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Terms and Definitions / As used in this Guide

TERMINOLOGY DEFINITION

apparent viscosity (AV)

The viscosity of a fluid measured at a given shear rate at a fixed temperature (the shear rate must
be stated or defined). According to API13B and ISO 10414-1, apparent viscosity (in mPa s or cP) is
defined as one-half of the dial reading at 600 rpm (1022 sec-1 shear rate) using a direct-indicating,
rotational viscometer.

barrette (LBE: load
bearing element)

A barrette is a structural cast-in place diaphragm wall element, (with or without reinforcement),
normally of I, H, L or T cross section in plan. Also referred to as a deep foundation.

bentonite

A material composed of clay minerals, predominantly montmorillonite with minor amounts of other
smectite group minerals. It is commonly used in support fluids, either as pure bentonite suspension
or in conjunction with polymers.

Bingham fluid model

A rheological model of a fluid with non-zero yield stress and a constant plastic viscosity.

bleeding

The separation of water from the solids in a fluid, principally due to gravitational settlement of the solids.

bored pile (drilled shaft
or caisson)

Pile formed, with or without a steel casing, by excavating or boring a hole in the ground and filling
with concrete (with or without reinforcement). Also referred to as a deep foundation.

clear spacing

Minimum space between individual reinforcement bars or bundles of bars, i.e. the opening for the
concrete to flow through.

cover

Distance between the outside face of the reinforcement and the nearest concrete face i.e. the external
face of the deep foundation element.

deep foundation

Foundation type which transfers structural loads through layers of weak ground into suitable bearing
strata (piles and barrettes). In this Guide also refers to specialist retaining walls such as diaphragm
walls and secant pile walls.

diaphragm wall

Wall comprising plain or reinforced concrete, normally consisting of a series of discrete abutting
panels. In this Guide also referred to as a deep foundation.

dynamic viscosity

A property of support fluids that indicates their resistance to flow, defined as the ratio of shear stress
to shear rate.

fines In the support fluid, particles (as defined by the sand content test) less than or equal to 74 um
(US #200 mesh) in size.

filter cake Formation of a cake of filtered material, such as bentonite and excavated soil from a suspension, built
up in the transition zone to a permeable medium, by water drainage due to pressure differential.

filtration The process of separating components of a support fluid by leaving the suspended solids as a filter
cake on a filter medium (permeable ground) while the liquid passes through.

flowability The ease of flow of fresh concrete when unconfined by formwork and/or reinforcement.

fresh concrete

Concrete which is fully mixed and is still in a condition that is capable of being placed by the
tremie method. See tremie concrete.

gel strength

Peak shear stress measured at low shear rate (<5 s' which is equivalent to the 3 rpm reading on a
direct-indicating, rotational viscometer) after a support fluid has stood quiescent for a period of time.

hydromill

Diaphragm wall excavation equipment using two rotating wheels which remove cuttings by the reverse
circulation technigue. Also known as ‘cutter' or 'hydrofraise’.

Interface layer (laitance
layer)

Layer considered to accumulate between the support fluid and the concrete, possibly formed
by material from segregated concrete and/or support fluid with soil particles.

Newtonian flow model

Model in which a linear relationship exists between shear stress and shear rate, where the coefficient
of viscosity is the constant of proportionality.

Newtonian fluid

A fluid that follows the Newtonian flow model: T = PV.V, where PV = plastic velocity and ¥ =shear rate.
Plastic viscosity is independent of the shear rate.

panel

Section of a diaphragm wall that is concreted as a single unit. It may be linear, T-shaped, L-shaped,
or of other configuration.
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Terms and Definitions / As used in this Guide

TERMINOLOGY DEFINITION

plastic viscosity (PV)

Plastic viscosity is the slope of a tangent to the shear stress rate plot at a specified shear rate.

According to API'13B and ISO 104141, it is defined as the difference between the dial readings at 600
rom and 300 rpm (1022 sec™ and

511 sec’ shear rate) using a direct-indicating, rotational viscometer and thus the API definition is the
plastic viscosity over the shear range from 511 sec’ to 1,022 sec'imeasured in cP).

polymer Materials formed of molecules from chained monomeric units. Natural polymers include natural gums,
polysaccharides and biopolymers. Synthetic polymers include partially hydrolysed poly-acrylamides
(PHPA) and cellulose modified polymer like polyanionic cellulose (PAC) Polymers may be used as the
sole constituent of support fluids or as additives to enhance performance.

rheology The science that studies the deformation and flow of matter.
The term is also used to indicate the properties of a given fluid.

shear The relative movement of parallel adjacent layers of fluid.

shear rate The rate of change of velocity at which one layer of fluid passes over an adjacent layer.

shear stress

The shear force per unit area tending to induce fluid movement.

sloughing The caving of soil or rock falling from the sidewall of the excavation. This term is not used to indicate
a complete collapse of the excavation but rather shallow, near-surface caving that results in debris
falling into excavation, and overbreak.

sorption Sorption is a physical and chemical process by which one substance becomes attached to another.

For the purposes of this document it is a process in which a species in solution moves from the fluid
to a particulate solid. Thus cations (positively charged ions) may be sorbed onto negatively charged
surfaces of clay minerals typically displacing other cations so that the process is an exchange
(cation exchange). Polymers such as partially hydrolysed polyacrylamides (PHPAS) may be sorbed
onto soil surfaces so reducing the active polymer concentration in the fluid. Sorption may be
principally chemical (absorption) or physical (adsorption).

specification

Set of documents describing the requirements (in terms of performance or prescriptions)
applicable for a particular project, product and/or work.

specifier

Person or body establishing the specification for the support fluid.

support fluid

Fluids and suspensions used in operations to support the sides of the excavation whilst drilling
boreholes or digging trenches. May also carry cuttings in direct and reverse circulation operations.

thixotropy

The property of a material (fluid) that results in loss of fluidity (increase of viscosity or stiffening)
when allowed to rest undisturbed or at constant shear rate, but which regains fluidity when shear
stress is applied. Alternatively defined as a reversible time-dependent decrease in viscosity at
constant shear rate. The viscosity of a thixotropic fluid changes with time under constant shear rate
until reaching equilibrium.

tremie concrete

Concrete with the ability to achieve sufficient compaction by gravity when placed by tremie pipe
in a deep foundation, under submerged conditions.

tremie pipe / tremie

Segmental pipe with waterproof joints to place concrete using the tremie method.

tremie method
(submerged concrete
placement or slurry
displacement method)

Concrete placement method by use of a tremie pipe in order to prevent the concrete from
segregation or contamination by the fluid inside the excavation, where the tremie pipe - after the
initial placement - remains immersed in previously placed, workable concrete until the completion
of the concreting process.

volume yield

The volume of fluid produced per weight of dry powder used.

yield stress / yield point

For anideal Bingham fluid, gel strength and yield stress will be equal (yield stress of a real fluid is the
intercept of the shear stress - shear rate plot on the shear stress axis).

