Remarks for debate meeting:
-

Complete references
Check definitions for “min cexe” and “Dnom”
Discuss and maybe remove Figure 2.1 as it only shows one example for connection details
Find consensus on design cover (or usage of nom c) and explaining figure 2.2, incl. Dnom
Check the recommendation on larger cover and no concern on crack width.
Check “allowance” of 75 mm water or debris on the base
Check the demand of removing excessive filter cake.
Check statement that anomalies will occur and therefore have to be allowed to a certain degree

EFFC/DFI Best Practice Guide to Tremie Concrete for Deep Foundations
by joint EFFC/DFI Concrete Task Group
st

1 Edition, 2015

Draft version 5 (after final review meeting)
v5.5 prepared for DEBATE, dated 31-July-2015

EFFC/DFI Best Practice Guide to Tremie Concrete for Deep Foundations

1

Table of Contents
Terms and Definitions

4

1

7

2

General
1.1 Background

7

1.2 Purpose and Scope

7

Design Considerations Impacting Concrete Flow

9

2.1 Detailing

9

2.2 Cover

10

Rheology of Tremie Concrete

12

3.1 General

12

3.2 Rheology

12

Mix Design

15

4.1 Mix design considerations

15

4.2 Materials

15

4.3 Proportioning and production

16

Production and Testing of Concrete, including Acceptance Criteria

18

5.1 A New Approach to Specifying Fresh Concrete

18

5.2 Suitability, Conformity and Acceptance Testing

18

5.3 The Influence of Time

18

Execution

19

6.1 General

19

6.2 Prior to Concreting

19

6.3 Tremie Pipe and Hopper

21

6.4 Tremie Spacing

22

6.5 Initial Concrete Placement

22

6.6 Tremie Embedment

23

6.7 Concrete Flow Patterns

25

6.8 Flow Around Reinforcement and Box-Outs

26

6.9 Concreting Records

26

7

Full Scale Trials

28

8

Quality Control of Completed Works

29

8.1 General

29

8.2 Post-Construction Testing Methods

29

3

4

5

6

EFFC/DFI Best Practice Guide to Tremie Concrete for Deep Foundations

2

Appendix A – Test Methods to Characterise Fresh Concrete

30

Appendix B – Initial Recommendations on Acceptance Criteria for selected Test Methods

37

Appendix C – Use of Additions Concepts

38

Appendix D – Methods for Testing Completed Works

40

Appendix E – Interpretation of anomalies

42

Appendix F – Detailed information on Design Considerations

47

REFERENCES

50

EFFC/DFI Best Practice Guide to Tremie Concrete for Deep Foundations

3

Terms and Definitions
Terminology
addition (filler and SCM:
supplementary
cementitious material)

admixture, chemical

barrette (LBE: load
bearing element)
bentonite

Bingham fluid
bored pile (drilled shaft)
binder (cementitious)

Definition
finely divided inorganic material used in concrete to improve
certain properties or achieve special properties. These comprise
two main types:
Type I) inert and nearly inert (Filler),
Type II) latent hydraulic or pozzolanic (SCM).
material added during the mixing process in small quantities
related to the mass of cement to modify the properties of fresh or
hardened concrete
A barrette is a cast-in-place reinforced concrete column. A
barrette may also be defined as a rectangular diaphragm wall
element that is being used as deep foundation.
Clay containing mainly the mineral montmorillonite, used in
support fluids, either as pure bentonite suspension or as an
addition to polymer solutions.
fluid with non-zero yield stress
cast in place, usually circular cross section concrete pile, see
figure 1
inorganic material or a mixture of inorganic material which, when
mixed with water, forms a paste that sets and hardens by means of
hydration reactions and processes and which, after hardening,
retains its strength and stability even under water

