greater the reduction. The
same behaviour was noted for polymer foamed tests (f41-f47) indicating that gas volume
changes were not directly affected by the presence of polymer.

In the case of foamed sand, after the compression of the soil, the gas voids ratio did not
reach zero vaue. In addition, the final proportion of gas to water voids ratio was higher
than the initial one in most cases, demonstrating that at the end of the test the soil was drier
than before the test. However, for some tests (f40, c44, 145, 46 and f47) where polymer or
bentonite was added at high FIR, the outcome was that the sample ended up wetter. In most
cases, the gas voids ratio decreased, particularly when values approached unity. When the
percentage of gas in the mixture was low, the gas voids ratio appeared to change dightly
(decrease or even increase but this could be due to fluctuation of the measurement).
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3.4 Permeability Evaluation

One of the important effects of soil conditioning agents is the decrease of soil permeability.
Foamed soil is an unsaturated soil in this context and the accurate determination of soil
permeability of unsaturated soil requires special equipment and procedures. When a soil is
unsaturated, an air phase is present and the water flow dchannels are drastically modified
compared to those in saturated soil. In an unsaturated soil the water phase is bounded
partialy by solid particles and partially by an interface with the air-phase (Jury et al, 1991).

Conventional methods of direct measurement such as constant head and faling head
techniques estimate the permeability of saturated soils by measuring the flow rates. These
techniques can be modified for testing unsaturated soils in order to take into account the
presence of air. Similar research concerning the permeability of wall barriers and the
hydraulically tight geological deposits led to the use of specia techniques like the flow-

pump technique for measuring low permeabilities (Zhang et al, 1998).

For this project, the primary objective was the evaluation of foamed sand permeability
compared to saturated sand. Tests were carried out in a Rowe cell under constant head on
sands with and without foam as a preliminary assessment of foamed soil permeability. The
author wanted initially to test the relative reduction of soil permeability when mixed with

foam under external pressure.

3.4.1 Indirect evaluation

Permeability formulae:

Indirect evaluation of the soil permeability was possible because both sands were uniform.
Soil permeability is influenced by such factors as particle size, voids ratio, composition,
fabric and degree of saturation. The first four are closely interrelated and they cannot be
isolated. For coarse-grained soil, composition and fabric have little effect on permeability
(Lambe & Whitman, 1979).

Permeability is directly related to the pore structure parameters such as the voids ratio.
There are single relationships between permeability and particle size, which can be applied

S. Psomas 61



Properties of foarm/sand mixtures for tunnelling applications

to coarse-fine sands. An approach to estimating the permeability of a coarse grain soil is
given by the empirical Kozeny-Carman equation (Head, 1994):

k=2€&/fS (1+e) [m/s] 34.1
wheref is particle shape factor (from 1.1 to 1.4) and Sis the specific surface of grains.
S=6/(dy dp)®® 342

where d; and d, are the mean diameters of a non-rounded sand particle. The voids ratio
depends on the density state of the sand.

Alternatively, Hazen's method can be used. In this case, the permeability k is given by a
formula, which again is applicable to uniform sands and the result may be in error by a
factor of 2 either way (Head, 1994):

k= 0.01 (D10)? [mVs] 3.4.3

where Dy is the effective size in mmrepresenting 10 % by weight passing from the grading
curve.

The calculations for both fine and coarse sand are shown in Table 3.7 together with two
grading curves. For the Kozeny — Carman equation the maximum voids ratios were used.
The calculation of the product of particle shape factor times the square of specific surface
was based on the particle size distribution for the two types of sands. Sands were dry sieved
in aseries of sieves with aperture from 1.18 mmto 0.063 mm

Determination from consolidation tests:
In the case of an indirect evaluation of permeability, absolute precision is not an issue

because several parameters enter into the relationship of the rate of consolidation -
permeability (Lambe & Witman, 1979). Some results can be drawn from the series of

foamed soil tests during the drained stage of each load increment. From consolidation tests
in Rowe cell, permeability was calculated indirectly through the coefficient of consolidation
¢, and the volume change coefficient m,, as.
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K= cymy gy 344

where g, is the water unit weight equal to 10 kN/n. The coefficient of consolidation can be
calculated from Equation 3.3.11 and is dependent upon the drainage path of the sample and
the time required to complete the consolidation. This can be achieved by plotting out
compression with time, as shown in Figures 3.5 - 3.9. For the determination of the time ty,
the square root method was used applying the appropriate dope factor (1.15) (Atkinson et
al, 1995). The calculation took into account the linear part of each graph; the tangent lineis
extrapolated until it reaches the time axis. From that point a second line with a lope of 1.15
was drawn until it cut the curve, defining a point on the curve with same abscissa and

ordinate tyo. A typical example is shown in Figures3.27, test f39.

In some cases the standard technique of determining the permeability can be used, by
plotting out the measured compression against the square root of the time required to
complete this compression. However, as stated earlier, the ‘compression against time

graphs did not follow a consistent pattern for the different loading stages. Consequently, it
was questionable whether the calculation could produce reliable permesbility results in
most foamed soil tests. For the saturated sand tests, permeability determination was not
feasible due to the rapid rate of consolidation. With foamed coarse sands, permeability was
also very difficult to determine for the same reason. In foamed fine sand, the curves were
sometimes smoother but still showed in some cases, a ‘dua’ behaviour. As can seen for
example in test 46 in Figures 3.27, there is a 'stepping’ behaviour with sudden falls and
then flat regions suggesting no settlement for a period of time.

A possible cause of this behaviour was the presence of foam in the soil; as the pressure
increased water drained out carrying bubbles (visualy inspected). The remaining bubblesin
the sample could have rearranged themselves or even changed shape so that again the
available channels for the water to flow were blocked. The same cycle could have been
repeated until the consolidation was completed. Thus, it might be possible that there were

two permeabilities characterizing the foamed soil for the different regions.
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3.4.2 Permeability testsin Rowe cell

Direct measurements of foamed soil permeability were carried out in the 75 mm Rowe cell.
The experimental set-up was presented in Section 3.2. Initialy the author tried to carry out
tests adopting the ‘falling head’ principle but after some unsuccessful trials, the idea was
abandoned. It was decided to shift to the ‘ constant head’ principle, which applies to coarser
material (Head, 1994). Instead of having a constant head cell, a'Marriotte bottle' was used.
The 'Marriotte bottle' was made in the workshop and it comprises two plexiglas tubes of
different diameters, of which the smaller is mounted inside the larger. It works at
atmospheric pressure and provides the constant head. Initially two sintered discs were used
but soon it became apparent that due to their low permesbility, it was difficult to calculate
the combined permeability of the system discs-soil sample. To overcome the problem, two
fine meshes were utilised together with two perforated plates (Photo 3.2). The plates were
made in order to distribute the water flow uniformly over the entire cross section area of the
sample. The water used both in the ‘Marriotte bottle’ as well as in the system was de-aired
before each test.

As soon as a sample was placed in the cell, the pressure was applied. After consolidation
had taken place, the bottom outlet was connected with the 'Mariottte bottle' permitting (de-

aired) water to pass through the sample. The combined permeability of the system was
calculated as.

Ke= ./ Aic 345

where A, was the cross section area of the soil, g. was the flow rate (ml/s) measured from
the Rowe cedll outlet and i the hydraulic gradient defined as :

i=dh/L 3.4.6
where dh was the piezometric height above the outlet and L, the height of the sample
(distance). Assuming that the flow was normal to the surfaces, the combined permesability

of the system sample and meshes could be defined as:

ke = (L1+ Lo+ L3) / (Ll/k1+ Lo/ko+ L3/K3) 3.4.7
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wherek; = ks= 0.83 x10° m¥sand L, = L; = 0.3 mmare the permesbility and the thickness
of the two similar meshes respectively whereask, and L, represent the permeability and the
height of the sample after the consolidation stage.

Firstly, the permeability of the two meshes was determined by running the test without a
sample. The permeability of the sample when tested was:

ke = Keki Lo / {Kq (2L1+L2) - Zkela} 3.4.8

However, the solution of Equation 3.4.9 becomes unstable when:

ki (2L1+Lo) @2kcla 3.4.9

The summarized results presented in Table 3.8 were carried out using meshes and discs.
The average time for reaching a steady outflow was 3 min for fine foamed sand and 4 min
for coarse sand. With both sands, polymer mixture ‘WOP' was used.

All tests were performed at 20 kPa vertical pressure. The pressure was such that it was
greater than the applied head so that it could prevent any water leakage of water upwards
through the diaphragm. Some small inevitable losses of pressure head due to friction and
turbulence in the connecting tubing were considered negligible compared to the hydraulic
head and were not taken into account.

3.5 Discussion of Test Results

3.5.1 Foaming agents

The new foam generator requires some improvements in order to produce constant quality
foam. However, it was very promising that the foam generator was able to deal with al
types of foam concentrate. It seemed that the quality of the foam was dependent on the
quality of the foam agent, the proportion of the air:liquid mixture and the pressure under
which the air and the fluid is delivered.
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Different foaming agents did not exhibit impressive differences. The most important
variables as stated, were the proportion of the foaming agent and the volume of foam
produced (for example FIR) and less significant was foaming agent type or its ER, at least
for the tested range size of bubbles. The latter contradicts the view that synthetic foams
behave completely differently from protein-based foams. In order to achieve the same
texture of ‘shaving foam', different quantities of foaming agents had to be used. For
example: P90, 10% and PP0, 5% by weight. With Versa foam this was achieved using a
tiny proportion of polymer mixture and 3% foaming agent.

The behaviour of the various foam agents appeared to be quite similar. Different
proportions of concentrate:water were tested based on manufacturers recommendations.
Any increase in the amount of foam also produced more compressible materia. Versafoam
showed the most stable behaviour in terms of the foam quality produced. A small increase
in the quantity of foaming agent used from 5% to 7% improved stability. Synthetic foams
did not leave any visua trace on the soil after some period on the sample. PP90 produced
the most stable foam bubbles in terms of drainage time. The latter has to be confirmed by
measuring and comparing the drainage time for the same ER. It was noted, however, that
this did not affect the compressibility characteristics. P90 and ‘Versa foam were lighter
foams whereas the PP90 and SC200 (after adding |P425 agent) were heavier. An increasein
concentrate quantity did not always improve the foam quality. Particularly with PP90 and
SC200 the concentrate was first dissolved into a beaker with water and afterwards was

poured into the foam generator pressure tank.

Foam manufacturers claim that the pore water is displaced by the foam and absorbed by the
polymers. There was no evidence that polymeric foam (PP90) offered better stability in the
soil matrix. All foams appeared to be remarkably stable after the mixing tests; soil particles
seemed to integrate in the foam system quite well. Further study of the effect of foaming
agents on foamed soil matrix may demand microscopic inspection.

3.5.2 Volume change behaviour

Clearly, the addition of either foam or bentonite increases the initial voids ratio due to the
addition of a considerable volume of water. It was evident that the added polymer affected
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the compressibility of the soil in every case. Based on these tests, some further conclusions
can be drawn.

As stated earlier, the displacement due to the undrained loading was the immediate
settlement. This was due to the collapse of the foam bubble and the closure of voids. At the
same time the pore water pressures increased and some gas could have been forced into
solution. The amount of gas, which went into solution, was assumed negligible. At the
drained stage the water was expelled with some of the gas, the pore water pressures dropped
to zero and consolidation took place. In the unloading stage, some bubbles were recreated,
increasing the voids ratio dightly. The volume change during the undrained stage can be
seen in the context of Boyles law: PV=constant assuming that no change in temperature
took place. The law applies to ideal gases but it can be utilized in this case. In addition,
using Henry’s law, the concentration of gas dissolved in the liquid (the amount of gas

forced into solution) can be estimated.

For foamed fine sands, even though the slopes differed, the fina voids ratio was well above
the loosest state of the dry sand as well as that of the curve of saturated sand tested under
the same conditions. The difference in the final voids ratio was attributed to the presence of

foam in the soil even after the test was completed. This was confirmed by visual inspection
of the sample after the test, when the texture of the sample is different from that of wet

sand. The final load increment was insufficient to squash all the bubbles, which appeared to
be able to withstand pressures of the order of 200 kPa. It must be noted that in some cases,

where the compression was not as large as it was expected to be, this was attributed to the
friction between the top sintered disc and the side walls of the Rowe cell.

The coefficient of volume compressibility does not follow a clear trend. For some tests the
first stage show high values of compressibility whereas in some others it shows lower
values for the same amount of foam. This is due to a small amount of compression that
occurs in some cases after placement of the cell cover. It would be expected that the
compressibility decreases as the consolidation progresses and the sample becomes stiffer.