According to API13B and ISO 104141, yield point (in Pa) is defined as: 0.48 (2x300 dial reading - 600 reading)
using a direct-indicating, rotational viscometer (shear rate range from 511 sec™ to 1022 sec™).
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‘ List of Abbreviations and Symbols

Abbreviations

AASHTO American Association of State and Highway Transportation Officials

ACI American Concrete Institute

API American Petroleum Institute

ASTM American Society for Testing and Materials International

Caltrans California Department of Transporatation

CEN European Committee for Standardization

CIRIA Construction Industry Research and Information Association (UK organisation)
DAfStb Deutscher Ausschuss fur Stahlbeton (German Committee for Structural Concrete)
DFI Deep Foundations Institute

DIN Deutsches Institut fur Normung (German Institute for Standardization)
EFFC European Federation of Foundation Contractors

FHWA Federal Highway Administration

FPS Federation of Piling Specialists (UK)

GEC Geotechnical Engineering Circular (FHWA)

ICE Institution of Civil Engineers (UK Professional Body)

ISO International Organization for Standardization

QA/QC Quality Assurance/Quality Control

Symbols

a minimum clear spacing between reinforcement bars

Crmin minimum concrete cover according to structural or execution requirements
Cnom nominal concrete cover = Cyin + Acge (to be considered in design)
Acgey allowance in design for construction tolerance

Ad. additional allowance in reinforcement cage design for installation

dp-t distance from bottom of excavation to tremie pipe outlet

D dimension (diameter or thickness) of excavation or concrete element
Dfinat diameter of the final spread of the concrete achieved in a slump flow test
Dimax maximum nominal upper aggregate size

Dhom nominal excavation dimension, defined by excavation tool dimensions
Ds reinforcement bar diameter

Dsn substitute diameter for a bundle of 'n' reinforcement bars

D+ internal diameter of tremie pipe

h,/h, embedment of tremie pipe before (h1) and after (h2) tremie pipe is cut
h. concrete level in excavation

h.r concrete level in tremie pipe (= hydrostatic balance point)

he fluid level in excavation

k factor which takes into account the activity of a Type Il addition

M,Hp dynamic viscosity, plastic viscosity

Pir hydrostatic pressure inside tremie pipe

Po, Pi hydrostatic pressure outside (p,) and inside (p;) the excavation

St section length of tremie pipe section to cut

thinal time for concrete to reach final spread in slump flow test

T shear stress

To yield stress

Y shear rate

yw water density. y is typically used for unit weight py where p is density.
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” Introduction

1 / General

‘Support fluid" in Civil Engineering is a generic term used for
materials that are manufactured and mixed with water to
produce a compound that will support the sides of open and
deep excavations for filling with tremie concrete. Support
fluids are sometimes referred to as 'muds' and 'slurries' but
this Guide only uses the term 'support fluid'".

Support fluids are an essential element in deep foundation

construction, intrinsically linked to other parts of the
construction process as shown in Figure 1.

| FIGURE1 | DEEP FOUNDATION CONSTRUCTION ELEMENTS

Geotechnical
investigation,
foundation
Quality
assurance

E ti
design & testing ﬁ:"": ;nq
and controls e::‘i::::;zt
Health, safety Foundation

Support fluid
selection,
management
& testing

and welfare .
Construction

Sustainability Concrete design
the environment, & technolo
and disposal Concrete v
manufacture
and placing

Bentonite support fluids have been used since the sixties
for the temporary support of excavations such as bored
piles and diaphragm walls. Over this time the size and

depth of foundation elements constructed using support
fluids has increased significantly leading to increased
excavation and concreting periods. In addition, there have
been developments in excavation technology including
hydromills so that rock materials can be excavated. Polymer
support fluids have been developed more recently and have
also been used successfully on a wide variety of projects.
Successful use of all support fluids requires that their
properties are fully understood and managed.

In Europe and North America, support fluids are normally based
on bentonite clay, polymers (natural or synthetic) or a blend of

bentonite and polymer. Depending on the available raw materials
and equipment, very specific properties can be achieved. These
will change during the execution phases. Standards in Europe and
North America require certain criteria for a support fluid to be
met for use, re-use and for concreting. However, these Normative
Standards may not be sufficient to allow consultants, designers
and contractors to resolve the complex issue of controlling the
fluid properties in order to not only reliably support an excavation
but also to avoid materially affecting the concrete end product.

The key functions and requirements of a support fluid are:

¢ {0 maintain the stability of the excavation

¢ {0 flow easily as a liquid, with appropriate fluid properties

e to be readily displaced by concrete during concreting operations

¢ {0 retain their properties over time (should not react
detrimentally with the soil physically or chemically)

¢ {0 manage the suspended particles

¢ to not react with concrete, considering both harm
to the fluid and to the concrete

¢ {0 be economic (have a reasonable global price with
regard to the base material as well as the production,
control and disposal)

The technology for support fluids used in foundation works
has largely evolved from experience in the Oil and Gas
Industry where key requirements include ensuring the hole
stability, allowing the best drilling rate to be achieved and
removing the cuttings efficiently.

Fluency with support fluid properties is essential to ensure
the quality of the completed works. This must include a
sound technical understanding of the requirements for the
whole process from site investigation, through excavation
equipment, fluid preparation and usage, the usage of the
excavated soil and the removal of used fluids.