bleeding
clear spacing
consistency
cover
deep foundation

diaphragm wall
durability
fines
filling ability
filter cake

form of segregation in which some of the water in the mix tends
to rise to the surface of freshly placed concrete
minimum space between singular reinforcement bars or bundles
of bars, i.e. opening for the concrete to flow through
relative mobility, or ability of freshly mixed concrete to flow, i.e.
an indication for workability
distance between the outside of the reinforcement and the
nearest concrete face
foundation type which transfers structural load through deep
layers of weak ground onto suitable bearing strata, or a retaining
structure which allow excavation on one side
Reinforced cast in place continuous concrete wall
ability of concrete to resist weathering action, chemical attack,
abrasion, and other conditions of service
sum of solid material in fresh concrete with particle sizes less than
or equal to 0.125 mm
The ability of fresh concrete to flow and fill all spaces within the
excavation, under its own weight.
formation of de-filtered material, such as bentonite suspension,
built up in the transition zone to a permeable medium, by water
drainage due to pressure

flowability

the ease of flow of fresh concrete when unconfined by formwork
and/or reinforcement

workability (flow/slump)
retention
fresh concrete

retention of specified properties of fresh concrete, such like flow
and slump, for specified duration
concrete which is fully mixed and still in a condition that is capable
of being compacted by the chosen method, see tremie concrete

panel

section of a diaphragm wall which is concreted as a single unit. It
may be linear, T-shaped, L-shaped, or of other configuration, see
EFFC/DFI Best Practice Guide to Tremie Concrete for Deep Foundations
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passing ability

viscosity
plastic viscosity
rheology
segregation resistance
specification
specifier
stability
support fluid
thixotropy

tremie pipe / tremie
tremie concrete

viscosity
workability

yield stress

figure 1
ability of fresh concrete to flow through tight openings such as
spaces between steel reinforcing bars without segregation or
blocking
resistance to flow of fresh concrete once flow has started
viscosity of a Bingham Fluid (with non-zero shear stress)
science of deformation and flow of substances subject to shear
ability of concrete to remain homogeneous in composition while
in its fresh state
final compilation of documented technical requirements given to
the producer in terms of performance or composition
person or body establishing the specification for the fresh and
hardened concrete
resistance of a concrete to segregation, bleeding and filtration
fluid used during excavation to support the sides of a trench or
pile
The tendency of a material to progressive loss of fluidity when
allowed to rest undisturbed but to regain its fluidity when shear
stress is applied
segmental pipe with waterproof joints topped by a hopper
concrete with the ability to achieve full compaction by gravity
when placed by tremie in a deep foundation, under submerged
conditions
rate of shear strain in a fluid
that property of freshly mixed concrete which determines the
ease and homogeneity with which it can be mixed, placed,
compacted, and finished
shear stress required to be reached to initiate flow

List of Abbreviations and Symbols
cd
cmin
cmin,dur
cnom
cdev
min cexe
D
Dnom
DG
Dfinal
Ds
DT
DFI
db-t
ECPC
EFFC
EN
EPCC

design concrete cover – as stated on the drawings
minimum concrete cover according to structural codes
minimum concrete cover with respect to durability
nominal concrete cover = cmin + cdev
margin to allow for accidental deviations from specified concrete cover
minimum concrete cover with respect to execution, acc. to execution standards for
special geotechnical work, this without an extra allowance c defined
dimension (diameter or thickness) of excavation or concrete element
nominal excavation dimension, generally defined by excavation tool dimensions
maximum aggregate size
final diameter of diameter of spread of concrete in slump test
maximum aggregate size
reinforcement bar diameter
internal diameter of tremie pipe
Deep Foundations Institute
distance from bottom of excavation to tremie pipe outlet
Equivalent Concrete Performance Concept
European Federation of Foundation Contractors
European Standard
Equivalent Performance of Combinations Concept
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η
FHWA
GGBS
H2/H1
h1/h 2
hc
hc,T
hF
k
μ
NF
pi,T
po/pi
QA/QC
SCC
SPERW
sT
Tx
Tend
Tfinal
TIP


VSI
𝛶̇

dynamic viscosity
Federal Highway Administration
Ground granulated blast furnace Slag
relation between heights at relevant marks in the L-box test
embedment of tremie pipe before (1) / after (2) tremie pipe cut
concrete level in excavation
concrete level in tremie pipe (= hydrostatic balance point)
fluid level in excavation
factor which takes into account the activity of a type II addition
plastic viscosity
Norme Française (French Standard)
hydrostatic pressure inside of tremie pipe
hydrostatic pressure outside (o) / inside (i) of excavation
Quality Assurance/Quality Control
Self-Compacting Concrete
Specifications for Piling and Embedded Retaining Walls
section length of tremie pipe section to cut, with: h2 ≥ 3 m
time for concrete to reach relevant marks (x = 200/400/500 mm) on the horizontal
box in the L-box test
time for concrete to reach the far end of the horizontal box in the L-box test // to be
modified in text to Tend from Tfinal ?
time for concrete to reach final spread in slump test
Thermal Image Profiling
shear stress
yield stress
Visual Stability Index
shear rate