However, this did not always happen at each stage, especialy in the bentonite tests.
Foam and fine sand seemed to integrate quite well when the water content of the saturated

sand before the addition of foam was less than 32% (that meant saturation 100%, assuming

the sand in the bowl was in its loosest state). Above that quantity, the surplus of water in the
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mixer bowl degraded the added foam very quickly. This was evident in tests f41-f47. Test
f22 showed higher compressibility in the early loading stages due to a high proportion of
foaming agent (7%) at less than 35% water content. Test f36 showed very low
compressibility (the dosage was 400 m - 3% 'Versa foam).

When polymer was added the voids ratio differences were higher (see Table 3.6 tests f40 —
f41) than those for foamed soil. However, this was not necessarily related to the addition of
polymer. Tests f43 and 45 lasted longer than the usual foamed soil tests. This introduces
time as an important parameter, which should be taken into account. It must be noted that
the addition of the polymer was considered necessary in the cases where foam was tested
with bentonite. The role of polymer was to 'dehydrate’ the bentonite slurry and homogenize
the mixture. Otherwise, the excess water in the mixture would degrade the foam very
quickly and consequently, the conditions would be similar to that of mixing bentonite slurry
with sand. Due to the restricted size of the cdll, high proportions of foam could not be tested

with coarse sand.

The addition of bentonite increased the proportion of fines so that the sand could be
considered a gap-graded material. Foamed coarse sand followed the behavioural pattern of
foamed fine sand and showed more compressible behaviour than the saturated coarse sand.
As stated in Section 3.3, the addition of bentonite increased the voids ratio significantly. At
the end of the compression stage the final voids ratio was well above that of dry sand (c37,
c44). It should be noted that for the test c44 very little water was collected so it was
questionable whether the duration was such as to allow the consolidation to be completed.
When bentonite was added, the change of the gas voids ratio appeared inconsistent. In these
cases, volume changes were independent from drainage. It became evident that the choice
of time scale for each test was of prime importance in the cases where bentonite durry
mixtures were tested. Saturated sands with or without foam can be tested considerably
faster than sands with polymer and bentonite slurries. Particularly with bentonite durry,
which was actually clay, considerably more time was required for the mixture to
consolidate to avoid misleading results.

Most of the foamed samples tended to be drier a the end of the test compared to the non-
foam samples. These values (depicted in Figures 3.23 - 3.26) were deduced from initial and
final measurements whereas those presented in Figures 3.21 came from measurements of

the drained water mass during consolidation testing. Comparing these two calculations for
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the same tests, it was evident that the final values were not entirely consistent. In the latter
case, this was due to measurement discrepancies as well as to the fact that the gas bubbles
expelled with the drained water were not taken into account. Thus, these plots did not
provide any conclusive evidence on the dissolution of gas or on how much gas was expelled
by the water. It was impossible to isolate the effects of each parameter when knowing only
theinitial and the final conditions.

3.5.3 Foamed soil structure

Some tests did follow a similar pattern but additional information is needed in order to draw
any conclusion. It can be safely assumed that this micro-foam mixed with fine sand creates
a material whose properties differ from that of the wet sand. As the foamed sample dried,
after a 24-hour exposure to atmospheric conditions, the texture seemed to return to its
origina appearance. The question that arose was whether the sand particles were attached to
each other or whether they were completely coated with foam, and under which vertical

pressure the soil particles regained contact with each other.

Foam tests displayed different behaviour from non-foam tests. The injection of the foam
was critical in increasing the initial volume of the mixture as well as the compressibility of
the soil. The difference lies in the presence of the gas bubbles within the structure of the
soil. However, the structure of the foamed soil containing gas bubbles can vary depending
primarily on the relative size of the bubbles and the soil particles. The impression was that
the bubble size, compared with that of the sand particles, was of the same order. Foam
bubbles when mixed with soil fell within the range of 0.1 to 1 mm whereas for the soil
particles, the mean size ranged from 0.16 to 0.6 mm When the bubbles were smaller they
could fit within the normal void spaces without affecting the structure whereas when they
were bigger their effect was significant because they created "cavities' larger than the
original structure. The latter case was likely to be more representative of the situation that
occurs when foam is mixed with soil, where the large expansion of the volume is attributed

to the mixture of the high voids ratio.
An attempt to provide a quditative explanation of the behaviour of foam/sand mixture

through the introduction of the matrix voids ratio, was unsuccessful. This index was aimed
a modelling the foamed sand as a mixture consisting of two types of particles, the sand
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grains and the bubbles. If the gas bubbles are considered to be ‘ particles’ within the foamed
soil structure, then the matrix voids ratio determines the available 'packing' of these
particles. However, the matrix voids ratio failed to reveal any trends in the behaviour of the

foam/sand mixture.

Changes in total stress have a marked effect on gas volume changes and consequently on
gas pore pressure, if it is accepted that Boyle' s law holds for foamed soil. In the undrained
stage as the total stresses increased, gas bubbles were squashed and as result, this produced
some reduction in the size of the foam or air bubbles. However, under the drained stage it
was likely that the decrease in pore water pressure restored, to some extent, the size of the

bubbles since there was evidence of gas remaining at the end of some tests.

The conventional approach to modelling of unsaturated soils may be unsuitable to describe
fully the behaviour of the foamed soil. The main question was what happens when applied
pressure compressed the bubbles and some of them burst and/or decreased in size. In some
cases, al the remaining bubbles might have reduced in size so that the fina voids ratio fell
below the maximum dry sand value and thus the soil particles came in contact with one
another. For example, the presence of the polymer mixture ‘WOP which provides
dehydration and lubrication in the mixture, appeared to affect the final voids ratio. The
addition of bentonite altered the compressibility behaviour considerably by introducing a
fraction of fine material in the mixture. The permeability of the foamed sand appeared to be
lower than that of sand but there is a quite wide range between the measured vaues and

those derived from the compression tests.
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Chapter 4. Direct Shear-box Tests

4.1 Shear Strength Parameters

4.1.1 Shear strength and dilatancy

One of the fundamental properties of soil isthe shear strength. The basic laws of frictiona
behaviour state (Lambe & Whitman, 1979) that the shear resistance between two bodies is
proportional to the normal force between the bodies and is independent of their dimensions.
In soils, shear strength is the shear resistance that can be mobilized among soil particlesin
order to resist a relative movement between the particles. The shearing resistance in a
granular materia is defined through the angle of internal friction and the main objective of
the direct shear tests isto determine that quantity.

The stress state in a soil can be represented by Mohr's circle. A line tangent to these circles
can be drawn defining the failure plane. The soil fails when the applied shear stress exceeds
the shear strength of the soil. For saturated soils, the most common failure criterion is the
Mohr-Coulomb condition:

t=c+(s-uytanf’ 411

wheret isthe shear stress, s represents the normal stress on the failure plane, u,, is the pore
water pressure, c' is the shear strength intercept (= O for coarse grain soils) and f ' the

effective angle of internal friction. A measure of the soil’ s ability to withstand applied shear
stress is the shear strength envelope. Equation 4.1.1 defines a line referred to as the failure
envelope. However, Lambe and Whitman (1979) noted that the failure as defined by the

Equation 4.1.1 may or may not be the plane upon which shear strains become concentrated

when the soil fails.

For plane strain experimental conditions, as in shear-box testing, at failure the soil satisfies

the following equation:

ts= s¢tanf 4.1.2
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wheret; and s; are shear and nhormal stresses respectively. The above equation is a straight
line, which can be fitted to a tangent to the Mohr circle as the failure envelope. It must be
noted that this approach assumes that the horizontal plane through the shear-box is identical
to the theoretical failure plane. Depending on the state of stress and the initial voids ratio,
the angle of friction f may be the peak (f pea) OF the critica (f oir). The latter characterizes

the state where the sand strains without changing in volume.

The effect of relative density and moisture content on the shear strength of coarse grain
soils has been recognised for some time (Bishop, 1966; Lambe & Whitman, 1979; Maeda
& Miura, 1999). However, for unsaturated soils, Equation 4.1.1 has to be modified to take
into account the stress state variables (s - u,) and (U, - uy). Frediund and Rahardjo (1993)
extended the Mohr-Coulomb failure envelope, introducing an intercept at a specific matric
suction in place of ¢' and an additional angle which indicates the rate of increase in shear
strength relative to the matric suction. In this framework, the shear strength equation for an
unsaturated soil is an extension of the shear strength equation of a saturated soil. Soil
strength usually decreases with increasing water content for fine-grained soils. One reason
for this is that bonds that hold particles together in structura units are weakened as more
water is absorbed (Marshdl et al, 1996).

The state of compaction of coarse grain soils can be defined by using the relative density
index Ip:

Ip= (emax - e) / (emax - an'n) 41.3

when e = ey, and Ip = 1 the soil isin the densest possible state wheress at the loosest state,
isrepresented by e = e and I, = 0. Bolton (1986; 1987) presented a relative dilatancy
index correlating the friction angle and relative density:

f p@k - f crit — 5|R [0] 414

with

Ir=5Ip-1 4.1.5
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for low confining pressures. Bolton (1986) noted that in plane strain the contribution of
dilation to peak strength (maximum) is represented by the correlation:

f p@k = fcrit + 08y 416

Sands tested in shear under confining stress exhibit volume change behaviour. The shear
strength of a soil is defined in terms of stress developed at the peak of a shear stress shear
strain curve. However, this curve does not always have a distinct peak point. In a loose
state, the soil contracts until it reaches the critical state at the critical voids ratio (when
continued shearing takes place). When the soil isin aloose state during shearing it becomes

denser and its volume is reduced.

In direct shear-box tests, an upward movement of the shear box implies an increase in
volume or dilation. This corresponds to a negative volumetric strain, according to the usual
soil mechanics convention. The angle of dilation is an indication of the rate at which the
sample changes in volume as it is sheared. Conventionally, an expansion of soil during

shearing corresponds to a positive dilation. Dilation can be defined as the negative rate of
increase of volumetric strain e with shear strain g

y = tan® (-de /dg) 417

For direct shear tests, the dilation effect can be taken into account by calculating the work
input due to the two components of shear strength, friction and interlocking:

tdu=ms du+s dv 4.1.8

The friction coefficient m (Taylor's energy correction factor - Taylor, 1948) can be
calculated as:

m= (t /s) - (dv/ du) 4.1.9

wheredv/du = tan™(y) is the dilation rate with y , the dilation angle.
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4.1.2 Objectives of the study

The shear-box test is the simplest way to investigate the shear stress-strain behaviour of a
soil and determine the angle of friction. The vertical stress and the shear stress acting on the
central horizontal plane of the shear box are obtained by dividing the normal force and
horizontal force respectively by the cross sectional area of the sample. After calculating the
absolute values of shear stress t and horizontal u and the vertical v displacements, the

friction angle f will be:

t/s =tanf 4.1.10

wheref isthe mobilised friction angle value at the end of the travel of the box. For the
shear-box tests carried out, f was the friction angle at critical state. It must be bornein mind
that the friction angle measured in shear-box tests on a soil sample is not the true inter-

particle angle of friction.

As stated in Chapter 1, reduction of the shear strength of the excavated soil brings about
reduction of the required torque to rotate the cutting wheel. Therefore, the shear strength
was one of the fundamental mechanical properties of foamed soil of importance in
tunnelling. Shear strength is expressed as the angle of shearing resistance (Equation 4.1.10)
and assuming no excess pore water pressure can develop in snds, effective stresses are
equa to the measured total stresses (Head, 1994).

In order to assess the shear strength of the foam soil, some direct shear-box tests were
carried out. The objectives of the study were to:
quantify the absolute values of friction angle of foamed sand
compare the results with saturated sands and eva uate the differences
discuss the results in relation to compressibility tests in order to draw some conclusions
towards furthering the understanding of foamed soil behaviour
These preliminary tests were conducted assuming at this stage, that the calculated strength
parameters were not affected by the scale of the tests. Additionally, foamed samples were

considered homogenous.
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4.2 Apparatus and Experimental Procedure

4.2.1 Description of the apparatus

The apparatus used (Photo 4.1) was of the type widely available in the UK for routine
testing of dry and wet sands. The procedure described is the rapid test determination of the

shearing resistance of the sand sample in a predetermined plane.

The shear-box comprised a drive unit, shear-box assembly, shear-box carriage and a load
hanger. The shear-box body comprised two halves. the upper haf on which a ‘ swan-neck’
yoke was mounted and the lower half (Figure 4.1). The two halves could temporarily be
fixed together by means of two clamping screws. These screws were removed before the
start of the test. At the bottom of each of the halves, there was a retaining plate. Two lifting
screws enabled the upper half of the box to be lifted dightly so that the shearing could take
place between soil surfaces. The sample was placed between a top and a lower grid plate,
enabling the shearing forces to be transmitted uniformly along the length of the sample
(Head, 1994). The loading pad was placed above the top grid plate through which the

vertical load was transferred to the sample.

