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11 NTRODUCTI ON

The wndrained shear strength is the most important parameter an#gsis oftunnel
facestabilityin clayey soilsSoft clays possess very low undrained shear strength and ground
improvement techniques need to be implemented prior to tunnel excavatigrouting and
fiberglass reinforcement are the most common soil reinforcement methods used in tunnelling
to ensure stalily. Ground freezing is also used as temporary structural support and/or to
exclude groundwater from the excavation until construction of the final lining provides
permanent support. These techniques leave chemical residues and spoils into the atileor int
groundwater, slow down construction process due to the need of cleaning up the soil after
construction, and havhigh costs of implementatio@ristelo et al.(2015)show thataround
80% of thecarbon dioxide emissions oémentbased mixtures fget grouting § generated by
the material usedThe technology hereafter conceptualised and studied, the suction drain,
utilises compresseaiir in lieu of cemenbased mixturento the groundhence it has a high
margin for reducing the carbon dioxide foofyitio the currenground stability techniques.

This study presents the suction drain as an innovative andddvon technique for
temporary stabilisation of geo structuressoft clayey soils. Based on suction generated into
the ground by the evaporation from jhélled holes, this technique aims to enhance the
undrained shear strength in soft clayey by reducing the soil water content. The goal of this study
is to investjate the capability of the suction drain in enhancing the undrained shear strength of
clayey soils.

The objectives of this study are:

(9]
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1. Understanding and modelling the evaporaidimtuced water flow that is generated by
a tangential airflow in a confinegpace (as occurs in the suction drain);
2. Testing and validating the suction drain at magklaboratory scale level,
3. Investigating the capability of the suction drain to reduce soil water content via field

trial.

Thisthesis is structured ipapers and inadesfour chapterss follows

Chapter 2 illustrates the background in tunnelling and water evaporation. The ground
improvement techniques currently used in tunnelling, the tunnelling construction techniques,
and the theoretical and empirical approachesdus evaluate the tunnel face stability are
summarised in this chapter. An insight into moist air turbulent flow and of evaporation in open
air is also presented.

Chapter 3 focuses on the development of a model that allows estimating the water
evaporatiomrate of the soil exposed to a tangential airflow in a confined space. An evaporation
model is required to prescribe the air flow characteristics in terms of air velocity and relative
humidity in the implementation of the suction drain.

Chapter 4 investigdes the suction drain model at megj laboratory scale level. An
experimental investigation at laboratory scale was conducted to assess the capability of the
suction drain in reducing soil water content of the surrounding soil. A numerical application of
the suction drain is finally presented to appreciate the enhancement of tunnel face stability that
can be potentially achieved following the decrease of soil water content generated by the suction
drain.

Chapter 5 deals with the validation of the suctiamain at the field scale. The field

installation and the field procedure are described in this chapter. Numerical analyses based on
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the hydremechanical characterisation of the soil material were carried out to interpret the
experimental field data and walidate the field test.
Appendix A.1 shows the results of the experimental investigation that was carried out for

developing the model described in Chapter 2.
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2BAKGROUND

2.1 Tunnelling and tunnelling nechanics

2.1.1 Tunnel construction techniques

The foll owing Section deals with advance
construction in soft ground. Referring to any kind of mined tunnel, as distinctcinband
cover, Mair and Taylor classified the tunnelling technique according to open face and close face
tunnelling, considering the first one the case where there is an easy access to the tunnel face in

contrast with the second of@hapmaret al.,2017)

2.1.1.1 Open face tunnelliop

The most common tunnelling technique is the New Australian Tunnelling Method
usually denoted as NATM. This technique includes the use of sprayed concrete lining as a
temporary support although several years may be required before the permanent lining is
installed. However according to advance tunnelling technique composite sprayed concrete
lining can be applied both as temporary support at first and as permanent subsequently. In
general this technique is adopted for relative short tunnel and non comsgarsections. Since

thistechnique involves an excavation sequence through different faces as sliogure2-1
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Shotcrete

[ Side drift 1l Enlargement

Temporary sidewall

Temporary backfill

Figure 2-1: Example of divided tunnel face using sprayed concrete lirffigg & Taylor,
1997)

Ground treatment is more easily undertaken from within tsnmigh open facesgure
2-2). Reinforcement of the soil ahead of the face are required in order to improve stability and
to control ground movements, whereas improgat in jet grouting techniques are being made
to form umbrella arches as a prelining in difficult ground conditions. An extension of the
concept of the umbrelarch is sometimes referred to as mechanicatptiéng method. This
involves the cutting ofhte overlapping slots around the tunnel periphery in advance of the
excavation, and filling them by means of sprayed concrete. The technique is always used in

conjunction with face reinforcement and other forms of ground treatment.

a) Face reinforcement
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b) Jet Grouting fAiUmbrell a

T O

C) Prevault (precutting)

Figure 2-2: Ground treatment and prelining techuoig(Mair & Taylor, 1997)

2.1.1.2 Close face tunnelling

Mair & Taylor (1997 claim that considerable advance have been made in the use of
sophisticated closed face tunnelling machines which operate in the principle of a pressurized
face. These machines are used in unstable ground conditions where the face reguareatsup
all times; this principally applies to permeable ground below the water table or soft clays. The
slurry shield machin@=igure2-3) is most commonly used inater bearing granular soils. The
face is supported by a pressurized bentonite or polymer based slurry, which is circulated so that

it and the excavated soil are removed to a separation plant.
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‘Cutter driving Erector driving -

motor motor
\\ / Tfil seal
B X m——y e
slurry
supply

Slurry
[

\

//igitator Shield jacks\\ Erector
Cutter face Segments

Figure 2-3: Principle of the slurry shield nthine(Mair & Taylor, 1997)

Earth Pressure balance (EPB) machines are being used more universally for all types of
unstable ground; the principkeshown inFigure2-4. By controlling the entry of soil and water
through the cutter face by means of earth pressure balance doors, and by conditioning the spoil
sothat it can easily be removed through a screw conveyor. It is possible to control the pressure
of the excavated soil in the chamber to balance the earth and water pressures in the ground. In
addition recent developments have centred on the injection cibkpkirries, foam and other
materials in EPB machines to improve the properties of the excavated soil and facilitate the

proper control of the pressure in the chamber.

Cutter driving

Tail seal
‘moter g
crew conveyor
\\5crew génveyot driving motor
e - =

Y] 3
F {Emib
l Belt conveyor
poi e s IR i Gate jack
Bulkhead Erector Segments
Cutter
face Cutter frame Shield jacks

Figure 2-4: Principle of the earth gessurebalance machin@Mair & Taylor, 1997)
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2.1.2 Ground Improvement Techniques

This section describes the most common ground improvement measures currently used
in tunnelling to impove soil stabilityand to reduce/control ground displacemértiese
techniques aid the tunnel construction and mitigate the effect of tunnelling on adjacent existing
structures such as shallower tunnels and services. Many of the techniques described in this
section can generally be applied either from the grourfdcior from within the tunnel during

construction.

2.1.2.1 Ground freezing

The principle of this technique is to use a refrigerant to convert in situ pore water into a
frostwall, with the ice bonding the soil particles together. Freezing can be carried otitérom
surface or from the working face. If used from within the tunnel, freezing lances are installed
from the tunnel in the direction of the tunnel excavation as the frozen ground should create an
arching mechanism. The lances are situated in the crowi, rexkssary, at the springline. In
order to create a closed frozen body, the distance between the lances is usually about 1m and
lances are 20m or more long. This allows the overlap of the frozen areas and provides an
impermeable barrier. Cooling fluis pumped through the freezing lances. For application from
the ground surface, a freeze wall is formed around the periphery of the planned excavation or a
layer above the tunnel crown is frozen, as frequently occurs in shallow tunii€hagman et
al., 2017) In this case, the refrigerant pipes are equally spaced at approximately 1m apart in

order to ensure a continuous freeze wall.

Cooling materials that are used are brine with a temperatuse®fe G2 @ eoC or | i qu

nitrogen which evaporatesd4t96 e C. The | i quid nitrogen is i

process. It is the only fefctive method in fine grained soils and is good for stesrh or
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emergency projects. The brine is generally applied via the two phase method that uses a primary
refrigerant like ammonia or freon to cool the brine.

The main advantages of this techniqueudes the possibility to increase the strength
of the ground. It can be applied to the whole range of ground types and its application depends
on the ground water flow. It is neoxic and noiseless and it is totally removable, although
some adverse reamh may occur in some soils.

The main difficulties lie both in the control of drilling deviations during the installation
of the freezing pipes (which length is limited to 50 m) and of the circulation of large quantities
of underground watefGround to freze may require weeks depending on the ground and on
the groundwater conditions. Also, flowing water can cause heat drain and can prevent ground
freezing, depending on the flow rate and on the type of the freezing(ueed & New, 2007)
highlights that one of the main limitations of this technique in fine grained soils is the potential
of the ground to heave durinige freezing process and subsequent settlement at the end of the
freezing process. Ground heave is related to the frost susceptibility of the ground. The lower is
the permeability of the soil, the slower the water drains during the freezing processated gr
is the heave. However, ground heave can be limited by controlling the speed of the freezing
process. A careful monitoring of the ground temperature, refrigerant temperature and
groundwater is also crucial throughout the freezing operation to ermufertnation of the
frozen ring around the excavation faeegure2-5 shows the application of the ground freezing
from within the tunnel to extend the flow path fwater. In this case the freezing process is
conducted from the crown to the tunnel springline (or above) and it is combined with the

pressurised tunnelling.
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/‘_F reezing lances
e
Direction of tunnel
construction
—_

Tunnei face

Figure 2-5: Ground freezing from within thennel @fter Chapman et al., 2017)

2.1.2.2 Lowering ofthe groundwater table

This technique consists of pumping water from wellpoints or from deep filter wells to
lower the groundwater table. Used for dewatering soil strata with high permeability, (generally
greater than I®m/s) or for lowering the groundwer level below a less permeable strata, this
technique is widely used in open excavations, shallow tunnels aagi@¢aobver tunnels.

Wellpoints limit the dewatering to a depth of 6 m as a consequence of the effective
vacuum lift of the pump. They can bsed from ground level or from inside the tunnel. They
are installed at between3L m intervals by wash boring and their spacing depends on the
permeability of the ground. Deep walls are used instead to dewater to greater depths. These
consist of 300 mm ayreater well sunk at an average spacing of 3 m to below the level required
for the dewatering. A filter is used at the base of the well around perforated suction pipes, above
which a submersible pump is located.

This technique allows to achieve signifitamprovement of the ground properties,
however it should not be used in settlerrenitical inner city areas, in areas where there may
be an influence on existing water supply aquifers or in area where there could be a potential
adverse effect on the flar Drawdown of the groundwater level can cause consolidation
settlement in the surrounding ground and hence affect adjacent structures. An accurate
monitoring during the operation is required. Also an intensive installations for holding the

extracted wateand treating it before it can be disposed of are required.
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2.1.2.3 Grouting

Groutingconsists of injecting a material into the ground to reduce the permeability of
the ground and to strengthen and stabilise the ground.

Grouting operation can be carried out frdma ground surface, from within an adjacent
shaft to the tunnel operation or from within the tunnel construction itself. The grouting holes
are drilled ahead of the advancing tunnel in a pattern of diverging holes at an acute angle to the
tunnel axis to fan overlapping cones of treated ground. For drill and blast tunnels the holes
can be drilled at the fad@/ood, 2002) For Tunnel Boring MachinesTBMSs) the holes are
drilled in the rear of the machine towards the advancing excavation or directly from the face
through the cutter wheel.

Percussion and rotary drilling are used to install the grout tlheggrouting tubes may
be simple opemended tubes, possible fitted with an expandable tip to prevent blockage during
installation, or perforated tubes which allow grout to be ingeoteer a specific length.ube a
manchettes or sleeved tubd@AM) make sgcessive injections at specific location possible.
TAM includes an external tube that has perforations at appropriate intervals which are covered
by an external elastic sleeve. These sleeves open by the internal pressure of the grout. A separate
movable tibe inside the case deliver the grout to the injection point. The grout is contained
within the location of the perforation using seals either side of the end of this internal tube.

There are several types of grouting technique that can be classifiedriaagion
grouting, jet grouting and compaction grouting.

Permeation Grouting

This technigue aims to fill the voids with either chemical or cement binders without
disturbing the fabric of the ground. The range of particles sizes over which it can bd &pplie

from sands (0.06mm) to coarse gravel (60mm).
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Jet Grouting

This technique uses high pressure jets to break up the soil and replace it with a mixture
of excavated soils and cement. The application of this technique is extended to a wider range
of soils from clays (<0.002 mm) to fine gravels (10 mm). Jet grouting can be used in pre drilled
holes or in seldrilled jets. Once the jet has reached the required depth, it is rotated and the
jetting fluids are pumped at high pressure to the jetting tip widlesystem is withdrawn from
the hole at a controlled rate to form an in
shape is produced rather than a column.

The diameter of the column varies in the rangeill 3D m depending on the technique
used and the consistency and nature of the ground. Ground treatment can be performed through
vertical, inclined or sufhorizontal borings. The last option can be implemented from the tunnel
face. Particular attention must be paid, when using this appioafthe soil grounds, to
potential adverse effects associated with unexpected pressure build up within the ground being
excavated at the face (sudden fracture and large heave). The efficiency of this technique is well
proven, and can lead, when used vatfine drilling mesh, to total ground substitution. There
are, however, a number of implementation constraints (power consumption, spoggsing
and removal, instantaneous loss of bearing capacity before the grout has set) which require a
thorough eviuation to be made before this technique is used.

Compaction grouting

Compaction grouting consists of injecting a slow dump of grout such as an expanding
bulb forms at a certain depth. The expansion causes deformation and densification in the
surroundingsoil and ultimately an improvement of the ground. The range of applicable soils

for this method goes from sands (0.06 mm) to medium gravel (30 mm).
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Suspension grouts and chemical solution grouts are the two main categories of grout
type. Suspension groubwsists of cement slurry with cement/water ratio of approximately 0.1
to 0.4 and an optional clay components. The purpose of the clay is to reduce cement
consumption and to improve the stability and viscosity of the suspension. Sand can be added to
grout sispension when large fissures are to be injected. Additives can be used in suspension
grouts to prevent the clay particles flocculating. Suspension grout are best suited to injection
into fissured rocks and granular media with large voids and porosityniClegrout consists
of solutions and resins which form gels. They reduce the permeability by void filling and
strengthen the ground. These grouts can be injected into very fine grained soils since some
liquid grout such as resin types, have viscositigg@grhing that of water. The strength of
chemical grouts is generally low compared to cement grouts.

In terms of basic properties, the following requirements should be met by the grout

(Whittaker & Frith, 1990)

Stability: grout should remain stable during the mixing and injection processes and

not separate prematurely in the case of suspension grouts, or set prematurely if it is

a liquid grout;

- Partick size: for a suspension grout this set the lower limit of the grain size of the
soil that it can penetrate;

- Viscosity: this is a measure of its ability to penetrate soils. Other flow properties and
the gelling time determine the maximum injection radius;

- Strength when set or gel strength: this depends on whether the grout is being used
to strengthen the ground or reduce its permeability;

- Permanence/durability: the grout, when set, should resist chemical attack and

erosion by groundwater.
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Further details ogrouting technique and grouting materials can be fou(anthakos

et al.,1994)and(Moseley,M. P. & Kirsch,K., 2004)

2.1.3 Tunnel Face Stability

Adequate stability during construction is clearly of prime importance and particularly
within urban environments where the consequence of major tunnel collapse can be catastrophic.
The following sectiorprovides an insight of the tunnel face failure mechanism in cohesive soil
and preseng experimental and theoretical studies that evaluate the tunnel face stability in
cohesive soil.

Stability of tunnel heading is particularly critical and referring toirautar cross
section, it may be considered in terms of idealized geometry shdwgure2-6. The heading
can be support e dsuthyscampfessadiodpregsuriees slury (e case of
slurry shield). It may be excay@iThedmdansionf r ee
P represents the distance from the face to the point where stiff support is provided; in the
absence of a tunnelling shdethis is the distance from the face to the lining. In most cases,
especially in ground of low permeability, when a tunnelling shield is in use the ground is in
contact with the shield and therefore P can be taken to zero. An exception is when & shield i
being used in ground of higher stability, such as stiff clays. In this case there is often an
oversized cutting edge at the front of the shield. Therefore, determination of P then requires

some judgements.
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Figure 2-6: Tunnel heading in soft ground (Mair, Taylor 1997)

The issue of weather undrained of drained conditions are more applicable to the tunnel
stability problem depends principally on the permeability of the soil, the excawati@nce
rate, and the size of the tunnel. Based on parametric study of seepage flow into tunnel
excavations(Anagnostou & Kovari, 199&oncluded that for most tunnels drained conditions
are to be expected when the soil permeability is higher thato110° m/s and the excavation
advance rate is 0:Im/h or less. Hengén a predominately sandy soil, drained stability should
be considered. In low permeability clayey soils undrained stability is of more importance during

tunnel excavation.

2.1.3.1 Face failure mechanism in cohesive soil

In the case of cohesive soils fdadure involves a large volume of ground ahead of the
working front Figure2-7). This mechanism leads to the formation of a sinkhole at the ground

surface with a wdth larger than one tunnel diameteeca & New, 2007)

Figure 2-7: Face collapse: basic diagram in cohesive ground gbéxa & New, 2007)

[23]
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The same mechanism is presentdti@oretical studie@.eca, E. &Dormieux,L., 1990)
and itis alsoconsistent with the observed failure mechanism based on centrifuge model tests
(Mair, 1978)on tunnel headings in clays, where the mechanism propagatesdspand
outwards from the tunnel invert becoming significantly wider than the tunnel diafRefere

2-8).

Figure 2-8: Observed failure mechanism based on centrifuge model test (Ma),197

2.1.3.2 Propagation of movement towards the surface

Ground movements initiated at the tunnel opening will tend to propagate towards the
ground surface. The extent and time scale of thisigumenon typically is dependent on the
geotechnical and geometrical conditions, as well as construction methods used onlLbessite.

& New (2007 identified two propagation modes, based on the conclusions of in situ
measuremes and observations h€se modes are referred to as primary mode and secondary
mode

The primary modeKigure2-9) occurs as ground stresses are released at the face. It is
characterised by the formation of a zone of loosened ground above the excavation. The height
of this zone is typically i11.5 times the tunnel diameter and about one diameter wide. Two

compression zones develop latgralong the vertical directioflLeca & New, 2007)

[24]
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Figure 2-9: Primary mode: basic transverse cross sectioeca & New, 2007)
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The secondary modé&igure2-10) may occur subsequently, when the tunnel is located
closetothe surfac€(D<2.5)andinseec i ent conyning support exi st
in the formation of a érigidd ground bl ock,
extendng from the tunnel to the surface. Displacements at the ground surface above the opening

are of the same order of magnitude as those generated at the opening.

Figure 2-10: Secondary mode: basic transversess sectiorfLeca & New, 2007)

These ground response mechanisms typically lead to vertical and horizontal
displacements that tend to develop at the ground surface as excavation proceeds; this results in

what is referred to as the settlement trouglgre2-11).
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Figure 2-11: Three dimension settlement through

For practical purposes, the observed thiimeensional trough is conventionally
characterised by means of a transverse trough and a longitudinal trough along threentrme

plane.

2.1.3.3 Face stability in cohesive soils

The stability of the front of a tunnel driven in cohesive material was studied by several
Authors since the paper Broms & Bennermark, 1967@n a stability criterion based on
laboratory extrusion tests and field observations. The undrained stability for a homogeneous
soil was defined in terms of stability rathd equals to the overbden stress dividetly the
undrained shear strength:

0

0 - 2.1
- @)

Where is the bulk unit weight of the soiis the depth to the tunnel axis Qj ¢ ,

ando is the undrained shear strength at tunnel axis level.

[26]
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In the more general case where there is a surcharge at the ground surface and a support
pressure is used at the face, for example as applied via an earth pressure balance machine
(EPBM), the stabilityratio N can be expressed as the difference between the total overburden
stress in the ground at the axis of the tunnel (before the tunnel is constructed) and the tunnel
pressure divided by the undrained shear strength

” r "O ”

z (2.2)

Where, is the surface surcharge pressure (if any),and the tunnel support pressure

(if any). They concluded that N is less than 6 then the opening will be stable.

Y

Figure 2-12: Stability parameter¢lL.eca & New, 2007)

Similar conclusions, based on field observationere presented l{iPeck, 189) who
claimed thatN values ranging from 5 to 7 typically result in tunnelling difficulties and may
cause tunnel face instability. Furthermore, based on findings from centrifuge {estwag&

New, 2007has suggested the following typical values:

f when NO3 : the overall stabijlity of the

f when 3<NO6: special consideration must
risk, with large amounts of ground losses being expected to occur at the face when

NO5 ;

[27]
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1 whenN>6: the face is unstable.

Other three parameters are involved ingtability of the opening during construction:

1 C/D which controls the effect of depth on the stability condition;

1 — which account for the possibility of localized failures occurring at the face;

1 P/D which account for the distance behind the facd thilining is installed.

With respect to the first ratio it can be considered that if C/D <2 a detailed analysis of

the face stability is required. This criterion is in accordance with the definition of shallow tunnel

where the ground above the tunnebwen is assumed to have no bearing capacity. With

reference to the second parameter it should be taken into account that far localised

failure can occur at the face. In addition the effect of P/D on the critical stability ratio (Nc) is

shown inFigure2-13 using data from centrifuge test.

N. ,;I
104 ol (===
P
0
g P
8 /D valuss s _—

" e e

Figure 2-13: Critical stability ratio Nc(Mair & Taylor, 1997)

2.1.3.4 The limit theorem of Davis et.al1980)

With reference to Equatiof2.2) a more theretical approach was proposedDavis et
al., (1980)which is derived from the limit state design concept. According to the definition of

stability factorN, one possible approach to maintain stability would be to set the supydrt

[28]
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pressure equal to the overburden stresdN&6). The problem with thisgproach is its expense
and also the health risks for tunnellers working at high air pressures. In practice, the air pressure
in a tunnel is often given as the value to ensure that there is no flow of water into the tunnel.
This is achieved by applying aninel pressure greater than the pore water pressure at the tunnel
invert. HowevemDavis et al.(1980)investigated which tunnel pressuireis required in order
to maintain the stability of the heading for different values of the parameters that were
mentionecabove D,  C,Us) &hd theoundrained shear strength of the ground.