FIGURE 1.0 - Examples of deep foundations
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1

1.1

General

Background

Concrete technology continues to advance rapidly and modern mixes with five components – cement,
additions, aggregates, (chemical) admixtures and water – often have characteristics which are totally
different to the older three component mixes – cement, aggregates and water. Recent trends have
favoured higher strength classes and lower water/cement ratios, resulting in greater dependence on
admixtures to compensate for reduced workability and to meet the often competing demands for
workability in the fresh state and setting time. Testing methods have not developed at the same speed
as the mixes and it is still not uncommon for the slump test to be used as the only acceptance test for
the fresh concrete.
A review of problems in bored piles and diaphragm walls cast using tremie methods by both the
European Federation of Foundation Contractors (EFFC) and the Deep Foundations Institute in the
United States (DFI) identified a common issue that many of the problems were caused (or in part due)
to incorrect concrete mixes being used.
A joint Concrete Task Group was set up by EFFC and DFI in 2014 and this Guide is the output from
that Task Group.
A research and development project, funded by the Sponsors of this Guide, is being carried out by the
Technical University of Munich in conjunction with the Missouri University of Science and Technology.
This project includes desk studies, laboratory testing, and onsite testing at worksites in Europe and the
US. The research work will be completed during 2016.

1.2

Purpose and Scope

The primary purpose of this Guide is to give guidance on the characteristic performance of fresh
concrete and its method of placement using tremie methods in bored piles and diaphragm walls,
allowing construction of high quality elements. This guidance may also be used for other forms of deep
foundations (eg continuous flight auger piling although this may require some modification to the
values recommended).
Concrete in deep foundations has to fulfil a number of demanding and often conflicting requirements
that have to be considered throughout the whole evolution of a concrete mix, as summarised in Figure
1.1.
There is a very clear potential for conflict between the parties and a risk to the quality of the works,
and this Guide highlights the important areas which require careful consideration in order to minimize
the risks.
Existing European and American Standards do not adequately cover many of the issues contained in
the Guide. The Task Group has carried out a detailed assessment of current best practice and
research.
This first edition of the Guide proposes appropriate test methods and initial recommendations on
acceptance criteria. A second edition of the Guide will be published on completion of the research and
development work as this will allow definitive acceptance criteria to be presented.
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The Guide addresses design considerations including reinforcement detailing and concrete cover,
concrete rheology, mix design, and best practice rules for placement. A review of methods to test the
as-built elements is presented together with advice on the identification and interpretation of results.

FIGURE 1.1 - typical evolution of concrete mixes for execution

CLIENT: relevant codes and standards, service life,
other service/operational related requirements

STRUCTURAL DESIGN: dimensions, concrete strength,
cover, reinforcement details, restrictions on
binder/other constituents, and water/cement ratio

SPECIFIER: concrete specification

CONSTRUCTOR: Fresh properties relevant to
execution, e.g. workability, early strength gain

SUPPLIER: concrete mix considering available
constituents, consistence, bleed, setting time, early
age strength, target strength, shrinkage ...

EXECUTION

The Guide is aimed at those involved in the procurement, design, and construction of bored piles and
diaphragm walls including Owners/Clients, Designers, General Contractors and Specialist Contractors.
It is intended as a practical addition to existing standards, not a substitute.
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2

Design Considerations Impacting Concrete Flow

The design of deep foundations is a specialist subject requiring both structural and geotechnical input.
This section is limited to structural detailing and impact of the reinforcement cage on the tremie
concrete flow in the cover zone. The impact of concrete placement on end bearing and shaft friction
are not considered in this guide and reference should be made to EN 1997 (REF) and relevant
American standards (REF to be added by DFI).