4.2.2 Test procedure

For the foamed soil tests, the sample preparation procedure was similar to that described in
Chapter 3. The sample of the foamed soil was prepared in the bowl of the soil mixer. Soil
was firstly saturated with water and then the required quantity of foam was added.
Afterwards, the foamed soil was poured into the shear-box.

After ensuring that the shear-box parts were clean and dry, the shear-box body was
assembled prior to the placement of the sand sample. For saturated sand tests, water was
added into the space between the carriage and the shear-box.

A thin film of grease was applied on the surfaces and around the grid plate, which had to be
placed in such away that it would sit horizontally on the specimen. This was an important
detail because, particularly with foamed coarse sand tests, the top grid plate tended to tilt.
Water content and mass determination were measured prior to the addition of the vertical
load from the mixer-bowl.
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Each specimen within the shear-box body had dimensions 60 mmx 60 mm and its height
varied 30 to 35 mm Apparatus assembly was completed when the shear-box and its
components were in position and the gauges set to zero. The horizontal displacement u was
determined by measuring the difference of the two gauges (reading to 0.01 mm) whereas the
vertical movement during the test was measured directly with a gauge (reading to 0.001

nmm).

The required normal stress was calculated from the added vertical 1oad. Then the vertical
load was added progressively onto the yoke hanger. Four different vertical load levels for
fine/coarse sand and seven different ones for the foamed sand were induced. The normal
stress was cal culated by measuring the vertical load on the sample.

The vertical pressure on the specimen was:

sp= WIL? 421

Where W was the force on the sample and L was the length of the shear-box. The mass

required to produce a stress s, was given by:
Wieq = Sn L% - Wh 42.2

where W, was the mass of the hanger and the loading pad. Thus the required mass for the

60 mmx 60 mm specimen was:
Wieq = 0.367sn - Wh [kd] 4.2.3
Wh = 5.84 [kq] 424
with s, = 28.3, 40, 56.6, 80, 113, 160, 226 kPa.

The selection of the sequence for the above loading combinations was made to be
consistent with the loading steps of the compressibility tests. The rate of horizontal
displacement was controlled by the electrical motor and the drive unit at 0.3 mm/min.
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The shear stress corresponding to aload dia reading for the 60 nmx 60 mm specimen was.

t = CR/3.6 [kPa] 425

where R is the readings and C is the calibration factor of the loading ring C = 3.21
N/division). The ring was calibrated against a 10 kN force caibrating machine (Instrom
4204).

All readings were set at zero before carrying out each test. Prior to commencing shearing,
the specimen was | eft to consolidate under the vertical load, for several minutes. The end of
the consolidation was determined from the vertica gauge readings. Once the shearing
began, readings were taken initially every 10 divisions of the displacement dia gauge, but
after a2 mm displacement, the number of readings was reduced to one every 20 or 50
divisions. This was because the rate of change in horizontal and vertical displacement was
higher at the initial stages. Shearing was completed when the full length of travel of the box
had been reached (almost 8 mm).

After the end of each test, the load and specimen were removed and the apparatus was
disassembled. The fina water content, the dry density and the fina voids ratio were
determined in a manner similar to that for compression tests, as described in Chapter 3.

4.3 Shear-box Test Results

A total of 28 tests were performed in the smal shear-box. Of these, 18 were on foamed
sands. Details of the tests and all the results are presented in Table 4.1. The purpose of these
shear-box tests was to evaluate the shear strength of the foamed sand compared to that of
saturated sands. It must be noted that for al fine sand tests the same type of foaming agent
was used. The am was to test specimens of the same FIR at different normal stresses.

Deliberately, in some cases FIR varied between 30.8 and 41.2% for fine sands and between
28.7 and 39.8% for coarse sands. ER varied between 15 and 18. The tests quoted as ‘f’

referred to fine sand and those referred as ‘¢’ to coarse sand.
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An example of the shear-box calculation procedures followed is shown in Table 4.2 (for test
f74), and it is in a smilar format to the spreadsheet for compression test 140 in Table 3.2.
The main difference lies in the second page of the spreadsheet where calculations at the
beginning and at the end of the test, based on the measuremerts, are presented. In the box
on the top of the page, the summary of the critical parameters are shown including friction
angle, friction coefficient and dilation angle. In the box entitled * Sample measurements &
Cdlculations three measurements were taken for each test: at the beginning, after
consolidation and at the end. However, in the consolidation stage, it was only possible to

measure the height of the sample.

4.3.1 Shear stressvariation with displacement

All tests for fine sand as well as for coarse sand are shown in the series of Figures 4.2 —
4.11. The shear strength was expressed as the ratio of shear stress over the applied norma
stress. This ratio represented friction angle f (see Equation 4.1.2). Shear strength was
plotted against deformation aong the horizontal axis (horizontal displacement u).
Additionally, the vertical deformation v was plotted against the horizontal deformation u.
Negative values of vertical deformation meant movement upward (dilation) and opposite to
the direction of the applied vertical force. Thus, in al figures dilation is depicted as
negative in the vertical axis and the contraction as positive.

Fine sand exhibited contractive behaviour without a distinct peak value (Figures 4.2). The
only exception was test 152, tested at vertical pressure of 56.6 kPa. For the coarse sand the
behaviour observed was dilation in most cases, as shown in Figures 4.3. However, test f60
(vertical pressure at 28.3 kPa) showed the highest dilation value. The ratio of shear stress
over normal stress for coarse sand was higher in all cases with the exception of test f52.

In foamed tests both sands behaved similarly. For fine sands at low vertical stresses, shear
strength was extremely low exhibiting dilative behaviour (Figure4.4). For vertica pressure
40 kPa (test f72) the friction angle was much higher than that of the two tests at vertical
pressure 28.3 kPa. Figure 4.5 shows the behaviour of two tests under the same normal
stress (73, f74) with different FIR ratio. The difference in the final values of the angle of
friction was very smal. At higher normal stress (Figure 4.6), tests 75 and 76 both
appeared to contract but the final values of the angle of friction differed significantly. An
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even larger difference was recorded in the case of higher normal stresses (160 and 226 kPa)
asisshownin Figure4.7.

The shearing behaviour of coarse sands followed similar patterns. Figure 4.9 shows the
variation of shear strength and vertica displacement against horizontal deformation for low
normal stress (28.3 and 40 kPa). It is evident that in comparing tests c80 and c81 there was
a significant difference in shear strength, whereas the shear strength of ¢82 lay between
these two values. Tests 83 and ¢84 were performed under the same normal stress but their
FIR was different Figure 4.9). At higher normal stress levels (80 and 113 kPa), the
difference in shear strength was also significant as Figure 4.10 depicts. Test ¢85 dso
showed a dilative behaviour. At even higher normal stress levels (160 and 226 kPa), the
final values of the angle of friction appeared to be constant and in both cases the soil
contracted significantly (Figure 4.11).

4.3.2 Shear strength parameters against vertical pressure

Foamed sand shear strength in relation to that of sand shear strength is presented in the
series of Figures 4.12 — 4.13. For al tests, the angle of friction f , the dilatancy dv/du as
well as the friction coefficient m were deduced by caculating the values at large
displacement. These values were those corresponding to at least 6 mm horizontal travel of
the shear-box. Figures4.12 —4.13 display these indices plotted against normal stress.

Observing the values of the friction coefficient in Figures4.12— 4.13, it is evident that for
both sands the shear strength was reduced when foam was used. Figures 4.12 show that the
values of friction coefficient of fine sand (dark dots) are quite steady (between 26.08 and
28.46°) with the exception of test f52. The white dots represent the foamed sand tests and
they are spread across the range of 6.76 to 22.95°. The foamed sand friction coefficient lies
below that of fine sand in al cases. Figures 4.13 reveals similar patterns for coarse sand
tests. In this case, coarse sand (dark dots) values lie within the range of 31.43 to 33.23°. In
the graph for foamed coarse sand (white dots), the values lie in two ‘regions': the first
shows quite low values of friction coefficient (from 6.72 to 17.0°) and is characterized by
low density values, and the second shows higher values closer to those of wet sands (from
25.37 to 31..78)).
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4.4 Discussion on the Results

4.4.1 Test procedure and measurements

Tests were performed in two stages. the first stage was the consolidation under drained
conditions after the addition of vertical load and the second stage involved shearing.
Measurements of water content and sample weight were taken only prior to the assembly of
the shear box (initia values) and at the end of each test. Thus, the determination of water
content and mass of the sample during the intermediate stage (consolidation) was not
feasible. The measurement of the sample height at the beginning of the test was aso
problematic at times. This was because, after having placed the yoke on top of the load pad,
the dightest movement brought about an additional settlement. The initial settlement
differed significantly from test to test and this produced varied initial densities in similar
samples. Measurement discrepancies were more likely to affect the deduced densities and
consequently the computed voids ratio values, which were more sensitive to changes.

Ancther problem encountered was the fact that the initial measured water content tended to
be significantly less than that estimated for the saturated sand tests. This was likely to be
attributed to the fact that a sub-sample of reduced water content was taken from the main
sample in the mixing bowl. For foamed tests, this was not the case because the sample was

unsaturated after the addition of foam and the water content measurements were accurate.

The author used the same foaming agent for both sands and in the case of coarse sand, a
polymer mixture ‘WOP' (see in Chapter 2) was added. FIR did not vary considerably
because the author wanted the foam quantity used to be comparable with that of
compression tests. Furthermore, it was impossible to test at higher FIR, due to the restricted
dimensions of the test apparatus. In some trials with higher FIR and after the consolidation
stage, the sample ended up having insufficient height due to excessive settlement.

4.4.2 Shear strength and relative density

Both types of sands when mixed with foam exhibited low values of shear angle. The shear
behaviour of foamed sand aso followed a similar pattern irrespective of the level of normal
stress. Jancsecz et al (1999) reported the positive effect of foam in reducing the shear
strength of sandy clay in a shear-box.
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It is apparent from Figures 4.12 — 4.13 that in the case of saturated sands, the coefficient of
friction as well as the shear strength values remained steady irrespective of normal stress.
Foamed test values are spread over a wider range. Values are scattered and therefore no
specific trend or distribution can be assigned to them. There was one exception, test {77
(7.42°), which could not be attributed to the different FIR. Higher FIR tests exhibited lower
shear strength but the reduction was small; this is evident when comparing test f70 (5.57°)
with test f71 (8.03°) and test f73 (17.55°) with test 74 (13.5°). For coarse snd in low
stresses there was a distribution of friction values from 6.21° to 31.2 (for tests ¢80 and c81
with different FIR), but at higher normal stresses (over 113 kPa), the friction angle became
steady around 23 to 24°.

A possible explanation lies n the fact that testing began at different densities. Generaly,
tests were carried out at low densities where the sands were in a very loose state. This
explains why voids ratio values were so high before the test. Dilation was observed only in
some cases and cannot be directly correlated with FIR or normal stress; it occurred in some

specific tests under certain combinations of normal stress and density.

One of the characteristics of the foamed sands was the significantly high value of the initia
and final voids ratios, which were higher than in the loosest dry sand state. As a result,
when the conventional definition of relative density (Equation 4.1.3) is applied to the
foamed sands, it yields negative values. This raised the question as to whether Bolton's
correlation (Bolton, 1986) was applicable to foam/sand mixtures. Bolton's correlation (see
Equations 4.1.4 and 4.1.6) applies to conventional sands within a range between the
minimum and the maximum relative density.

In Figures4.14 — 4.15, friction angle is plotted against relative density for fine and coarse
sand tests. These graphs compare the experimental results obtained by shear-box tests with
Bolton's data. The top graphsin Figures 4.14 — 4.15 show the shear strength magainst the
relative density together with the critical state values as stated in Bolton's (1986) paper. The
dark dots are Bolton's values corresponding to a relative density of 0 to 20%. The bottom
graphsin Figures 4.14-4.15 show the variation of shear anglef with relative density. The
L-shaped line defines Bolton's correlation (Bolton, 1986) with minimum and maximum dry
densities of the sand. The dark dots are the origina Bolton's plane strain values. These
values correspond to relative densities of 0 to 100%. Bolton’s correlation assumes that the
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angle of friction falls with reducing the relative density. In this correation, this reduction
does not continue below the critical state friction angle attained at about a relative density
of 20%.. Fine sand test results lie at the edge of Bolton's line whereas foamed sand results
lie in the area beneath that line. The relative density of foamed soil is scattered over awide
range of negative vaues from -3 to 0. It is evident from the graph (Figure 4.14) that there
are two distinct regions: one for the fine sand and another for foamed fine sand. A similar
trend is shown in results plotted for coarse sand tests. Again coarse sand without foam lies
within Bolton's correlation range whereas foamed coarse sand covers a wide area extending
from -2.51t0 O (Figure4.15).