Three different cases weetaken into account separately and the analyses were carried
out studying the value ofi§ 1 Cr)/C, for limiting stability once the values of independent
parameter€/D, P/D,ando D (, vi&re fixed. In particular the first cases are both problems of
planestrain; whereas the first is referred to the radial pressure in unlined cylindrical fefihel (
| arge), the second one concerns the Apl ane s
is not cylindrical but instead similar to a long wall mining exciawvatThe third case is a three
di mensi onal problem referring as nciFigweul ar t
2-14whenP/D=0. It is worth mentioning #t in their analysis they assum@&d constant with
depth although the variation of undrained cohesion with depth depends on the history of the
soils. However the Authors claimed that this method can be extended to cases where there is an
arbitrary distribtion of Cuwith depth.

%

t f } ! ¥

Unit waight y

¢ Undrained shear
suength ¢,

8]

Figure 2-14: The plane strain unlined circular tunh@avis et al., 1980)
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Figure 2-15: The plane strain tunnel headiriBavis et al., 1980)
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Figure 2-16. The circular tunnel headin{Pavis et al., 1980)

Based on considerable experimental evidences, the soil was idealised as an elastic,
perfectly plastic material with cohesion equalto. According to the theory of plasticity the
collapse load for a particular configuration of loading on a perfectlyiplaatly is unique. The
lower bound theorem claims that if any stress field can be found which supports the loads, and
is everywhere in equilibrium without yield being exceed, then the loads are lower than (or equal
to) those for collapse. On the other hahé upper bound theorem states that if a work
calculation is performed for a kinematically admissible collapse mechanism then the loads thus
deduced will be higher (or equal to) those for collapse. As a resuliviee bound theorem

provides a safe estate of the tunnel pressure necessary to maintain stability (i.e. higher or

[30]
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equal to that actually required) whereas the upper bound theorem furnishes an unsafe estimate

(Davis et al., 1980)

2.1.3.5 Upper bound plane strain tunnel heading: inward collapse

Referring to the case of the fAplane strai
illustratedin Figure2-15is consistent with the observed failure mechanism based on centrifuge

model test for cohesive soils.

FIFFTFTT
]

Figure 2-17: Upper bound mechanism for the plane strain heading (Detvas, 1980)

Davis et al.{1980)optimized the geometry of the model in terms of variable angles in

order to find the dfical collapse load. Thus with @& |0 wWeTg 60JjO pfrand UG="171 2

the collapse load was found to be:

= T pAT (2.3)

5
W ]
Considering the seliveight of the soil § D U>0) in the work calculation for the

mechanism shown iRigure2-17, the gquation above was written as:

. . [ 00
0 6 ©

pIT (2.4)

5
T =
O

"all o)
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Referring to the expression on the {bénd side of th&quation(2.4) it is possible to
identify the first term with the net work derby the pressures, the second term with the work
done by the seliveight of the soil and the third term with the plastic work dissipated on the
sliding surfaces. Referring to the second membé&tcastheEquation(2.4) can be written as:

. w [ 06 p

= — ; — "Q0 25
3 50 ¢ 010 (2.5)

The solution of the numerical computation was plotted in ternhcoégainstC/D for
all values ofb D U gihce the latter parameter was found to have a negligible influence on this

failure mechanisnfFigure2-18).

tor

Ueparbound Y= YO0 )

ciD
Figure 2-18: Upper bound stability solution for plane strain head{Dgvis et al., 1980)
With reference to th&quation(2.4) sinceC+D/2 is equal toH by defnition, it is easy

to demonstrate that the expression on theheftd side corresponds to the stability ratio

proposed byroms & Bennermark1967) As a result it can be written as:

” ” r "O

T pFT (2.6)

o
Ol o=

The experimental critical value of the stability ratd suggested byBroms &

Bennermark(1967) Peck,(1969)andLeca & New,(2007)are consistent with thEquation

[32]
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(2.4). It follows that atheaetical explanation can be associated to the benchmarks used in
practice. In particular it is made evident that the critical valus=d&f can be obtained by the
Equation(2.6) for C/D=2. Leca & New, (2007) suggest thaa detailed analysis of the face
stability is requiredf C/D<2. This benchmark iglsoin accordance with the definition of
shallow tunnels@/D<2) for which the ground above the tunnel crown is assumed to have no

bearing capacityfChapman et al., 2017)

2.1.3.6 Upper bound plane strain tunnel heading: local collapse

Although o D U @es not affect the collapse in failure mechanism, it was evaluated
greatly releant in term of local collaps@.25). In particularDavis et al. 1980 found that the
critical value, over which the collapse will take place independently from the value of the
uniform tunnel pressure, is 8.28 for an upper bound plane strain tunnel heading. On the other
hand foro D / <@ there is no possibility for the local collapse to occur with a uniform tunnel
pressure equsito (Us+ o ( C 9)Bihce it corresponds =0 (Equation(2.4)). Eventhough
this mechanism invohgeno immediate subsidence of the ground surface, it is likely that this
would be the first step of a progressive failure which would eventually propagate to the soll.
Since for a given site the value @f/ @auld be predeterminedhe limiting value ob D/ Cu
can be seen as specifying the maximum height of a tunnel heading which can be constructed

under uniform tunnel pressufP@avis et al.,1980)

Figure 2-19: Local collapse for plane strain tunnel heading (Davis et al,1980)
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2.1.3.7 Upper bound plane strain tunnel heading: blow out

The blow out is a failure mechanism caused by an excessive tunnel pressure. With
reference to théEquation (2.5) when &> §the direction of the motion is reverseddait
becomes:

00
0 6 ©

'

6 "Q&¥0 2.7)

"all ko)

Thus a high estimate of tunnel pressure to cause-blgwan be evaluated by reversing

the sign of the stability ratio for inward collapse.

2.2 Moist air flow and evaporation

This Section provides an insight of the moist air turbulent flow and of the evaporation
in open air, focusing on the derivation of Penman equation for the potential evaporation from

liquid surfaces or saturated s@ilarantino,(in prep.).

2.2.1 Moist air turbulent flow

2.2.1.1 Atmospheric Surface Layer

In the atmosphere, the largest changes in wind velocity, temperature and humidity
usually occur in the vertical direction and in proximity of the surface. For this reason the air
close to the surface is regarded as a boundary layarcascept set forth by Pranddlr the
momentum transport in the neighbourhood of a solid (@alitsaert, 1982)Accordingly, the
horizontal scales of most problems are much larger than the vertical, so that the horizontal
gradients and the vertical velocities are negligible as compared to the vertical gradients and the

horizontal velocities.
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The atmospheric boundary layer (ABL) can be defined as the lower part of the
atmosphere where the nature and properties of the surface affect the turbulencedireetly.
stable condition the thickness of the boundary layer may range from only a feof reeters
to about 500 m. As shown Figure2-20the ABL includes a interfacial sublayer which is the
closest region to the surface, the inner regind the outer region. In the outer region the flow
is nearly indipendent of the nature of the surface and mainly determined by tsérdeaa
velocity, whereas in the inner region, also called wall, Prandtl or surface layer, the flow is
strongly affectd by the nature of the surface. Between the outer and the inner region, it is
assumed a region of overlap. The inner region is defined as a fully turbolent region where the
vertical turbulent fluxes do not change appreciably from their value at theesuftae lower
part of the inner region is referred to as dynamic sublayer, in which the Carolis forces due to
the rotation of the earth are negligible. In this layer, according to Prandtl (1904) the vertical
scales of the problem are much smaller than ¢izdntal and hence, the vertical gradients are
much larger than the horiatal. The effects of densityrstification resulting from humidity
and temperature gradients are also negligible. Finally, in the closest region to the surface, the
turbolence istsongly affected by the structure of the roughness elements. Thus the nature of
the roughness elements must be considéreis. region is referred to as interfacial sublayer
and its thickness is of the order of the mean height of the roughness ob&dci¢ke case of
smooth flow it is often referred to as the viscous sublayer and its thickness is of the order of

o 11 70., where’ is the dynamic viscosity anl is the friction velocity(Brutsaert, 1982)
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Figure 2-20: Schematic of the sublayers oétatmospheric boundary lay@BL (Brutsaert,
1982)

The study of transport of energy and transport of water vapour in the Atmospheric
Boundery Layer (ABL) generally takénto account the following assumptions:

f The dynamic viscosity 3 ant®atehoastamo!| ec ol e

1 Thework dissipated by the viscous shear stresses is negligible;

1 The mix of dry air and water vapour is assumed to be incompressible;

1 The dengy of the fluid is not function of thpressure (Boussinesq hypotheis);

1 In the dynamic sublayer, the Reynolds numibegenerally high(Re~10") and the
turbolent terms in the equations of conservations are several orders of magnitude
greater than the molecolar terms, which are generally neglected.

If it is assumed that the transport of air is statioriheyequations ofonservation of

vapour mass, of momentum in x direction and of energy become, respectively:

T (2.8)

(2.9)
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Loav
T a

(2.10)

Where the air temperatureT, the air velocity v and the specific humidity 1} are
expresssed de sum of the mean term aoithe fluctuatingerm Y Y "Yh O Oh
A [ R ,” isthe density of thene mix of dry air and water vapoand o is the specific
heat of air By indicatingE as the flux of mass of vapou, as the flux of sensible heat and

as the turbolent shear stress or Reynolds shear stress, it follows:

0O "AO QEET O (2.11)
T 00 t wEEiQo (2.12)
O "OYO wEEi O (2.13)

In order to define the flux of vapour mass, momentum (tangential stress) and sensible
heat is necessary identifying threean valuet the second term of equatigisll), (2.12) and
(2.13) . This problem is known as tipeoblem of closurand it is generally solved by identifying
semiempirical relationship between the average values of the fluctuatios tdrthe second

term of the equations and theancomponents of velocity, specific humidity and temperature.

2.2.1.2 Theory of the mixing length model in turbulent flow

Prandtl (1904) has proposed the theory of the mixing length model in the turbolent flow
as a method for the problem of closure. The turbolent flow is studied as a sequence of eddies
that moves air particles for a short period before they mix with thewsutimg air. These eddies
transfer momentum, sensible heat and mass from one point to another one, in accordance with
the molecolar transport of gas. If an air particle at height z is considered to mix with the

surrounding air at +,Ithé fluctuating veldty b can be expressed as follows:
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N . (2.14)
U L OO d VD d e d—
Y Y ~ Qg

wherel 8 the fluctuating distance, which can be assumed proportional to the distance

z from the surface as:

~

a @ (2.15)

It follows that the fluctuating velocity can be written as:

o (216
U Qe—
Qa

2.2.1.3 Logarithmic profile of the mean wingpbeed

It has been well verified experimentally, and it is therefore almost accepted by
definition, that in the dynamic sublayer the profiles of the mean wind speed, mean temperature
and mean specific humidity are all logarithmic functiorz.ofhe logaritimic relationship was
first established for the mean wifBrutsaert, 1982)

Assuming thatd e 0 equation(2.12) becomes

. . (2.17)
"4 —— wéEEi O
T Y.
Defining the friction velocityu* as
T (2.18)
o -
it follows that:
o . (2.19)

whereki s t he von K8r m8n 6 s k=0.4lrbaséedaomdxpeamental i t

observationgBrutsaert,1982) Equation(2.19) can be integrated as follows:

[38]
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wherezomis an integration constant whose dimesions are length; herein it is referred to
as the momentum roughness parameter. It is worth to stress that this velocity profile has been
obtained assuming that the viscous tangential stress is negligthke Navie-Stoke turbolent
equatiors for incompressible fluidsTherefore it is valid only in the fully turbulent region and
it cannot be extended to the proximity of surface (viscous sublayer). Experimental results
(Brutsaert, 1982khow that, in casef smooth surface, the turbulent region develops at a
distancez from the surface equals =30 r/v*x wherenis the kinematic viscosity. The term
d represents the distance from which equagiz0) is valid.

The logarithmic profile is shown figure2-21. The dotted line represents the extension
of the logarithmic profile of the velocity in the viscous sublayer. It is possible to see that the
paramenterm represents the height at which tbgarithmic profile intercept the vertical axis.

This parameter depends on the nature of the surface.

~ A ~ A

»

ZOmi = I Viscous subla):er ZOmL— Z /v\ C
J f —

0o 0o,

{Y220K & w2 dzZaK &d

Figure 2-21. Logarithmic profile of the air velocity in the proximity of a smooth surface and a
rough surface.

In the case of rough surfaces, with the average height or size of the roughness elements

much larger thamiv*y, the surface is called dynamically rough and the viscous sublayer is
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absent. For a rough surface the momentum rouglmess referred to as surface roughness

length. Typical values dbm are listed inTable2-1.

Table2-1:Values of the surface roughness lengghfar different types of surface (after
(Trombetti & Tagliazucca, 1994)

Surface 20 (m)
Flat desert 0.0005
Mown grass, few trees in winter time 0.0060.01
Uncut grass, isolated trees, airport runway 0.02
Wheat stubble plain (k18 cm) 0.025
Long grass, crops, farmland, rocky groung=@0 cm) 0.05
Many hedges 0.08
Many trees 0.150.3
High vegetation (f=1-2 m) 0.2
Trees (=10-15 m) 0.4-0.7
Forests 0.7-1.2

In the case of rough surfaces there is some uncertainties concerning tyececlevel
z=0 to be used in the equatiof2sl9) and(2.20). For very sparsely placed roughness elements
this level can be taken at the base of the roughnesses; on the other hand, for extremely densely
placed elementz=0 should refer to the level tbp of the elements. Hence, in most situations
the zero level reference should be located at a height somewhere between the tops and the bases
of the roughness obstacles. To minimise this difficulty, it is common practice to define z=0 as
the level of thebases of the roughness elements, and to allow for a shift in reference level for

the coordinate used equationg2.19) and(2.20):

0’ . 2.21
o (2.2
(';X R
b} N ()] 2.22
o P al 222
Q aq

wheredp is called the zerplan displacement height
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2.2.1.4 Logarithmic profile of the mean specific humidity

In a similar way to equatio(®2.16), the the fluctuating velocityp and the fluctuating

specific humidityy can be writteras

50 éﬂ (2.23)
t Q q
AR g (2.24)
Qa—
n a5 5

Wherek, is thevon Karmanconstant for the water vapouy substituing equations

(2.23) and(2.24) in equation(2.11) can be obtained

L 229
T T

Substituing equatio(2.18) in equation(2.25) it follows that

. [0} 2.26
o ‘Qd()zi (229
4 Qq

This equation can be integrated as follows:

© ;4 w
TN\ LZ Y Q—q
Q"o a

(2.27)

wherer] is the specific humidity at the surfaaadzy is the water vapour roughness
length This latter parameter represents the height at whijch becomes equal t if the
logarithmic profile wasextrapolated downward outside its actual range of validity. By
substituting equatio(®.20) in equation(2.27) it follows that:

000 a , o (2.28)
n n «

ae— 0 e—
In general, it is reasonable to assume thatky (Brutsaert, 1982)In addition, by

assuming tharo=zom, although this assumption can result in considerable éButsaert,

1982),it is obtained the following expression for the flux of mass of water vapour:
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ORI o (2.29

In the case of rough surfaces, equati(@1®y), (2.28 and(2.29) are modified as follows

) 0 ] T(’g( Q il & (2.30)
rI rI 'F‘Qn éz d ey Y
0L a ) o (2.31)
— — n n o
aeE—— A E——
, Q'L a ) o (2.32)
O — 1 n «a
o £—

2.2.1.5 Logarithmic profile of the meawind temperature

In a similar way to equatiof2.16), the fluctuating air temperatui&ean be writteras

} ., QY (2.33
¥e Qo—,
Qq

whereki is thevon Karmarconstant for the temperature. By substituggutiong2.23)
and(2.33) in equation(2.13) it is obtained

0 " O Q qQy (2.34)
@ qena

By substituing equatio(®.19) in equation(2.34) it follows:

. e DY (2.39)
O "W Qa0 —,
Qa
This equation can be integrated as follows:
. 0o . .a (2.39)
Y Y —— 1 al «a
Q" "wo a

where zon is the temperature roughness length avigs the specific humidity at the

surface. The parametas, represnts the heigth at whic¥ would be equal to the value at the
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surface™Y if the logarithmic profile waextrapolated downward outside its actual range of

validity. By substituting equatio¢2.20) in equation(2.36) it follows that:

QQHL & 2.3
v v (2.37)
aE— ae—

In generaljt is reasonable assumitkgkn (Brutsaert, 1982)in addition, by assuming
that zon=zom, although this assumption can result in considerable @Bratsaert, 1982)the
following expression of the flux of the sensible heat energy can be achieved

QoL a (2.38)
— Y Ya

ae—

In the case of rough surfaces, the equati@’6), (2.37) and (2.38) are modified

accordingly as follows

” w "C) N "d 'Q ] ] (2'39)
Y Y TN f ’Zl | 2 QL q
Q" wo a
QLY A o (2.40)
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2.2.2 Evaporation in open air

2.2.2.1 Equation of state of moist air

For many practicgburposes the moist air is considered as a mixture of the dry air and
the water vapour. In the literature, both gases are studied as perfect gases by means of the ideal
gas | aws. The tot al pressure of thesumofi st ai

the partial pressure of each component of the moist air.
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Thedensity of the water vapoUr is defined as the ratio between the mass of the water

vapourd and the total volume of the moist air
, @ 2.42)
R (2

Similarly, thedensity of the dry ait is defined as the ratio between the mass of the

dry aird and thetotal volume of the moist air

a

i 243
W (243)

Thespecific humidityj is defined as the mass of water vapdurper unit mass of moist

air and is expressed as follows:
n ———— — (2.449)

According to Daltonb6és | aw, the total pr es
sum of the partial pressures of each component gas. This allows to express the total pressure of
the moist aimn as the sum of the pressure of the dryjaiand thepressure of the water vapour
n:

n n n (2.45)

Each gas component of the mixture obeys to its own equation of state, thus the density

of the dry air’ is

@ ed N h "
® & Y0 Y Y'Y

(2.46)

where¢ is the number of moles of dry aif is the volume of the gas, is the
molecular weight of the dry aib( ¢ @ @ @ &0, 'Yis the universal gas constait
& p a0 G &x , Y is the gas constant of dry aiY ¢ g w0 Q'Q and "Yis

the absolute temperature. Similarly, the density of water vapour is
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i} a € 0 N n
W W Yo Y Y'Y

(2.47)

where¢ is the number of moles of watek is the volume of the gas, is the
molecular weight of the water vapouiir (  p @t p @4 é& , 'Y isthe gas constant of water
vapour'Y T @® 10 'Q'Q .The density of water vapour can also be expressed in terms
of 'Y as follows:

» n N n
Y Y Y] Y T G rY_"Y (2.48)

Combining equation&.46) and(2.48) the equation of state of moist air is obtained:

” ” ” r]_ :
Ny p T X %} (2.49

This equation shows that the density of the water vapour is smaller than that of the dry

air at pressurg. Considering the definition of trepecific humidityr] as
n + (2.50)

and combining equatior{.47) and(2.48), the equation of state of moist air can also be

expressed without the tenn as follows:
n "Y'Yp 10 (2.51)
Often itis also expressed as
n "vY"y (2.52
where"Y is the virtual temperature defined by:
Y OYp TP (2.53)

and it represents the temperature that the dry air should have in order to have the same

density as moist air with givefti Yandn.
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From equation$2.48) and(2.51) the specific humidity can be written as:

. p
n 5 T&C§ 2.54
Ty mx (259

In saturated conditions, the pressure of the water vapour at the temperatlfié ief 20
N ¢® o QO donsidering the atmospheric pressyre p i@ ¢ ®0 ,dhe maximum value

of the specific humidity) at the tenperature 020 is:

n T8Ip T U (2.55)

2.2.2.2 Mass balance at the s@tmosphere interface

The soil atmosphere interface is assumed to be infinitesimally small, hence with no
storing capacity of mass. Fthiis reason the equation of the water mass balance can be written

as.
n n A " g 0 (2.56)

wherery andny are the water fluxes exiting the soil in liquid and vapour phase
respectively” is the density of watel)' is the evaporation rate afd is the precipitation.
The mass fluxes at the interface are summarisétjure2-22 . The black arrows indicate the

flows related to the liquid water whereas the empty arrow indicate the flows related to water

vapour.
r wE* rwP Atmosphere
o= 1
L Soil-atmosphere interfac
I T
Qmv Omi Sail

Figure 2-22: The mass fluxes at the interface sainosphere
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2.2.2.3Energy balance at the seitmosphere interface

The energy balance equation at the soil atmosphere interface can be obtained from the

first principle of the thermodynamics for an open system:
n Q7"Yn QYN Y O QY "0 QY " 0 (2.57)
wherer is the heat flux by conductn exiting the soil’lQ “Y is the specific enthalpy
of the water vapour at the interface at the tempera¥i@ “Y is the specific enthalpy of the
water at the interface at the temperatixte) is the flux of the mass of water vapour gt
the soil,] is the flux of the mass of liquid water exiting the sdfl,is the net radiatioriQis
the turbulent diffusion of sensible enthalpy into the atmospher&aind is the enthalpy of

water (precipitation) at the air temperatlive

Figure2-23 shows the energy fluxes at the soil atmosphere interface.

Atmosphere T=Ty)

H Ry h(T)@r wE*) hi(Ta) @ wP*)
1 1 o M
L ~ Soil-atmosphere
interface(T=Ty)
1 o o
L] L]
q h(Ts) Qmv hi(Ts) Qmi Soil (T=Ty)

Figure 2-23. The energyluxes at the interface sedtmosphere
The soil transfers energy to the interface via conductiand via convection associated
with the mass flux in liquid and vapourgdeare Q Y3 andQ "Y1 , respectivelyAt
the top boundary, the energy flux occurs via a convective mechanism associated with air
turbulence ) and a radiation mechanism associated solar radiation and the emissivity of the

atmosphere antthe earth surface. These fluxes are lumped tegetlihe net radiatiom.
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2.2.2.4Potential evaporation from liquid surface or saturated soil

The equation proposed by Penman (1948) for thearaion from saturated surface
was derived by introducing simplifying assumptions in the mass and energy balance equations

The vapour flux exiting the soil is assumed to be equal to zero:
n L1 (2.58)
In the absencef@recipitation P=0), the mass balance equatlmtomes:
n o " O (2.59

The energy balance equation is simplified by assuming that the heat flux by conduction

exiting the solil is also equal to negligible:
n m (2.60)
The energy balance equation therefore becomes:
QYN Y O QYO (2.62)
By combining Egations(2.59) and(2.61) for themass and enerdpalance respectively,

and condgering that the latent heat of evagionL can be written by considering the enthalpy

differential associated with the phase change:

DY QY QY (2.62)
It follows that:

Y O D°YO (2.63)

By introducing the followingatio:

O
0"YO

(2.64)

referred to as Bowen ratiohé energy balance equation can then be written as follows
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Y p 8EDYO (2.65)

which provides a simplified equati¢8.63) for the evaporation once the Bowen ratio,
Bo, is characterised.