2.1

Detailing

The ideal situation for tremie concrete placement is without any obstructions to flow. The
reinforcement cage, with spacer blocks and box-outs, is a major obstruction to flow. Given that
reinforcement is normally required to satisfy structural requirements, it follows that the designer has a
key role to play in the quality of the finished pile/panel.
Every effort must be made to ensure that reinforcement is not congested and satisfies the minimum
clear spacing rules as given in relevant Standards. Where a high density of reinforcement is required
the maximum bar diameter and maximum bar spacing should be used. Where multiple layers are
needed special focus must be given to the maintenance of sufficient concrete flow (see sections 3 and
6).
A summary of detailing rules from European and US American standards on deep foundations is
presented in Appendix F. This detailing should only be carried out by experienced personnel. It is
often the case that very dense reinforcement indicates that the dimensions of the deep foundation
element need to be increased instead.

Additional constraints on reinforcing cage layout also include:


Space for the stop end,



Space for tremie pipe,



Instrumentation,



The weight of the reinforcement cage, and,



Items in the cover zone such as spacers, box outs or couplers.

Cage connection details can present a challenge for constructability for bored piles where a single
bored pile is used to support a single column and the splice between the column and pile
reinforcement occurs near the top of the pile. This detail can be particularly congested where a noncontact lap splice is used and the column reinforcement comprises a separate cage within the pile
reinforcement as shown on Figure 2.1. Anchor bolt connections to transmission towers, sign poles, or
similar structures also can result in congestion of this type. It is especially difficult for tremie concrete
to make its way through two reinforcing cages without trapping fluid contaminants at the very top of the
pile.
The most effective solution for this situation is to provide for a construction joint at a location below the
splice, so that the pile head can be trimmed and the concrete at the splice connection can be cast in
the dry as conventional structural concrete. This approach typically requires that a surface casing be
used to provide a stable pile excavation above the construction joint. The surface of the construction
joint would typically require preparation by removing any laitance, bleed water, or contaminated
concrete prior to concrete placement at the splice. In some cases it may be possible to remove fluids
and contaminated concrete within the splice zone and complete the splice while the concrete remains
workable.
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FIGURE 2.1 – connection details for a bored pile used to support a super-structural column

column
reinforcement

casing
splice zone
concrete

construction joint
pile
reinforcement

pile tremie
concrete

2.2

Cover

In the permanent condition cover is required for two purposes - first is durability and the second is to
provide resistance to the splitting forces generated by reinforcement bond. During tremie concreting,
provision of a suitable amount of cover, as stated in execution standards (REF EN 1536 and EN
1538), is critical to be able to place the concrete correctly and obtain dense durable concrete in the
cover zone.
The as-built minimum cover is specified as cmin in structural codes such as EN 1992 (clause 4.4.1). To
ensure this minimum cover is achieved after execution the same standard requires an allowance c
for construction excavation face deviation to determine a specific nominal concrete cover cnom.
Usually, the durability requirements define the as-built minimum cover which is further referred to as
cmin,dur. The requirements for bond cmin,b are also considered. Thus:Nominal concrete cover (cnom)

=

Durability min cover (cmin,dur )

+

Construction deviation cover (cdev)

It is important that the designer recognises that for successful construction the concrete must have
sufficient room to flow in the cover zone and that the design cover (cd) should be selected to facilitate
this. In deep foundations, particular conditions must be considered. For instance, the dimension of the
excavation tool (Dnom) generally defines the ground excavation width but the as-built cover may be
increased by over-break, and it may be reduced by the filter cake thickness.
In practice the construction excavation face deviation (cdev) is not specified for concrete cast in deep
excavations. Where the EN 1992 Cl4.4.1.3 specifies the nominal cover (c nom) for concrete cast against
directly against soil and recommends a value of 75 mm the specific conditions of deep foundations
have not been considered.
The design cover for deep foundations should take into account: Minimum cover cmin from structural codes
 The method of construction, ie:o Temporary casing
o Drilling tolerances
o Cage installation
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Cage congestion
Ground conditions, ie:o Condition of excavation surface
o Over-break and build-up of filter cake