The successful use of support fluids also requires a basic
understanding of geotechnical principles and properties,
training, on site experience and, crucially, documentation
covering all the areas of use.

w Background

12

In 2014, the EFFC and DFI carried out a joint review of
problems in bored piles (drilled shafts) and diaphragm walls
cast using tremie methods. A Task Group was established
and the 1* Edition of the "EFFC/DFI Guide to Tremie Concrete
for Deep Foundations” was published in 2016. The 2" Edition
was then published in 2018. Whilst the 1t Edition included
recommendations on support fluid properties, it was clear
to the Tremie Concrete Task Group that the preparation,
characteristics and testing of support fluids required far
greater discussion and review as the support fluid has a direct




‘ 1 / General

impact on the quality and integrity of the final product in that
the concrete and the support fluid are inextricably linked.

A Support Fluid Task Group was established in 2017 comprising
Designers, Suppliers. Academics and Specialist Contractors,
and this Guide is the output from the Task Group.

w Purpose and Scope

To promote good practice in the use of support fluids for the
construction of deep foundations, this Guide sets out the
latest understanding of the behaviour of support fluids and
also presents experiences drawn from recent research and
case histories from around the world (efferis & Lam. 2013

The purpose of this Guide is to present current understanding
on bentonite, other clays, polymers and blended systems,
including the advantages and limitations, in order to allow
informed selection of the optimum technical solution(s) for
the conditions on each individual worksite. This Guide does
not recommend any particular type of support fluid as each
worksite has specific characteristics and requirements.

This 1*t Edition presents acceptance values for support

fluids as given in commonly used Standards. With generous
industry support, a detailed Field Research Study will
commence in 2019 with visits to sites in both North America
and Europe. Based on the findings of this study, it is hoped to
give further detailed recommendations for management and
control of bentonite, polymer and blended fluids and these
will be contained in the 2 Edition which is scheduled for
publication in 2021/2022.

This Guide will assist individuals and corporations involved
in the procurement, design, and construction of deep
foundations including Owners/Clients, Designers, General
Contractors, Academics and Specialist Contractors. It is
intended as a practical addition to existing standards, not
a substitute. Project Specifications, Standards and Codes
should always take precedence.

13
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2 / Design Considerations

@ Introduction

The effect of support fluids on the
performance of deep foundation
elements must be considered at the
design stage. The type of support
fluid can have a significant effect

on both the geotechnical and the
structural performance and this has
to be considered at the start of the
design process and allowed for and/or
mitigated accordingly.

It is essential that high quality and
rigorous construction methodology,

specific to the support fluid being used,

is developed and adhered to. This will
minimize the effect of the support fluid
on the performance of the foundation
element in both the temporary and
permanent condition, but will not
eliminate all adverse effects and risks
to the design.

w Site Investigation

The selection and performance of

the support fluid and the excavation
equipment are dependent on the
ground conditions. There are a range of
support fluids available and the ground
conditions will affect the final choice.
The selection of excavation methods
involving augers, buckets, grabs or
reverse/direct circulation methods also
depends on the ground conditions. In
turn the type of excavation equipment
affects the choice of support fluid.

To help this selection process it is
essential that a suitably scoped
contract site investigation is carried
out to provide data at tender stage.

Table 1 sets out the deep foundation
element construction stages and the
main effects that the ground has

on the support fluid. The key soil/

rock properties are also listed for
these stages. These main effects are
discussed in detail in different sections
of the guide and the relevant sections
are listed in Table 1.

TABLE 1] SITE INVESTIGATION INFORMATION NEEDED TO ASSIST WITH SUPPORT FLUID SELECTION

Construction

Stage

Environmental

Soil/rock properties required
from the site investigation

Permeability and jointing.

Interactions

Groundwater may be used for
drinking water and could be

Guide
Section

and have to be disposed of in
larger quantities.

- Watertable levels, affected by the support fluids. | 4.4
Impacts. flow rates, artesian
conditions, etc.
Ground water chemistry. Mixing water chemistry can
Support Fluid change the support fluid 46
MiXiﬂQ. Local water SUDD\\/ propert]eg_ .
chemistry.
Soil and groundwater Guide wall and working
Excavation. characteristics, including platform stability.
utilities.
Soil/rock classification and | Affects selection of digging 53
mechanical properties. eguipment. :
Soil/rock permeability Affects fluid loss and trench 2.4
(including cavities and stability.
karsts).
Affects filter cake thickness
and shaft resistance. 25
. Fine grained soils and rocks
Soil/rock type. remain in suspension. 54
During excavation the
' groundwater and soil particles
(Gerougéjn\{\;ar;?gggg[q;lstry can mix with the support fluid, 54
G- which can change the support
fluid properties.
Soft and weak soils such Localised areas of instability
as peat and alluvium. may require pretreatment.
The properties of the end | The design requirements for
Base cleaning. | bearing stratum affect the | pile end bearing affects the 53
cleaning tools. base cleaning.
_ Base debris. Base debris contributes to the
Concreting. interface layer and inclusions. 56
Interface layer.
Recycling and Silts and clays are hard to
desanding the | Soil grading. remove from contaminated 55
support fluid. mineral support fluids.
Sgpport fluids contaminated
Disposal. Soil grading. with clay are harder to clean 57

Note: Site investigation may be best served by using two different drilling/sampling
methods in order to identify the entire soil column; this benefits both the design
engineer and the contractor tendering. Boring logs showing blanks and poor
recovery lead to questions marks and increased risks. CPT, sonic sampling and
instrumented blind drilling can complement basic split spoon sampling and SPT's.
Incidents occurring during the site investigation works such as fluid loss or unusual
casing advancement must be reported on the boring logs.

Annex B.3 of EN 1997-2 and FHWA GEC #10 give detailed recommendations for the
required scope of Site Investigations.




@ Support Fluid Functions

The fundamental purpose of a support fluid is to maintain
stability of the excavation throughout the excavation process
and until the support fluid has been replaced by concrete.
For some types of excavating equipment such as a hydromill
the fluid has an additional role to carry the cuttings from the
hydromill head to the separation plant.

The hydrostatic pressure head of fluid within the excavation

is critical to ensure stability by providing a stabilizing pressure
at the face of the excavation and by counteracting the
destabilizing head pressure of the groundwater in the soil
around the excavation. To be effective, the stabilizing pressure
must act at the fluid-soil interface or within a very short
distance (in the order of a few cm or inches) into the soil.