The dependency of density on shear strength was demonstrated in Figures 4.14 — 4.15,
which depict shear strength against relative density. Foamed sand tests results lay below the
region of minimum dry sand density, at a very loose state and exhibiting in some cases
extremely low shear strength. It appears aso that the relative location of each test depends
on the degree of saturation: as the degree of saturation increases the relative density rises
approaching the saturated sand values. To illustrate this point, the final saturation values are
depicted beside each test in Figures 4.14 — 4.15. Low saturation is associated with a high
percentage of gas in the fina state and with high FIR. It is evident that for tests with high
FIR (tests f75, f77, ¢80 and c84) the shear strength was much lower than that of the other
tests, revealing a dependency of FIR to shear strength.

Volume changes during the consolidation stage were greater than those during the shearing
stage. This was expected since the primary aim of shear-box tests was the determination of
shear resistance and consolidation was a necessary stage, which had to be taken into
account as it had amarked effect on the foamed sand structure.

The very low values of shear strength observed in some tests give an indication of the
peculiar mechanism governing the foam action. It appeared that in some tests, irrespective
of the range of normal stress applied, foam integrated well with the sand, reducing the shear
strength. The bubbles were able to withstand vertical as well as shear forces. High voids
ratio at the end of shearing can be attributed to the bubbles’ ability to change shape and size
during the process.

Another outcome of the shear-box testing pertained to the use of ‘matrix’ voids ratios,

which failed to provide an insight to the shear behaviour of foam/sand mixtures. The idea of
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introducing an index for foam/sand mixtures smilar to Bolton's relative density index I in
order to incorporate the effect of bubbles on foam/sand mixtures was unsuccessful. This
was because the ratio of final gas volume to the final water volume varied significantly and
therefore no conclusions on the relationship between foamed sand voids ratio and shear

strength could be drawn.
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Chapter 5. Concluding Remarks
5.1 Summary of Findings

This thesis describes the experimental work carried out in that Civil Engineering
Laboratory at Oxford University and presents the findings as preliminary research
investigating foamed sand behaviour. The work centred on establishing an initia
assessment of foaming agents as well as determining the fundamental foamed sand
properties (compressibility, shear strength and permeability). The conclusions derived from
test results are presented here.

5.1.1 Main Findings

The most important findings of this study are derived from the experimental results and can

be summarised as follows:
Foam/sand mixtures of high FIR when tested in Rowe cell exhibit high volume
changes and can sustain high vertical pressure whilst retaining high final voids ratio
(higher than the loosest dry state). It appeared that the foam/sand mixture has a
composite action: the sand itself would have been compacted to a much lower density
and the foam would have been crushed at such stress levels. This was a remarkable
finding since it was unexpected that such high ratios could be sustained at that stress
level. As stated in Chapter 1, the high compressibility of the sand/foam mixture is an
encouraging finding for tunnelling applications, demongtrating that foam integrates
well with sand and is able to retain gas bubbles at pressure over 200 kPa. Such high
pressures are likely to occur in the pressure chamber of an EPB machine.
Sand/foam mixtures at moderate/high FIR when sheared exhibit extremely low values
of shear strength. This too is an unexpected result because even though the shear
strength—strain curve levels off at the end of the tests, it ill lies well below the large
displacement values of conventional sand tests. Shear-box results demonstrated that
foam reduced shear strength of the foam/sand mixture. Thisis avery promising finding
because, as stated in Chapter 1, the reduction of the shear resistance of the foam/sand
mixture results in a reduction of power requirements and wear of the moving partsin a
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EPB. However, in tunnelling applications the reduction of the shear strength should be
controlled, otherwise a very low friction angle of the spoil would create problems in
the screw conveyor because the spoil would flow through it too easily.

Permesability of sand/foam mixtures showed a ten-fold reduction compared to that of
the saturated sand. Reduced permeability contributes to a better control of the spail in
the pressure chamber as well as in the screw conveyor of an EPB machine (see Chapter
1).

5.1.2 Other observations

Fine and coarse slica sands performed in a similar way exhibiting comparable
behaviour when mixed with foam. However, the particle size appeared to play an
important role as far as the absolute values of the fundamental properties were

concerned.

The foam generator was designed and assembled specifically for this project. Important
issues concerning foam generator design included selection of the mechanical
conditioner and the high pressure air circuit.

Results did not appear to be dependent upon the type of foaming agent utilised. It was
the quantity of foam used, expressed as FIR, which appeared to be more significant.
The type of foaming agent affected the drain time in terms that protein based foaming
agents last longer than synthetic ones. ER did not appear to affect directly
compressibility results. It is of prime importance to note that the conclusions drawn
concerning the foaming agents are related to the foam generator used.

In some fine sand tests and in al coarse sand and bentonite tests, a mixture of polymer-
oil mixture (WOP’) at prescribed proportions was added to the mixture. In the case of
bentonite, polymer was mixed with bentonite durry prior to mixing to achieve
homogeneity aswell as dehydration since excessive water quickly degrades foam when
mixing foam with sand, some of the foam volume was lost. As aresult, the true FIR for

each sample was lower than that estimated from the mixing proportions.
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The first type of test carried out on foamed fine sand involved the measurement of
power reduction during mixing. Tests were performed in the soil mixer bowl by mixing
the power input for different combinations of water content and FIR. It became
apparent that the reduction of power input was significant in every case particularly
when foamed fine sand values were compared with the unsaturated fine sand ones (with
a saturation degree around 70%).

Compression tests provided the basic framework for the evauation of the volume
changes in the behaviour of foamed sand. The addition of bentonite altered the
behaviour of foamed soil, but before further conclusions can be drawn, further testing is
required. Polymer with excessive water, when added to foamed fine sands, had a
negative effect on foam, facilitating its degradation. In these tests final vaues of voids
ratio fell within the range of dry sand densties. Additionaly, when polymer and
bentonite were used, time appeared to affect the results since in these cases,
consolidation stages lasted much longer.

~ Shear-box results were not entirely consistent in all cases, showing considerable
differences in measured shear strength but always showing (in some cases extremely)
lower values than those of saturated sand samples. Another interesting outcome was the
fact that test results could be presented along with Bolton’s correlation are displayed in
the same graph. Foamed sand lay in aregion below Bolton’s range.

5.2 Recommendations for Future Work

Further experimental work is required in order to establish alevel of confidence that would
be sufficient to understanding the behaviour of the foamed soil. Due to the complexity of
foamed soil behaviour, the author believes that an additional number of experiments are
necessary to test the findings of this study.

A larger size apparatus will enable different proportions of the mixing materias to be tested
and consequently will extend the range of information. It will also allow well-graded sands
to be tested so that the effect of other parameters such as particle size, texture and
mineralogy of particles can be examined. It appeared that the presence of other conditioning

agents like bentonite and polymer atered the foam/sand mixtures. Some of the critical
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parameters like bentonite dosages or initial water content and time effects have aready
been identified, but further testing is heeded to reassess their impact.

In terms of equipment, alarger Rowe cell (252 mm) and a larger shear-box would be more
suitable. For the latter, the author has modified an existing shear-box, details of which can
be found in Figure 5.1. A next stage could be triaxial testing. This would alow the sample
to be tested under uniform pressure and the relationship between volumetric strain and

applied isotropic stress to be obtained. In this case, the main issues to be considered initially
would be sample preparation and the selection of the strain rate.

A conceptua approach to the foamed sand mechanics can be achieved by deriving a model
consistent with experiment results. A complete analysis of foamed sand behaviour would
have to include some numerica modelling. The derived model should provide a sound
explanation of the mechanism, which alows the foamed soil to retain its loose structure as
well as shedding light as to under which conditions it can withstand high pressures. Finaly,

experimental results should be verified in the field through trials and measurements in-situ.

The results presented here demonstrated that foam had an apparent effect on sand by
increasing compressibility and decreasing the permeability and shear strength of the
foam/sand mixture. The pipe jacking and tunnelling industries have shown strong interest in

the research associated with foams and work in thisfield is expected to carry on.
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Table 1.1: Application of soil conditioning agents in mechanised tunnelling (Milligan, 2000b)

L ocation TBMs Slurry Shidds EPBs
Tunnel face Lubricate Improve slurry L ubricate cutters; reduce
cutters/discs; properties; reduce wear wear & power regquirements,
Reduce wear and and power requirements | reduce water inflows
power requirements
Machine head Improve muck flow; Prevent clogging; reduce | Make soil more plastic;
reduce friction-wear wear with abrasive soils prevent clogging & re-
compaction; reduce wear &
friction provide, pressure
fluctuations
Spail Reduce water content; | Improve dispersion of Produce plastic state in spail;
handling improve handling soil in dlurry; reduce reduce permeability, friction,
system wear; improve wear & power requirements,
performance in separation | water content of muck;
plant prevent excessive water flow
Spoail tip Improve spoil quality | Improve spoil quality for | Improve spoil quality for
for easier disposal easier disposal or/fand re | easier disposal or/and re-use
or/and re-usein use in construction in construction
construction
Tunnel bore Support tunnel bore; Support tunnel bore; Support tunnel bore; provide
provide lubrication provide lubrication in [ubrication in Pipe Jacking
Pipe Jacking

Table 1.2: Use of soil conditioning agentsin EPBs (Milligan, 2000b)

Soil type

Mining characteristics

Treatment

Plastic clays

Tend to reconstitute with little loss of
strength in machine chamber

High dosage of foam at head to
keep excavated materia as
separate pieces

Laminated, silty or

Break up better, but still tend to

Possibly none other than water

sandy clays recongtitute, slightly abrasive, form plug to reduce shear strength to
acceptable vaue; in stiffer
clays, medium dosage of foam
at head. Possibly add ubricant
to foam to reduce abrasion.

Clayey sands and Flow easily, may form plug if fines content | Add lubricant polymer at head

gravel in excess of 10%; highly abrasive to reduce wear; add water -
absorbing polymer at screw if
required to form plug and
control water inflow

Silty fine sands Do nat flow, do not form plug, alow Foam with polymer additive to

ground water inflow, highly abrasive; stiffen foam and provide
Sand / gravel problems increase with larger particle sizes | lubrication; approximate dosage

Gravel / cobbles

rates for polymer:
Silty sands, 0.1%
Sands/gravel, 0.25%
Gravel/cobbles, 1-3%

Cobbles and
boulders

and/or jaw screw.