In the dynamic sublayer, conditions of statically neutral equilibrium can be assumed.
This means that velocities in horizontal direction are negligible with respect to velocities in
vertical direction. In addition, i) molecular diffusion of mass and enargynegligible with
respect to turbulent transport and ii) viscous shear stresses are negligible with respect to
turbulent shear stresses.

Under such conditions, the profile of the wind velocity and air humidity is logarithmic.
It can be demonstrated ttithe evaporatioix and the sensible heldtcan be written as follows

(Brutsaert, 1982)

o~ T G ¢QL a L

o "d Y Vo n na (2.66)
" oL A | o (2.67)
——n N«

whereE is the outward mass flux per unit time and unit surfacesEhe outward
volume flux per unit time and unit surfacejs the density of the liquid is the von Karman's
constant k=0.41),r a is the air densityyx(2) is the wind speed at height do is zero plane
displacement height, arndm is the roughness length for the momentwps,is the specific
humidity at the soihtmosphere interfacen(z) the specific humidityat heightz, Ts is the
temperature at the saakmosphere interfac&g(2) the temperaturat heightz, ¢ is the specific
heat of air, andRq is the gas constant for dry aRy(=287.0 J K! kg!). The Bowen rtio can

therefore be written as:
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@ "Y' 'Y “"Ya
& — . — (2.68)
VY ™ccy n o«

Since(Brutsaert,1982)

” h ‘
o= P T X %» (2.69)
and assuming

p T X %' ep (2.70)

the Bowen ratio in Egpation(2.68) can be expressed as follows:

o @r Y Y4
5 & n___t 1@ 2.71)
™qE'Y n n a

By introducing the psychrometric constgnt

Wi 0 ®

r —_— - 2.72
™qgY U @73
it is obtained
Y "Ya
0 | ——— (2.73
n n a

Equation(2.73) shows that the determination 8b requires the estimation of the
temperaturdsand vapour pressupes at the soitatmosphere interfacBenman (1948) resolves
this problem by assuming thtdte vapour pressure at the interface is equal to the saturated
vapour pressure. This assumption is acceptable for evaporation occurring from a liquid or a
saturated soil but it would not be appropriate for evaporation occurring from an unsaturated

soil.

n n (2.74)

In addition, Penman (1948) assumes that the saturated vapour pressure at the interface

pvosis linked to the temperatufie via a linear relationship derived from the sldpef thecurve
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of saturated vapour pressure versus, calculated by considering the air tempgémtasea

reference:
n n & 0®
® NTve v @7

By replacing Egations(2.74) and(2.75) into (2.73) it is obtained:

68r’_h n o 11 n ¢ na 1 a
wnh N a W n n a
oy T a N A N oa
IS n_¥ 0 ¢ (2.76)
wn na n n a
r n a n a
a)p S —
n na

By replacing the Bowen ratio given by Eation(2.76) in the energy balance equation
in Equation(2.65) it is obtained:

1 a N a 0 @
(N_@ 0 & 5yg O (277
®wn na 0

YeE p ra 0"YO

If evaporatiorE is expressed in the general form:

O " ¢ n n a (2.78)
wheref [w(2)] is the wind function, Eq2.77) becomes:

Y p a)u YO a)u YQ a n a n aq (2.79
By assuming

0"Y e 0"Ya (2.80)

and extractinge from Equation (2.79), it is obtainedthe P e n maequati®n for the

estimation of evaporation:

(©) © 7 [ Q an ¢ YO YO h ¢ (2.87)
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The advantage of this relationship is that the measurement of wind sgeed
temperaturel and vapour pressume(z) arecarried out at a single elevatiarabove ground
surface. The simplifying assumpti o@8&)arentr od.L
summarised hereafter:

1 Water vapour flux from the soil assumedbe equal to zera(=0)

1 Heat flux by conduction from the soil assumed to be equal to ge®) (

1 Partial vapour pressure of the vappunegligible with respect tdne portal pressure

of the vapousair mixture;

1 Linear relationship between temperatare vapour pressure;

1 The vapour pressure at the saiinosphere interface is saturated, i.e. the soil suction

is equal to zero or, practically, limited to a few hundredths of kPa.

The Penman(@8l) issggnerally presented in a slightly different form which
is derived hereafter. The wind functidfv«(z)] can be extracted from Egtion(2.76), which

is valid under conditions of neutral stability:

Q¢ @ ¢ QL «
U q 'Y "YC:X (2.82)

This relationship is acceptable for the estimation of the evaporation over periods of one
or more days but is generally inadequate for the estimation of hourly evaporation because
stability conditions of the atmosphere vary significantly during the day.

By introducing the aerodynamic resistamge

(2.83)
Q0 &

and cmsidering that, by combining Equatiof2s69), (2.71) and(2.72) it can be written
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~

;T@Y; T rnrz)i :z(:()a o :(oa (259
the Equatior{2.82) for the wind function can be written as follows:
G WIB (2.85)
Finally, by substituting Eagtion(2.85) into Equation(2.81), it follows:
0 3 "$¢( A (bh@ Or( p_v o YO r? O(; (2.86)
which i s the PenmanosMoatgith @65 on as refor mu
Various empirical equations have been proposed in the literature for the aerodynamic
resistance:

Q
o-

CULUT

i ) PO

i — r — € — . AT 2.8
l p ™M W a ca GAIUCOO Mot ¢ (287)
. CUT i aa IO (2.88)

< ; T e T 5w AII
l ™ ™ W o ¢ga agluooo oL @

LTI i aa e s e an e s v A A 2.89

S —e— . $1 1T OARRAROME OYu (289

p @ @ ca & {0k

wherev is the wind velocity ims?! at a distance of & from the ground surfac&hese
relationships are commonly used for water surfaces of barg28il$, for mown gras$2.88),
and irrigated crop$2.89) respectively. These relationships are clearly not accurate for wind
velodties close to On/s as they return a finite value for the aerodynamic resistanegher
than an infinite value.

A comparison between Equatiof®87), (2.88) and(2.89), and Equatioii2.83) for two

different values oy (assuminglo=0) is presented iRigure2-24.
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500
400 .
300 z=0.0005 (liquid surface)
E |
% 250/(0.5+0.54*vy) - Penman (1956)

200 A 250/(1+0.54*y) - Penman (1948)

250/(1+0.86*vy) - Doorenbos and Pruitt (1975)

100 A z,=0.008 (mown grass)

Figure 2-24. Comparison between different relationships used to estimate the aerodynamic
resistance .
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SEVAPORAHNTINDNUCED SOI L WAT
FLUX TO DESI GN SUCTI ON
LOWARBON GROUND STABI LI
EXPERI MENTAL | NVANSDI GAT
MODELLI NG

3.1 Abstrad¢

The suction drain is a novel concept for lmarbon temporary ground stabilisation in
clayey soils alternativi® jet grouting and ground freezing. Boreholes are drilled into the ground
and air is injected to the borehole end tigtoa delivery pipe. The air flowing through the gap
between the pipe and the borehole surface backward towards the borehole entry removes water
by evaporation and, hence, increases the undrained shear strength of she@ailding the
drain. There aremstudies that allow quantifying soil water evaporation generated by tangential
airflow in a confined space. This paper first presents an experimental investigatioratan
evaporationnducedby air flow. A 3m long wet surface was subjected to tanigdiatir flow
into a 40mm gap. Tests were carried out by considering different air velocities and inlet air
relative humidity. A model was then formulated to quantify the water evaporation rate for any
length of the wet surface. The model parameters walibrated against one experimental
dataset and the model was then validated against an independent dataset. Finally, an empirical
equation is proposed to estimate model parameters without the need of carrying out
experimental tests. This is based on theowa transfer coefficient established empirically for

evaporation fronopen water, which was found to remain valid for confined evaporation. The
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paper therefore provides a tool to estimate airfliosluced evaporation to successfully design

the suction draus.

3.2 Introduction

The suction drain is an innovative concept for temporary staimisaf tunnels and
excavations in clays. Theoilis exposed to thair flowing tangentially to theurface of a drilled
borehole, which generates water removal by erafmm. This concept wasleveloped in
Martini et al,(2018submitted and is based on the principle that undraiskdar strengtis
enhanced by decreasing soil water content.

The concept of the stion drain is shown ifrigure3-1. A boreholeis drilled into the
ground anda centralised air delivery tulie positioned into the borehole. Thgsused to inject
compressed air to trendof the borehole. The air flows from teadof the boreholé¢o its entry
through the gap between the centralised air delivery tuth¢hee inner surface of the borehole.
The airthat flowstangentially to the inner surface of the drilled borehole exgptse soilto
evaporation Water flows towards the borehole therefore reducihg water content of the
surrounding soil and increiag the soil shear strength. The key of this technique is therefore

thewater outflowgeneratedby air-flow.
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Pore water pressure Soil water content Undrainedshear strength
> » >

> —»>

Airflow in

Air delivery tube
Water flow

LS =

Sl Rt

Tangential Airflow

Borehole

Figure 3-1: Concept of the suction drain (not in scale)

Several studies have been carried out to investigate the correlation between relative
humidity and velocity of the airflonand theevaporation rate from soflLeighly, 1937
Thornthwaite & Holzman, 193%enman, 1948 hu, Li, Chen, & Kuo, 2010Lim et al., 2012
Brutsaert, 2013However, these refer to evaporatioom opensurfaces and there is a lack of
understanding of the processesurringunder confined air flow as occurs in the suction drain.

To design the suction draitools are required to estimate the airfimduced evaporatiomnder
confined air flow

This paper first presents an apparatus designed to mimic the evaporation process
occurring in the suction draithe Gvaporation machide al | ows t he i njectio
a 3mlong evaporation surface undmmnfined airflow The air is injected at differemelocities
and relative humidities. The total water mass loss (evaporation) and the air relative humidity
along the evaporation surface are measured.

The experiment al results aim to | ead to
induced evaporation faany length of the evaporati®urface, i.e. different from the length
investigated experimentallyhis model would be the kag desigrthe air flow characteristics

in terms of air velocity and relative humidity

[57]



Suction drain as a novel lesarbon ground improvement technique

3.3 Equipment

3.3.1 Long evaporation machine

Thelong evaporation machine was designed to investigate the correlation between the
characteristics of confined airflow and the evaporation rate from a wet surface subjected to
tangential airflow. As illustrated iRigure3-2 the device is composed of atlong upper air
channel above ar@ long container. The air channel inlet is connected to the air injection system
as described in the next section éimel air channel outlet is opém atmosphere.

The upper channel is designed to allow the air to flow tangentially over the evaporating
surface of liquid or soil placed in the lower containgne air channds 40mm highand 30
mm wide and the containes iL00mm high and 3dnm wide. The lid of the channel is
removable to ease the filling or emptying of the lower container. Once in piadel is sealed
using silicon grease. The upper air channel and the lower container were manufactured by

assemblingPerspex acrylic extruded sheets 8mm thick joined together using epoxy resin.

INLET OUTLET

: UPPER AIR CHANNEROm -
F Tt

BOTTOM CONTAINEROOmM

!
}
1

Anemometer i i
wl/i aSyal asy: wi asSy: wi _ aSywl aSywl &Sy
O Ca— 7 7T " 40mm
100mm
E Balance A E Balance B
0.200m,
=£-570.400
0.750 1.750m
- > 2.750m
»  3.250m

Figure 3-2: Layout of the long evaporation machine (not in scale)
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Six sensors were placed in the upper air channel to measure temperature and relative
humidity (Sensirion Kit EKH5 sensors SHT2Hs showrnn Figure3-2. Holes were drilled into
the lid to allow the cables of the RH/T sensors to pass through. These holes were sealed once
the RH/T sensors were located ameight and midvidth of the upper air channel with the
RH/T sensing elements frontal to the airflow

An anemometer (OMEGA FMA1006R2-S) wasused to measure the airflow velocity.
The anemometer was installddoughthe side wall of the channel at Grtfrom the inlet of
the channel. ThRH/T device measuringelocity and the temperatuoé air waslocated normal
to the airflow midheight and mievidth of the upper air channel.

The evaporation machine was placed on two balardBal CBK-32 and ADAM
CBK-48) positioned 1.5m rightward from the inlet and 1.8 leftward from the outlet

respectively Figure3-2). Balance readings weeequired at regular time lapse.

3.3.2 Short evaporation machine

The short evaporation machine was designed to assessaperation rate of water
from a saturated soil sample exposed to tangential airflow. As anticipated by the name, this
device is the short version of the long evaporation machine composed af b6 upper air
channel and 0.5 long bottom containeiF{gure3-3). The dimensions of the cross section of
both the upper air channel and of the bottom container are the same of those in the long
evaporatiormachine. Alsotie lid of theupper airchannel is removablas the lid in the long
evaporation maching® ease the filling or emptying of the lower contaiaed once in places
sealed using silicon grease. The air channel inlet is connected to ithiecion systenwith
the bypass for dry air adescribed in the next sectioifthe air channel outlet is open to

atmosphere.
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INLET OUTLET
UPPER AIR CHANNELOmM
BOTTOM CONTAINHR50mM
RH sensor Anémometer
"4 ' : : | 40mm
100mm
Foam sheets’ Soilsample
Balance
0.20m
—_—
0.40m _
0.75m

Figure 3-3: Layout of the short evaporation machine (not in scale)

Theanemometer OMEGA FMA1006R2-S was used to measure the airflow velocity
and itwas installedhroughthe side wall of the channel at Gfrom the inlet of the channel.
The RH/T device measuringelocity and temperaturef the air wadocated normal to the
airflow mid-height and miewidth of the upper air channélheshortevaporéon machine was
placed oronebalancewith higher resolutiofADAM PGW6002e)positionedat the centre of

the bottom containgFigure3-3). Balance eadings weracquired at regular time lapse.

3.3.3 Control and measurement devices

3.3.3.1 RH/T sensors

The RH/T sensors installed in the long evaporation machine are Sensirionib EK

sensors SHT21. The specifications of the RH/T sensors are listethle3-1.
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Table3-1: Manufacturer 6s sspnsocsi fi cation of the RH

Sensor size 3x3x1.1mm

RH sensing element Capacitivetype

RH operatingange 0-100% RH

RH accuracy +2% (20%80% RH) +3% (620% RHi 80%100% RH)
T sensing element Bandgap

T operating range -40to +125°C

T accuracy +0.3°C

The relative humidity sensors were calibrated prior to be installed in the evaporation
machines using the fixegoint humidity systems. According {de Métrologie Légale, 1996)
the fixed point methabis inexpensive, accurate, and easily reproducible in a research laboratory.

Relative humidity fixed points (HFP) were imposed via six saturated salt solutions and
dry silica gel. The saturated salt solutions are listeBainle 3-2 together with the associated
values of relative humidity and their uncertainty (3 times the standard deviation) according to
(Greenspan, 19777 he aqueous saturated solutions were prepared accorddeNEtrologie
Légale, 1996)Demineralised water ith electrical conductivity no greater than 5/m was
used to prepare the agueous saturated solutions. The amount of salt mixed with the
demineralised water was about twice the valagesponding to the saturated conditions to
ensure that precipitated salt remained clearly visible.

The aqueous solutions were prepared in six separated containers 48 hours prior to the
RH measurement to allow the thermodynamic equilibrium between the solid (salt precipitation)
the liquid (solution). The containers were filled with the same amount @oagusolution to

leave a headspace between the water level and the rim of the container equal to 30 mm. Each
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container was closed with an-ight lid and placed in water bath in a temperatoetrolled
room (20£0.5°C).
An additional container was filtewith silica gel to leave the same headspace and placed

in the same water bath.

Table3-2: The saturated salt solution and its standard relative humidity value for the
calibration of humidity sensors at 2D

List of salt solutions Standard relative humidity (%) Uncertainty (%)
1 MgCl2 33.07 +0.18
2 K2CGOs 43.16 +0.33
3 KI 69.90 +0.26
4 NacCl 75.47 +0.14
5 KCI 85.11 +0.29
6 CuSQG 98.00 N/A

SourceAll values from(Greenspan, 197 8xcept CuS®@from (Winston & Bates, 1960)

The electrical partsfahe RH/T sensors were spragated withServisol Plastic Seal 60
Protective Insulatoto protect from oxidation. Parafilm was used to cover the connection
between the sensor and the electrical cablgingleextra lid was drilled with six small holes
ard the sensor cables were passed through them. The cables were sealed with silicone and the
sensors were connected to the cables on the inner side of the lid. The sensors were all hanging
from the lid at the same height in the container headspace.

The lid carrying the six RH/T sensors was placed onto the container with the lower
relative humidity fixed point (silica gel). The sensors remained in each container for 24h, a

time sufficient for the sensor readings to stabilise. The lid was then removed eed giathe
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following container. The RH was increasédm 0% to 98% and then decreased to 0%
according tahe list of saturated salt solutions specified @ble3-2.

The calibration curve was derived by establishing a correlation between the RH imposed
and the sensor output. The sensor output consisted in a nominal RH based on manufacturer
calibration. The calibration curve is lingarthe range &/0%with negligible hysteresi@-igure
3-4). The calibration curve was derived in this range only, which encompasses the values

measured in the tests im¢ experimental programme.
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Figure 3-4: Typical calibration curve of the RH/T sensor

The RH/T sensors were not calibrated with respect to temperature. However, the
temperature returned by the sensors based on manufacturer calibration was checked by
comparison with éhigh-precision reference temperature sengétake 5641P Thermistor
Probe).The RH/T sensors were wrapped together with the fvigtision reference temperature
sensors in foam sheet and discrepancies were found to be lowe0t#ah Fhis accuracy was

considered acceptable for the purpose of this study.
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3.3.3.2 Anemometer

Theanemomaedrused in both the short and the long evaporation machine to monitor the
airflow velocity wasOMEGA FMA1006RV2-S. The sensor design is based on three RTD
elements, one measures the air temperature and the other two measure the air velocity. The air
velodty is measured based on the heat loss from the RTD velocity sensor as it cools down by
the air flow (Omega Engineering, 2018)The specification of the velocity sensor are

summarised i able3-3.

Table3-3: Specification of the anemometer

Range Air velocity 0-60.96 m/s

Accuracy air velocity 1.5% Full scale range

Display resolution air velocity 0.01m/s

Sensor probe 6.3 OD x 95 mm304 Stainless steel
Response time 250 msec default

Operating Relative Humidity 0 to 95% RH without condensation

The anemometer returns an output directly in engineering units, i.e. m/s, based on a
manufacturerods <calibration. To assess the a
vee i fication of the manufactur e swasiastallebim at i on
a windtunnel normal to the airflow and firmly connectedatsupporto preventvibration at
high velocity. Air velocitywas increased frorf@ m/s to8 m/s in stepthen decreased torfi/s.

The air velocity measured by the anemometer was benchmarked agaitwtttube. For each
step, thaneasurement of air velocity from both anemometer and Pitot tube was taken once the

air velocitystabilised (typically in lesdhtain 2 min) At relativelylow air velocity € 2-3 m/s),
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Pitot tubes are not sensitive eno@lomtebellot, 1976)thus3 m/s was the lowest air velocity
imposed in the windunnel.The tests were carried out at a temperabfi20°C + 0.5°C.

The measurements by the anemomatecompared with the measurement by the Pitot
tube inFigure3-5. There is no apparent hysteresis and the stanmldsidtion of the error is less
than 0.B m/s. The response of thanemometein the rangewas taken as an evidence of
satisfactory performance of the anemometer. It was therefore assumed the measurements were

accurate also in the range30n/s.
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Figure 3-5: Calibration curve of the anemometer

3.3.3.3 Balances

The balances used in the long evaporation were ADAM @Bkand ADAM CBK48
with the maximum capacity equals toldpand 4&g and accuracy accordingtoména ct ur er 0 s
specifications equal to @ and 2g, respectively. The balance used in the small evaporation
machine was ADAM PGW6002e with the maximum capacity equalkgpahd the accuracy

according to manuf act ug.€helalarces rpterrcan dutpat direcilyo n s e
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i n engineering units, i .e. grams, based on
of the balance measurements, a weight equal to 1g %83 placed on the balances used in the
long evaporation machine to mimicethweight of half of the long evaporation machine.
Similarly, a weight equals to 6110 g was placed on the balance used in the short evaporation
machine to mimic the weight of the short evaporation machine. Weights were added to the
balances in the sequentg, 2g, 29, 5g, 10g, 20g, 20g, 50g, 100g, 200g, 200g, 500g, 10004,
20009, 2000g, 5000g and then removed by inverting the sequence to mimic the variation of
water mass occurring in the evaporatimachines. The incremental measurements by the
balances areompared with the incrementaleights in Figure 3-6. Thereis no apparent
hysteresis and the standard deviation of the ertessthan 13 gfor thebalances used for the

long evaporation machine amekssthan 0.3g for the balance used for the short evaporation

machine.
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Figure 3-6: Calibration curves of the balances

3.3.3.4 Humid air ifection system

An air injection system was developed with the purpose of controlling the velocity and
the relative humidity of the air entering the upper air channel.

As shown inFigure 3-7, air was supplied to the humid air injection system from the
compressed air system of the laboratory. Two air lines were derived fromnghenain
distribution system and each line was regulated by a laboratoryTheptwo lines were
connected in parallel via a T connection to ensure the delivery of the highest target air velocity.
A pressure regulator was installed downstream the T connection to adjust the velocity of the
airflow.

When the relative humidity of ¢hairflow required to be increased prior to be injected

into the evaporation machine, the airflow was forced to pass through the humidification
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chamber and the intermediate chamber before reaching the upper air channel via the divergent
duct.

The humidifcation chamber consists of 1L capacity graduated glass cylinder containing
water and sealed on top with a rubber bung. Two holes were drilled through the rubber bung to
allow the inlet tube and the outlet tube to pass through. The inlet tube could l@enpdsitt
different heights into the glass cylinder (by forcing it to slide through the rubber bung) whereas
the outlet tube was fixed in place in the rubber bung.