If the fluid pressure does not act at or close to the soil face,
there is a risk of progressive sloughing of soil at the face.

Fluids can include water or water mixed with additives such
as minerals (bentonite) or polymer. The additives are used
to help contain the fluids within the hole and minimize
fluid loss through seepage out through the face of the
excavation, thereby allowing the positive head pressure to
be maintained. Water mixed with additives to alter the fluid
properties is often referred to as "slurry” or “mud” and the
construction technigue is sometimes referred to as "slurry
drilling" or "fluid supported excavation".

Plain water can provide a stabilizing influence if the water head
can be maintained within the excavation (see Section 4.7).
Water can also function as a drilling fluid to convey drill
cuttings as for example with reverse circulation drill tools.

A major limitation exists with plain water as a support fluid
because the fluid escapes quickly into permeable soils and
therefore the net positive pressure inside the excavation is

lost and the water pressure within the adjacent soil increases.

The effective pressure in the adjacent soil becomes very
small. This leads to sloughing of non-cohesive soil at the
face of the excavation. Water is therefore only suitable as a
means of counteracting groundwater for excavations within
cohesive or cemented soils or rocks that are inherently
stable without a stabilizing pressure within the excavation or
for cased excavations.

Bentonite Fluids

Bentonite clay is the most commonly used mineral additive
for support fluid, with a long history of use in oilfield drilling
applications. Bentonite is a clay composed primarily of
montmorillonite clay minerals which can absorb water

to many times their own weight. When added to water,
relatively small amounts of bentonite form a colloidal
mixture with the effect of increasing the viscosity of the
fluid over that of water, along with a small increase in unit
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weight. Besides the viscosity and unit weight, bentonite has
the beneficial property of forming a filter cake on the face
of the excavation which acts to restrict fluid loss into the
surrounding soil and allow a positive hydrostatic head to
be maintained within the excavation. The filter cake forms
as the bentonite particles are filtered out of the fluid as the
hydrostatic head within the excavation drives the fluid into
the surrounding permeable soil.

| FIGURE 2 | SURFACE AND DEEP FILTRATION

==

Bentonite Slurry

T

This filter cake will consist of bentonite and excavated

soil. Filter cake formation can be expected to be effective

in sealing fine to medium grained soils with relatively

little penetration of bulk fluid into the soil. The filter cake
characteristics are influenced by the amount of native clays,
silt, and sand that is present in the support fluid. High solids
contents can lead to thick filter cakes. Filter cakes do not
normally form on low permeability soils such as clay.

In more open soils such as coarse sands, gravels or fissured
grounds the support fluid penetrates into the soil until

it comes to a standstill as a result of clogging of the soil
with solids in the support fluid (bentonite and excavated
soil suspended in the fluid) and gelling of the support

fluid. A filter cake then forms on the clogged soil to form
an interface between the fluid in the excavation and the
surrounding soil. Sand may be added to the support fluid to
promote clogging by deep filtration. (Hutchison etalio63]

Besides the filter cake formation, rheological blocking
provides another mechanism to restrict fluid loss in more
open soils and those with fissures, for example, in chalk.
Rheological blocking is the process whereby the support
fluid continues to penetrate until its gel strength acting over
the fluid wetted soil can restrain the differential pressure
between support fluid and the external groundwater.
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In open soils or fissures, penetration distances can be
substantial unless, as usually happens, sealing is helped by
mechanical blocking by solids in the support fluid (surface
and deep filtration). With rheological blocking, the support
pressure initially acts some distance into the soil, until over
time a filter cake develops at the excavation face formed by
the penetrated fluid. The penetrated fluid will have

some permeability.

Polymer Fluids

Polymers are increasingly used as support fluids in
construction worldwide, and these materials present
different behaviour compared to bentonite support fluid. The
polymers are often synthetic long chain or high molecular
weight (typically partially hydrolysed polyacrylamides, or
PHPAs) though as presented in this Guide, other types of
polymers can be used. Within the polymer types, different
performance requirements can also be accepted.

High molecular weight synthetic polymers
Synthetic polymers are long chain-like hydrocarbon
molecules, which interact with each other, with the soil
and with the water to effectively increase the viscosity of
the fluid. The appearance of the polymer fluid is that of a
slippery, slimy viscous liquid. A scanning electron micro-
photograph of a polymer fluid magnified to 800 times its
actual size is shown in Figure 3a.

The support fluid function then
relies on a combination of factors:

e viscosity of the polymer to control
the flow rate into the formation
¢ ability to form a membrane at the face of the excavation
¢ pore blocking and surface filtration of the solids put into
suspension during the drilling operation

The main process limiting fluid loss and maintaining
hydrostatic pressure is the viscosity of the polymer fluid and
the viscous drag. Polymeric strands tend to form a three
dimensional lattice structure assimilated as a membrane
(Figure 3b) Viscosity and viscous drag will significantly
reduce the effective conductivity of the permeable soil by
polymer. However, some fluid loss into the surrounding soil is
inevitable and fluids may need to be added throughout the
duration of the works until concreting to maintain the excess
hydrostatic head that provides support and stability.

Although some polymer support fluids can form a
membrane, at the soil face, with pure PHPAs the formation
of a filter cake at the face of excavation tends to be more
limited than with bentonite fluids as PHPA fluids are
operated at much lower suspended solids contents than
bentonite fluids (the bentonite clay contributes to the
solids content of a bentonite fluid). PHPA fluid viscosity also
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limits penetration. Whilst thin, the cake that does form may
be effective in sealing the excavation face with a similar
mechanism as exists with bentonite support fluid. The thin
cakes characteristic of PHPA fluids appear to provide benefit
in terms of shaft resistance..

The long polymer chains can be damaged by pumping
(see Section 5 and Appendix C).

Natural Modified Polymers

Natural modified polymers such as modified celluloses

(e.g. polyanionic celluslose, PAC) have been successfully
used in the reverse circulation process (e.g. hydromill),
especially where challenging chemically aggressive ground
conditions are encountered. Though pure polymer mixes
with PAC were used, the specification on the fluid remained
driven by the excavation process and acceptance values
applied for bentonite can be used with success. In such
systems, PAC is less sensitive to soil and water chemistry,
and the resulting soil/polymer system allows a thin
controlled filter cake to be formed which participates

in the stabilization process.