Tend to congregate in clumpsin head

Large dosages of additive to
keep cobbles separate in head
and provide water control and
lubrication
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Table 2.1: Bentonite dlurry voidsratio and coefficient a for bentonite compression tests

compression test Vsat.sand | \/ bentonite] V water ebs a
fine sand £30 1375 17.0 300 17.6 0.48
n =0.476 f31 1405 17.0 300 17.6 0.47
f32 1455 34.0 400 11.8 0.63
39 1455 25.5 750 29.4 1.12
40 1455 25.5 800 31.4 1.19
coarse sand c33 1315 255 350 13.7 0.65
n=0.441 c34 1355 25.5 400 15.7 0.71
c35 1355 25.5 400 15.7 0.71
c37 1375 25.5 650 25.5 1.11
c42 1405 34.0 900 26.5 1.51
c44 1355 34.0 1100 32.4 1.90

Table 2.2: Water/sand mixing tests - Power consumption [W]

sample w 0% 10% 20% 30% 40%
1500 a testl 112 120 129 123
dry fine sand test2 111 120 127 120
test3 115 123 128 126
test4 119 124 131 129
tests 111 122 128 127 114
test6 114 126 131 127 117
test? 116 123 127 125
test8 117 125 131 130
test9 115 124 131 123
testl0 113 123 129 127
testll 114 125 128 121
test12 119 128 134 124
testl3 118 128 134 124
testid 119 129 136 126
average Pds & Pws 115.2 124.3 130.3 125.1 115.5
in air Pair 110 110 110 110 110
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Table 2.3:Foam/water/sand mixing tests
sample 1500 g (566 ml) dry fine sand Power consumption [W] FIR= Pr=
test water[ml]  [foam [ml] |foam/sand] Par Pds Pus Pf Vi (vw+Vs+Vi) | dPfidPws *
t001 450 100 0.098 110 115 124 119 0.086] 0.643
t002 450 200 0.197 109 114 125 118 0.158] 0.563
t003 450 300 0.295 108 114 123 115 0.219] 0.467
t007 500 300 0.281 109 115 128 116 0.219] 0.368
f05 450 400 0.394 109 117 132 114 0.272] 0.217
f06 450 500 0.492 106 112 123 111 0.319] 0.294
fo7 450 750 0.738 112 119 129 113 0.412] 0.059
fo8 450 500 0.492 109 113 123 112 0.319] 0.214
f09 450 500 0.492 109 115 127 113 0.319] 0.222
f10 450 750 0.738 114 119 126 114 0.425] 0.000
f11 480 1000 0.956 113 118 124 113 0.483]  0.000
f12 450 500 0.492 113 120 132 115 0.319] 0.105
f13 450 750 0.738 110 116 126 113 0.412] 0.188
f14 450 400 0.394 108 113 127 110 0.272] 0.105
f15 450 600 0.591 108 117 131 108 0.347] 0.000
f16 400 500 0.518 109 114 128 112 0.341] 0.158
f17 450 800 0.787 113 119 124 113 0.443] 0.000
18 450 800 0.787 110 115 123 110 0.445] 0.000
|f22 450 900 0.886 112 118 124 116 0.470] 0.333
average: 110.1 115.9
atw=27% 109.0|] 114 128.0 112.0
lat w = 30% 110.1] 116.0 126.2 1134
atw =33% 111.0] 116.5 125.5 114.5
*dPf=Pf- Pair
dP ws = Pws - Pair
Table 2.4: Water/ fine sand mixture - Relative power increase
spesific gravity Gs= 2.65 2.65 2.65 2.65 2.65 2.65
water mass [q] Mw = 0 150 300 400 450 500
soil mass [q] Ms = 1500 1500 1500 1500 1500 1500
water content W = 0.0%] 10.0% 20.0% 26.7%| 30.0% 33.3%
voids ratio e = 0.91 0.91 0.91 0.91 0.91 0.91
saturation degree S = 0.0% 29.2%] 58.5% 78.0% 87.7% 97.5%
Summary of measured power from the two types of tests (average values) all values are in [W]
test series: Pds Pws P ws P ws P ws Pws
water-sand 115.2 124.3 130.3 - 125.2 -
foam-water-sand (P ws) 115.9 - - 128 126.2 125.5
Average values 115.55 124.3 130.3 128 125.7 125.5
Pf Pf Pf
foam-water-sand (P ) | | - - 112.0 | 113.4 | 1145
Relative Power increase: PP = (P - Pair) / (Pds - P air) with respect to Pds
in air 0.00
dry sand 1.00
water - sand 1.000 2.577 3.658 3.243 2.828 2.793
foam - water - sand - - 0.360 0.360 0.608 0.811
Pair = 110
P ds - P air = 5.55
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Jable 3.1 Compression fests (Rowe cell)
n name date Material Remark
sand water content] _foamer type quantity FR EIR polymer mix | bentonite F,

1 01 01081999 | fine 15000 270, _ ~ _ not fully saturated sand

2 2 01081999 | fine 1500q 459% N _ R sand was poured into the cell

3 03 02081999 | fine 1500q 33% - . )

4 04 10081999 | fino 15000 350 - N _

5 5 03081999 | frs 15000 30% Pa0 400 ml-10% ER: 12 279 N - drained -stable foam

6 106 04081999 | fine 1500g 30% P90 500 mI-10% ER:Q 319 - - drained -stable foam

7 Q0 05081999 | fino 15000 200 Iban 750 mi100iER 148 40 drained -stable foam

8 f08 07081999 | fine 1500g 30% | PP90 500 ml-5% ER: 224 319 - - undrained/drained

9 00 09081999 | g0 qenng 2004 | ppap 80 mIEo ER:10 19 . ) undrained/drained

10 f10 1008199 | fine 1500g 30% PP90. 750 ml-5%, ER: 27.1 412 - - drained

1 f11 11081999 | fine 15009 32% | PP90 1000 M-8 ER: 124 476 - - drained

12 a2 12081999 | gno qe0ns 200 £200 500 mlEos ER-1RQ 219 drained (PHPA IP425 added, 0.03%)
13 f13 13081999 | fine 1500g 30% SC200, 750 ml-5%, ER:13 412 - - drained (PHPA IP425 added, 0.03%)
14 f14 14081999 | fine 15009 30% | Versa 400 ml-5% FR:112 272 . - drained

15 f15 17081999 | fine 1500q 200 Jersa_A00 mL50% ER:11 24 - - drained

16 f16 18081999 | fine 15009 27% Versa 500 ml-7%, ER:12 341 - - drained

17 f 19081999 | fing 12000 200 \orsa 200 ml.704 ED-40 443 drained- high ER

18 £18 20081999 | fino 1500y 30% \ersa 800.ml70% ER:14 445 - . drained-low ER

9 f19 21081999 ) fine 15009 27% Versa 800ml-7% FR-157 453 - - undrained/drained

2 00 * 24081999 | \narep 15004 2504 DDAN 250 mI504 ER12 ~ _ incoclusive no volume changes

2 co1+ | 29081999 |onaree 1500g]  25% PP90_1000 ml-5% FR11 - - incoclusive (final sample too thin)

2 22 01091999 | fine 1500g 30% Versa 900 ml-7% ER:14.8 470 - - undrained/drained

23 £23 01101999 fonarce 150001 2604 . N N not fully saturated sand

2% o4 0210199 |eoaree 1500g] 300 - - .

% £25 29111999 | fine 1500g 30% Versa 600 ml-3% ER:15 359 - - reduced foam proportion

% o 30111999 | fine 20000 23% ersa 1000 ml3% ER-15 250 _ _ Unexplained low volume changes
27 c 2811199 |eparse 1500g]  27% Versa 400 ml-3% FR15 270 wop 60ml (141) :

8 28 29111999 |coarse 200091 27% Versa 600 ml-3% ER:13 300 wop 60m (141) - small volume changes (friction)

29 ~0Q * 17011999 | nares 20000 Y _ ~ 20nAANNMI incoclusive (not saturated after adding slurry)
0 f20 20012000 1 fine 20000 33% - - 400@300m) |

31 21 21012000 | fine 20004 230 wop 20ml (141) 40033000

k7) f3px | 22012000 | fine 2000g 35% Versa_500ml-3% ER'15 320 - 80g@400m| | quantity of bentonite used?

3 c33 23012000 | coarse 2000g 29% - - 600@350m!

% ~24 24012000 | coarse 2000q 30% _ wop 60ml (141) | 600@400m) incoclusive, differences in voids ratio
3% £as 24012000 | pparee 20000l 200 \lersa 600mI:3% ER-20 240 won 60ml (140 1 a0g@aoom Jincoclusive - height measurement
36 36 01022000 | fine 2000g. 30% Versa, 400 ml-3%_ER:20 219 - -

37 I 02022000 | fine 2000g 2104 _ wop 60m (141) 600@650m) Low compressibility

33 28 15022000 | fine 20004 230 Morsa E00mI20 ER1E 252 Unexpected low compressibility

3 29 17022000 | fine 2000g 35% - wop 4oml (141) | 60g@750m 1 stages incoplete
40 | f40 21022000 | fine 2000qg 30% Versa, 1000ml-3%, FR:21 wop 40ml (141) 60g@800m| _|creep in last stages?
41 fal 22022000 | fine 2000g 30% \ersa, 1000ml.30% ER:20 390 Wop 30ml (141) -
) £42 25022000 | \nares 200000 220 _ wop G0ml (141) 80q@anamy|final cor stages

43 43 28022000 | fine 2000g 35% Versa, 700ml-3%, ER:20 370 wop 25ml (032). -
4 ca4 29022000 |coarse 2000g] 300 Versa 900ml-3% FR:15 250 wop 50m1(032) | 800@1100m Jlow water drainage
45 |5 10032000 | fino 20004 35% \ersa 1000mI30; ER-18 200 won 20ml (022) duration 50h - 3stages (compression only)
4% 28 16032000 | fine 20000 350 \ersa 1100 ml30% ER-20 410 won 25ml (032) - duration 1 - (compression only)

47 f47 17032000 | fine 20000 35% Versa, 1100 ml-3%, ER:20 410 wop 25m (032) - duration 10h - (compression only)

*Tests ¢20.¢21.c29 and f32 were characterised unsuccessful.
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Table 3.2: COMPRESSION TEST f40 (Example)
Oxford University - Engineering Science Department - Civil Engineering Laboratory (21/02/2000) 10f2
Mixture proportions
1. Sand mixture
Materials Proportion Comments:
mass () Gs volume (ml) 1.00 mass (g) | volume (ml) | fine silica sand
Air 0.0l 0.001 0.0 0.0 0.0
Water 700.0 1.00 700.0 700.0 700.0
Sand 2000.0 2.65 754.7 2000.0 754.7
sum 2700.0 1454.7 2700.0 1454.7
2. Foam
Materials Proportion Comments:
mass () Gs volume (ml) 0.95 mass (g) | volume (ml) |Versa foam, 3% per
Air 0.95] 0.001 950.00 0.90 902.50| weight
Liguid 50.00 1.00 50.00 47.50 47.50| Drainage time, 15.5 min
ER 20.00 20.00 19.00 19.00
sum 50.95 1000.00 48.40 950.00
3. Bentonite
Materials Proportion Comments:
mass (a) Gs volume (ml) 0.90 mass (d) | volume (ml) | Bentonite mixed with
Air 0.00 0.00 0.00 0.00 0.00] polymer beforehand
Water 780.00 1.00 780.00 702.00 702.00] Losses taken into
Bentonite 60.00 2.35 25.53 54.00 22.98| account
sum 840.00 805.53 756.00 724.98
4. Polymer mixture (WOP")
Materials Proportion Comments:
mass (a) Gs volume (ml) 0.667 mass (d) | volume (ml) | Reduced 'WOP' quantity
PHPA 11.50 1.15 10.00, 7.67 6.67
OIL 36.00 0.90 40.00, 24.01 26.68
WATER 10.00 1.00 10.00 6.67 6.67
Mix 57.50 60.00 38.35, 40.02
Mixture
Materials Proportion By mass By volume
mass (g) | Spec. Grav] volume (ml) \olatile "Volatile" ['Non-volatile] "Volatile" |"Non-volatile'
Air 0.90 0.001 902.50 1.00 0.90 0.00 902.50 0.00]
Water 1456.17 1.000, 1456.17 1.00 1456.17 0.00 1456.17 0.00)
Sand 2000.00 2.650 754.72 0.00 0.00 2000.00 0.00 754.72
Bentonite 54.00 2.350 22.98 0.00 0.00 54.00 0.00 22.98
oil 24.01 0.900, 26.68 0.02 0.53 23.48 0.59 26.09
PHPA 7.67| 1.150, 6.67 0.03 0.21 7.46 0.18 6.49)
Total 3542.76 2.573 3169.72 1457.81 2084.95 2359.44 810.28
symbol M Gs V Mw Ms Vv Vs
wo =Mw/Ms 0.699  |water content
So =Vw/Vv 61.7% |degree of saturation
eo =Vv/Vs 2.912 theoretical voids ratio
FIR =Vf/IV 30.0% |Foam Injection Ratio
= Measured quantities p =MV 1.12 bulk density
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Table 3.2: COMPRESSION TEST f40 (Example)