The mixing of the dry air supplied by the compressed air system with the saturated
vapour abve the free water inside the cylinder alemhthe airflow to increase its relative
humidity. The desired relative humidity was achieved by i) adding-determined volume of
water inside the glass cylinder (depending on the target air velocity) adgling the vertical
position of the inlet pipe with respect to the water surface (at the beginning and during the test).

The glass cylinder was halhmersed into a water batthQL) to mitigate the drop in
temperature inside the glass cylinder dueviaperation. The volume of water inside the bath
was not sufficient to maintain a constant temperature (as measured by laboratory glass
thermometer immersed in the water bath). Water temperature in the bath was maintained
constant by periodically replacingpoling water in the bath with water at relatively high
temperature.

The flow from the glass cylinder was conducted to an intermediate chamber to separate
water droplets from the humid air (droplets were captured by gravity at the bottom of the
intermediate chamber).

A divergent ductlO0 mm longwith a gradually loftedtransition between the 1&m
diameter air delivery tube and the 46xd®n rectangular crossection of the evaporation

machine was installedt the inlet of the evaporation machine to reduce the turbulence of the
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airflow due to the enlargement of the sectibh e t a p-€r od n gwaselesignedta 7°
to reduce the effects of boundary layer separation across the connection adod@irendavari,
V., & Palekar, 2014)The duct was designed and manufaaduby utilising a 3D printer

(Simpson, 2017)
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Figure 3-7: Layout of the air injection system (not in scale)

3.4 Experimental procedure

3.4.1 Long evaporation machine with water

3.4.1.1 Initialisation of the test

The initial condition of ach test consisted in establishing saturated vapour conditions
in the upper air channel. This was aimed at deabbcking the readings from the RH sensors
before each test. To this end, the bottom container was filled with demineralised water until the
water surface was lined up the base of the upper air channel. The inlet and the outlet of the
upper air channel were sealed for approximatelly L8ing parafilm and silicon grease and the

relative humidity and the temperature were recorded continuouglgsithen checked that the
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RH sensors were recording the same values within the accuracy expected at values of RH close

to saturation.

3.4.1.2 Test procedure

Two sets of tests are presented in the paper characterised by a relative humidity at the
inlet of the uppr air channel equal to RH=0% and RH=30% respectively. The experimental
procedure is first discussed for the test at RH=30%. Tests were run in a temperature controlled
laboratory (T=2&0.5°C).

a) Before staiihg the air injectiontheglass cylinder was fild with a predetermined volume
of water and the position of the inner air delivery tube inside the cylinder were adjusted to
a predetermined distance from the water level accordifigatile3-4. Thesealistancesvere
determined by trial and error until a target relative humidity of RH=30% at the inlet of the
upper air channel could be achieved. Thdstancesvere found to depend die air
velocities, which was ranged from 1 to 4 m/s. Airflow was not pointed directly to the water
surfacein the glass cylindebecause this would have increased turbulence and caused
significant amount of water droplets to be carried forward into via@aation machine.
The inner air delivery tube was therefore pointed towards the inner wall of the cylinder to

break the air flow.

Table3-4: Specifications of the test procedure in the long evaporation imach

Nominal air | Initial volume | Distance of the air delivery tubg Target temperaturg
velocity (m/s) of water from the free water level of the water bath
(ml) (mm) °C)
1 300 114 25
2 180 160 28
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3 150 171 35

4 100 190 40

b)

d)

9)

Laboratory taps were open and the pressure regulator was adjusted until the air velocity
measured by anemometer attained the target air velocity with a maximum tolerance of £0.05
m/s.

All the RH/T sensors were switched on and the readings from the sgrikerinlet of the

upper air channel (RH/' T Sensor 06006) was in
delivery tube inside the cylinder was then fine adjusted until the RH was stable at 30%.

The water bath was filled with water prepared at thedetermined temperature specified

in Table3-4. Again these values were determined in prelanjriests by trial and error until

a target temperature of 20 at the inlet of the upper air channel could be achieved (with a
tolerance of £2C).

The air velocity, the temperature, and the relative humidity at the inlet of the evaporation
machine were wnitored until stable values were reached. This phase typically 6ok

10 min. The RH sensors, the anemometer, and the balances were then logged as the test was
assumed to start at this stage.

During the test the level of water inside the cylinder degpas a result of evaporation. In

turn, this caused the RH at the inlet of the upper air channel to drop. When the RH recorded
by the sensor 0606 decreased from 30% to 2
downward into the cylinder untiithe RHredoe d by sensor 6006 i ncrec
way, the relative humidity at the inlet was maintained at 30% with a tolerance of +5%.

During the test, the temperature of the water bath was monitored by using a glass laboratory
thermometer immersed into thater bath. When the temperature of the water bath dropped

by 2°C from the target temperature specifiedlable 3-4, part of water in the bath was
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replaced with water at higher temperature until the temperature of the water bath regained
the target value.
h) The test was run for2 and this time was sufficient for all the sensors to attain stable values

indicating that the system had reached a ststatg

For the test involving injection of air in the upper air channel at RH=0%, the
humidification chamber and the intermediate chamber wepmbyged as shown Figure3-7.

In this case, the procedure only included steps b) and e).

3.4.2 Short evaporation machine with soil

3.4.2.1 Test procedure

A core of soil between 3n and 4m from the ground level was sampled at the
Bothkennar research Station in Falkirk by using the Terrier driller rig. After the sampling the
core was stored in the plastic liner that was sealed at the two extremes to preserve the natural
water content of the soil.

In the laboratorypart of the soil frmm the core was used for the soil classification and
the determination of index properties. The limit liquid assessed by fall cone test was LL=0.72
and the threadolling plastic limit was 0.30. The specific gravity was 2.64eTnitial water
content of tle soil was measured equal to w=50% and the initial soil suction was measured via
the highcapacity tensiometer equal to s=35kPa. Under these conditions the soil sample was
saturated. A rectangular undisturbed soil samplemii8long, 17mm wide and 10@nm high
was trimmed from the core at the depth ofr8.from the ground level.

The bottom and lateral surfaces of the cuboidal soil sample were covered by silica grease

and parafilm to make them impermeable. The sample was placed at the centre of the bottom
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container as shown iRigure 3-3 and the empty space around the soil sample was filled with
foam sheets to prevent eddies of air around the soil sam@l® ensure that the air would flow
tangentially over the top surface of the soil sample.

The small evaporation machine was connected to the air injection system that included
the bypass for dry air explained in Sect®8.3.4 The laboratory valves were opened until the
velocity of the air, measured by the anemometer at the inlet of the upper air channel, was equal
to v=4m/s. The airflow at RHiBt=0% and air velocity v=4m/s was flowing in the upper air
channel for the time enough to ensure that the constant rate period of drying was achieved. This
is generally associated to the soil sample that remains saturbiecthesis of steady state
condiion is assumed to be valid in transient proc&se loss of mass of water from the top

surface of the soil sample was recorded via the balance evarnl5

3.5 Experimental results

3.5.1 Long evaporation machine with water

3.5.1.1 Control of air velocity, RH, and tempeuat

Figure3-8 shows the air velocitgneasured via the anemomedéthe inlet of the upper
air channel during each telitcan ke observed that tregr velocitiesweremaintained constant
to the nominal valuespecified inTable3-4 throughout the duration of the testgh astandard
deviation of f I uct u@aG2m/s(atlower dirlvedotities) andlOilzngs bet we
(at higher air velocities). The controf the air velocity was considered satisfactory for the

purpose of this study.
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Figure 3-8: Air velocity recorded via the anemometer during thestest

Figure3-9 shows thérH of the airflow at the inlet of the upper air channel measured by
sensor 0 Otéstswith RHne-80% tartd air velocities fromwi=1m/s tovair=4m/s The
graphconfirmsthe effectiveness of the midification chamber to maintaithe averageRH of
the airflow at thenlet of the upper air channel equaR6ine=30% with a maximunstandard
deviation of t hel.9%.IThecdnuohof theaatative lpumiditise aitflow

at the inlet was considered satisfactory for the purpose of this study.

[74]



Suction drain as a novel lesarbon ground improvement technique

40
——RH30_v1

38 ——RH30 V2
X 36 RH30_v3
T RH30_v4
T _
x 34 *\ h
£ 321 ‘ ‘ A T )m _____________
E 30 | J R LT ANIALY = +1.90%
= . | U N R
3 . | | [ [ =-1.90%
o 28 +-4--12} CJTHEEE R BT YR RN RS SR
>
< 4
S 2
nd

24

22 -

20 T T T T T T

0 1000 2000 3000 4000 5000 6000 7000
Time, t [s]

Figure 3-9: RH of the airflowat the inlet of the upper air channel recorded by the sed0r6
during the tests witRHne=30%

Figure 3-10 shows the temperature of the airflow at the inlet of the upper air channel
measurd by sensor 0 Wi RHhWw=B0%ragd ait Felecitid¢s érawii-<slm/s to
Vair=4m/s As described in the procedure, the temperature of the airflow at the inlet of the upper
air channel was controlled by the temperature of the water bath in the humidification chamber.
The graph shows theffectiveness of the method usied maintainingthe temperature of the
airflow at theinlet of the upper air channel constant tQ0with a maximum standard
deviation of the fluctuation equals+0.93% throughout the duration of each test. The control
of the temperature of the airflow at the inlet was considered satisfactory for the purpose of this

study.
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Figure 3-10: Temperature of the airflowat the inlet of the upper air channelcorded by the
sensor0oduring the testwith RHne=30%

3.5.1.2 Individual evaporation test

Figure3-11shows theypicalrelative humidityand temperature of the airflawcorded
by the RH/T sensorsover time along the upper air channel during one of the tests with
RHinet=30%.With referenceo the relative humidity of the airflowt can be observed that the
RH measured by each sensor is fairly stahleughout theduration of the tesand thatthe
responses of the sensorsiarphase with each other. These findings suggest that the fioctuat
recorded by each sensor is generated by the fluctuation of the relative humidity of the airflow
imposed at the inlet of the upper air channel. It is also possible to sdeetRatof the airflow
progressively increases from the inlet to the outléhefupper air channel showing the lowest
value at the inlet (sensor O) and the highest value at the outlet (sgnJdrisPis clearly
expected. The temperature of the airflow remains fairly constant a¢20+1 0 v ealongtheé me
upper air channel. Inteséngly, the first two sensors at the inlet of the upper air channel give

the same values of relative humidity and temperature of the airflow. The temperature of the
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airflow recorded by sensor O and sensor S is slightly lower than the temperature idioive ai
recorded by the other sensofBhis suggests thabththe temperaturand the relative humidity
of the first two sensorare controlled by the humidification chamber, whereas rédative
humidity and theemperatureneasured byhe other sensois alsoinfluenced by the water in

the bottom container.Similar resuls were obtained ithe other tests anare shown in the

Appendix.
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Figure 3-11: Typical reading othe relative humidityf the airflowduring the testvith
RHnIet:30% and \dirzlm/S

Figure3-12 shows the criteria used for ikEying the phase of steady state of each test
for the computation of the relative humidity and the temperature of the airflow and the
evaporation rate of water from the bottom contaiégure 3-12 refers to the test with
RHine=30% andvair=1m/s; however similar results were obtained in the other {ests
Appendix).The first graph ofFigure3-12 shows he differencébetween thdRH measured by
eachsensor and thRH measuredy sensor Gat the same time is plottegrsus the time t (s)

The second graph shows the data in terntemperature processed in similar waycdn be
observed that thdifference of relative humidity and temperatiretween each sensor and
sensor O dcreases over time and reachesphase of steady state after approximat@@04
semndssince thestart ofthetest The reading of the mass of the system versus time plotted in

the third graph does not show a significant transition between the transient phase and the steady
state phase in contrast with the relative humidity. This indicates that the fluctahtleeRH

and theT of the airflow between the transient and the steady state do not effect significantly the
evaporation rate.df the purpose of this studhe values of relative humidity and temperature

of the airflowmeasured bgach sensand theevaporation rate measured in each testrefér

to the average values of relative humidity, temperature and evaporatiaalcatated in the

steady state phase of each test highlighted in the figure with a dotted window.
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Figure 3-12: Steady statphaseof the testvith RHne=30% and wir=1m/s
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3.5.1.3 Evaporation tests at different RHs andwalocities

The grapbk in Figure 3-13 showthe steady stat&®kH of the airflowrecorded by each
RH/T sensor inside the upper air chaninghe tests air velocityfrom vair=1m/s tovair=4m/s
and relative humidity of the airflow equalsRéine=0% andRHne=30% forFigure3-13a and
Figure3-13b, respectivelyThe two dottedrerticallines represent theoundarie®f the bottom
watekfilled containe, sensor O provides tHeH of the airflow at the inlet and sensor P provides
the RH of the airflow at the outldtigure 3-13 shows thaRH increases almost linearly with
distarce from the inlet. It can be observed timeach testhe RH of the airflonmeasured by
sensor S is approximately equal to the RHinlet recorded by sensor O. A closer inspection to the
RH profile also shows that an accumulation of @éof the air flow & present at the outlet of
the upper air channel with the airflowvat=1m/s. This boundary effect was probably due to
some air stagnation for which the reason is not clearalsoworth noticing thathe RH ofthe
airflow at the outlet of the uppair channel is greater when the airflow has a lower air velocity.
This can be explained by the fact that high air velocity sweeps away evaporating water more
efficiently, preventing the boundary layer to enrich its vapour comtetiimaintaining lower

RHin the boundary layer
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Figure 3-13: Relative humidity of the airflow measured via the Rsé#iisorsalong the upper
air channetcomparison for tests with the airflow at the samenRtdnd different air velocity.

Figure3-14 shows the comparison tife steady stat®H of the airflow in theests with

the airflow atair velocity equals tovair=1m/sfor the RH at the inlet equal t&®RHne=0% and

RHine=30%, respectively. It can be observed that R of the airflow increasegslmost

linearly alongthe upr air channel in both tests. It is worth noticing thatincrease oRH of
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the airflow between the inlet and the outlet of the upper air channel in the teBtHuitlFr 0%

is greater tharthe increaseof RH of the airflow in the test witlRHinet =30% at the same air
velocity. This finding is consistent with the fact that the lower isRkkeof the airflow, the

higher is the evaporation rate of the water from the wet surface. With high evaporation rate, the
amount of water vapour carried by thegential airflow above the wet surface increases, hence

the RH of the airflow also increases.
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Figure 3-14: Relative humidity of the airflow measured via the Ré#fisorsalong the upper
air channelcomparison for tests with the airflow at the same air velocity and differept/RH

The grapbk inFigure3-15 showthe steady stateemperature of the airflonecorded by
each RH/T sensaat air velocity from vair=1m/sto var=4m/sand relative humidity equal to
RHinet=0% andRHinet =30% inFigure3-15a andFigure3-15b respectivelylt can be observed
thatt he temperature of the airflow at the inle

RHinet =0% the temperature of the airflow at the inlet was imposed by the compressed air
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system, whereas in the testith RHnet =30% the temperature of the airflow was controlled by

the temperature of the water bath in the humidification chamber. It is also possible to see that

the temperature of the airflow remains fairly constant along the upper air channel.
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Figure 3-15: Temperaturef the airflow measured via the RH#&nsorguring the tests at

varies air velocities an®RHiniet =0% and RHniet =30%
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A closer inspection to the temperature profile revealstiesiemperature of the airflow
slightly increases between sensora@d sensor D antemains constant above the bottom
containerto slightly increases at the outlet between sensor T and senshisRsuggests that
the temperature of the airflow is controlled by the external boundary conditions at the inlet and
at the outlet of the upper air channel whereas the temperature above the wet sslifgtéyis
affected by the evaporation of the water fritva bottom container.

The water flux q (volume ofwater per unitime and unitareg measured during the
steady state of each test is plotted versus the tangential air velg¢ity's) inFigure3-16. As
one would expect the evaporation rate increases with air velocity and the evaporation rate is

lower at highRH.
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Figure 3-16. Experimenthevaporation rate of water versus air velocity in the tests with
RHinlet=0% and RHnlet=30%

The evaporation of water from a wet surface occurs due to the differeRetoetween

the RH of the wet surfaceRH=100%) and the RH of the boundary layer abdneatet surface.
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The higher is the RH differential, the higher is the evaporation rate according to e¢gi@tion
shown later on in thi€hapter(Section3.6). On the other hand, higher tangential airflow
velocity maintains lowelRH in the boundary layer and hence, higReét differential between

the wet surfacand the boundary layer. As a result, the evaporation increases with air velocity.
It is also worth noticing that the two curves tend to converge at lowehicity, where the

mechanism of evaporation by diffusion has a tendency to prevail.

3.5.2 Short evaporation machine with soil

The loss of mass of water from the soil sample exposed to a tangential airflow with
RHinet=0% and air velocity equals t@i=4m/s inthe short evaporation machine is plotted in
Figure3-17. It can be observetiat the constant rate period of drying ends after approximately
3.5 hourdrom the start of the test. This stage can be associated with the saturated stage of the

soil samplgTaranting A., et al, 2010)
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Figure 3-17: Loss ofmass of water per unit area from the saturated soil sample over time
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3.6 Water evaporation model

A model was developed to extend the results of the evaporation machine to suction
drains that are longer and/or have airflow at the inlet with different relative humidity. The model
was builtfor stationary conditionBy discretising the upper air chanabbve the bottom water

filled containerinto elements 0.0tn wide. For each element the followibglance equation

holds
a a a a (31)

whered is the mass of water vapour carried by the airflow at the intbeelement
(i), a is the mass of water that evaporates from the water suafdbe bottom ofthe
element i), a is the mass of water vapour carried by the airflowhat dutlet of each
element(i), and& is the mass of water vapour carried by the airflowhatinletof the
elementi+1).

Anemometer 0.05m
AIRFLOW IN i AIRFLOW OU1
—> i —>

Balance Balance

& QYO
a " NYO
& "0 NYo

Figure 3-18: Graphical representation dhe mass balancen the long evaporation machine
for detectinghe vapour transfer coefficieft
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The mass of the water vapour at the inlet of each elendent is expressed as:
a " L 300 (3.2

where” j is the density of the water vapour at the inleth&felement(i), b is the
velocity of the airflow measured via the anemometer at the inlet of the upper air ch@énisel,
the timeinterval,ando is the cross sectional area of the upper air chaimtlrn, he density
of the water vapour at the inlet hfeelement’ is a function of the relative humidity of

the airflow at the inlet aheelemen(i), YO "Q Inturn, YO ™Qcan be calculated as follows

n ‘YO
"k Vv (3.3
where is the equilibrium vapour pressure at saturatamn a function of the
temperature of the airflody is the gas constant of watepour 'Y 1 @ 00 Q'Q
andT is the absolute temperatuBy combining equation@.2) and(3.3), the mass of the water
vapour at the inleta can be derived from theslative humidity at the inleY’O "Qas

follows:

, n YO ‘ - 2.4)
a ————— U0 300 .
N Y (

By similarity the mass of water vapour at the inlet of the elerfieh} can be derived
from the relative humidity at the inlét O as:

, n Yo ‘ a5
a TU 30 O ()

The mass of water that evaporates from the water surface at the bottom of each element

a is described as follosy

a Ao 30 " (3.6)

[87]



Suction drain as a novel lesarbon ground improvement technique

wherer] is the evaporation rat@vater volume per unit area and unit tifién the
element(i), 0 is the area of the water surface exposed to evaporation at the bottom of each
element(i), 3:0is the timeinterval,and ” is the density ofiquid water. The evaporation rate

of water per unit area and unit time under isothermal conditions is givenbglton equation
n 10 n p YO 3.7)
wherel 0 is the vapour transfer coefficientvhich is a function of the horizontal
air velocity, ) is the equilibrium vapour pressure at saturatdé@, s the relative humidity
of the airflow at the inlet ofie elemen(i). By combining equation.6) and(3.7) the mass of

the water that evaporates from the water surface at the bottom of each élecagrive written
as a function of and'YO as follows:
a | 0 n p YO 0o 30 " (3.8)

The unknown of the mode$ the relative humidity of the airflow at the inlet of the
element(i), YO and the only parameter of the model to be calibratdteigapour transfer
coefficient 0 8t is worth mentioning that both ¢hrelative humidityand the velocity of
the airflowareassumed to be uniform within the cross section of the upper air channel. The
relative humidity of the airflow is assumedhe equal to RH=100% in contact with the wet
surface and to decrease sharply towards a constant value with height. Similarly, the air velocity
is assumed to bei =0m/s in contact with the top and the bottom of the upper air channel and
to increase sharplto a uniform value within the upper air channel as showkigare 3-19.

The values of the uniform relative humidity and velocity of the air flothéwupper air channel

are assumed to be equal to the values of relative humidity and air velocity measured

experimentally via the RH/T sensors and the anemometenati2feight from the wet surface.

[88]



Suction drain as a novel lesarbon ground improvement technique

The temperature profile (not shown in the figure) wasiamd to be uniform across the

upper air channel.

z z

A Top of the air channel 4 Top of the air channel

40mm ¢ 40mm —
<+— Uniform RH profile <+— Uniform velocity
profile
20mm4 @—— RH measured by 20mmt @ Velocity measured by
RH/T sensor anemometer
N — = e »
Wet surface RH,;, Wet surface Vair

Figure 3-19: Uniform RH and velocity profile of the airflow in the upper air channel assumed
in the model

3.6.1 Model calibration for water

The vapour transfer coefficierd model parameter was calibrated against the
experimental results of the tests with Ridne=0% and the air velocity varying fromi=1m/s

to Vair=4m/s. As shown in

Figure3-18, the part of the upper air channel above the bottom container was divided
into elements 0.05n wide. TheRH of the airflow at the inlet of the upper air channel was

assumed to be equal to t haadwasused as modelanpul.r ed by

The vapour transfer coefficigntwas calculatethy imposing that:

n (3.9
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wheren is the overall evaporation rate returned by the matlek, is the
evaporation rate associated with the elemienbl; is the width of the element and
n is the overall evaporation rate measured via the balancdseitests with
RHine=0% and air velocity varying fromwi=1m/s tovair =4m/s.

The evaporation rate (water volume per unit area and unit time) of each elgment
n r , Is a function of thev apour t r an s f(tker modeloparénfietercto ben t
calibrated)and the relative humidity at the inlet of the elemédtD  derived from equation
(3.7).