Natural modified polymer chains are normally not damaged
by pumping operations.

FIGURE 3.A | SCANNING ELECTRON MICRO-PHOTOGRAPH OF
POLYMER DRILLING FLUID (photo: Univ. of Missouri-Columbia)
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groundwater level can provide a stabilizing effect. If, however,
the soil has high permeability water will typically flow out
into the surrounding soil so that the stabilizing excess head
is lost. The addition of bentonite or polymer admixtures to
water facilitates the maintenance of a stabilizing head by

controlling fluid loss from the excavation into the formation
as described in Section 2.3.

| FIGURE 3.B | SYNTHETIC POLYMERS USED IN SUPPORT FLUIDS

Any flow of groundwater into the excavation will exert a
destabilizing effect which can cause collapse and careful
maintenance of the fluid head and quality is essential to minimise
this risk. Soils with significant cohesion (clays or cemented

soils) may appear to be inherently stable but the inflow of
groundwater through granular or weakly cemented layers may
result in loss of stability unless suitable support fluids are used.

In planning the construction process to maintain a stabilizing
fluid head pressure it is critical that the groundwater head in
the surrounding soil is known with confidence. Sometimes
different strata may contain groundwater heads at different
levels due to artesian conditions or perched watertables

- each condition within the profile represents a situation

for which the support fluid must provide a stabilizing head
pressure within the excavation.

\\1lleess

If the support fluid is contained within the excavation with an
effective membrane at the excavation sidewall and/or with
minimal penetration into the surrounding soil, then the full
hydrostatic pressure acts on the face as illustrated in Figure 4.
Bentonite fluid forms a membrane by the filter cake at the
excavation face. With polymer fluid, the membrane can
effectively be formed if the fluid properties are sufficient

to produce a high seepage gradient over a short distance
close to the excavation face, or when the support fluid
encapsulates soil fines creating a thin filter cake.

HYDRAULIC SUPPORT WITH FULL MEMBRANE EFFECT
(SCHEMATIC ONLY - NOT TO SCALE)
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) . . . ) Ground Water Level
The basic principle of a support fluid to provide excavation

stability is that the fluid must provide a net pressure within
the excavation which is always greater than the sum of the Fluid Pressure
earth pressure and horizontal pressure due to surcharge in

the surrounding soil. The net fluid pressure is the difference

between the fluid pressure within the excavation and the

external groundwater pressure.

Water Pressure
> (hydrostatic)

This net fluid pressure provides a stabilizing effect to the face
of the excavation. A net pressure of plain water above the




If there is insufficient membrane or high fluid loss, the
support fluid will penetrate into the formation. In this case
only a part of the supporting force is transferred within
the relevant failure body and the effective supporting
force will be reduced significantly. In the extreme case
fluid penetration into the surrounding soil occur may
extend beyond the theoretical failure body of soils.

Neither a perfect membrane nor a maximum penetration
governed only by rheological properties is observed. For
coarse grained soils or gravels with high permeability,
particles suspended in the support fluid due to excavation
operations or added intentionally to assist pore blocking
can often form a filter cake inside the formation. This
results in reduced penetration rates and shifts the support
forces closer to the excavation wall. A fuller discussion on
the issues described above is given in Appendix A.

A range of calculation methods has been developed

that attempt to assess the theoretical destabilising
pressures exerted by the surrounding ground on a fluid
filled excavation. Such calculation methods are useful

but should be used with caution and are no substitute

for relevant experience and some basic rules. In typical
construction conditions, an excess hydrostatic pressure
provided by 2 m to 3 m [7 ft to 10 ft] of support fluid head
is usually sufficient to maintain stability during excavation.
The ICE SPERWALL recommends a minimum 2 m [7 ft]
excess head (the difference between the fluid level and
the groundwater level).

Arching Effect

Soil arching effect plays an important role in transferring
stress around the open excavation so that the lateral
stress provided by the support fluid is predominantly
required to prevent localized collapse in the soil close to
the excavation opening. This is only relevant for relatively
short excavation lengths, but within the length of most
diaphragm wall panels.

Arching is an important concept for understanding
excavation stability, and how the techniques described
above can be effectively employed in construction. When
a circular vertical hole or a rectangular diaphragm wall
panel is excavated in soil, arching allows the in-situ lateral
stresses in the ground to be transferred around the
opening so that the opening can be maintained (Figure 5).
Even with the use of casing or drilling fluids for support,
the majority of the lateral stresses in the ground must
transfer around the hole.
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ARCHING EFFECT ON A RECTANGULAR PANEL
AND A CIRCULAR VERTICAL HOLE
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As the excavation is advanced, the soil around the hole
moves inward slightly, thereby allowing lateral stress to be
transferred via arching around the hole as shown on the right
in Figure 5. This transfer of radial stress to tangential stress
around the hole allows a small amount of fluid pressure or
casing support to stabilize the excavation.

This effect was demonstrated in the famous "trap-door
experiment” described by Terzaghi %, in which he
measured the force required to support a trap door in the
bottom of a sand-filled box. His measurements demonstrated
that the force required to support the trap door diminished
as the door was slightly opened as a result of interlocking soil
particles acting to redistribute the stress around the door. The
force was observed to diminish to a much smaller magnitude
for dense sand than for loose sand (Figure 6), an effect that
was recognized as the more effective arching in the stronger
soil. As the door progressively opened further, the arching
collapsed and the force on the door returned to levels near
the original values.