Oxford University - Engineering Science Department - Civil Engineering Laboratory (21/02/2000) 20f 2
Sample measurements & Calculations
Compression test measurements comments:
End of test Beginning of test SAMPLE: MEASUREMENTS:
f=final H : height , Hs : solids height P : vertical pressure
Hf [mm] 15.79JHi [mm] 26.86]i = initial D : diameter dH : compression
D [mm ] 74.6]dH [mm | 11.07}w = water A :area dvw : expelled water
A [mm 2] 4370.87)dH/Hf 0.701}q = gas M : mass m : sub-sample mass
dH//Hi 0.412 Gs : specific gravity t : time
Mf [g] 108.8]Mi _[g] 135.7 w ; water content
Gs 2.573]Gs 2.573 V : volume
Subsample-mass [g] |Subsample-mass [g] p : density
m wet+tin 98.89]m wet+tin 34.12 e : voids ratio
m dry+tin 76.89lm dry+tin 28.56 S : saturation degree
m tin 9.36]m tin 20.11 Computed values
m wet 89.53]m wet 14.01] sample final initial comments:
m dry 67.53]m dry 8.45 Ms 82.06 81.85 These values have been
wf 0.326]wi 0.658 Mw 26.74 53.85 computed based on the
Vi [mm ] 69016]Vi [mm°] 117401]  eg 0.331 0.998 |initial and final values of test
pf IMam]  1.576]pi Ma/m ] 1156]  ew 0.832 1693 |measurements.
pfo 1.189pi o 0.697] eglew 0.40 0.59
ef 1.164])ei 2.691 Hg 2.41 7.26
Sf 72.0%)]|Si 62.9% Hw 6.10 12.32
Hs [mm] 7.28|Hs [mm] 7.28 compressibility permeability
P[kPa] | dH[mm] | de=dH/Hs | e=ei-de | mv [1/Mpa] | ta™ [sec]] CVIM A | k[misec]
0.0 0.000 0.000 2.691
20.0 -0.020 -0.003 2.688 0.04 n/a n/a n/a
28.3 -0.081 -0.011 2.680 0.37 n/a n/a n/a
40.0 -1.182 -0.162 2.528 3.94 n/a n/a n/a
56.6 -2.512 -0.345 2.346 6.21 n/a n/a n/a
80.0 -4.335 -0.596 2.095 8.22 n/a n/a n/a
113.0 -5.923 -0.814 1.877 8.57 12 1.20E+04] 3.18E-05
160.0 -8.027 -1.103 1.588 9.07 17 6.76E+03] 1.90E-05
226.0 -12.349 -1.697 0.994 12.89 37 1.80E+03] 7.21E-06
160.0 -12.262 -1.685 1.006 Too = 0.848
80.0 -11.955 -1.643 1.048 (vertical one way drainage square-root method)
40.0 | -11.547 | -1.587 1.104 Cv=Te H /teo k=mv Cv Gu
20.0 -11.067 -1.521 1.170
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Quality Control for compression tests

Discrepancies between the measured and the calculated values assumed in the analysis were due to a number of factors:
The minimum and the maximum losses in cc water were the limits which the measured values should be fell within.

Table 3.3 max loss max gain water losses [ml] _Comments:

Errors height [mm] fwater [ml] |height [nm] |water [ml]| initial final | Calibration has been
1. caliper accuracy 0.50 2.19 0.50 2.19 taken into account

2. cell cap placing 1.14 5.00

3. de-aired water 2.29] 10.00 : input values
4. sample weighting 1.14 5.00 1.14 5.00 ‘nla

5. Mixture measurement 1.14 5.00

min -10.0 -17.2

max 5.0 17.2

Check type |

From the initial bulk weight of the sample Mi and the initial water contentwi the solids mass Ms was calculated:
Ms = Mi/ (1 + wi)
From the difference (dwoi) between the water content of the mixture (wo) and the measured one wi the difference in
water (cc) could be calculated as:
dMw = (wo - wi) Ms
This was the amount of water needed to eliminate the discrepancy between wo andwi .

Check type 1|
For each test the initial (or the final) 'height' of water Hw was calculated from the initial (or final) degree of saturation S,
voids ratio e and solids height Hs :
Hw = SeHs

From the difference of the initial degree of saturation So in the mixture and the saturation degree measured from the sample
Si, the difference in water 'height' needed to eliminate the difference between So and Si, was calculated as:

dHw = (So - Si) ei Hsi
The difference in mass of water (g) would be:

dMw = Gw pw A dHw where A was the cross section area of the sample
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Table 3.4: Quality control for compression tests, comparing initial water contents.
Test ater content ifferences Mass losses/gains [g QC
foam W0 wi wie dwoi dwoie dwiie Ms @) dMw (i) dMw (oie) | dMw (iie)
5 0.321 0.315 0.006 148.2 0.89 A
f6 0.335 0.318 0.017 138.7 2.36 A
f7 0.346) 0.403 0.057 1128 -6.43 A?
f8 0.314} 0.304 0.010 120.0 1.208 A
f9 033 0333 0001 1232 01 A
f10 0.319 0.321 0.002 1019 -0.208 A
f11 0.352 0.338 0.014 89.4 1.25 A
f12 0.31Ej 0.295 0.024 116.6 2.80 A
f13 0.337] 0.315 0.022 103 2.27] A
f14 0.323 0.375 0.052 141.9 -7.38 A?
15 0.333 0.335 0.002 1349 -0.27 A
f16 0.29 0293 0.002 1387 0.2 A
f17 0.332 0.327 0.005 103.3 0.52 A
18 0.325 0.315 0.010 113.3 1.13 A
f19 0.295 0.245 0.050 103.5 5.19 A?
22 0.339 0.322 0.017 92.3 1.57] A
25 0.324} 0.322 0.002 117.2 0.23 A
26 0.33 0.309 0.021 111.6 2.34 A
27 0.28 0297 0014 147.0 -2.0 A
c28 0.284} 0.265 0.019 159.2 3.0 A
¢35 0.479 0.494] 0015 129.1 -1.04 A
36 0.313] 0.329 0.016 136.8 -2.19 A
38 0.34 0.326 0.015 132.8 1.99 A
40 0.699 0.658 0.041 815 3.34 A
f41 0.373] 0.371 0.002 1033 0.21 A
43 0.373 0.353 0.020 104.3 2.09 A
c44 0.778 0.775 0.003 60.4 0.19 A
{45 037 0393 0.022 90.1 -1.9 A
46 0.374} 0.378 0.004 755 -0.30 A
47 0.376 0.384 0.008 75.1 -0.60 A
non-foam Wwo wi wie dwoi dwoie dwiie Ms @) dMw (0i) dMw (oie) | dMw (iie)
30 0.4304 0.422 0.336 0.008 0.094 0.086] 147.9 1.19 13.90 12.72 R
31 0.449 0.476 0.424]- 0.027 0.025 0.052 135.7 -3.66 3.39 7.06 A?
c33 0.426) 0.427 0.403)- 0.001 0.023 0.024] 177.5 -0.18 4.08 4.26 A
c34 0.465) 0.407 0.320 0.058 0.145 0.087] 179.7 10.42 26.05 15.63 R
c37 0.579 0.605 0.535]- 0.026 0.044 0.07, 944 -2.45 415 6.61 A?
£39 0.680) 0661 0639 0019 0.04 0.022 1033 19 423 227 A
c42 0.714] 0.813 0.764]- 0.099 -0.050) 0.049) 104.0 -10.29 -5.20 5.09 A
| dw (o) dw (oie) | dw (ie) Measured vs Estimated w
100%
non-foam tests
average 0.01 0.05 0.06 o
stdeviation 0.05 0.06 0.03 g *
=3 .

foam tests | E 60% 1
average 0.006 i .
stdeviation 0.018 i 40% 1 .',

3 ‘:*
20% 1
0% v T T T T
0% 20% 40% 60% 80% 100%
wo (mixture)
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Table 3.5: Quality control for compression tests, comparing

Properties of foarm/sand mixtures for tunnelling applications

initial degrees of saturation

S. Psomas

Test Saturation degree Differences Height mm ] Mass [q] QC
foam So Si Sf dSi ei Hsi dHw dMw
f5 0.580 0.544 0.463 0.036 1.54 12.80 071 310 A
f6 0.534 0.480 0.417 0.054 1.76 12.06 115 501 A?
7 0.438 0.500 0.341] - 0.062 2.16) 9.74 -1.30 -5.70 A
8 0.509 0.534 0.519] - 0.025 1.51 10.36 -0.39 -1.71 A
f9 0.538 0.628 0.595] - 0.090 141 10.36 -1.31 5.75 A
10 0.398 0.376 0.416 0.022 2.27 10.66 0.53 2.33 A
f11 0.376 0.379 0.589] - 0.003 2.36 8.85 -0.06 -0.27 A
12 0.517 0.490 0.397, 0.027 1.60 7.70 033 145 A
f13 0.434 0.420 0.374 0.014 1.99 10.10 028 123 A
14 0.583 0.678 0.589 |- 0.095 1.46) 8.87 -1.23 -5.38 A?
f15 0.504 0.519 0.258 |- 0.015 1.71 11.65 -0.30 -1.31 A
16 0.491 0.509 0.284 |- 0.018 1.53 11.98 -0.33 -1.44 A
f17 0.401 0.400 0.099 0.001 2.16) 8.92 0.02 0.08 A
f18 0.396 0.393 0.125 0.003 2.13 9.78 0.06 0.27 A
19 0.368 0.292 0.125 0.076 2.21 8.97 151 6.59 A?
22 0.376 0.355 0.312 0.021 2.40 7.97 0.40 1.76 A
25 0.491 0.496 0.420 -0.005 1.72 10.12 -0.09 -0.38 A
26 0.440 0.460 0.407 |- 0.020 1.80) 9.7 -0.35 -1.53 A
c27 0.549 0.753 0.607 |- 0.204 1.01 13.15 -2.70 -11.82 R
c28 0.518 0.625 0.438 |- 0.107 1.10 14.03 -1.65 -7.23 A
c35 0.650 0.768 0.619 |- 0.118 1.67 11.41 -2.24 -0.80 R
36 0.638 0.750 0519 - 0.112 1.14 11.81 -151 -6.60 A
38 0.606 0.616 0.440 |- 0.010 1.40 11.46 -0.16 -0.70 A
f40 0.617 0.629 0.721 |- 0.012 2.71 7.25 -0.24 -1.03 A
f41 0.455 0.512 0.513 |- 0.057 1.88 9.1 -0.98 -4.27 A
f43 0.455 0.465 0.352 |- 0.010 1.97 9.19 -0.18 -0.79 A
c44 0.684 0.679 0.999 0.005 2.89 5.4 0.08 0.34 A
f45 0.453 0.489 0.720 |- 0.036 2.10 7.9 -0.60 2,61 A
f46 0.419 0.360 0.727 0.059 2.73 6.65 107 4.68 A
f47 0.421 0.359 0.903 0.062 2.78 6.61 114 4.99 A
non-foam So Si Sf dSi ei Hsi dHw dMw
30 1.000 1052 0.839 |- 0.052 1.06 12.79 071 -3.08 A
31 1.000 1044 0.937 |- 0.044 1.18 11.98 -0.62 2.172 A
c33 1.000 1.070 1.025 |- 0.070 1.05) 15.37 -1.13 -4.94 A
c34 1.000 1.170 0.950 |- 0.170 0.90 15.87 -2.43 -10.63 R
c37 1.000 1.093 0.971 |- 0.093 1.41 8.5 111 -4.86 A
39 1.000 0.967 1.020 0.033 1.72 9.18 0.52 2.28 A
c42 1.000 1.120 1.085 |- 0.120 1.84 9.37 -2.07 -9.06 A?

foam AMw Measured vs Estimated S

average 1.72 120% +
Ist deviation 4.61 _ 100% ’
non foam dMw 2 6096 -

average 472 % 5 CRE
st deviation 427 & 60% o

3 g,
% 40%1 ..c.‘
20% A
0% = T T T T T
0% 20% 40% 60% 80% 100%  120%
SO (mixture)
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Table 3.6: Volume changesfor 'Versa' foamed tests.

S. Psomas

Test voids ratios difference (initial - final)
ei ewi eai ef ewf eaf de dew deg
f14 1.47 0.99 0.47 1.21 0.71 0.50 0.26 0.28 -0.02
f15 171 0.89 0.82 117 0.30 0.87 0.54 0.59 -0.05
f16 1.53 0.78 0.75 1.11 0.32 0.80 0.41 0.46 -0.05
f17 2.16 0.87 1.30 1.22 0.26 0.96 0.94 0.60 0.34
f18 213 0.84 1.29 1.19 0.15 1.04 0.93 0.69 0.25
19 2.21 0.64 1.57 1.18 0.15 1.03 1.03 0.49 0.54
f22 2.40 0.85 1.55 113 0.35 0.78 127 0.50 0.77
f25 1.72 0.85 0.87 1.20 0.50 0.69 0.53 0.35 0.18
26 1.78 0.82 0.96 1.31 0.53 0.78 0.47 0.29 0.19
c27 101 0.76) 0.25 0.85 0.51 0.34 0.16 0.25 -0.09
c28 1.10 0.69 041 0.98 0.43 0.55 0.12 0.26 -0.14
c35 1.67 1.28 0.39 1.25 0.77 0.48 0.42 0.51 -0.09
{36 114 0.87 0.27 1.09 0.57 0.52 0.05 0.31 -0.25
38 1.40 0.86 0.54 1.16 0.51 0.65 0.24 0.35 -0.11
f40 2.69 1.69 1.00 1.16 0.83 0.33 1.53 0.86 0.67
f41 1.88 0.96} 0.92 0.83 0.43 0.41 1.05 0.54 0.51
f43 1.97 0.92 1.05 0.93 0.33 0.60 1.04 0.59 0.45
c44 2.90 1.98 0.92 1.86 1.86 0.00 1.04 0.12 0.92
f45 2.10 1.03 1.07 0.82 0.49 0.33 127 0.53 0.74
46 2.73 0.98 1.74 0.86 0.61 0.25 1.87 0.37 1.50
f47 2.78 1.00 1.78 0.74 0.66 0.07 2.04 0.33 1.71
aver. 0.82 0.44 0.38
st. dev. 0.57 0.17 0.53
4
Volume Changes vs I nitial Voidsratio

2.20

2.00 .