By combining guations(3.1), (3.4), (3.5), and(3.8) therelative humidity at the inlet of

each element can be expresse@ dunction of the vapour transfer coefficienBy imposing

YO YO the RH profile can be derived by using the forwardgnation:
YO YO O o | n p YO o) " Y D
) w0 (3.10)
Y ——=
0 0O
Once theRHi) is determined for each element, the water fipw; for each

element can be estimated via equat@i) and, hence, the overall evaporation rate,
The vapourt r ansf er atger Jeloatyivae is then determined by imposing the

equality given by equatiof3.9) for each of the velocities varying frova=1m/s tovar =4m/s

The Generalised Reduced Gradient (GRG) Nonlinear algorithm was used to solve the iteration.

The parameters used for the moale listed inTable3-5 and the values of the vapour transfer

coefficienta derived from the calibration are shownTable3-6.

Table3-5: Parameters of the model
To pvo(To) Rw Dt Ac Aev “w
(K) (Pa) G K'kgh | (sec) (m?) (m?) (kg/m?P)
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293.16

2333.44

461.9

1 0.0012

0.0015

998.2

Table3-6: Values of the vapour transfer coefficients derived from calibration

Vair

1m/s

2m/s

3m/s

4 m/s

2.43x10

5.02 x10*

6.94 x10"

7.37 x10"

a (/air)

3.6.2 Simulation of evaporation from water surface

Figure3-20 shows the simlation of the test @&H=30%. The evaporation rate per unit
time and uit area,gmodel Obtained fromthe model simulation (solid triangles) based on the
calibration of the vapour transfer coefficier# against anindependent testRH=0%) is
compared witlthe evaporation ratgxperimentaObtained experimentally in the long evaporation
machine (open triangledpr airflow atRHne=30% and air velocitiegarying fromvair=1m/s to
Vair =4m/s The evaporation rate from the model was calculated by egugtion(3.7) with the
vapour tr ans fderivedfoom ¢he talibcatioadisdussed th SectioB.6.1 The
comparison shows that the déitam the simulation and experimental datgerlap at low air
velocity, whereas scatter slightly increases at high air velocity. This difference migheé te du
the fact thatvair=3m/s andvar=4m/s had a greater fluctuations during the experiments than
Vair=1m/s andvair=2m/s, resulting in slightly effecting the evaporation rate. Ovéralnodel
simulatessatisfactorilythe experimental resulend it cartherefore be&onsidered an adequate

tool to design the suction dragine.to estimate the evaporation rate from the inner surface of

the borehole exposed &dangential airflonat a known air velocity.
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Figure 3-20: Comparison of the evaporation rate of water estimated via the model and
obtained experimentally

3.6.3 Comparison between saturated soil and water surface

Figure3-21shows the comparison between the evaporation of water from the saturated
soil surface in the short evaporation machine and the evaporation of water from the water
surface in the long evapoiat machine over time. The comparison is carried out in terms of
the loss of water volumBVuwaterper unit area normalised to the relative humidity differential
DRH, i.e. the difference between the relative humidity at the evaporating suriae&({0%)
and the average relative humidity of the airflow in the upper air channel above the evaporating
surface(RHaverag=0% for the soil sample in the short evaporation machineRadagrag=12%
for the water surface in the long evaporation machine). The sldpe ofirves irFigure3-21
actually represents the vapour transfer coefficent

The tests are compared for the airflow haRighe=0% and air velocityai=4m/s. The

normalised water volume loss for soil and water compares favourably as sheguargB-21.

Thissuggeststhattheapour transfer coefficient U deri v
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also holds for saturated soil sample. As a result, the outcomes of evaporation tests involving a

wet surface water surface can be extrapolated to evaporation involving satulstadaces.

Time [hrs]
0 0.5 1 15 2 25 3 35
00E+00. . 1 1 1 1 1 1
oq ° O Saturated soil surface-short evaporation machine
® o ® Water surface-long evaporation machine

[N
£ -5.0E-041 ®eg
™ [ J °
~ @O
X -1.0E-031 L)
[=8 [
= o
< o

o]

g o
> -1.5E-03- o
=

(e}
o
-2.0E-03 0

Figure 3-21: Evaporation rate of water from the saturated soil sample and from the water
surface in tests with airflow ati=4m/s and Ridie=0%

3.7 Discussion

3.7.1 Vapour transfer coefficient

Thekey of t he model i s the vapda@@mrinJectianns f er
361, the coefficient U was calibrat®&@mmor tan
A different clearance between the inner surfaces of the borehole and the inner air delivery tube
in the suction drain would require in principle the design of a new evaporation machine with
different height of the upper air channel. This approaokld not be suitable for practical

applications. A seree mpi r i c al relationship to estimate

different evaporation machine was therefore sought.
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Penmar{1948)provides a theoretical equation for the mstiion of the evaporation rate
from open water surface by using thenstard meteorological data at the reference height z=2m
from the wet surface. Penman equation was then probed to estimate the evaporation rate in the
evaporation machine, i.e. the evagtayn rate occurring from a wet surface exposed to a
tangential airflow in a confined space. The relative humidity and the air velocity at z=20mm
above the wet surface were used in place of the relative humidity and the air velocity at z=2m
as pertheorign a | Penmands equation.

The evaporation rate of water E from a wet surface suggestedrmar(1948)can be
written as followqBrutsaert, 1982)

. T™CGq N
O ” 'Y"Y(z]‘la‘] p YO-]

(3.12)

where 0.622=(18.016/28.966) is the ratio of the molecular weightsatér and dry air,
" is the density of watefY is the gas constant dfy air 'Y ¢ p& W0 QQ and
T(z) is the absolute temperaéuat the reference height z from the wet surfage, is the
equilibrium vapour pressure at saturatidh'Oa is the relative humidity of the airfloat the
reference height z from the wet surfaceli is the aerodynamic resistance that was espks

by Penman(1956)as follows (Brutsaert, 198Zhom & Oliver, 1977)

CULUT i (312

™ ™ a4 d

where & is the air velocity measured eaference height z=2rfrom the wet
surface

By combining equatiof3.11) and(3.12) theevaporation rat® (m/s)(volume of water
per unit time and unit as@ can becalculated afollows according to Penman

T CC QuUT : (3.13)
Y YE o m a0 P

0O
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where the reference heightfor the purpose of this study m20mm from the wet
surface.
By defining| as:

@ C G GuT (319
"UYYE TT® T® T A

the volume of water per unit time and unit a@@@m/s) that evaporates from the bottom
container in the long evaporation machine by meaenfman equation can finally be written
as:

0 | N p YO (3.15)

Figure 3-22 shows the values @experimentaiObtained fromdirect calibration (Section
3.6.]) against the valuesrenmanObtained from equatiof8.14) as a function of the air velocity
Vair (M/s). It can be observed thatxperimenta@ndarenmancompare fairly well.

Theequation of PenmaB.13) is generally usetbr estimating the evaporation from wet
surface in open space by using the measurement of the air velocity la¢ight from the et
surface. This result suggests that Panraquatiorn(3.13) estimates with good approximation
alsothe evaporationf waterfrom a wetsurface that igxposed to a confinaarflow by using

theRH andair velocityof the airflowat 20nm height from the wet surface.
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Figure3-22 Comp ar i s o rPefmara w eExmériniéntal

The relatively accurate estimation of thapour transfer coefficienising Penmab s
equationsuggests that theessumptions behind Penn@aequationalso holdfor the airflow ina
confined spaceFigure3-23 shows the mfile of the mean wind speed above the evaporating
surface and it is possible to see that only above the interfacial sublayer the logarithmic profile
is fully developed. The interfacial sublayer is the region where the turbulence is strongly
affected by he structure of the roughness element or it is greatly damped by viscous effects
Brutsaert (1982%uggests that the interfacial sublayer is 1.5 totigngs theheightho of the
roughness obstacles. In the evaporation machine the surface exposed tatievaisa smooth
surface with virtually zero roughness. The interfacial sublayer is therefore expected to be very
small so that the anemometer atr@th from the evaporating surfangeasures air velocitiy
the fully developed logarithmic profile.

This al® implies that Penman equati(811.3) could be useth the design of the suction
drain as long as the roughnexfsthe inner surface of the borehaogeof the order of a few

millimetres. This would generate a thickness of ititerfacial sublayesignificantly smaller
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than the gap betwedhe inner surface of the borehole and the centralised air delivery tube at
air velocity. The profiles of air relate humidity and velocity would be quasniform, which

is the assumption behind the simple model put forward in this paper.

<+—— Logarithmic velocity profile

20mm T Velocity measured by anemometer

Sublayer velocity profile

z0n < Interfacial sublayer
-
ad v »
>

Wet surface Vair

Figure 3-23: Air velocity profile

Ultimately, the findings oFigure3-22 suggests that: i) the assumptions behind Penman
equation are also valid for the evaporation machine, ii) the-egpirical approach proposed
by Penman provides a valid tool for estimating #vaporation rate in a confined space. The
second point becomes important in the practical design of the suction drain because it will allow
the water flux to be estimated without the need to develop a purposely designed evaporation

machine.

3.7.2 Airflow rela tive humidity

Figure 3-24a andFigure 3-24b stow the comparison between tR#d of the airflow
above the wet surface measured experimentally via the RH/T seRsbtsAmenta), the RH of
the airflow predicted by the model based on the vapour transfer coefficient calibrated

experimentally, Rkhibraton (S€€ SectioB.6.1), and the RH of the airflow predicted by the model
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based on the vapour transfer coef fpenfai(sSeENt es't
Section 3.7.]) for the tests with the airflow ati=2m/s andRHne=0% andRHinie=30%
respectively. The RH of the airflow predicted by the model was based on eqaaiipn

It can be observed that there is a fair agreement between the values derived from the
model RHcaiibration@andRHpenmangnd the exp@mentalvaluesRHexperimental The very basimodel
for water evaporation along a wet surface put forward in this paper can therefore be considered
adequate for practical applications despite the simplifications introduced in the model including

the assumptions on the air velocity and RH profiles.
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3.8 Conclusios

The paper has presented an experimental investigation of the evaporation from water

and soil surfaces induced by tangential air flow through a confined space. This study was aimed
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to support the design of siart drains, a technique for leearbontemporay stabilisaion of
tunnels and excavations in clays.

An apparatus was developed to measure water evaporation froml@ng wet surface
subjected to a tangential airflow through a #én gap. Tests have explored different air
velocities (1 to 4n/s) and elative humidity at the inleRH=0% andRH=30%). As expected,
experimental results showed that i) evaporation rate increased with air velocity, ii) evaporation
rate decreased with RH at the inlet of the airflow, and iii) relative humidity increasedia¢ong
wet surface, i.e. the airflow progressively enriched with water vapour.

The relationship derived experimentally between the evaporation rate alomgwee
surface and the air velocity and relative humidity of the airflow cannot be applied staght
to longer or shorter evaporation surfaces. For this reason, a simple evaporation model was
developed based on the assumption that relative humidity and velocity of airflow are uniform
in the confined space.

The key parameter of the model is the vagiourans f er coef ficient U,
linear dependency of the evaporation rate on the relative humidity differential between the wet
surface and the airflow. The vapour transfer
relative humidity athe inletRHne=0% and this allowed probing the model against the tests
with relative humidity at the inld®Hine=30%. The model was found to perform satisfactorily
showing that the simple assumption of uniform relative humidity and velocity does not
represent a significant limitation of the model.

The vapour transfer coef f i @ieswasthendount¢ot ect e
be the same as the vapour transfer coefficient for saturated soil exposed to the airflow. As a

result, findings from tests on water surfaces can be extrapolated to soil surfaces.
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The values of vapour transfer coefficient derived ftbenempirical relationship derived
by Penman (1948, 1956) for open water was therefore benchmarked against the values derived
experimentally for confined airflow. The good matching between the two sets of values
i ndicates that P e rusedsu@essfullyedr afirsi estimatibniofghe capour b e
transfer coefficient for confined airflow. At a more fundamental level, the matching between
the vapour transfer coefficients for open airflow and confined airflow seems to suggest that the
assumptoa b ehind Penmandés formulation for open
particular, the logarithmic profile would fully develop in the confined air fldwe to the
reduced thickness of theterfacial sublayer

For the case of the suction draihetroughness dahe inner surface of the borehole
would be of the order of a few millimetrebhis would generate a thickness of the interfacial
sublayer significantly smaller than the gap betwierinner surface of the borehodad the
centralised air @livery tube In turn, this would produce quasniform velocity and relative
humidity profiles across the gap, which is the basic assumption behind the evaporation model

proposed in this paper.

(101



Suction drain as a novel lesarbon ground improvement technique

4SUCTI ON DRAI'N AS A LOW
GROUND | MPROVEMENE: TECH
PROGIFFCONCEATT THE
LABORATORY SCALE

4.1 Abstract

The most common soil reinforcement method used in tunnelling, such as jet grouting,
fiberglass reinforcement and ground freezing, leave spoils into the ground and have high costs
of implementation. On #hother hand, preloading methods for soils improvement require long
construction periods and limit the enhancement of the undrained shear strength to the applied
surcharge load or vacuum load. This paper presents the concept of suction drain as amannovati
technique for temporary stabilisation of geo structures in soft clayey soils, which overcomes
the inconvenience of current soil reinforcement techniques and the limitation of the preloading.
Based on suction generated into the ground by the evapofationpredrilled holes, the
suction drain enables the enhancement of the undrained shear strength in soft clayey. The
concept and its validation at medk scale level are presented in this study. The experimental
investigation assessed the capacity ofstinetion drain to reduce the soil water content via soil
water evaporation induced by forced ventilation. The mgqelscale test was then iddted
numerically via FEM modéng. Finally, the suction drain modelling was extended to an ideal
case of tunndéihg for assessing the potential impact of the suction drain on undrained shear

strength and, hence, on tunnel face stability.
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4.2 Introduction

Soft clays possess very low undrained shear strength and ground improvement
techniques need to be implementedoprio construction to ensure tunnel stability. The
enhancement of soils shear strength is achieved by either soil reinforcement technique or
preloading.

Jet grouting and fiberglass reinforcement are the most common soil reinforcement
methods used in tunnelling to ensure stability. Ground freezing is also used as temporary
structural support and/or to exclude groundwater from the excavation until constricthe
final lining provides permanent support. These techniques leave chemical residues and spoils
into the soil or into the groundwater, slow down construction process due to the need of cleaning
up the soil after construction, and have high cosispfementation.

On the other hand, preloading methods apply the surcharge effective stress to the soft
clayey soils either via the selMeight of a fill material (i.e. embankment) and/or by the vacuum
pressure. Under fill surcharge, the excess pore vpatssure first build up from its initial
(normally hydrostatic) state and then dissipate gradually. The soil undergoes consolidation and
soil water content decreases, which generates higher undrained shear strength. Under vacuum
pressure, the powwater pessure in the soil instead reduces from its initial (normally
hydrostatic) state by the same amount as the applied vacuum pressure. Again, the soil undergoes
consolidation and the undrained shear strength increases. In both cases, the enhancement of
undraned shear strength is limited to the applied surcharge load or vacuum load (generally
smaller than 100kPa). Heavy machinery and long construction periods are also required for the
fill surcharge preloading technique.

This paper explores the potential oétbuction drain as an innovative technique for

temporary stability of geo structures in soft clayey soils. Based on suction generated into the
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ground by evaporation from priilled holes, this technique enables the enhancement of the
undrained shear strgth in soft clayey. No expensive equipment is required for its
implementation and no spoils are left into the ground after its application. The suction drain
overcomes the inconvenience of the soil reinforcement technique and the limitation of the
preloadng technique. The concept of the suction drain and its validation atupastale level

are presented in this study together with examples of its application to tunnel face stability.

4.3 Suction drain concept

The suction drain is conceived as a ground im@naoent technique to ensure temporary
stability of open face tunnels and open excavations. The goal of the technique is to enhance the
undrained shear strength of the soil by reducing its water content via evapordtioad water
flow.

In the proposed témique boreholes are drilled into the ground and compressed air is
injected through a delivery pipe. The soil around the borehole is exposed to a continuous and
constant tangential air flow at the soil interface. This generates evaporation, hence pore wate
pressure is depleted at the soil interface and eventually becomes negative (suction). A hydraulic
head differential is generated and water flow is triggered towards the borAkadeiction
propagates from the borehole and consolidation takes plad, eoattent in the surrounding
soil reduces and undrained shear strength increases accoféiggie4-1).

The sequence of operations related to the technology would consist in i) drilling a cased
borehole to the required distance from the tunnel face by means of a dry drilling technique, ii)
uncasing the borehole and installing an inner slotted case, angtgilling an air delivery pipe
coaxially into the borehole down to its end. Air is injected at the end of the borehole and

circulates from the end to the entry of the borehole through the gap between the air delivery
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tube and the inner surface of the Wumke. The continuous airflow generates evaporation
induced soil water flux on the soil interface. When the water content is decreased adequately,
the excavation face is advanced.

Stability is therefore insured by the suction draimhanced undraineshearstrenght
assuming thatlayey deformations at the onset of failure occurs rapidly with little or no
dissipation of excess porveater pressure due to low permeability of the clayey (8ddlir &

Taylor, 1997)

Pore water pressureSoil water contentUndrained shear strength

Airflow in /4
Air delivery
Water flow
222009099 o
YVVVVVVVY P — |
2NNy ¥
f f Borehole
N f Tangential Airflow
TUNNEL
Undrained shear strength ” z} Zy
v A

Figure 4-1: Concept of the suction drain (not in scale)

4.4 Material characterisation

4.4.1 Soil classification and index properties

A block sample of natural soil was taken from a working site located off Newton Farm
Road in the nortkastern outskirts of Newton, Cambuslang. The soil was as soft mottled orange
sandy clay with bands of mottled orange sandy silt. A block sample was takemab@l@w

ground level and it was wrapped with Paraffimand silicon grease on site to presetive

(109



Suction drain as a novel lesarbon ground improvement technique

natural soil water content. In the laboratory part of the soil from the block sample was used for
soil classification and the determination of index properties. The grain size distribution,
obtained via wet sieving and sedimentation showed it to hzétecBy, 64% silt and 3% sand.

The limit liquid assessed by fall cone test was LL=0.47 and the thodiad) plastic limit was

PL= 0.23. According to the plasticity chart of Casagrande the clay is classified as inorganic
clay with intermediate plasticit§P1=0.24). The soil is also classified as inactive clay with the
activity A=0.73. The specific gravity iss& 2.66. All testing was carried ourt accordance

with BS1377:1190.

4.4.2 Water retention behaviour

A 50 mm diameter metallic cutting ring was used @i £0il specimens from the block
sample. The specimen were-dited to target water contents then wrapped within a waterproof
layer of ParafilmN and silicon grease and stored forl®4 to ensure the equilibrium of the
water content throughout the sdiligh-capacity tensiometers (HCTJarantino, 2009Were
used to measure the sailctionsin the range €2000kPa Two holes were cut through the
waterproof layer of the specimen and two hagtpacity tensiometers were placed in contact
with the surface of the specimen. A ParaNlmover was placed around the tensiometers during
the measurement to avoid water evaporation occurring from the holes. After the measurement,
the sampl e was pl aced hrnstobhtain thé reoistore emtentardlated 0 5 e C
to the matric suctio.

A dew point water potentiometer (WP4C) was also used to measure ssictione
rangel00-5000kPa.The calibration curve of the device was verified by using sodium chloride
solutions with known water pot enibniinaatcgracet 20 e

of +30 kPaSpecimens of approximately 1 &mere cut from the 5éhm diameter soil sample
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and were placed into the WE4At the end of the suction measurement the specimens were
placed into the oven at 105°C for Bds to obtain the moistarcontent related to the total
suction.

The measurement of total suction (WPC4) and matric suction (HCT) versus water ratio,
A are plotted irFigure4-2a. The overlap of total suction and matric suction data in the range
100kPa2000kPa shows that the osmaotic suction is negligible.

The relationship between the soil void rafimnd the soilvater ratio,Q was assessed
independently. A 16 mm diameter and 12.5 mm high cutting ring was used to cut small
specimens from the 50mm diameter soil samples after they wedeiegrto target water
content. The cutting ring was pushed into the samnipiely using a loading frame to prevent
soil cracking. The top and bottom of the specimen were trimmed to give the specimen the same
volume as the inner volume of the cutting ring, which allowed for the calculation of the void
ratio. The specimen was thelaged into the oven at 105°C for Bds to obtain the soil water
content. The void ratidQ versus water ratidQ , is shown inFigure4-2b. Data wee fitted by

using the following equation@arantinoA. et al., 2010)

Q v O Q 0O U (4.1a)

aQ o Q 0 . b
—— - O 0 !

Qwao U 4] (4.10)

wherex s the gravimetric water content at air entdyis the specific gravity of the
soil, Q s the residual void rati& is the void ratio at air entry, anois a fiting parameter.
It is possible to see that upon drying, the void ratio decrea$gs t® an the saturated range
then remains constant when the soil desaturates.

The drying curve in terms of degree of saturati¥nyersus soil suctior) is shownm

Figure4-2c. For each data point of known water ratib, and soil suction)) the degree of
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saturation’Y was calculated as per the ratio of water ratio to void r&tio ‘Q ¥Q with void
ratio Qobtained from Equatio(4.1). Experimental data of the degree of saturatignjersus

soilsuctonQ were fitted by uton(vag Gaviachiend80)ucht ends
"y , 4.2

whergl Rt andda are fitting parameters.
The relationship of void ratioQversus soil suctioni is shown inFigure 4-2d.

Experimental data were fitted by using the following equations:

Q Q Qa4 i (4.3a)
Q 0 _ ad i i (4.3b)
Q Q 22 i

Qobi | (4.3c)

whereQ is the suction associated with the preconsolidation effective sifesss the
suctionat air entry,Q ) h_ anddare fitting parameters:rom Figure4-2d it is possible to
see that the soil is over consolidated for soil suctmmer thans,=177kPa, normally
consolidated at suctions betwepnl77kPa andae=420kPa, and it desaturates at soil suction
greater tharsae=420kPa.