The particular execution conditions in deep foundations are generally reflected in the execution
standards, by specifying the “minimum cover for execution” (min cexe). EN 1538:2010 (clause 7.7.2)
for diaphragm walls requires at least 75 mm, EN 1536:2010 (clause 7.7) requires at least 60 mm for
piles of nominal diameter greater than 0.6 m, or 50 mm for piles not greater than 0.6 m, and
recommends also 75 mm, e.g. if concrete with maximum aggregate size of 32 mm, or silica fume as
cement replacement is used. The ACI 336 also requires a minimum cover of 75 mm, or 100 mm where
a casing is withdrawn.
All these covers are specified for elements which will be exposed to soil and should be sufficient to
meet a usual durability requirement at least of cmin,dur = 35 mm.
The two approaches, for durability and execution, are not totally consistent, as shown in figure 2.2. It is
however clear that the final nominal cover cd (cover stated on the drawings) must comply with all the
following requirements:1) cd must be equal or greater than the nominal cover cnom requested by structural codes after
taking into account an allowance for deviation tolerances, cdev, of 15 mm in EN 1992.
2) cd must be equal or greater than the cover min cexe requested by execution standards such as
EN 1536, EN 1538, or ACI 336, but should be increased where cmin,dur is 40 mm or above.
3) cd must consider sufficient tolerances for installation of the reinforcement cage, i.e. cd must be
greater than the spacer width (including thickness of temporary casing if used) in order to
avoid damage to the excavation surface and to allow easy installation of the cage.
FIGURE 2.2 – concrete cover in deep foundations, schematically (left) and by photograph into a
cased drill hole, with tolerance for spacers and reinforcement cage (right)

Many designers are reluctant to apply a large design cover on the basis that the crack width at the
face may become excessive. This should not be a concern as crack width should only be calculated at
the minimum cover position, with concrete outside that value being considered as surplus [REF?].
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3

Rheology of Tremie Concrete

3.1

General

The rheology of concrete is fundamental to its behaviour during execution. Rheology determines the
success of placement and the quality of the final product. The key rheological characteristics are:



Workability (ability to completely fill the excavation and compact by gravity);
Flow retention (how long specified fresh properties will be retained); and
Stability (resistance to segregation, bleeding and filtration).

Over recent decades, concrete as a material has evolved significantly. Concretes are designed
considering durability in addition to strength and the tendency is to specify higher strength classes and
lower water/cement ratios. This results in higher dependence on chemical admixtures to compensate
for reduced workability and to meet the often competing specification demands for workability, stability
and flow retention and setting time. The relationship between ingredients, fundamental rheological
properties, general concrete characteristics and performance requirements is illustrated in Figure 3.1.
FIGURE 3.1 – Dependencies between composition, rheology and related characteristics, and all-over
requirements

Ingredients

Properties, Characteristics

Requirements

Self-levelling

Composition
Aggregates,
Water,
Cement,
Additions,
(chemical)
Admixtures

Workability
Flow ability
Passing ability

Self-compacting
by gravity

Rheology
Viscosity
Cohesion

Filling of excavation

Flow retention

Stability
Water retention ability

Control of
segregation, bleeding,
filtration, stiffening

There is very little guidance in current standards on the assessment of rheological behaviour. This
chapter provides an explanation of concrete rheology and key parameters used to identify rheology.

3.2

Rheology

Rheology is the study of the deformation and the flow of a substance under the effect of an applied
shear stress.
To properly understand the behaviour of concrete in a fresh state it is necessary to define certain
parameters:



The yield stress, , which is the critical stress required to initiate flow.
The plastic viscosity, μ , which is a measure of the resistance to flow.
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Yield stress is the shear stress required to be reached to initiate flow of concrete. To control
segregation the yield stress must not be too low. Conversely, to allow concrete to compact by gravity –
without external vibration – the yield stress must not be too high.
Plastic viscosity is the viscosity of a Bingham fluid, and is related to the granular interaction and the
viscosity of the paste between grains. Successful placing of concrete requires low viscosity as this
affects its distribution inside the excavation and also the time required to empty a truck.
Figure 3.2 describes with a simplified graph, that concrete requires a certain amount of energy to start
moving (the yield stress) and, thereafter, it resists this movement (by viscosity).
FIGURE 3.2 - plastic behaviour of a Bingham fluid (e.g. concrete) versus a Newtonion fluid (e.g. water)