Similar principles are at work during excavation of a bored

pile (drilled shaft) or diaphragm wall panel. The stabilizing

radial stress provided by 3 m [10ft] of fluid head pressure is
relatively low (about 30 kPa or 4 psi) compared to in-situ lateral
earth pressures, but is observed to be effective at maintaining
stability because this stress is typically sufficient to support the
soil to the point of maintaining the arching effect (eshoourne1985)

Experienced constructors know that denser soil is more easily
stabilized than loose soils, and the reason for this observation
is partly explained by arching. Looser soils will also require
greater inward displacement to develop arching. A small
diameter hole is more forgiving than a larger diameter hole,
because arching is more easily accomplished. For the same
reasons, piles are less problematic than diaphragm wall
trenches. As Terzaghi's trap door experiment demonstrates,

if the radial support is insufficient or too much inward
movement occurs, collapse of the soil can occur.
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EFFECT OF SOIL TYPE ON THE EXCAVATION
STABILIZATION (TERZAGHI, 1936)

10;5“‘9

2ol

C, Loose sand

Q ,.-220%4

4 ) 8 < Ak n mm

where Q = force required to restrain trap door (originally reported in kg force)
/Ah = opening displacement of trap door (mm)

The stability of the fluid filled trench can be assessed using
the method described by Davies et al 8% following the
principles adopted in Huder, J. ™72 The method assumes that
the soil can create a stable arch around the trench opening,
with only the half-cylinder of soil within the arch exerting a
pressure onto the support fluid in the trench. Terzaghi's silo
theory is used to calculate residual forces from the half-
cylinder that need to be resisted by the support fluid allowing
for vertical shear development around the perimeter of the
arch. The model considered in shown in Figure 7.

FIGURET7 |§ SOIL ARCH ADJACENT TO THE PANEL

Soil Arch L/2

l Trench Length L 1

Stability of the Final Element in Closed Systems
Where an excavation is made through permeable strata

in a closed system (e.qg. access shaft) it is likely that a
pumping well within the shaft will be necessary to relieve
piezometric pressure and retain the stability of the closing
panel excavation to be carried out, during its construction.
Where such soils are saturated only a small flow of

filtrate from the fluid into the soil will cause a rise of pore
pressure in the soil. This increase will occur more readily
where the permeable stratum is capped above and below
by impermeable layers. Relief of any excess pore pressure
by pumping ensures an adequate differential head of
support fluid and allows the closing panel excavation

to be carried out in stable conditions. (Puller.2003)

e Shaft Resistance and Base Resistance

There is no specific guidance in European or North
American standards that recommends how to take
account of the potential effect of the support fluid on the
geotechnical capacity of piles and diaphragm walls, but
it is essential that this is considered as part of the design
process. A full scale trial can be used for the capacity
assessment, as discussed in Section 6. In any trials, the
fluid properties, method of construction, and the time
the excavation is open should mirror those to be used in
the main works e.qg. trial excavation should be with used
support fluid.

With piles and/or barrettes, it is good practice to carry out
full scale pile load tests to check the actual capacity of the
piles. It is normally not possible to carry out load tests on
diaphragm walls. Where full scale tests are carried out, it is
essential that suitable methods and control parameters are
used and documented for the tests, and that these methods
are maintained throughout construction of the deep
foundation elements to ensure the validity of the tests.

The effect of bentonite on the shaft resistance and base
resistance of piles and diaphragm walls is reasonably
well known (Fleming and Sliwinski 1990 " Figyre 8 shows an example
of a filter cake. The thin light brown section of the filter
cake on the face of the concrete panel was formed prior
to concreting when the support fluid solids content was
low and the cake it produced was of low permeability.
The thicker grey filter cake formed during the excavation
process when the cake permeability and fluid solids
content were higher. This filter cake was formed during

a diaphragm wall panel excavated using a grab. Similar
cakes have been formed with the hydromill. The fluid from
the bentonite slurry can be seen to have infiltrated into
the adjacent sandy soil. The effect of polymer fluids on
shaft and base resistance is becoming better understood,
and early research suggests that , in permeable soils, the
adverse effects on shaft resistance are less severe than
when using bentonite (tametal 2010,
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\FI’VIIII\?IOP%IAETHS(:-IFOE\;\;EIN.(I;OE:LEMC[AOKEPIQI&)]MCEIAQ?YIRG((;EMT The EFFC/DFI Tremie Concrete Guide contains a detailed
BROWN, CONCRETING CAKE AND A 19 MM [0.75 I'N] d|scu53|pn on structural design issues in Section 2 and
GREY SAND CLAY EXCAVATION CAKE Appendix E.

" Digging cake - §
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Adequate base cleaning is essential to ensure good base
resistance, regardless of whether mineral or polymer
support fluids are used. The end bearing capacity of piles and
diaphragm wall panels can be affected by the presence of
debris and support fluid left behind as part of the construction
process. Appropriate levels of base cleanliness should be
discussed and agreed at the project design stage and verified
accordingly on site. A range of methods for checking base
cleanliness is available and some examples are provided in
FHWA #10 and in ICE SPERWALL. Further detail is given in
Section 6.2 of the EFFC/DFI Tremie Concrete Guide.

w Structural Design

In the structural design of piles and diaphragm walls
constructed under support fluid, the potential for an effect
on the bond between the reinforcement and the concrete

due to the use of the support fluid should be considered.
(Jones, 2004; Jones, 2005; Bowen, 2014, Costello, 2018; Costello et al., 2019)_

The area of design relating to support fluid is covered
tentatively in EN 1992-1 where Section 8.4.2 recommends using
factored bond capacity based on ‘quality of bond condition'.

It is essential that reinforcement congestion be minimized as
this is @ main contributor to poor concrete flow through the
reinforcing cage. The minimum reinforcement bar spacing
and maximum rebar density should be strictly maintained in
accordance with applicable Standards (e.g. EN 1536, EN 1538,
ACI 318 and ACI 336).
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Support fluid properties are characterized by a series of
tests that are used both for fluid management during the
execution of the work and as a Quality Control protocol.

The order of importance and emphasis will vary according to
the type of support fluid considered. Three different classes
of support fluid (see Section 4) require a separate analysis
of their properties and subsequent range of values to be
attached to them. The three classes are:

e mineral (e.qg. bentonite)
e natural (e.g. gum), and modified natural polymer

(e.g. CMC and PAC) used alone or blended with bentonite
¢ synthetic polymer (e.qg. PHPA) - usually used alone

@ Rheology

Rheology is the study of the deformation and the flow of
materials under the effect of applied stresses. The rheology
of support fluids influences many aspects of

their behaviour including:

e pumping the fluid to and from the excavation
e surge pressures in an excavation as a tool
is raised and lowered
¢ draining of the fluid from the tool
as it is raised from the excavation
¢ penetration of the support fluid into the adjacent soll
¢ sedimentation of excavated soil in the support fluid
e displacement of the support fluid from reinforcing
bars and the walls of the excavation by rising concrete
during concreting
e removal of soil at the separation plant

Fluid rheology can have secondary impacts including:

o filter cake thickness and possible detrimental
effects on shaft resistance
e excavation stability
¢ disposal of unwanted fluid on completion of the works

The flow behaviour of support fluids can be investigated

by plotting shear stress as a function of shear rate. Figure 9
shows shear stress - shear rate plots for some idealised flow
types with examples of fluids that may show these rheologies.