1.80 1 M

1.60 1 -

1.40 1

» 1201 * ¢
S 100 A PR

0.80 1
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Properties of foarm/sand mixtures for tunnelling applications

Table 3.7: Evaluation of sand permeability using empirical formulae

Permeability (m/s) k
Hazen's formula
particle size D 10
fine sand 0.13 1.69E-04
coarse sand 0.65 4.23E-03
Kozeny -Carman formula
particle size range passing S f pas. f s’ e
fine sand 0.6 0.425 0.00
0.425 0.355 33.72 15.45 1.25 10058.66
0.355 0.212 58.55 21.87 1.25 35008.14
0.212 0.125 7.62 36.86 1.25 12946.67
0.125 0.0636 0.10 67.29 1.1 509.2686
100.0 58522.73 0.91 1.35E-05
coarse sand 1.18 0.6 0.0
0.6 0.355 94.0 13.00 1.25 19859.15
0.355 0.212 3.2 21.87 1.25 1913.367
0.212 0.125 2.5 36.86 1.25 4245.283
0.125 0.063 0.0
99.7 26017.80 0.79 2.12E-05
Particle size distribution for fine and coar se silica sands
100 4 7
90 A
80 —— fine sand
o 701 coarse sand
.C
]
O\O
T
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Properties of foarm/sand mixtures for tunnelling applications

Table 3.8: Summary of permeability results. All permeability (k ,) valuesarein m/sec

Material to test JFormula calculation: Calculation via Cv, for different pressures - kPa Permeability tests
Hazen's K-C's <20 28-40 56-80  113-160 >226  |. @ 20 kPa
coarse sand 4.2E-03] 2.1E-05 1.21E-05
coarse sand + foam + polymer IN/VE | 2.0E-05 IN/VE IN'VE IN/VE 1.80E-06
coarse sand + bentonite + polymer IN/VE IN/VE | 9.1E-06 | 5.8E-07 8.2E-07 NOTTESTED
coarse sand + foam + bentonite + polymer IN/VE IN/VE INVE 7.5E-05 1.3E-05 NOT TESTED
fine sand 1.7E-04] 1.3E-05 2.70E-06
fine sand + foam 2.1E-05 | IN/VE | 1.7E-05 ] IN/VE IN/VE 1.97E-07
fine sand + foam + polymer 5.1E-07 IN/VE 8.2E-05 | 1.0E-05 9.3E-05 2.30E-07
fine sand + polymer + bentonite| IN/VE IN/VE INIVE 5.3E-06 6.7E-05 NOT TESTED
fine sand + foam + bentonite + polymer IN/VE IN/VE IN/VE 2.6E-05 7.2E-06 NOT TESTED

* Permeability tests were carried out in Rowe cell. These values (bold) are the calculated permeability of the medium (sample), which
was deduced from the measured combined permeability (k. i.e . sample+meshes)- see section 3.4.

IN/VE: inconclusive

water out Q, ml/sec Calculation:
ke =(Lp+2L1)/ (2Li/k1 +Lolkp)
L1: L3 and kl = k3
— k, L, mesh_top
ko =Kcky Lo /{ky (2Li+Lp)-2Ko Ly}
«—— ko L I . .
2 =2 sample solution for k, unstable when:
Ky (2L1+L,) =<2k L,
—— t—,; L, mesh_bottom
T waterin Q, ml/sec
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Properties of foarm/sand mixtures for tunnelling applications

Table 4.1. Shear-hox fests
n name date Materials Final conditions] Shear strength Remarks
Sand FIR foamer, quantity, ER Polymer | S n [kPa], efinal | M coefficient [D]
50 26 10 1999 Jfine, 1500g - - - 28.3,0.93 26.08 saturated fine sand
51 26 10 1999 lfine, 1500q - - - 56.6.0.93 28.46 saturated fine sand
52 12 11 1999 lfine, 15009 - - - 56.6,0.76 32.37 saturated fine sand, dilation
53 27101999 |fine, 15009 - - - 113,0.92 26.09 saturated fine sand
f54 27101999 [fine, 15009 - - - 226,0.90 21.47 saturated fine sand
c60 2210 1999 Jcoarse, 1000g - - - 28.3,0.85 31.87 saturated coarse sand, dilation
c61 23101999 |coarse, 1000q - - - 56.6.0.87 32.62 saturated coarse sand, dilation
c62 12 11 1999 Jcoarse, 1000g - - - 56.6,0.77 33.23 saturated coarse sand, dilation
c63 2410 1999 Jcoarse, 10009 - - - 113,0.82 32.64 saturated coarse sand, dilation
c64 25101999 |coarse, 1000g - - - 226,0.78 31.43 saturated coarse sand
70 29 10 1999 |fine, 15009 30.8% Versa, 500ml-3%, ER:17 - 28.3,1.80 6.76 low friction coef., increase FIR
f71 09111999 Jfine, 15000 30.8% Versa, 500ml-3%. ER:15 - 283.1.43 8.42 low friction coef.
72 2311 1999 |fine, 15009 30.8% Versa, 500ml-3%, ER:15 - 40,1.16 15.16
73 29 10 1999 |fine, 15009 30.8% Versa, 500ml-3%, ER:15 - 56.6, 1.08 22.95
f74 1111 1999 fine. 15000 30.8% Versa, 500ml-3%. ER:15 - 56.6.1.09 20.45
75 2311 1999 |fine, 15009 34.8% Versa, 600ml-3%, ER:16 - 80,1.18 11.83
f76 2810 1999 |fine, 15009 30.8% Versa, 500ml-3%, ER:15 - 113,1.14 22.44
f77 29111999 ffine, 1500q 41.2% Versa, 750ml-3%, ER:15 - 160.1.40 7.65 unexpected low friction coef.
78 30 10 1999 ffine, 15009 30.8% Versa, 500ml-3%, ER:18 226, 0.96 20.74 large compression before shearing
c80 30101999 Jcoarse, 10000 ] 39.8% Versa, 500ml-3%, ER:17  |wop 40ml (141)] 28.3 . 1.53 6.72 low friction coef.
c81 17 11 1999 Jcoarse, 1000g 28.4% Versa, 300ml-3%, ER:15  Jwop 40ml (141)]  28.3, 0.90 31.78
c82 22111999 Jcoarse, 1000g 28.4% Versa, 300ml-3%, ER:15  Jwop 40ml (141) 40,0.96 17.00
c83 01 11 1999 Jcoarse, 10009 28.4% Versa, 300ml-3%, ER:15  Jwop 40ml (141)]  56.6, 1.06 27.23
c84 05 11 1999 Jcoarse, 1000g 39.8% Versa, 500ml-3%, ER:16  Jwop 40ml (141)] 56.6, 1.26 7.28 low friction coef
c85 2211 1999 |coarse, 1000g 28.4% Versa, 300ml-3%, ER:15  |wop 40ml (141) 80,0.94 7.05 low friction coef, dilation.
c86 02 11 1999 Jcoarse, 1000g 28.4% Versa, 300ml-3%, ER:15  Jwop 40ml (141)] 113, 0.98 26.88
c87 3011 1999 Jcoarse, 10009 |  28.4% Versa, 300ml-3%, ER:15  wop 40ml (141)] 160, 0.74 25.41 large compression before shearing
c88 01111999 |coarse, 1000g 28.4% Versa, 300ml-3%, ER:15  |wop 40ml (141) 226,0.90 25.37
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Table 4.2: SHEAR-BOX TEST {74 (Example)

Oxford University - Engineering Science Department - Civil Engineering Laboratory (11/11/1999) 10f2
Mixture proportions

1. Sand mixture
Materials Proportion Comments'

mass [g] |Spec. grav.] volume [ml] 1.00 mass [g] | volume [ml]] fine silica sand
Air 0.0 0.001 0.0 0.0 0.0
Water 500.0 1.00 500.0 500.0 500.0
Sand 1500.0 2.65 566.0 1500.0 566.0
sum 2000.0 1066.0 2000.0 1066.0
2. Foam
Materials Proportion Comments:

mass [g] |Spec. grav.| volume [ml] 0.95 mass [g] | volume [ml]]Versa foam, 3% per weight
Air 0.47 0.001 466.67 0.44 443.33
Liguid 33.33 1.00 33.33 31.67 31.67]|Drainage time, 19 min
ER 15.00 15.00 14.25 14.25
sum 33.80 500.00 32.11 475.00
3. Polymer mixture
Materials Proportion Comments:

mass [0] |Spec. arav.| volume [ml] 0.5 mass [a] | volume [ml]] n/a
PHPA 0.00 1.15 0.00 0.00 0.00
OIL 0.00 0.90 0.00 0.00] 0.00
WATER 0.00 1.00 0.00 0.00] 0.00
Mix 0.00 0.00 0.00] 0.00
Mixture
Materials Proportion By mass By volume

mass [g] |Spec. grav.| volume [ml]] Volatile "Volatile" |'Non-volatile] "Volatile" |"Non-volatile"
Air 0.44 0.001 443.33 1.00 0.44 0.00 443.33 0.00
Water 531.67 1.000 531.67 1.00 531.67 0.00 531.67 0.00
Sand 1500.00 2.650 566.04 0.00 0.00 1500.00 0.00 566.04
oil 0.00 0.900 0.00 0.02 0.00 0.00 0.00 0.00
PHPA 0.00 1.150 0.00 0.03] 0.00] 0.00 0.00 0.00
Total 2032.11 2.650 1541.04 532.11 1500.00 975.00 566.04
symbol M Gs \ Mw Ms Vv Vs

wo=Mw/Ms 0.355 water content
So=Vw/Vv 54.5% dearee of saturation
€0=Vv/Vs 1.723 mixture voids ratio
FIR=V{IV 30.8% Foam Injection Ratio
p=MNV 1.32 bulk density
= Measured quantities
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Table 4.2: SHEAR-BOX TEST {74 (Example)

Oxford University - Engineering Science Department - Civil Engineering Laboratory (11/11/1999) 2 of 2
Shear-box test results
calculations (at critical state) symbol value
shear stress = shear force / sample area t 13.563 kPa
normalized shear strength = shear stress/normal stress tis 0.240 -
dilation angle psi = atan(dv/du) y 7.59°
coefficient m = shear strength + dilation m 0.373 -
friction anale = tan(shear strength) f 13.48 °
NORMAL STRESS S 56.6 kPa
Normal force
(+)v
shear force
—>
() u
dilation sign convention
Sample measurements & calculations Shear-box parameters
parameters initial consolidation final dead load : 5.83]kg
length mm 60.00 60.00 60.00]calibration factor : 3.21|N/division
preadth mm 60.00 60.00 60.00]stress factor - 0.89|kN/m ° /div
height mm 34.60 30.05 28.51]rate of displacement : 0.3|mm/min
area A mm ’ 3600.00 3600.00 3600.00]horizontal strain rate : 0.5|%
volume V mm ° 124560 108180 102636]Normal force coefficient : 0.367]kg/kPa
mass bulk a 3252.5 n/a 3237.0JNormal stress| Required load |Added load
mass net M g 179.50, n/a 164.00]  [kPa] kal [kal
bulk density Ma/m’ 144 nia 1.60 28.3 10.39 4.6
lsub-sample wet o 29.41 n/a 15.01 40.0 14.68 8.8
sub-sample dry o 23.57| n/a 13.03] 56.6 20.77 14.9
water contentw 0.32 n/a 0.26 80.0 29.36 23.5
dry density Mq/m3 1.09 n/a 1.27 113.1 41.50 35.7
voids ratioe 1.43 n/a 1.09 160.0 58.72 52.9
specific gravity Gs 2.65 2.65 2.65] 226.2) 83.01 77.2
saturation degree S 0.596) n/a 0.633
linitial compressiondH mm 4.55
height of solidsHs  mm 14.23 14.23 = Measured quantities
voids ratio change de 0.32
\/olumes initial consolidation final
solids Vs ml 51.233
water Vw. ml 35.371]
gas Va ml 16.032
total V ml 108.180 102.636
\/oids ratios initial consolidation final
water ew 0.69
gas _ed 0.40]
fotal e 1.11 1.09
matrix e_m 0.49
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sand tests e m[°] y 1o f [ S
f50 0.90 26.08 2.30 0.03 24.5 0.97
f51 0.88 28.46 1.46 0.10 27.33 0.99
f52 0.76 32.37 -2.38 0.50 33.9 0.96
f53 0.88 26.09 1.03 0.10 25.26 1.00
f54 0.87 27.47 2.07 0.13 25.82 1.00
c60 0.80 31.87 -2.40 -0.03 31.2 0.96
c61 0.81 32.62 -0.94 -0.07 33.28 0.98
c62 0.78 33.23 -0.87 0.03 33.83 1.00
c63 0.76 32.64 -0.26 0.10 32.82 0.99
c64 0.75 31.43 0.17 0.13 31.31 0.98