Practical tests on the properties of fresh concrete are unable to differentiate between the key
rheological parameters (yield stress and plastic viscosity) which can only be measured correctly with
laboratory apparatus (rheometer). Until now, the ease of flow – as a measure for viscosity – has been
assessed intuitively and qualitatively during placement, for example, through observing and classifying
the difficulty of emptying the tremies or truck unloading times.
Figure 3.3 shows a qualitative comparison of yield and viscosity for different concrete types and
applications. Normal concrete, compacted using vibrators, has both a high yield stress and high
viscosity. Self-compacting concrete requires very low yield stress for self-levelling and compacting by
self-weight alone. Tremie concrete needs a low viscosity for a good filling ability at a relatively high
cohesion (represented by the yield value) for undisturbed displacing of support fluid and controlling
segregation in deep foundations, i.e. for long workability life. As a benefit the large concrete head
assists in compaction and makes it unnecessary to work at very low yield values which may result in
sensitive concrete mixes.
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FIGURE 3.3 - comparison of concrete types

If concrete is considered a thixotropic material, in the fresh state, it exhibits a form of stiffening which is
reversible and fluidity is regained when the material is agitated.
It is important to recognise that there is a point in time beyond which concrete should not be agitated
further as the stiffening is now due, primarily, to the hydration of cement and is irreversible, this is
illustrated in Figure 3.4 [Roussel 2014].

FIGURE 3.4 – stiffening and setting time
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4

Mix Design

4.1

Mix design considerations

A successful concrete mix design must meet the requirements of fresh and hardened properties and
be practically achievable, i.e. can be achieved economically, usually with locally available materials.
Mix proportioning is a complex process balancing the requirements of the specification with concrete
behaviour and performance. The process for mix constituent selection and proportioning and final mix
validation should consider the following:





Specifications
Material availability, variability and economics
Mixing plant efficiency and control capability of the production plant
Ambient conditions expected at time of concrete placement
Logistics of concrete production, delivery, and placement

Subsequent to the above assessment the initial selection of constituents will consider the following:








Compressive strength (or other design properties)
Sufficient workability and workability time
Aggregate source, maximum size and grading
Cement content and composition
Use of additions (see Appendix C for details)
Water/binder ratio
Suitable admixtures

Other design properties can result out of an extraordinary demand on durability, from a specific
Service Life Design study for example. Then, particular requirements may have to be complied with,
such as a limited chloride diffusion coefficient. A subsequent demand for special constituents, higher
dosages of super-fine additions, an extra low water/binder ratio or similar will in turn affect the fresh
concrete properties. Opposing effects on durability and workability have to be balanced.

4.2

Materials

Concrete rheology is affected by aggregate properties, particle shape and size distribution, binder
content, water binder ratio and admixture type and dose.
The influence of cement addition on the rheological behaviour of concrete is shown to the left in Figure
4.1, leading to a higher yield, and to a higher viscosity. The influence of various concrete components
on both yield and viscosity is illustrated in a rheograph to the right in Figure 4.1, [Wallevik 2003].
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FIGURE 4.1 - influence of cement and other components on rheology, acc. to [REF Wallevik]

Selection and assessment of aggregate grading is an important element of concrete mix development,
where grading is simply the division of an aggregate into fractions, each fraction consisting of one
class of size particles. In developing an appropriate grading, a number of factors must be balanced for example:



The shape and size of the aggregate: more rounded gravels support the production of flowing
concretes better than crushed rock; a coarser grading may give better workability but also will
be more prone to segregation.
The proportion of fine material: a higher proportion of fine material will give a more cohesive
mix; extra fine material or an excessive amount of fines may compromise workability due to of
water and admixture absorption.

While the beneficial effect of modern admixtures in the production of advanced concrete is recognised,
the possible negative effect of admixtures should be understood (part of the current research work).
Reducing the quantity of water, by using water reducing admixtures, could in turn increase the
viscosity. More paste might be needed to compensate the lower water content. But, as a result of this
the yield of the bulk concrete will be reduced and segregation may then result; further, the concurrent
effect of increased cement content must be considered.
In addition, quite apart from the dosage of admixtures, their nature and operating mechanism may give
rise to side effects such as a sticky appearance (high viscosity) or stiffening. The risk of anomalies due
to an unfavourable concrete can therefore be caused by poor admixture selection or control.