As per standard practice, the Apparent Viscosity, Plastic
Viscosity and Yield Stress values are measured and provided
according to ISO 10414-1:2008, Part 1, using a two speed
rheometer, at 300 and 600 rpm.

23

3 / Properties of Support Fluids

| FIGURE9 | FLUID RHEOLOGIES
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Rheological Models

It is useful to develop models to fit rheological data such
as the profiles shown in Figure 9. Some basic models are
considered in the following sections working from the
most basic to the more complex.

Newtonian Fluids
The flow behaviour of Newtonian fluids in laminar flow
can be described by a simple one parameter model:

T=py

where Tis the shear stress, Y is the shear rate and
U is the viscosity of the fluid.

Water and mineral oils are examples of Newtonian fluids.

Bingham Fluids
Some fluids show both liquid and solid-like behaviours.
The most basic model for such fluids is the Bingham model:

T=To+ /pr
where Ty is the yield stress and Li, is the plastic viscosity.
The Bingham model is commonly used to describe bentonite

fluids though these actually show more complex flow behaviour
including time dependent effects as described below.
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Power Law Model From Figure 10:

For some fluids, including solutions of many polymers, the

shear stress-shear rate relationship can be described by a e Plastic viscosity is the slope of a tangent to the shear
power law model: stress-shear rate plot at any given shear rate. For mineral

fluids, polymer fluids and non-Newtonian fluids in general,
this slope will be a function of shear rate and thus the shear
rate should be stated when citing plastic viscosity values.

on

T=myY

where m and n are two curve fitting parameters. m is known

as the fluid consistency coefficient and the flow behaviour ¢ Yield stress is the intercept on the shear stress axis of

index. the tangent to the shear stress - shear rate plot. As for
plastic viscosity, the modelled yield stress, will be shear

For a Newtonian fluid, n =1and m becomes the viscosity. rate dependent.

For pseudoplastic polymer solutions nis less than 1. As a

detail, n>1gives a shear thickening behaviour. e Apparent viscosity is the viscosity obtained if the fluid is
assumed to be Newtonian. It is therefore the slope of a line

Because of the convex curvature of the shear stress- from the origin to the shear stress-shear rate plot. With the

shear rate plot for power law fluids with n <1, they have an exception of Newtonian fluids, apparent viscosity will vary

apparent yield stress - at any finite shear rate, a tangent with shear rate and thus the shear rate should be stated

to the plot will not pass through the origin (see Figure 10). when citing apparent viscosity values.

Hence they are known as pseudoplastic fluids. Typically,

data for PHPA solutions can be fitted to a power law model ¢ Just as the apparent viscosity is the viscosity obtained by

though the model is not appropriate for very low or very assuming a fluid is Newtonian, apparent viscosity, U/, and

high shear rates. At very low shear rates where molecular the yield stress, Ty are the Bingham model parameters if the

interactions are not disturbed by flow, the fluid viscosity fluid is assumed to follow the Bingham model.

tends to a constant value. At very high shear rates where
shearing dominates molecular interactions, the solution

viscosity tends towards that of the solvent (water for PHPA Time Dependent Effects

support fluids). The difference in viscosity between very low Some fluids show a change in rheological properties with

and very high shear rates can be very substantial from a few time, as a trite example, over time fresh concrete transforms

hundred to over one million. from a semi fluid to a solid. Bentonite support fluids can
show stiffening with time. However, the effect is reversible,

Figure 10 shows the yield stress and plastic viscosity for a gel will re-build when the fluid is left quiescent but fluidity

generalised rheological flow curve of non-Newtonian fluids. is restored on shearing. This effect is known as thixotropy.

Thixotropic effects for bentonite support fluids can be

W RHEOLOGICAL PARAMETERS FOR A GENERALISED demonstrated by measuring the gel strength. For the
NON-NEWTONIAN FLUID purposes of this guide, gel strength is the stress required to

initiate flow in a fluid after standing. For assessment of the
thixotrophy of support fluids, gel strength is determined
after rest times of 10 seconds and 10 minutes using a direct
indicating viscometer such as a Fann type viscometer. It

Fluid flow curve should be noted that vield stress is a notional stress invoked
to model the behaviour of fluids in motion and not the stress
required to initiate flow in a fluid at rest.

f

Mineral fluids used in deep foundation elements generally
have modest viscosity and low gel strength. Addition of
cellulosic polymer to mineral fluids may increase viscosity
but not gel strength. Salt water clays such as attapulgite
can have higher gel strength than bentonite at similar
concentrations.

Shear stress T

Shear rate ¥

Although beneficial to excavation stability in coarse soils,
gel strength values become significant above 5 N/m2

[10 Ibs/100 ft2] corresponding to a fluid that will suspend
solids but with a significant rise in fluid density. For polymer
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fluids with no appreciable gel
strength, other approaches to solids
management must be adopted.

The ideal value of gel strength is that
which allows sand and larger particles
to settle freely whilst finer particles
remain in suspension to prevent
sedimentation on the reinforcement
cage. Given that particle size varies
widely there is no ideal value of gel
strength. Low gel strength fluids are
therefore the most commonly used.

Gel strength should not be considered
as a control criterion. It is, however,
useful in fluid management procedures
and gives a further indication as to what
is happening with the fluid.

Use of Rheological Data

Although fluid rheology can have a
profound effect on the performance of
support fluids it is rare for rheological
parameters to be used in design
calculations (typically worst-case
parameters are assumed, for example,
a plant supplier may state: “this pump
can handle fluids of viscosity up to ..."
or "this soil-slurry separation plant
can treat fluids with Marsh funnel
times up to ... seconds"). Rheological
parameters such as viscosity, yield
stress and gel strength are assessed
with standardised instruments and
the results appraised against control
specifications. Rheological parameters
are typically control parameters not
equipment design parameters

(see Section 5.2 on Pumping).