foamed tests e m{[°] y Io f [l S
f70 1.80 6.76 1.20 -2.92 5.57 0.37
f71 1.31 8.42| 0.40 -1.33 8.03| 0.43
f72 1.16 15.16 0.81 -0.83 14.36 0.62
f73 1.08 22.95 6.12 -0.57 17.55 0.61
f74 1.09 20.45 7.59 -0.60 13.5 0.63
f75 1.16 11.83 0.36 -0.83 11.42 0.57
f76 1.14 22.44 4.00 -0.77 18.93 0.54
f77 1.35 7.65 0.24 -1.47 7.42 0.45
f78 0.96 20.74 4.26 -0.17 16.91 0.77
¢80 1.56 6.72 0.52 -2.57 6.21 0.21
c81 0.90 31.78 0.92 -0.37 31.2 0.44
c82 0.99 17.00 1.44 -0.67 15.67 0.46
c83 1.07 27.23 4.03 -0.93 23.94 0.39
c84 1.28 7.28 0.46 -1.63 6.46 0.26
c85 0.94 7.05 -0.71 -0.50 7.75 0.47
c86 1.00 26.88 3.60 -0.70 24.49 0.43
c87 0.84 25.41 1.71 -0.17 23.89 0.65
c88 0.90 25.37 4.10 -0.37 22.43 0.45

Bolton's values (1986) Io 0.8y f it foax

A 0.159 1.47 32.6 34.1
A 0.253 2.84 32.6 35.4
D 0.281 2.92 36.9 39.8
H 0.295 2.58 35.0 37.6
A 0.494 5.76 32.6 38.4
D 0.629 9.22 36.9 46.1
H 0.678 9.59 35.0 44.6
A 0.699 10.88 32.6 43.5
G 0.864 11.85 35.0 46.9]
A 0.856 12.21 32.6 44 .8
D 0.936 14.50 36.9 51.4
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Figure 1.1:Typical EPB machine (Maid| et al, 1996).
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Figure 1.3: Surfactant molecule.

S. Psomas 108



Properties of foarm/sand mixtures for tunnelling applications

surface T
tension at N
R AN
interface N
\
\
\
l
\
I‘ R4
cmc

concentration

Figure 1.4: Critical micelle concentration.

R

surfactant moves with the increase in the surface tension

\

ety O
| |
l l
L 1 i 3
o O
gas I liquid 1 gas local increase in surface tension causes liquid to
I D Cx: 1 flow from thicker section to the thinner section

gravity thins but Marangoni restores

Figure 1.5: Gibbs-Marangoni effect.

< 9CP|

T e D\

Figurel.6: Contact angle of a fluid on a solid surface.

S. Psomas 109



Properties of foarm/sand mixtures for tunnelling applications

Photo 2.1 Soil mixer and the power measurement set-up.

Photo 2.5 Fine and coar se sand.
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Figure 2.2: The Oxford University Foam - Generator.

4_
Compressed air upto 7.0 bar

air relief valve

N | oo

—_

-

LL

on-off valve

Q)

=

I
I
I
|
liquid tank - 7.0 | | pressure regulator
(water + foaming agent |
: Flow-meter
I
I
|

inverter
pressure gage
air (8 mm)

. liquid (8 mm)
H liquid (4 mm)

I . mixture (8 mm)
i foam (8 mm)

| P

compressed air

liquid S | QU .
-—p foam conditioner

Foam @ 2-4 |/ min
— >

Photo 2.3 The perforated tubes

Photo _2.2 The Foam-Generator.

Photo 2.4 The 'Ventouri' Inverter
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Figure 2.3: Power consumption for different water content for fine sand tests
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Figure 2.4; Relative power reduction dueto foam for foamed fine sand tests
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Figure 3.2: Experimental set for compressibility permeability tests.
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Properties of foarm/sand mixtures for tunnelling applications

Photo 3.1: Experimental set up for compressibility/per meability.

- @

Photo 3.2: Permeability mesh (bottom), the plate (top left) and the cintered disc (top
right).
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Displacement calibration for LVDT
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Figure 3.3: Calibration curves
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Properties of foarm/sand mixtures for tunnelling applications

1. Initial conditions

mixture sample sub-sample
S 1T w
e
I
M *l
soil mixer bowl Rowe cell :
dMWif | Wif
2. Final conditions dM,, |
sample sub-sample |
S, W
€
M
Rowe cell
d ijk : possible routes of losses or gains expressed in water masg)(
S : degree of saturation
W : water content
€ :initial or final voids ratio
0 : mixture conditions
i : initial conditions
f: final conditions
Measured Calculated
Mixture mass Mo wo, So, eo
sub-sample mass m. , m, W, W,, W, (from quality control)
Sample compression DH, masses Mi, Mt S,.S,. e, e

Figure 3.4: Compression test procedure and quality control
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Figure 3.5a: Consolidation test f22 (foamed fine sand)
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Properties of foarm/sand mixtures for tunnelling applications

Figure 3.5b: Consolidation test f22 (foamed fine sand)
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Figure 3.6a: Consolidation test 39 (fine sand with bentonite and polymer)
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Figure 3.6b: Consolidation test 39 (fine sand with bentonite and polymer)
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Figure 3.7a: Consolidation test f40 (foamed fine sand with bentonite and polymer)
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Properties of foarm/sand mixtures for tunnelling applications

Figure 3.7b: Consolidation test f40 (foamed fine sand with bentonite and polymer)
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Figure 3.8a: Compression test f46 (foamed fine sand with polymer)

compression vstime @ 20.0 kPa
time[s]
0 200 400 600
0.00 T T
€ -0.05- Wl
5 0l
' -0.10
E- 0.15 1
8 =U.
-0.20
compression vstime @ 28.3 kPa
400 600 800 "™ M1000
0.00 T T
= -050 1 .
£ 100 {
5
‘ -1.50 A
’gk -2.00 1
8 -2.50 -
-3.00
compression vstime @ 40.0 kPa
time[9]
800 1000 1200 1400 1600
-2.00 T T T
E 250 ;
5 -3.00 T
8 350
Q.
% -400 1 -&_\‘-_“
-4.50
compression vstime @ 56.6 kPa
time[s]
1400 1500 1600 1700 1800 1900
-4.00 T T T T
E 425
E 4s0ql
o
B 475
5 -5.00
£
8 -5.25 1
-5.50
undrained stage — drained stage

S. Psomas 123



Properties of foarm/sand mixtures for tunnelling applications

Figure 3.8b: Compression test f46 (foamed fine sand with polymer)
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7 ™\
Figure 3.12: Foamed fine sand (Seriesl|l) -
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Properties of foarm/sand mixtures for tunnelling applications

gas e, =V lV, e =e;-De

Water ewi = Vwi/ Vs

'Matrix voids ratio":
e, =V,/ (Vg+VS)

liquid fraction

water

gas +

foamed soil stucture (continuous water phase)

O soil particle

O foam bubble

Figure 3.20: Matrix voidsratiosand illustration of foamed soil structure.
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Figures 3.21: Volume changes variation with time
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Figures 3.22: Changein 'matrix ' and gasvoidsratio for 'versa' foam/sand tests.
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Figures 3.23: Foamed sand with polymer: voids ratio (for water, gas and matrix) at the initial and final vertical stress
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Figures 3.24: Foamed fine sand :voids ratio (for water, gas and matrix) at the initial and final vertical stress
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Figures 3.25: Foamed fine sand :voids ratio (for water, gas and matrix) at the initial and final vertical stress
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Figures 3.26: Foamed sand with bentonite :
voids ratio (for water, gas and matrix) at the initial and final vertical stress
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Test f39: Compression vstime @226.2 kPa .
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Figures 3.27: Different curve shapefor compression test 39 (fine sand with bentonite
and polymer) and compression test 46 (foamed fine sand with polymer).
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Figure4.1: Direct small shear-box (Head, 1994).

Photo 4.1: Shear-box apparatus at Civil Engineering laboratory.
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shear strength vs horizontal displacement
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Figure 4.2a: Shear strength and vertical displacement against horizontal defor mation.
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Figure 4.2b: Shear strength and vertical displacement against horizontal deformation.
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shear strength vs horizontal displacement
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Figure 4.3a: Shear strength and vertical displacement against horizontal deformation.
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Figure 4.3b: Shear strength and vertical displacement against horizontal deformation.
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shear strength vs horizontal displacement
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shear strength vs horizontal displacement
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Figure 4.6: Shear strength and vertical displacement against horizontal deformation.
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shear strength vs horizontal displacement
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shear strength vs horizontal displacement
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Figure 4.10: Shear strength and vertical displacement against horizontal deformation.
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Figure4.11: Shear strength and vertical displacement against horizontal deformation.
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Figures4.12: Shear-box test resultsfor fine sand.
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Friction coefficient vs normal stress

35 ® °
%0 |

25 o O
20
15 -
10

] O OO

O_

oJC
Ce

atan(m) degrees

-5 T T T T

0 50 100 150 200
kPa

250

Angle f vs normal stress for coarse sand

w
[&)]

g e o

f degrees
i B R NN W
U O o0 O o1 O U1 O
1 1 1 1 1 1 1

o

50 100 150 200
kPa

250

Angley vs normal stress for coarse sand

35
30 A
25 1
20 1
15 1

degrees

> 10
5 4

0 908 O

@O
O
@O

kPa

@ coarse sand
\_ O fnamed cnarse sand

250

Figures4.13: Shear-box test resultsfor coar se sand.

144



Properties of foarm/sand mixtures for tunnelling applications

4 N
Shear strength vs relative density
50
45 ® saturated fine sand
40 A )
© foamed fine sand e le o
35 A . *
30 * Bolton's values (critical) M S
: 1.0
o0 i
m25 o © no7
20 - 0.54 o 0610
0.63 0.77
15 - 062 O
0 057
10 5 0043
1° 037
5 045
0 T T T T T T T T
30 -25 -20 -15 -10 -05 0.0 0.5 1.0 15
N o J
/ . . . . \
Friction angle vs relative density
55
50 -+ ®  saturated fine sand :A
¥
45 A O foamed fine sand ’0’/0
40 ~ ——#%—— Bolton's correlation » ’//
* /
35 1 +  Bolton's values (peak) . '/ /e
30 A AKX
f »
25 A o’ 1
0.97
20 7 054
Onar o
0.61 ©
15 A 0%2 o 077
4 S 063
7. 0w o 0% 087
549 0.45
0 T T T T T T T T
-30 -25 20 -15 -10 -05 00 05 10 15

Figure4.14: Friction angle variation with relative density for finesand tests

S. Psomas 145



Properties of foarm/sand mixtures for tunnelling applications

4 N
Shear strength vs relative density
55
50 A ® saturated coarse sand
457 O foamed coarse sand
40 A
# Bolton's values (critical) 10 @ A
35 * >0
0.44 wo ¢ o0
30 A 043
m e | 6390 5 o 065
0.4
20 1 o 046
15 -
10 0.21 0.2 0.47
@) (o)
5 | @)
O T T T T T T T T
30 25 -20 -15 -10 -0.5 00 0.5 1.0 15
N o Y,
4 . . . )
Friction angle vs relative density
55 I
50 ®  saturated coarse sand /»“
45 O foamed coarse sand X/ :
—A—— ! : /
40 | Bolton's correlation . /‘,
35 | & Bolton's values (peak) 1n ®/
0.44 o
30 4 =
f bao
25 O O %4y 065
8 o
20 - 0.45
15 1 Q
10 1 0.21 0.26 047
51 © o 9
0 T T T T T T T T
30 25 -20 -15 -10 -05 00 0.5 1.0 1.5
N o Y

Figure 4.15: Friction angle variation with relative density for coarsesand tests
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Figure5.1: Outline of the modified large shear-box for testing foam/sand mixtures.
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