4.3

Proportioning and production

Mix proportioning should comply with EN 206-1 and with Annex D in particular where requirements of
EN 1536 or EN 1538 have merged, or with the relevant local Standards.
Increasingly, additions like fly ash, silica fume or GGBS are being used in concrete. Three concepts
are available for the use and application of Type II additions (see Section 3.1 and Appendix C).
Following initial development in the laboratory the mix should be trial tested and fine-tuned by full size
field batches.
The field batch testing and evaluation should be carried out or supported by qualified personnel. Care
should be taken to verify that the conditions that existed during field batching continues to exist during
EFFC/DFI Best Practice Guide to Tremie Concrete for Deep Foundations
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construction. If conditions change (aggregate source, cement source, type or dosage of additions,
chemical admixture, etc.), new trial mix studies should be conducted to ensure that the target
properties and performance will continue to be achieved [FHWA, 2010].
The required dosage of admixture should be determined by field batches where the conditions
(ambient temperature, delivery times, placement techniques, etc.) expected during construction are
replicated, and a sample of concrete is retained and tested to determine its workability retention
characteristics [Concrete Institute of Australia, 2012]. This trial-mixture study should also include
workability testing to develop a graph of workability loss versus time after batching.
Potential problems should be recognised when improper dosages of chemical admixtures are used or
when the effect of warm weather conditions have not been adjusted for. Without the adjustment of the
dosages of retarding chemical admixtures, an increase in temperature of about 10 °C [18 °F] will
increase the rate of slump loss by a factor of approximately 2, which means that a slump loss graph
made in the laboratory at 22 °C [72 °F] will be very misleading for concrete being placed in the field at
higher temperatures of 32 °C [90 °F].
Special attention should be paid to the type of mixing procedure at the concrete batching plant. In
general, the wet mixing process is preferred over the dry mixing process. In the dry mixing process
usually the dry solid components are weighed, mixed and batched into the truck’s mixing drum where
water is added and the concrete finally mixed. Such concrete mixes tend to lack consistency in their
fresh concrete properties and a wider scattering in actual water contents. It is recommended to
request detailed batch records with actual quantities per truck load, and also to check for the actual
water content as an indicator for mixing accuracy in cases of doubt (see Appendix B).
The process required to produce robust concrete mixes meeting the varied requirements of the
specification for fresh and hardened properties is complex and requires careful consideration of each
of its constituents and their effect on rheology. Testing for the characterisation of rheological properties
is considered in Section 5.
The typical steps to develop a concrete mix design might be as follows:1

2

3
4
5

6
7
8
9

10

Starting from the required characteristic mechanical property, usually unconfined
compressive strength (UCS), defining the average UCS, based on statistical
considerations (previous experience and expected standard deviation).
Proportioning of binder components based on strength and durability requirements.
Considering replacement of cement by additions for limiting the heat of hydration and the
thermal gradients in large structural elements, and for economical reason.
Selecting the water/binder ratio, based on mechanical and durability requirements.
Selecting the necessary workability, based on the method of concrete placement.
Selecting the maximum aggregate diameter, based on reinforcement spacing. With
regards to detailing (clear distances between bars, cover etc.) reviewing the proportioning
with special focus on suitable workability.
Estimating the necessary mixing water quantity, based on workability, maximum grain size
and shape of aggregate, air content (if required), and use of water reducing admixture.
Computing necessary weight of binder, based on selected w/b and necessary mixing
water.
Calculating the total amount of aggregates, by differential volume, and their gradings,
based on sand fineness.
Evaluating the type and amount of admixture to be added, to regulate the concrete
workability life, depending on temperature and total time required for delivery and
placement.
Evaluating the type and amount of other admixtures to be added, to adjust (rheological)
fresh concrete performance and/or other characteristics.
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5

Production and Testing of Concrete, including Acceptance Criteria

5.1

A New Approach to Specifying Fresh Concrete

It is critical that the rheological properties of the tremie concrete are well defined for reasons described
in Section 3.
Current standard practice is to specify strength, minimum cement content, maximum water cement
ratio, and slump. These parameters are often insufficient to fully describe the required tremie concrete
properties to allow proper mix design in terms of flow.
Additional tests are recommended to adequately assess the rheological properties, and a selection
and description of such standardised tests is contained in Appendix A.