Ultimately, the water retention behaviour in terms of volumetric water comtenwgs
defined by the product of the porosi¢éyto the degree of saturatiolY — & JY . The values

of the parameters used for defining the water retention behaviour of the soil are giablein

4-1.
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Table4-1: Parameters for the water retention behaviour
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Figure 4-2: Water retention behaviour of the soil material used for the rupc&cale test

4.4.3 Hydraulic conductivity behaviour

The KozenyCarman equation suggestedTarantino et al., (20)0Gvas used to model

the hydraulic conductivity:

Ko JNe! Q p @ Y (4.4)
Q p Q '

whereQ is the saturated hydraulic conductivity associated to the reference soil void
ratio’Q,, Qis the void ratio and is the degree of saturation. The void ratend the degree of

saturation’Y were obtained from Equati@i.3) and Equatior4.2), respectively. The hydraulic

conductivity curvas shown inFigure4-3.
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Figure 4-3: Hydraulic conductivity model of the soil material used forriwckup scale test

The saturated hydraulic conductiviiy swas assessed experimentally via a constant
head hydraulic permeability test carried out in a modified oedemeter cellnAr/78iameter,
20 mm high soil specimen was cut from the block samplesyguthe oedometer cutting ring.
The specimen was placed into the oedometer, covered with water, and loaded in steps to a
maximum vertical stress & p T ¢ Y .EBefoedometer cell was connected to a reservoir of
water located ati=1.062m above the wateng of the oedometer. At the end of the primary
consolidation of selected loading step, the valve connecting the base of the oedometer to the
reservoir was open and the water was allowed to flow upwards through the specimen. The
amount of water passingrough the specimen was measured by the balance underneath the
water reservoir, accounting for the loss of mass of water due to the evaporation from the water
reservoir. Three permeability tests were carried out at vertical stredg of w 1 EFﬁ(A
p X wEaMdhs, 0L x E Bshociated with void ratios & 1& mA 1@ xandA,
T & respectively Figure4-4). The hydraulic conductivit§s swas calculaté by means of

Darcyods | aw.
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0.85

Void ratio, e )

0.45 |

04—
1 10 100 1000 10000

Applied stress, v kP3
Figure 4-4: Compressibility curve of the soil and indication of the loading steps where the
permeability tests were carried out

Direct measurements B§ sugrsusi®) p A are showrnn comparison with the values
of Epaderivedf r om t he Ter zaghi 0 Figue 45 Bhe éxpedmaentalsa n t h e ¢
and katfrom the consolidation theory are within the same order of magnitude and vary linearly
with A% p A 8The linear relationship is supported by the Koz&aymanmodel(Mitchell
& Soga, 2005)and it was used as a check of the quality of the permeability(@séquis &
Aubertin, 2003) The offset between the two series of data might be explained by the fact that

the Terzaghi 0s theory of consol i da toirem@an as s um

constant throughout the consolidation process.
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Figure 4-5: Saturated hydraulic conductivity of the soil material used for the rmapcgcale
test

4.5 Boundary condition characterisation

An independent study was carried out to quantify the water evaporationhfeomnmer
surfaces of the suction drain that are exposed to a tangential airflow of a known air velocity and
relative humidity in a confined spa@@artini & Tarantino, 2018&ubmitted. To this end, ta
apparatus shown iRigure 4-6 was designed in the laboratory with an upper air channel of
similar dimension to the confined space in the suctionndaaid a bottom container that
simulates the inner surface of the suction drain. Compressed air was injected through the upper
air channel and the airflow circulated tangentially to the wet surface of the-fillatkr
container. Tests were carried out bysinlering different air velocities and relative humidity
(RH) of the airflow at the inlet. The relative humidity at the iftétne: and the velocity of the
airflow were measured via the RH/T sensor (Sensirion KitH=Ksensors SHT21) and the

anemometer (OMEGA FMA1006NR2-S) installed at the inlet of the upper air channel
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respectively. The average water evaporation rate was measareiihoe by the two balances

installed at the bottom of the watidied container.

9-towLa9bme! [ |

RH sensor
Anemometer
AIRFLOW IN AIRFLOW OU1
— 7 7 - .,
WATER
Balance Balance
ah59][
0.05m
AIRFLOVIN AIRFLOW OU1
— e —»

Figure 4-6: Experimental setip and model for detecting the boundary condition in terms of
water flow per unit area and unit time, g (m/s)

A model was formulated to quantify the water evaporerate for any length of the wet
surface. The upper air channel above the evaporating surface was divided irmo Wi08&

elements as shown ifigure4-6. In each element the water mass balance was calculated as

follows:

a & & a (4.5)
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element, & q yqis the mass of water that evaporates from the water surface at the bottom of

each elementand it is a function of the water evaporation raje, , d ¢ ¢ i is the mass of

water vapour carried by the airflow at the inlet of the elemeint The water evaporation rate

N . at the bottom of each elemémas @lculated by using of the following equation:
N § 10 a B p 2 (4.6)

where. 0 & isthe vapour transfer coefficient and function of the air velpgijty
is the equilibrium vapour pressure at saturation and function of the temperature of the airflow,
and'YO s the relative humidity of the airflow at the inlet of the elemenihe vapour

transfer coefficientis the sole parameter of the modetiavas calibrated by imposing that:

N h N 4.7)

wheren, ; o {s,the average evaporation rate.y; ; JS the local evaporation rate
associated with theth element,Dl; is the width of tha-th element, and‘].Qd)h ai 0aSiNes &

average evaporation rate measured via the balances in the tests wkdtleflibe airflow at
the inlet was equab RHinet=0% and air velocity varied fromi=1m/s tovair=4m/s. The model
was then validated in the tests with airflow at different inlet relative humidity.
It is worth to stress that the vapour transfer coefficiénias detected in steadyate
condtions and that the hypothesis of steady state condition is assumed to be valid in transient

process.
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The vapour transfer coefficietithat was detected in the test with airflowat=4m/s
on water surface was found to be the s&ifar water evaporatio on saturated soil exposed to
the airflow at the same air velocity.

The values of the vapour transfer coefficiehtigainst the air velocity are shown in
Figure4-7. These values df allowed estimating the boundary conditions in terms of water

evaporation rate (Equatidd.6)) for the suction drain model.
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9.00E-114
8.00E-11
7.00E-114
6.00E-11 £
5.00E-114
4.00E-11§

3.00E-11+

Vapour trasnfer coefficient; (m/s)

2.00E-11

002 P S S S S
0.00 1.00 2.00 3.00 4.00 5.00

Air velocity, v_air (m/s)

Figure 4-7: Experimental vapour transfer caeffici e

4.6 Suction drairmock-up scale test

4.6.1 Setup

A mock-up scale test was designed to verify the technique of the suction drain at

laboratory scaléFigure4-8). A cylindrical specimen 306hm diameter and 15@&m high was
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cut from the block sample taken on the site. The external surface of the specimen was made
waterproof by using a layer of silicgrease and Parafilfhto prevent water evaporation. A
central borehole 76hm diameter was drilled through the specimen. A metal air delivery tube
700mm long, 15mm OD was placed centrally into the borehole and was kept suspended at 25
mm distance from thigottom of the soil sample to allow the airflow to circulate from the bottom

to the top through the gap between the delivery tube and the borehole.doba@h and 80

mm diameter plastic case was placed at the entry of the borehole to isolate thefeanilote
environment. Air from the laboratory compressed air system was injected through the air

delivery tube to the bottom of the borehole 24/7 for 6 days.

| Airflow in

Air deliverytube

Anemometer

oy ywe Borehole

Airflow

Water flow

Figure 4-8: Schematic layout of the moak scale test

Air velocity and temperature of the airflow were measured via the anemometer
(OMEGA FMA1006RV2-S) which was placed perpendicular to the airflow at the inl#teof
air delivery tube. The sensor design of the anemometer is based on three RTD elements; one

measures the air temperature and the other two sensors measure the air velocity. The
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measurement of the air velocity is based on the heat loss from the RTdityvensor as it

cools down by the air flofOmega Engineering, 2018)hespecification of the velocity sensor

are summarised ifable 4-2. The manufactureds calibration
against the measuremdram a Pitot tube in a wintlnnel.

Table4-2: Specification of the anemometer

Range Air velocity 0-60.96 m/s

Accuracy air velocity 1.5% Full scale range

Display resolution air velocity 0.01m/s

Sensoiprobe 6.3 OD x 95 mm304 Stainless steel
Response time 250 msec default

Operating Relative Humidity 0 to 95% RH without condensation

4.6.2 Experimental Procedure

A continuous airflow was injected inside the borehole through the inner delivery tube
24/7 for6 days at the air velocityir=2m/s and air temperatufe-20 C.

The variation of the soil water content was monitored over time at different distances
from the central borehole. Four 180n long and 1m diameter samples were sampled every
day for measuring the water content according to the scheme shbignie4-9. Two samples
were taken at 35m from the cenad borehole (solid line) and two samples were taken at 70
mm from the central borehole (broken line). Each sample was divided in three parts 50
|l ong each (top, middle and bottom) and each
to measure thgravimetric water content. After each sampling, the hole was sedtedilicon

grease and Parafilii in order to avoid extra evaporation occurring from the sampling hole.
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Since the cylindrical specimen was assumed to have homogeneous initial watdraimhtbe
evaporatiorinduced soil water flux was asymmetric, samples were taken from a different
portion each day as shownhigure4-9. By using this scheme, thamapling of the previous

days did not interfere with the sampling of the following days.

7 A N

FT2N) OKS gl 0S|

top

middle

bottom

Day 4

Figure 4-9: Schematic layout of the soil sampling in the ragglscale test for monitoring the
soil water content

4.6.3 Results

The results from the moekp test are presented kigure4-10. The gravimetric water
content,w of each soil sample at 3&m and at 7G4nm from the central borehole is plotted
versus the time,

The soil water content decreases over time from the initial wah@229 to the final
values w=0.16 and w=0.11 for samples att@ and 35mm from the borehole, respectively.

In Figure4-10can be seen that when tluéls desaturates (w<0.18), soil water content decreases
at a slower rate. As expected, the soil water content recordednan3fecreases faster than

soil water content at 76m since the soil samples are closer to the central borehole where
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evaporation ocurred. The average water content of the soil samples min8%s about 0.03
0.05 smaller than the average water content of the soil samplesnah @@er the duration of
the experiment.
It can also be observed that the soil water content of the toplenaidd bottom parts of
each soil sample differ of 0.86204 to each other without a consistent pattern. A possible
explanation for this is the fact that the tested soil is sandy clay and the presence of sand lenses

in the soil sample can lead to scattelim¢ghe soil water content.

(121



Suction drain as a novel lesarbon ground improvement technique

0.40
X top
O middle
0.30 4 A bottom
——trendline
<>
2
c L
(O]
c 0.20 +
o L
(&)
o
©
= L
0.10 +
OOO T T T T T T
0 1 2 3 4 5 6
Time, t (days)
a)
0.40
X top
O middle
i A bottom
0.30 + .
X ——trendline
<>
=
E |
£ 020t
o |
o
3
©
= |
0.10 +
0.00 T T T T T T
0 1 2 3 4 5 6
Time, t (days)
b)

Figure 4-10: Experimental soil water content in the magk scale test: a) at 35mm from the
central borehole; b) at 70mm from the central borehole
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4.7 Suctiondrain modelling

The suction drain modelling aims to reproduce the evaporataucted water flow that
was generated into the block of natural soil during the rupckest. An axisymmetric finite
element analysis was conducted to simulate the water content of the sad Hredorehole in

the mockup test.

4.7.1 Hydro-mechanical model

The hydremechanical model that simulates water flow generated by tangential airflow
in the suction drain was derived froharantino et al., @L0. Water evaporation at the borehole
surface generates a gradient in pawger pressure which, in turn, generates a water flow
towards the inner surface of the borehole. In an initially saturated soil, changes-wapere
pressure cause mechanicsformation of the clay skeleton that affects its water storage
capacity. Hence, the evaporatimmluced water flow is a hydro mechanical coupled process
and water mass balance and momentum balance equations are required to be solved
simultaneously in priciple.

The water mass balance can be written as follows:

Qb T—‘_ (4.8)
T 0

wherewis the flow velocity—is the volumetric water content (volume of water per
total volume), and is the time In Equation(4.8), the flow velocity is given by the Darey

Buckingam law(Fredlund& Rahardjo, 1993fLu & Likos, 2004)

Y ] 1 yo 5
b R@YI'Q de G 4.9)
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where 0, is the porewater pressurez is the vertical coordinate increasing upward,

[, is the specific weight of water, aiflls the hydraulic conductivity, which depends on

void ratio Qand degree of saturatioii(Mitchell & Soga, 2005) Equation(4.9) neglects
diffusive and advective transport of water vapour and this assumption is corroborated by
numerical simulation of isothermal drying in lpermeability materialBarogheiBouny,

et al., 2001 Coussy, 2004)The volumetric water content can be expressed as a functigh of
andQas follows:

Q, o
e p'fz—Ff) JYio (410)

where the void rati®@and, hence, the volumetric water conteptlepend on the pore

water pressure and on the total stress teng@f follows that the second term of Equati@t8)

becomes:
T —1 ” —; 0

Since the total stress at the boundaries of the mpdcale test i8=0kPa, the variation
of the total stress O0/Ot can be assumed to
pore waterw Pressmrea hOs case the volumetric
Q. (Equation (4.10)) and Equation(4.8) simplifies to a singlevariable partial differential
equation as follows:

T_TTG_ T_él (412)
T o T T 6 '

With the following boundary conditions:

add |0 ) Y OYO YO 4.13)

n o m (4.14)
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and initial conditions:
6 o 6 (4.15)
wherex=| coincides with the inner surface of the borehole xarldcoincides with the
external surface of the block of soil. The tafis the water evaporation rate,is the vapour
transfer coefficient that is a function of the air veloaity, is the sattated vapour pressure that
is a function of the temperature of the airflowl(Q is the relative humidity at the inner
surfaces of the borehole, aN@® s the relative humidity of the airflow. The vapour transfer

coefficient| 0 wasdetermined experimentally as illustrated in Sectddn The relative

humidity at the clay surfac¥O s related to the soil suction bye psychrometric law:
YO Qo F’Y_IY (4.16)
where0 is the molar volume of liquid watet,is the soil suctiony is the universal
constant of gas, aritfis the absolute temperature.
Equation(4.12) together with the boundary conditions and the initial conditions given
by Equationg4.13), (4.14) and(4.15) was solved via finite element analybig using SEEP

W. Nortlinear mechanical and hydraulic constitutive functions were considered. The hydraulic

conductivity ‘Qwas modelled by using the Koze@arman model (Equatiot4.4)). The

function— —¢& was derived from the void ratiQand the degree of saturatiofi as
follows:
Q0 “Yi G 4.17)
— —————%Yio :
p Qo

where the void rati® 6 is defined by Equatiofd.3) and the degree of saturation

“Yi 6 is defined by Equatio(4.2) .
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4.7.2 Numerical analysis and results

The finite element mesh is shown kigure 4-11 represents a radiant section of the
mockup test with the vertical axis of the model coinciding with the axis of symmetry. Initial
conditions are specified in terms of pore water pressure that enables the water content of the
soil to be equal to the soil wateontent measured experimentally before the tes029).
Boundary conditions were specified in terms of water flow. This was set equel to/s at
the top, bottom and outer surface of the model, and was given by Eqg4atR)rat the inner
surface of the model. The vapour transfer coefficierwas derived fronfFigure 4-7 as a
function of the air velocity|( uv8tq@p 1 | TOEIGD ¢ 70, the saturated vapour
pressure was set equal g ¢ T3 & 1€ OhAnd the average relative humidity of the
airflow along the borehole was set equaMo Tt F8The valueRHair was consistent with
the relative humidity of the airflow from the compressed air system measured via the RH/T
sensor placed at the outlet of the air delivery tube. The relatively short lengthrofrl60the
borehole allowed asiming that the relative humidity of the airflow remains constant along the
borehole. This assumption is based on previous experimental obse(Viitini & Tarantino,

2019) Parameters used for the psychrometric law are presentedblied-3.

Table4-3: Parameters for Psychrometric Law

il I"] F] pvoa t T= y
[m3/mol] [J (K mol)?] K] [kPa]
18 x 10° 8.314 293 2.34

The water retention curve and the hydraulic conductivity curve measured
experimentally Figure 4-2 and Figure 4-3) were used to model the soil in the numerical
analysis. The analysis was run for 6 days and adaptive time steps were used to optimise the

convergence.
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Figure 4-11. Numerical modelling for the validation of the magk scale test (axisymmetric
conditions)

Simulated soil water content at 3dBm and 70mm from the central boreke are
compared with the average experimental soil water content measured at the same distances in
the mockup test over time ifrigure4-12. It can k& seen that the numerical results are in fair
agreement with the experimental data. This indicates that the suction drain model represents

with good approximation the evaporatiomuced water flow generated in the clay sample.
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Figure 4-12: Comparison between the experimental and the numerical soil water content, w
versus time, t

4.8 Effectiveness ofwgction drainin stabilising tunnel face

This section explores the beneficial effects of the suction drain in stabilising tunnel face.
The suction drain reduces the water content of the surrounding soil and, hence, increases its
undrained shear strength. The undrained shear strength of theosaleg the soil resistance
to collapse to the tunnel. When the tunnel is excavated, the overburden applies an inward
pressure to the front of the tunnel and the undrained shear strength of the soil mobilised along
the failure mechanism provides the s@sistance to the collapgeeca & New, 2007) The
stability of the front of a tunnel is expressed by the stglfgictor N that is defined by the
following Equation(Broms & Bennermark, 1967)

r 30

— (4.18)
00
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wherer is bulk unit weight of the soilOis the depth to the tunnel axis,ois the
undrained shear strength of the overburden. An increase of the undrained shear strength of the
overburden results in increased stability of the tunnel face and, hence, in a decrease of the

stability factorN.
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%| Suction drain 1
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Failure mechanism
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Figure 4-13: Numerical model of the suction drain in tunnelling

The design of the suction drains would include drilling tleeeholes in an umbrella
arch configuration above the crown of the tunnel. Boreholes are drilled from the crown of the
excavation face of the tunnel or from a higher vertical wall prior the excavation of the tunnel
(i.e. shaft, bigger diameter tunnel notnba the tunnel in excavation). For the sake of this
exercise a simplified configuration of the excavation of the suction drains is considered. Suction
drains are excavated every2in the overburden of the tunnel with the excavation axis parallel
to theaxis of the tunnel. The tunnel is excavated atnldelow ground level.

Figure4-13 presents the numerical model. The thdgaensional (3D) problem of the
evaporatioAinduced water flow at the inner surface of the borehole is studied as-a two

dimensional (2D) problem. Suction drains are modelled as planes, having an infinitive depth in
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the dimension out of page. Under these conditions, the flow net is expected to be 2D at the entry
and at the end of the borehole, and essentially 1D along the length of the borebffl&dan

the ends. The flow is symmetric between two suction draidsabh he | i ne O No FIl u
the midplane between two drains. A column of soil that extends from the surface of the suction
drain to the mieplane was modelled to investigate the evaporatidnced water flow between

two suction drainsKigure4-14)

No flux
_____ ‘r———————w——‘m\
5= L ———— g=0m/s
/
/
s/2

01 =

Suction Drain s« B —— 0=1.17x10m/s

0 10 b

Figure 4-14: 1D finite element mesh and boundaonditions of the numerical model

Initial and boundary conditions of the model were defined in terms of pore water
pressure and water evaporation rate, respectively. The initial pore water pressure was assumed
to be hydrostatic and equal to 50kPa at thgebof the column. The evaporative water flux at
the bottom surface of the column, which coincides with the inner surface of the borehole of the
suction drain, was defineda Equation(4.13) with the vapour transfer coefficient equal to the

one derived for the moeltp scale test] p® xpdt | FOfor RHsoi=100%).
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The water retention behaviour of the soil in the unsaturatee naag described by the
water retention curve versus suction used for the ropctest with the following changes: i)
the soil was assumed to be normal consolidated:; ii) the total stress egual t (& 0 Was
taken into account; iii) the air entry valweas assumed to remain constant with depth. The
water retention behaviour of the soil in the saturated raiYge (p) was instead expressed by

the coefficient of the volumetric compressibildy :
oA
— ., a O— (4.19

The hydraulic conductivity behaviour was expressed by the KeZanyan equation
(Equation(4.4)) with Q g p& opa® 1 ¥OandQ; 1@ x equal to the saturated hydraulic
conductivity of the soil in the moelp scale test.

Numerical results in terms of soil sucti@versus distanciom the suction drairg are
shown in Figure 4-15. The soil suction at the inner surface of the borehole increases
progressively from a negative val(positive poreswater pressure) at day Oito p v p E @ A
at day 10 of evaporation. The soil suction decreases with distance from the inner surface of the
suction drain as expected.

Figure4-16 shows the soil water content, plotted versus distance from the suction
drain,z. The soil water content decreases over time at the interface with the suction drain and
it increases with distance from the surface of the suction drain. These results are consistent with

the results in terms of suction.
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Figure 4-15: Distribution of the suction, s versus distance from the borehole, z at different time
steps
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Figure 4-16: Distribution of the soil water content, w versus distance from the borehole, z at
different time steps
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The undrained shear strength of soil was calculated as a function of the soil water

content by using the equation proposed\blyoth & Wood, 1978)
66 px?® oX P T Q0 & (4.20)
whereQis the liquidity index and it is defined as:
) T (4.21)

wherew is the soil water contentyr is the plastic limit andw. is the liquid limit.
Equation(4.20) implies that the undrained shear strength of soil ikR&at the limit liquid and
170kPa at the plastic limit. For the sake of this exercise when the water content drops below
the plastic limitw<wp the undrained shear stren@this assumed to remain constant and equal
to 170kPa. This is a conservative assumption.

Figure4-17 shows the undrained shear stren@thversus distancefrom the suction
drain at different time steps. It is possible to see that after 1day of evap@atisrequal to
Cu=170kPa at the interface with the suction drain and it decreases with distance from the
suction drain. The longer is the time that the soil is exposed to the evaporation, the more the
undrained shear strengtbu increases. At a certain distan from the suction drain, the

undrained shear strength recovers the far field profile.
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Figure 4-17: Distribution of the soil undrained shear strength, Cu versus the distance from
the borehole, z at different time steps

In order to measure the tunnel face stability by means of Eqy4ti®), a unique value
o f undr ai ned shear strength representative
overburden is required. To this end, the average undrained shear stiengftthe oerburden
was calculated as shown in the windowrafure4-18.