Sedimentation in Support Fluids
The rate of sedimentation in a support
fluid will depend on the size of the
particle settling and the properties

of the support fluid. Table 2 gives
indicative settlement rates. The
procedure used to develop Table 2

is given in Appendix D.
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TABLE 2 | ESTIMATED SPHERICAL PARTICLE SETTLING VELOCITIES IN M/HR
(VALUES IN ITALICS REPRESENT REYNOLDS NUMBERS >1)

Settling .
Settling velocity in a Settll'nq
. . . . velocity
. Particle  Particle velocity Newtonian .
Soil type . . . . in PHPA
size size in water, support fluid
. n . . polymer
viscosity 1cP  of viscosity support fluid
15 cP PP
Microns mm m/hr m/hr m/hr
CLAY 2 0.002 <01 <01 <011
6 0.006 012 <01 <011
10 0.01 0.32 <01 <011
SILTS
20 0.02 1.29 <01 <011
60 0.06 12 0.8 <011
100 01 32 2.2 <011
200 0.2 95 8.6 <011
SANDS 600 0.6 >200 78 4
1000 1 >200 170 40
2000 2 >200 >200 >200
6000 6 >200 >200 >200
GRAVELS | 10000 10 >200 >200 >200
20000 20 >200 >200 >200

Note: Settling velocities less than O.1 m/hr are shown as <0.1 as particles settling
at velocities of 0.1 m/hr and less are unlikely to deposit any significant amount
of material at the base of an excavation.

Similarly velocities >200 m/hr are shown as >200 as all particles with such

velocities are likely to settle sufficiently rapidly that they are removed in normal
base cleaning operations.

All diameters are Stokes diameters i.e. for non-spherical particles diameters
are those of the equivalent spherical particle with the same settling velocity.

@ Support Fluid Tests

Control of support fluids requires a range of tests to be carried out as no
single test can adequately describe the fluid. The various fluid properties are
interdependent.

Rheological properties are rarely measured directly on site. A series of simple
tests which reflect the rheological parameters are carried out as summarized
in Table 3. The required range of parameters for these tests are often defined
in Specifications such as EN 1536, EN 1538, ICE SPERWALL, ACI 336.1, FHWA
and Caltrans. Currently used acceptance values are presented in Section 8.3.
The test methods are described in detail in Appendix B.
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TABLE 3
Property to be measured Test Method

Mud balance or precision
weighing

SUPPORT FLUID TESTS

Density (g/ml)

Viscosity (s/qt) Marsh funnel

Sand content (% volume) Sand content test

Filtration loss

(ml after 30 min) API fluid loss test

Filter cake Thickness
(mm at 30min)

pH test*

API fluid loss test

Electrical pH meter or pH papers

Note: pH should be considered an indicator,
not an acceptance control.

Portable fluid test kits can be readily obtained. A basic

fluid test kit is fine for a crew on location to test basic fluid
parameters. The advanced test kit (Figure 11) with the addition
of the 2 speed rheometer is more suitable for a trained
engineer to examine the rheological parameters of the fluid.

| FIGURE 11 | ADVANCED FLUID TEST KIT

Other tests are available for use in special circumstances and
these are described in Appendix B.
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@ Sampling
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In order to assess the variation of properties with depth
within the excavation, it is necessary to sample the fluid at
known depth(s). The minimum volume of the sample should
be 2 litres.

There are many samplers available incorporating valves and
flaps but the majority of these are made of plastic to reduce
the weight. These lightweight samplers are often unable to
penetrate the fluid near the base of the excavation due to its
high density.

A simple steel sampler is shown in Figure 12. The sampler
is suspended by a wire rope which has depth marks at one
metre intervals allowing accurate assessment of depth.
Due to the weight, the rope is normally wound on a drum
at ground level, mounted on a support frame. The seals
between the stoppers and the steel pipe must be tight

to prevent loss of fluid. This is especially important when
sampling polymer fluids.

| FIGURE 12 | SUPPORT FLUID SAMPLER

Stainless Steel
Sheathed Cable

Cone-Shaped
Stopper
(Steel or Brass)

Steel pipe !

| Internal Barrel Guide L

—_—
"._

IL“‘M-‘J

—

Cone-Shaped
Stopper
(Steel or Brass)

[
Cable Stop

End View
of internal
barrel quide

o
——
1
!
!

A\
\




‘ 3 / Properties of Support Fluids

The base section is lowered to the required depth and the
drum locked in position. The centre section is then allowed
to fall down the wire rope. The top cap is then allowed to
drop onto the centre section. The assembly is winched to
the surface and the sample recovered.

Due to the weight of the base section (in the range of
5 kg or 111bs), it is possible to sample high density fluids
at the base of the excavation.

The depth at which a support fluid must be sampled is rarely
specified except "towards" the bottom of the excavation

to determine the sand content so as to determine that it is
below a maximum specification value without consideration
of the entire fluid column. This is a very limited view of
support fluid sampling, since waiting until the end of the
excavation process to analyse the condition of the support
fluid is equivalent to working in the dark.
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@ Bentonite

Structure and Composition
Commercial bentonite is composed predominantly of the clay mineral montmorillonite (which belongs to the smectite group)
together with other types of smectite and other minerals (feldspar, quartz etc). The classification is summarised in Figure 13.

| FIGURE 13 | CLASSIFICATION OF SILICATES AND BENTONITES

SILICATES
Tectosilicates NUTPOSTIION v
(Framewaork silicates) (Sheet silicates) Other silicates
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* Feldsp
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* Halloysite Talc-Pyrgfhyliite Smectites Vermi Chlorites Micas
* Dickite

e Nacrite

Serpentine subgroup Dioctahedral smectites
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e Chysotile * Montmorillonite . .
 Antigorite « Beidellite ; Muscovite
e Lizardite e Nontronite « Phengite

> elc. * etc
Trioctahedral micas
* Biotite

e efc

e Saponite
e Hectonite
e Co|conitg

The physical properties and characteristics of bentonite are dictated by the montmorillonite (Wrent1968 |n the majority of cases
bentonites are formed by the alteration of volcanic ash and rocks after intense contact to water (Figures 14 and 15).

| FIGURE 14 | FORMATION OF CLAYS AND BENTONITES
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