The average undrained shear strength versus tinseplotted inFigure 4-19. It is
possible to see that the average undrained shear strength of the overburden atHoed@ye
is Cu,a=51.50kPa and it is more than doublé=dtOdays

Ultimately, the stability factoN was calculated at different time steps by means of
Equation(4.18) with a bulk weight of soil taken equalito ¢ 1 .71 , the depth to the tunnel
axis equal tdO p 1 | and the undrained shear strength over time give@.pyin Figure
4-18. The stability factomN over the 10 days of evaporation is showrFigure 4-19. The
stability factorN decreases frofN=5.44 att=0 day toN=2.50 att=10 days. Based on the

guidelines provided by centrifuge testifigeca & New, 2007)these results suggest that the
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tunnel face stabily moves from a condition of nearly instability, with ground losses being

expected to occur, to a condition of overall ensured stability.
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Figure4-18. Average undrained shear strength of the overburden, Cu_av versus time, t
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Figure 4-19: Stability factor, N versus the time of evaporation from the suction drain, t
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4.9 Conclusions

This paper has presented ttwacept of the suction drain as an innovative technique for
temporary stabilisation of geo structures in claya@lssThe concept is validated laboratory
mock-up scale level. A borehole was drilled into a block sample and air was injected to the
bottom of the borehole. Airflow circulated from the bottom to the top of the borehole
tangentially to the inner surface of the borehole. Experimental results show that the water
content of the soil around the borehole decreased significantly. This demonsteatagdcity
of the tangential airflow to remove water via evaporation from the soil. The numerical
modelling of the mockip scale test was carried out via a finite element analysis. The agreement
between the numerical and the experimental results valitt&anumerical model as a tool to
design suction drain. The suction drain was applied to an ideal case study to demonstrate its
effectiveness in enhancing the undrained shear strength and, hence, the tunnel face stability.

The suction drain therefore resents a viable technique for ground improvement that
enables the enhancement of the undrained shear strength of clayey soils without using

expensive equipment and without leaving spoils into the ground after its application.
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SSUCTI ON DRAI'N FOR GROUN
| MROVEMENT I N CLAY :FORM;/
FI ELD TRI AL

5.1 Abstract

The suction drain is an innovative concept for ground improvement in clayey soils. This
technique is based on the depletion of water content generated by the evaporation induced by
forced ventilation intoa borehole. The decrease in water content generates an increase in
undrained shear strength and, hence, the stability of the geostructure. This paper presents a field
trial of the suction drain. A Bh deep borehole was drilled into the ground and compiesse
was injected at the borehole end through a delivery pipe for 4 days. The air flowing back
through the gap between the borehole and the pipe was expected to generate evaporation at the
borehole interface and, hence, water flow towards the drain.iTkelacity and the relative
humidity of the airflow was controlled. The water content of the soil around the borehole was
measured at different distances from the borehole and at different times from the start of the
experiment. Experimental results shaltkat the water content of the soil around the borehole
decreased significantly after 1 day of o6forc
in demonstrating the effectiveness of the suction drain. A 2D finite element analysis was
conductedd simulate the evaporationduced water flow that occurred in the soil around the

borehole. A possible scenario of the water flow generated during the field trial is discussed.
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5.2 Introduction

The suction drain is an innovative concept for temporary stabilisation of tunnels and
excavations in clay formations. The concept is based on the principle of water flow induced by
evaporation that reduces the water content of the soil and, hence, iadteaserained shear
strength. The concept of the suction drain, first presentddaoyni et al.,(2018submitted is
summarised irFigure5-1. The technique consists of drilling a borehole into the ground and
installing a centralised air delivery tube inside the borehole. Air is injected at thd #red o
borehole through the tube, then flows back from the end to the entry of the borehole through
the gap between the tube and the inner surfaces of the borehole. The air, which flows
tangentially to the inner surface of the borehole, exposes the seedporation. Water therefore
flows towards the borehole reducing the water content of the surrounding soil and increasing

its undrained shear strength.

Pore water pressureSoil Water contentUndrained shear strengtl

Airflow in f
Air delivery tube
Water flow f
200922000 2N
YYVVVYVVYVYY D — |
INNN Iy 51
f Borehole
N 4 “\ Tangential airflow
TUNNEL
Undrained shear strength 2
2/ v v

Figure 5-1: Application of the suction drain for temporaryilsstabilisation in tunnelling

One of the keyaspects of this technique is the water flow generated biatigential

air-flow. Martini & Tarantino,(2018submitted developed a model for estimating the water
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evaporation rate from a wet surfabat is exposed to a tangential airflow in a confined space.
The model allows quantifying the water flow from the inner surfaces of the borehole as a
function of the air velocity and the relative humidity of the airflow inside the borehole.

The suction dria was also tested in the laboratory in a block of natural soil. The proof
of concept of the suction drain at megg scale was presentéd Martini et al., (2018
submitted. Air was injected through a pwrilled borehole at the centre of the block of soil
and the water content of the soil around the borehole was monitored over time and distance.
The evaporatioiinduced water flow in the soil was modelleda 2D analysis. The proof of
concept was achieved by matching the experimental and the numerical water content of the soil
around the borehole.

This study aims to verify the concept of the suction daaihefield scale. A 5m deep
boreholewasdrilled in a silty clay deposit in Newton (Scotland) andhaisinjectedatthe end
of the borehole for 4 days. The water content of thevsaiimeasured at different distances
from the borehole and at different time from the start okilféw-inducedevapration. The
field installation, the field procedure and the data sampling of the field test are described in this
paper.

Numerical analysesvere then conducted to simulate the evaporatinoduced water
flow in the soil around the borehol€o this end, énydromechanical characterisation of the
soil wascarried out Thewater content simulated numerically was finattynpared with the
water contentneasured experimentally the fieldto analyse the processes occurred in the

field.
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5.3 Site details

The siteis located off Newton Farm Road in the north eastern outskirts of Newton,
Cambuslang. It was part of the working site dedicated to the construction of the Newton Farm
Primary School in Cambuslang. A conventional site investigation carried out by BAMe&Ritchi
for the construction of the school showed the presence of clay/ silty clay in thevesttborner
of the working site. This part of the site was selected for carrying out the field test of the suction
drain in clay formations. The national grid refecze of the centre of the site is NS 66694 61415

(Easting: 266693.713, Northing: 661414.926).

5.4 Material

The material used for the characterisation of the soil in the laboratory was obtained from
the U86 soil samples of borehole BHO1 ($&gure 5-8) between 3rBGL and 5nBGL.

Borehole BHO1 was drilled by using the continuous percussion boring Terrier technique.

5.4.1 BGL Soil classification and index properties

Soil samples from the depth intats 0f3.00-3.30m and 4.28.50mwere used for the
soil classification and for assessing of the soil index properties. Moisture content tests,
Atterberg Limit tests, particle density tests by the small pycnometer method and particle size
distribution inclding sedimentation tests were carriediowccordance with BS1377:1190

The average moisture content of the soil betweeBBmand 5mBGLwasw=0.40.
The limit liquid assessed by fall cone testsLL=0.55 and the threamblling plastic limitwas

PL=0.27 According to the plasticity chart of Casagrande the clay is classified as inorganic clay
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with high plasticity (P1=0.28). The soil material is an inactive clay with the activity A=0.56.
The specific gravityvasGs= 2.750.
The particle size distributioof thetwo soil samples taken at 3:30B0mBGL and two
soil samples taken at 4:2650mBGLis shownin Figure5-2. Each curve was obtained via wet
sieving and sedimentation. The four curves show similar grain size distributions: 42% to 51%
i's cl ay f r5%to#d760nssilt fra@ieng)55e m) and 2% is sand fr

size distribution of the soil between 3mBGL and 5mBfsconsideredd be homogeneous.

CLAY SILT SAND
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._,‘pllrloub'.'.'.$
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Figure 5-2: Particle size distribution of the sak the site

5.4.2 Compression behaviour

Figure 5-3 shows five onalimensional (oedometer) compression tests that were
performed on soil specimens taken at 330OMBGL, 4.004.15mBGL and 4.28.50mBGL

from borehole BHO1A 75mm diameteand20mm high steel cutting ring was used to cut the
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specimen from the U86 soil samples. The excess clay was trimmed to obtain the specimen of

equal dimension to the cuttinghg.

—+—3.00-3.30 m
——4.00-4.15m
——4.25-4.50 m

=
=
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(]
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Void ratio, e )
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Figure 5-3: Results of onelimensional compression tests in terms of void ratio e versus
vertical effective stress Uo6v of the soil i

The specimen was placed into the oedometer cell and the water reservoir was filled with
water to saturate the specimen before to start the testsgecimen was loaded in steps to the
final vertical stresses of 2230 kPa and then unloaded by reversing the loading cycle. Each
applied vertical stress was maintained for sufficient time to allow for equalisation of vertical
displacement. The change ihidkness of the specimen versus time was recorded at each
loading step via a disptamenttransducer

The void ratioe is plotted versus the vertical effective strésé Vhe variablee was
calculated backwards from the final water content and the volume changes recorded at each
step. At the end of each loading step, the pore water pressure was assumed to be equal to zero
and theefore I 6 v =Thevvertical total stress was calculateddbyding the vertical load by

the specimen area.
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It is possible toobservethat the compressibility curves of the specimens at-3.00
3.30mBGL and at 4.28.50mBGL present parallel normal consolidation lines and rebound
lines, whereas the specimen at 440006mBGL has a different normal consolidation line and
rebound line. These observations are consistent with the visual examination of the soil in the
site between 3BIGL and 5nBGL that presents a homogeneous clay matrix and sparse bands
of clayey sandy siltrad lenses of sand. It is also visible that for the same depths the specimens
at 3.003.30mBGL have different initial void ratio. This suggests that the clay matrix may be

composed of clay with different porosity and/or density.

5.4.3 Water retention behaviour

The water retention behaviour wdsrived by assessing experimentallshg void ratio
e versus the water ratiey, andii) the water raticy versus the soil suctiogs This allowed
defining the water retention behaviour in termshef degree ofaturatio S versus suctiors
and void ratice versus the suctios

A 50mm diameter metallic cutting ring was used to cut soil specimens between
4.70mBGL and 4.90mBGL from the U86 soil samples of borehole BHO1. The soil specimen
were airdried to target water contents and afterwards enclosed in a waterproof layer of

ParafilmN and silicon grease for 24hisr water contenequilibration

Measurement of suction
High-capacity tensiometer@arantino & Mongiovi,2002) were used to measutiee
soil suctionin the range 2000kPa. They consist of a water reservoir, a higkeatry ceramic
disk (1.5 MPa) and a stragauged diaphragm. A review of this measurement technique can be

found inTarantno, (2004)andMarinho et al., (2008)The tenmeters were calibrated in the
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positive range 1500 kPa with a measure standard deviation accuracy of £1.5 kPa. The
calibration was extrapolated to the negative range of pore water pressure accordnagtioo
& Mongiovi, (2002.Two tensiometers were usedsiltaneously to measure the soil suction in
each specimen. Two holes of the size of the tensiometer porous ceramic were cut on the layer
of ParafilmN and he tensiometers were placedo the holes with the porous ceramics in
contact with the sailAn additional layer oParafilmN and silicon grease wasacedaround
the connection of the tensiometer and the specimen to prevent water evaporation occurring from
the hole during the measurement. Once the tensiometers recorded a stable value oth&uction, t
specimen was placed into the oven at 105°C for 24hrs to obtain the moisture content related to
thematricsuction.

The dew point water potentiometer only (WP4C) was used for suction measunmement
the range 30@00000 kPa. The calibration curve of tlievice was verified by using sodium
chl oride solutions with known water potenti a
accuracy of +30 kPa. Further information on the use of the WP4C can be folbetagon
Devices (2014)Specimens of approximately 1 mvere cut fom the 50mm diameter soil
sample and were placed into the WP4. At the end of the pore water pressure measurement the
specimen was placed into the oven at 105°C for 24hrs to obtain the moisture content related to
the total suction.

The WP4C and the higtapacity tensiometeneasurements overlapped the raBge

2000kPa.

Measurement of void ratio

The relationship between the void raliband the water ratioQ was assessed

independently. A 16mm diameter, 12mBn high cutting ring was used to cut small specimens
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from the 50mm diameter soil samples that weredhiied to target water content. The cutting

ring was pushed into the sample slowly using a loading frame to prevent soil cracking. The top
and bottom ofhe specimen were trimmed to give the specimen the same height of the cutting
ring. The inner volume of the cutting ring allowed the calculation of the void ratio. The

specimen was then placed into the oven at 105°C for 24hrs to obtain the soil watgr conte

Water retention curve

The experimental data of water rafoversus the soil suction s is showrFigure5-4a.
It is possible to see thatetsuction measurements obtained via the tensiometers define a clear
trend whereas the suction measurements obtained via th€ @ffpear to be more scattered.
This scatter might be linked to the accuracy of the @/&4d to the fact that the tested soil is a
natural soil.Despite the dispersion of the WP4lata, there seems to be continuity between
total suctionand matric suctiondata, i.e. the osmotic component of suction appears to be
negligible

The void ratioQversus water ratid is shown inFigure5-4b. The experimental data
were fitted by using two distinctive functions for the saturated and unsaturated range,

respectively(TarantinoA. et al., 2010)

Q 0 O Q o 0 (5.1a)
Q 0 2 0 o
AZBO 0 (5.1)b)

wherev is the gravimetric water content at air ent@iis the specific gravity of the
soil,Q s the residual void raticf) is the void ratio at air entry, amalis a fitting parameter.
It is possible to see that upon drying, the void ratio decrea%es tm® in the saturated range

then remains constant when the soil desaturates.
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The drying curve in terms of degree of sation"Y versus soil suctioh is shown in
Figure5-4c. Per each data point of a known water ra@loand soil suctiori, the degree of
saturaion “Yiwas calculated as the ratio of water ratio to void ra¥o ‘Q 7Q with void ratio
‘Qobtained from Equatio(b.1d). Experimental data of the degree of saturatiiversus soil

suctioniwer e fitted by wusi n@anCGemuch®Gre 080 ht ends f un
Y — (5.2

where| F¢ andd are soil parameters and were derived by-figtsig using the least
square metho(rable5-1).

Finally, the relationship of void rati@versus soil suctioh is shown inFigure5-4d.
Two distinctive functions were used to model the void r&ieersus the suctioh in the

saturated and unsaturated range, respectively as fqllakantino, A., 2010)
A D i i (5.3a)

0 0 QQ .
p ( (
Ag® O i (4.30)

wherei s the suctiorat air entry,0 h_anddare fitting parameterg @ble5-1).

The water retention behaviour of the soil was defined by the volumetric water content
—{(volume of water per total volume) versus the soil sudtiorhe volumetric water contert
was calculated as the product of the porasity the degree of saturatidyii The values of the

parameters used for defining the water retention behaviour of the soil are giadiab-1 .

Table5-1: Parameters for the water retention behaviour

or.| mav| mr b U n m v 4 ¥
[] [] [] [-] [kPa]* | [ [-] [kPa] [-] [] [kPaJ*

0.29 | 0.794 | 0.798 | 728.170 | 0.002 | 58.289| 0.007 | 500.971| 1.406 | 0.098 | 0.052
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Figure 5-4: Water retention behaviour of the soil in situ

(148



Suction drain as a novel lesarbon ground improvement technique

5.4.4 Hydraulic conductivity behaviour

The hydraulic conductivitfQwas modelled via th&ozenyCarmanequation(Chapus

& Aubertin, 2003)
Q Q = —=7 (5.4)
where’Q s the saturated hydraulic conductivity associated to the reference soil void
ratioQ, Qis the void ratio andYiis the degree of saturation. The void r&and the degree of
saturation'Yiare defined by Equatior(5.3a) and(5.2). The saturated hydraulic conductivity
"Q is obtained at the reference void ra@ofrom the constant head hydraulic conductivity

test in a modified oedometer cell as explained laténis section The hydraulic conductivity

"Qversus the soil suctidnis shown inFigure5-5.
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Figure 5-5: Hydraulic conductivity curve of the soil in the site
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Saturated hydraulic conductivity

The saturated hydraulic conductivity wassessed experimentally via constant head
hydraulic conductivity tests carried out in a modified oedometer cell. The soil specimens were
cut from the U86 samples of borehole BHO1 at the depth ofBBBL, 4.00mBGL and 4.25
mBGL by using the sampling tegique described in Secti®¥.2 The specimens were placed
into the oedometer and the cell was covered with water. The specimens were loaded in steps,
as per standard oedometer test, to a vertical pressure of RR30 The oedomter cell was
connected to a water reservoir located atAr@éeight from the oedometer cell. At the end of
the primary consolidation of selected loading steps, the valve was open and the water was able
to flow through the specimen thanks to the hydraulic head differéhti@tween the top and
the bottom of thespecimen. The quantity of mass of water passing through the sample was
measured by the balance underneath the water reservoir, taking into account the water
evaporation rate from the reservoir.

Direct measurements & versusQj p Q are shown irFigure5-6 for the three
soil specimens taken at 3.6(BGL, 4.00mBGL and 4.25mBGL. It is possible to see that the
values of the saturated hydrautionductivity’Q for the three specimen are within the same
order of magnitude anare characterised by a linear trend wifdj p Q. The lineartrend
is supported by the Kozeryarman modelMitchell & Soga, 2005and it was used as a check
of the quality of the permeability tegtShapuis & Aubertin, 2003)'he value of the saturated
hydraulic conductivityQ  at areference void rati®2 @ wvas selected with reference to

the samplat4.254.50m (Q cgpm anm).
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Figure 5-6: Saturated hydraulic conductivity

5.5 Field method

5.5.1 Field installation

Figure5-7 shows a schematic of the suction dranperforated case was installed to
support the borehole and, at the same time, to allow the deil teaevaporate into the borehole
once air was injected at the end of the delivery pipe.

The perforated casevas manufactured in the laboratory and assembtedite It
consisted ofif’e sheets of metallic net with 11muoilmm aperture folded in1 m longand
80 mm diameter tubular cases and gdnogether to form the B long perforated case. Four
additional tubular cases with a smaller diameter were installed in correspoofémegoints
to strengtlen the outer perforated case. A solid plastip ovasplacedat the end of the
perforated case. Four circular spacsaippedvith a central hole were fixed to the perforated

case every In. A 5m longand26 mm outer diameter plastic tube was installed inside the case
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through the holes in the spacefe plastic tube protrudéd5 m above the ground levand

its endwas locatedat 4.5m from ground levelinside the borehole Three RH/T sensors
(Sensirion Kit EKH5 sensors SHT21) were attachiethe outer perforated case at h32.15

m and 3.35n from the entry of the case with the measuring sensor facing the soil. One RH/T
sensor was installed at ground level, outside of the borehole, to record the temperature and the
relative humidity of the air in the environment. The electrical parts of Hv@& Rensors were
spraycoated with Servisol Plastic Seal 60 Protective Insulator to protect them from oxidation.
The measuring sensors were also encapsulated through a filter cup to protect them from long
exposure to moisture, chemical corrosion as weatheshanical shock&’ang, W. et al., 2015)
Sensors were calibrated after the field test usimg fixedpoint humidity systemgqde

Métrologie Légale, 1996)he specifications of the RH/T sensors are listethinle5-2.

Table5-2: Manufacturer 6s ssensocsi fi cation of the RH

Sensor size 3x3x1.1mm

RH sensing element Capacitivetype

RH operating range 0-100% RH

RH accuracy +2% (20%80% RH) £3%(0-20% RHi 80%-100% RH)
T sensing element Bandgap

T operating range -40to +125°C

T accuracy +0.3°C
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Figure 5-7: The suction drain cage and itsstallation in the site

5.5.2 Field testprocedure

A nonrinvasive inspection was conducted at ground level in the area of the field test to

ensure that no pipes and electrical cables were present undergroundminsdi@meteand

300mm deep hole was excavat#dground level where the central borehole was planned to be

excavated to carry out the service check.
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A 100mm diameteand5 m deep borehole wabken drilledvia continuous percussion
boring technique (Terrier). No drilling mud was used during the drilling to avoid the alteration
of the natural water content of the soil. Solid casetemporarilyinstalled inside the borehole
during the drilling to ensungs stability.

The perforated case wémsveredto the end of the borehole. The solid cases then
partially withdrawnto leave clear spadeetween 2mBGL and 5mBGL. Bentonite was used to
backfill the hole at the ground level and to prevent water infiltratiom fground level around
the borehole.

The hose from a compressor was connected to the inlet of the air delivery tube inside
the borehole. The air, supplied by a compress@8atkPa, was injected to the end of the
borehole 24/7 for 4 days.

Air velocity was measured at the entry of the air delivery tube via the anemometer
(OMEGA FMA1006RV2-S) at regular intervals. The air velocity was v=10m/s. The
specification of the velocity sensor are summarisefable5-3. The RH/T sensors inside the
borehole were connected to the laptop to record the relative humidity and the temperature of

the air inside the borehole during working hours on site.

Table5-3: Specification of the anemometer

Range Air velocity 0-60.96 m/s

Accuracy air velocity 1.5% Full scale range

Display resolution air velocity 0.01m/s

Sensor probe 6.3 OD x 95 mm304 Stainless steel
Responséime 250 msec default

Operating Relative Humidity 0 to 95% RH without condensation
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5.5.3 Data sampling

Figure 5-8 shows a schemati@yout of the data sampling that was undertakensite for
monitoring the gravimetric water content and gwl strength before and duringrflow-
inducedevaporation.

The initial water content of the sobn site was obtained from soil samples of the
borehole BHO1. Radial boreholes were drilled atr.8nd 0.7m from borehole BHO1 at day
1, day 2, day 3 and day 4 of evaporation. One additional borehole @t ftdsn BHO1was
drilled at day 1 and day 2 of evaporation. Boreholes were drilled via the continuous percussion
(Terrier) technique from ground level to 5SmBGL and U86 samples were taken aveydil
specimens were cut from the U86 samples approximately everynd@ measure the
gravimetric water content. The gravimetric water content was measured at different depths
between ground level and 5mBGL, at different distance from the evaporating surface and at

different time from the start of the evaporatasishown in
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Figure 5-8: Mapping of data sampling

It can be observeithat the radial boreholes were drilled each day in different quarter
the circular area around the central borehole. This scheme was thought to limit the interference
between boreholes drilled at different days. Radial boreholes were also backfilled with

bentonite after sampling to avoid evaporation occurring from there.
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Panda lightweight penetrometer tests measured the dynamic penetration resistance of
the soil. The objective was to correlate the penetration resistance to the undrainstiesiggér
of the soil via available correlations in the literat(Beitcher A. P. et al., 199D Langton,

1999) A Panda test was carried out before to stetdvaporation (PO) and at every day of
evaporation (P1, P2, P3 and P4). Test P1 was carried outnatfthf the central borehole and
tests P2, P3 and P4 were carried out atrOfibm the central borehole. It is possible to see that
also the Panda testgere carried out each day in a different quarter of the circular area around
the central borehole.

The data sampling scheme shown Rigure 5-8 is supported by theoflowing
assumptions: i) the evaporatiorducedwater content changs axisymmetridrom the central
borehole; ii) the water content and the dynamic penetration resistance of the soil measured
beforethe start the testvashomogeneous in the 1rb radiuscircular area around the central

borehole BHOL1.

5.6 Experimental results

5.6.1 Measurementof relative humidity and temperature of the airflow

Figure5-9 shows the relative humidity and the temperature of the airflow that circulates
in the central borehole BHO1 through the gap between the air delivery tube and the surfaces of
the borehole ovaime. The relative humidity and the temperature of the airflow were measured
via the RH/T sensors H, L and M that were installed inside the borehole at 3.35mBGL,
2.15mBGL and 0.3mBGL, respectivelihe relative humidity and the temperature of the air in
the environment were also measured via the RH/T sensor N at 0.5m above groumdgere!| (

5-7).
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The sensoat 0.3mBGL(M) essentially measures the ambient RH whereas the lower
sensor aB.35mBGL (H) and the intermediate sensor at 20B85L (L) are exposed to the
evaporating surface of the borehole. Because the ground surrounding the borehole in its bottom
part is saturath one would expect the relative humidity in the borehole to be close to 100% if
air was stagnant. The air flow on days 0 to 1 actually depletes the relative humidity to about
85% for thesensors H and.LUt can then be noticed that the relative humidiignt tend to
increase steadily on days 2 to 4 foe tsensors H and &s if the air injected at the bottooh
the borehole does not effectively move back upward through the gap between the borehole and
the air delivery tube.

The temperature of the airflomside the boreholésensors H and L) remains fairly
constant, lower that air temperature above ground and generally oscillating in phase with the

temperature above ground (sensor N).
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Figure 5-9: Relative humidity and temperature of the airflow inside the borehole BHO1
measured via the RH/T sensors from the start of the evaporation versus the time, t
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5.6.2 Measurement of soil undrained shear strength in the site

Figure5-10 shows the dynamic penetration resistance of the soil versus depth that was
measured via the Panda té&tnetrationests started at ground leweiday 0 and 1, anstarted
at 2nBGL ondays 2, 3 and 4. The tests were interrupted at about 3.8mBGL when the critical
rod friction was reached.

Comparison between the dynamic cone resistgdca day O (PO) and at day 1 (P1)
shows that the penetration resistance of the soil after 24hrs of evaporeti@ins
approximately the sam@lso, thedynamic cone resistanbetween th and 4nBGL does not
appear to change significantly days 2 to 4 (dat are quite dispersed but there does not seem

to be any temporal trend in tdgnamic cone resistandata).

(160



Suction drain as a novel lesarbon ground improvement technique

Depth, z (mBGL)

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

4.50

5.00

Dynamic Cone Resistance, qd (MPa)

0.1 1 10 100
I L .‘ ;g: X e day 0

I ‘Q o XX x day 1

I 2 &

(161




Suction drain as a novel lesarbon ground improvement technique

Dynamic Cone Resistance, qd (MPa)

0.1 1 10 100
0.00 ‘ ——— —

i A day 2
0.50 o day 3
i - day 4

1.00 |
1.50 |

2.00

N

al

o
|

w

o

o
|

Depth, z (MBGL)

3.50

4.00 |

450 |

5.00 L

Figure 5-10: Dynamic cone resistance of the soil in situ, gqd versus depth, z measutieel via
Panda test at different days of evaporation

5.6.3 Measurementof soil water content

Figure5-11 shows the comparison between the water content of the soil in the field
before the test and the water content of the soil an(r®m the central borehole BHO1 at day
1, day 2, day 3 and day 4 of evaporation. The initial water content of the soilfialtheas
obtained from the soil specimethat were cut from borehole BHO1. The water content of the

soil at 0.3m distance from BHO1 at day 1, day 2, day 3 and day 4 of evaporation was obtained
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from the soil specimen that were cut from borehole 1C, @@l 4C, respectivelggeFigure
5-8).

The soil water content is plotted approximately every 0.3m from 1mBGL to 5SmBGL.

It is possible to see that at day 0, the watatent of the soil increases from w=0.22 to
w=0.40 between 1mBGL to 3mBGL and remains approximately constant to w=0.4 between
3mBGL and 5mBGL. This trend suggests that the water content of the soil between ground
level and 3mBGL is influenced by extermeeather conditions.

Experimental data referred to day 1, day 2, day 3 and day 4 show that the water content
of the soil between ground level and 4mBGL remains approximately equal to the water content
of the soil measuredn day 0. The water contemt of the soil between 4mBGL and 5mBGL
decreases linearly with depth at day 1 and it reaches w=0.24 at 5mBGL after one day of
evaporation. The water content of the soil between 4mBGL and 5mBGL returns equal to the
initial water content w=0.40n days 2 and 3 ad it decreases agasiightly onday 4. These
results suggest that the evaporation was effectivay 1 andessentiallystopped workingpn
days 2to 4.This is not surprising since the site flooded after a heavy rainfall between day 1 and
day 2. Probablysome water infiltration occurred from ground level through the boreholes
drilled the previous days. Following these findings, this paper focuses on the evaporation

induced water flow between 4mBGL and 5mBGL at day 1 of the field test.
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Figure 5-11: Gravimetric water content, w of the soil at 0.3m from the central borehole BHO
versus depth z at different days of evaporation
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Figure5-12 shows the comparison of the gravimetric water content of the soil around
the borehole BHO1 between 4mBGL and 5mBGL before the evaporation and after 1 day of
evaporation. The water contenttbé soil specimens taken from the central borehole BHO1 at
day O are plotted together with the water content of the soil specimens from boreholes 1C, 1B
and 1A at 0.3m, 0.7m and 1.5m, respectively from BHO1 after 1 day of evaporation.

The water content dhe soil between 4mBGL and 5mBGL after 1 day from the start of
the evaporation decreases linearly with depth. No change of water content is measured at
4mBGL. Thedecrease invater content versus deptlasapproximately the same for the soil
at 0.3m, 0.7m and 1.5n from the central borehole BHO1 after 1 day of evaporation. At 5SmBGL

the water content drggdapproximately to w=0.25.
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Figure 5-12: Gravimetric water content, w of the soil between 4mBGL and@mBeasured
at 0.3m, 0.7m and 1.5m from the borehole BHO1 at day 1 of evaporation.
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5.7 Discussion

The airflow injected into the borehole BHO1 removed water successfully from the soil
between 4mBGL and 5mBGL after 1 day of evaporation. This section explorespiieility
of the FEM to reproduce the evaporatiaduced water flow that was generated into the soill

during the application of the suction drain in the site.

5.7.1 Numerical modelling of the suction drain

A 2D finite element analysiwasdeveloped to simulatthe evaporatiemduced water
flow from borehole BHO1. The model is based on the assumption that the airflow, which is
injected to the end of the borehole, circulates from the end to the entry of the borehole
tangentially to the inner surfaces of the ddwle. The soil water content after 1 day of
evaporatiorderived numerically will then beompared with the soil water conteneasured
experimentdy in the field.

Hydro-mechanical model for the suction drain

The evaporatioinduced water flow is a hydamechanical coupled process. The hydro
mechanical model that simulateater flow induced byaterevaporations presented in detail
in Tarantinecet al.,(2010) The hydraulic boundary condition associated with tangential air flow
in a confined spaceé discussed in detail iMartini & Tarantino, (2018submitted. The
hydraulicmodel is based on the water ssdalance equation:

N =
T 0

wherewis the flow velocity,—is the volumetric water content (volume of water per
total volume), and t is the time. In Equati(85), the flow velocity is gren by the Darcy

Buckingam law(Fredlund et al., 1993 u & Likos, 2004)
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e s 0
) E AB OQi wFQ- a (5.6)

where 6 is the porewater pressurez is the vertical coordinate increasing upward,

[ is the specific weight of water, aifdis the hydraulic conductivity, which depends on
void ratio Qand degree of saturatioli (Mitchell & Soga, 2005) Equation(5.6) neglects
diffusive and advective transport of water vapour and this assumption is corroborate
numerical simulation of isothermal drying in lpermeability materialBarogheiBouny,

et al.,2001;Coussy, 2004)The volumetric water content can be expressed as a functigh of
andQas follows:

'Qn Fb W Sz
— pQ—FD JYio (.7

where the void rati®@and, hence, the volumetric water conteptlepend on the pore
water pressuré and on the total stress tensor. As a first approximation, the volumetric
water contert—s considered function of the pore water pressurenly (no hydremechanical
coupling was considered)his simplification allowed developing a simplified model for a first
understanding of the evaporatiolduced water flow that occurred in tfield. In this case
Equation(5.5) simplifies to a singlevariable as follows:

1T 6 160

T .. 1 o
Tod o 16 139 =8

with the following boundargonditions:

B |0 2 Y 2YO YO (5.9)

6 0 o (5.10)

and initial conditions:
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6 o 6 (5.12)

where x/2 coincides with the evaporating surface of the central borefiadameter
D and x=L coincides with the far field boundary conditions of the model. Theriamthe
water evaporation rate,is the vapour transfer coefficient and it is a function of the air velocity
that flows tangential to the inner surface of the central borefipleis the saturated vapour
pressure which is a function of the temperatfréhe airflow,2( s the relative humidity at
the inner surfaces of the borehole @fd is the relative humidity of the airflow. The vapour transfer
coefficienty O is derived from Penman equation as demonstratédiinini & Tarantino,(2018
submitted. The relative humidity at the clay surfa2¢ is related to the soil suction by the

psychrometric law:
2 AgB © 5.12
( %—4 (5.12

whered is the molar volume of liquid wateir,is the soil suctiony is the universal constant
of gas andYis the absolute temperatutequation(5.8) together with he boundary conditions and
the initial conditions given by Equatiol&9), (5.10) and(5.11) was solved via finite element

analysis.

Finite element analysis

The finite element model is represented-igure5-13. The analysis is axisymmetric
with thevertical axis that is the axis of symmetry of the boreh@G@mstitutive functions were
considered in terms of volumetric water contestnd hydraulic conductivitif8 The function
— —0 was derived from the void rat@and the degree of saturatidfi as follows:

Q6 s
—_ pTé Y1 O (513)
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where the void rati® 6 is defined by Equatiofb.1a) and the degree of saturation
“Yi 6 is defined by Equatior(5.2).

The hydraulic conductivityOwas modelled by using the Koze@arman model
(Equation(5.4)) that assumes that the hydraulic conductiiiig a function of the void rati®

and of the degree of saturatidfias follows:

N Q 2 "Y 5.14

The saturated hydraulic conductivity that was measured in the laborat@y is
¢& @ 1 a7 atthe reference void rat@ & wWorks byDaniel (1984)and Mitchell
(1993) showthat the hydraulic conductivity of clays in the site is generally found to be 10
1,000 times larger than values obtained from laboratory tests. The main difficulty with
laboratory permeability tests is generally related to tledlpm of obtaining a representative
sample of soil for testing.

The water evaporation ratgat the inner surface of the borehole vedfected by a
certaindegree ofuncertairty. The air velocity at the inlet of the delivery pipe was measured
equal too p 10 fi, however the turbulence of the airflow at the end of the borehole was
not controlledConsidering the ratio of the cressctional areas of the air delivery tube and the
annular gap between the-aielivery tube and the borehole, the ailoegty could be considered

of the order ofL.3 m/s.

Figure5-13illustratesthe boundary conditions of the other surfaces of the model. The water
evaporan rate] 14 fi was specified at the top and at the bottom surfaces of the model
and the constant total hebldvas specified at the surface on the right hand(sidier boundary

of the axisymmetric problembnitial conditions were specified in terno$§ pore water tension
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that enabled to have the soil water content equal to the average water content of the soil between

4mBGL and 5mBGL before the evaporation (w=0.40).
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Figure 5-13: The axisymmetric model of the evaporatinduced water flow from borehole
BHO1

A numerical analysis was initially performed by usinglti®ratory value ofiydraulic
conductivity & @ 1 & i) and the ideal air velocityf 1.3 m/s derivedby scaling the air
flow timesarea. The values of water content derived numerically aiaaily underestimated
the valies neasured in the field.his wasattributed to the uncertainty on the field hydraulic
conductivity and air flow velocity at the bottom of the borehole.

A different strategy was therefore pursued. The hydraulic conductivity and air flow
velocity was first baclkcalculated by mateéhg experimental and numerical water content data.

The backcalculated hydraulic conductivity was then benchmarked against the value derived in
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the laboratory to verify whether the discrepancy fell in the range typically observed when
comparing laboratorgnd field data. Similar approach was adopted for the air velocity.

The saturated hydraulic conductivif@ pdup T a fi and the water flowj
wop T & 11 were lackcalculated. These are thalues thatprovided reasonablenatching
between numéral andexperimentalvater content at 5SmBGat distances d.3m, 0.7m and
1.5m from the borehole BHO1 after 1 day of evaporation.

These valuesaresenseless. The hydraulic conductivity of the clay in the site is unlikely
to be five orders of magnitude larger than the hydraulic conductivity in the laboratory. The
backcalculated water evaporation rajecorresponds to an airflow with air velocity
o o Tt @ ft if Equation(5.9) is usedconsidering the relative humidity of the airflow RH=0%
and the air temperatuf® p v 3

In conclusionthis firstmodel wa not representativat all of the evaporatiotinduced

watercontent changethat occurred in théeld during thel day oftest.

5.7.2 Scenario of the horizontal natural suction drain

The coredrom the boreholes were reviewed. Lenses of sand were noticed in the clay
matrix of the soil sample3hescenariocc 0 n s i s naiurabdorizofital guction draimade
of continuoudenses of sands in the clay matrix wiasninvestigated.

The schematic layduand the numerical mod&br this scenario are shown Figure
5-14Error! Reference source not found. The scenario of the horizontal natural suction drain
assumes that the airflow from the end of the borehole BHO1 does not circulate backward to the
entry of the boreholelnstead, & flows through the lenses of sand in the clay at 5mBGL

generating an effect equivalentaborizontal suction drain.
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This scenario is also supported by the fact that some air was found to flow out at ground
level from one of the boreholes at Gr8from BHO1 dumg the field. This suggests that the
lenses of sand might hawaetedas channels for the air from borehole BHQ#. air flew
backwards to the ground lewghen the lenses of sand were intercepted by the boreadrdled
for the soil sampling.

As a first approximation for the numerical model, it was assumed that only one
horizontal lens of sand was present at 5mBGL and that no evaporation occurred from the inner
surfaces of the borehole. The finite element model simulates a column of soil that is ¢éxposed
the evaporatiofrom the lens of sand at 5SmBGEi@ure5-14). Since water flow generated by
the o0infinited sand | ens o c aablensreducedtoyaand i c al

dimensional one.

Inlet air flow
H5 Y2
Constant total head, H
Air flow - Impermeable g=0 m/s
Water flow +
\ Lens of sand \ Water evaporation rate, g

Figure 5-14: Schematic of the plain strain model for the natural horizontal suction drain and
its boundary conditions
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Constitutive functions were considered in terms of volumetric water cortént and
hydraulic conductivity(

Initial conditions were specified in terms of pore water tension that enabled to have the
initial numerical soil water content equal to the experimental soil water content before the
evaporation (w=0.40). Boundary conditions included water evaporatiom+aten/sat the
lateral surfaces of the model, constant total héatithe top surface of the model and the water
evaporation ratg at the bottom surface of the model, as showrigure5-14.

The saturated hydraulic conductivity in the s and the water flong at the
evaporating surface were bac#lculated from the comparison between numerical and
experimentaldata The saturated hydraulic conductivity in thld "Q equals to
o0 @ 1t | ¥Oand the water flovg equals tap @ 11 | FOallow a good agreement between
the experimental and the numerical soil water content after 1 day of evaporation. The
experimental ad the numerical results are showrFigure5-15.

The backcalculated values of saturated hydraulic conductilly and water
evaporation ratg were reasonabl The saturated hydraulic conductivity of the soil infidlel
is two orders of magnitude larger than the hydraulic conductivity in the laboratory. Also, the
water flow at the evaporating surfagecorresponds to an airflow with air velocity
¢ @ fi considering the relative humidity of the airflow RH=0% and the air temperature
p L By means of Equatiofs.9). This value of the air velocity is reasotalf considered that
the air velocity measured at the inlet of the 22mm inner diameter air delivery tube inside the

boreholewa® p 1t 7O
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Figure 5-15: Numerical and experimentadsults in terms of soil water content, w versus
depth, z.

5.8 Conclusions

This paper has presented the field trial of the suction drain. Based on the evaporation
induced suction, this innovative technique has been tested for the firsdttihedfield scale.

Air wasinjected to the bottom of a prkilled borehole and the water content of the soil around
the boreholavasmeasured.

It has been observed that the soil water content decdreagaificantly around the
bottom of the borehole after 1 day ofaporation. No variation of the soil water conteras
detected atm from the bottom of the borehole and above.

The evaporatioinduced water flow generated by the suction drain infigld was
modelled via finite element analyses to validate the exgatiah results. The numerical model
that considers the air flowing from the bottom to the entry of the borehole tangentially to the

inner surface of the borehole failed to reproduce the experimental soil water content around the
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borehole. A simplified humaral model that considers the airflow penetrating through lenses
of sand at the bottom of the borehole prodidepossible explanation to tivalues of water
content measuregkperimentdy/.

The experimental results have therefore demonstrated the cypailtitie suction drain
to reduce the soil water content via evaporation and, hence, to enhance soil undrained shear
strength. The numerical results have suggested that soil fissures or lenses of sand should be
taken into account in the design of the surctdrain. The presence of soil fissures into the
ground could enhance the potential of this technique in reducing the soil water content through

natural horizontal suction drains.

(176



Suction drain as a novel lesarbon ground improvement technique

6 CONCLUSI ON

The goal of this study was to investigate the capability ofticion drain in enhancing
the undrained shear strength of clayey soils.
The objectives of this study were:
1. Understanding the evaporatiomduced water flow that is generated by a tangential
airflow in a confined space;
2. Testing and validating the suctiorath at mockup scale level;
3. Investigating the capability of the suction drain to redudevster content in real

scale.

In response to the first objective, an apparatus was developed to measure water
evaporation from a 3 m long wet surface subjecteal tengential airflow through a confined
space. Tests have explored different air velocities (1m/s to 4m/s) and relative humidity at the
inlet (RH=0% andRH=30%). Based on experimental result, a simple evaporation model was
developed including the assungstithat relative humidity and velocity of airflow are uniform
in the confined spac&Ehe key parameter of the model i s
which controls the linear dependency of the evaporation rate on the relative humidity
differential beve en t he wet surface and the airfl ow.
calibrated against the tests with relative humidity at the Rldte=0% and this allowed
probing the model against the tests with relative humidity at theRigt=30%. The model
was found to perform satisfactorily showing that the simple assumption of uniform relative

humidity and velocity does not represent a significant limitation of the model. The values of
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vapour transfer coefficient derived from the empirical relatigm derived by Penman (1948,
1956) for open water was benchmarked against the values derived experimentally for confined
airflow. The good matching between the two
can be used successfully for a firstimation of the vapour transfer coefficient for confined
airflow.

With reference to the second objective of this study, a rapcscale test of the suction
drain was carried out. A borehole was drilled on a block sample and air was injected to the
bottom d the borehole. Airflow circulated from the bottom to the top of the borehole
tangentially to the inner surface of the borehole. Experimental results show that the water
content of the soil around the borehole decreases significantly. This demonstratgsathty
of the tangential airflow to remove water via evaporation from the soil. The numerical
modelling of the mockup scale test show a good agreement between the numerical and the
experimental results. This validates the numerical model as a tode$ayning the suction
drain. A numerical analysis that simulates the suction drain in an ideal case study of tunnelling
demonstrates that the decrease of soil water content detected experimentally provides a relevant
enhancement of the undrained sheangfite of the soil, hence of the tunnel face stability.

Ultimately, a field trial of the suction drain was carried out in a silty clay deposit in
Newton (Scotland). A borehole was drilled into a silty clay deposit and air was injected to the
bottom of the brehole. Soil water content was measured around the borehole over time and
distance It has been observed thidie soil water content decreassdnificantly around the
bottom of the borehole after 1 day of evaporatidowever, o variation of the soil war
content has been detected an from the bottom of the borehole and aboVee evaporation
induced water flow generated by the suction drain in the site has been modelled via finite

element analyses to validate the experimental results. The numerical model that considers the
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air flowing from the bottom to the entry of the borehtdngentially to the inner surface of the
borehole has failed to reproduce the experimental soil water content around the borehole. A
simplified numerical model that considers the airflow penetrating through the lenses of sand at
the bottom of the boreh®lprovides a possible explanation to the experimental results.
conclusion, tb exgrimental results havdemonstrated the capability of the suction drain to
reduce the soil water content via the evaporation and, hence, to enhance the soil undrained shea
strength.However he numerical results have suggested that soil fissures or lenses of sand
should be taken into account in the design of the suction drain. The presence of soil fissures
into the ground could enhance the potential of this techniquelutirey the soil water content
through natural horizontal suction drains.

In conclusion, this study allows the suction drain to be a viable technique for ground
improvement that enables the enhancement of the undrained shear strength of clayey soils
without using expensive equipment and without leaving spoils into the ground after its

application.

Future works

Based on the findings of this study, additional experimental investigations of the suction
drain in the field should be carried out and the desfgihe suction should be reviewed. A
potential modification of the technology of the suction drain may include the installation of
packers at different depths. Packers will have the role to confine the area of the ground that is
exposed to the evaporatidn.this case airflow will not circulate from the bottom to the top of
the borehole, but air will be injected into the ground in a similar way as jet grouting does with

cement.
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The serviceability of the suction dinehas to be verified agastthe crackingoehaviour
of cohesivematerial In theshrinkagerange of the cohesive material, similar conditiorthe
one tested are expecteahd hence similar responses. Meanwhillbaen value of suction
exceed the air entry value the cracking behaviour of th@ey materialmight affect the
efficiency of thesuctiondrain, thus further research is needed.

Finally, a detailed analysis of the carbon footprimdf the suction drain and the
comparison with the carbon footprint of the techniques ntlgreised fr groundmprovement

should baundertakenn further research.
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Figure 10-1: Calibration curves of RH sensors
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Figure 10-9: Steady state of the test with RHinlet=30% (in terms of temperature)
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Figure 10-10: Relative humidity of the airflow measured by each RH/T sensor during the test
with RH inlet=0%
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Figure 10-11: Temperature of the airflow measured by each RH/T sensor during the test with
RH inlet=0%
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