5.2

Suitability, Conformity and Acceptance Testing

Whilst the suitability testing should involve a wide range of tests, it is up to the Designer, Contractor
and Concrete Supplier to discuss and agree what tests are required to demonstrate conformity and
acceptance. This will vary on many factors including the complexity of the foundation works, the
experience of the Supplier and the degree of confidence between the parties.
Recommended acceptance criteria are contained in Table B1 in Appendix B.
Table B2 in Appendix B presents a typical test schedule.

5.3

The Influence of Time

It is important that the Contractor makes a realistic assessment of the required properties over time,
3
especially on large pours (> 200 m ), where supply capacity is limited or where supply is complex due
to a congested site. This assessment should include consideration of:







Period required to pour the pile/panel
Transport distance/time from plant to site
Concrete plant capacity
Availability of approved backup facilities
Truck capacity and number of trucks
Quality of site access
Climatic conditions, in particular temperature

A detailed consideration of the above factors will often result in the requirement to extend the
workability life (typically referred to as open life or flow/slump retention) using retarding admixtures.
FIGURE 8 - extension of workability time
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6

6.1

Execution

General

This Section reviews techniques and methods used for concrete placement by the tremie technique in
deep foundations (bored piles and diaphragm walls).
As European, American and International Standards and Codes of Practice vary, best practice is
presented and recommendations are given.
This Section does not cover “dry” pouring conditions where the concrete is usually allowed to free fall
over a certain height. EN 1536 allows concreting in dry conditions if a check immediately before the
placement proves that no water is standing at the base of the pile bore.. The U.S. Department of
Transportation [FHWA 2010] defines “dry as less than 75mm (3 inch) of water on the base of the bore,
and an inflow not greater than 25mm (1 inch) in 5 minutes”. In the case of greater inflow of water, it is
recommended that the excavation is filled with water from an external source to overcome the inflow
with positive fluid head within the excavation, and then to use the tremie technique for concrete
placement. The placement of concrete (even with a tremie) into an excavation with excessive inflow of
water entails a risk of the incoming water injecting into the fresh concrete, possibly contributing to
bleeding of the mix at the surface.
This Section does not cover ‘mass’ underwater pours for civil engineering purposes where the pours
are relatively shallow but have a large area in plan, and where the placement process and flow
patterns are different from tremie concreting (sometimes referred to as ‘underwater pours’).

6.2

Prior to Concreting

It is essential that the base of the excavation is reasonably free of loose debris which can be stirred up
by the initial charge of concrete from the tremie. Such debris could find its way to the top of the rising
column of concrete only to be folded into the concrete as a trapped inclusion at some subsequent time
part way through the concrete placement operation. It is difficult to remove all debris from the base.
Minor amounts of debris are normally not detrimental to quality.
Where there is a high reliance on base cleanliness, such as load bearing elements that rely heavily on
end bearing capacity, it is important that debris at the pile or panel base is kept to a minimum.
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 are available and
some examples are provided in chapter 19 of [FHWA, 2012]. This document recommends that, in
general, no more than 75mm of loose sediment should be present at the base of the shaft prior to
concreting in order to minimise the risk of inclusions within the completed concrete shaft.
Another test method is the base hardness test developed by Arup. It indicates the quality of base
hardness depending on the impact felt when a heavy steel plate touches the base. The hardness is
considered acceptable when a distinct base can be detected with slight embedding of the weight into
the soil.
In certain conditions, e.g. very fine sands or excessive placement time of reinforcement and where
high levels of base cleanliness cannot be assured, it may be prudent to design the piles or panels
allowing for the presence of sediment at the base.
It should be noted that the geometry of the excavation tool will dictate the shape of the base. With
diaphragm wall grabs, a curved profile is formed at the base of each bite. In such cases it is essential
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that the location of any base cleanliness checks are carefully considered and recorded. It is important
that checks are carried out at the locations with the potential to accumulate the most debris, e.g. the
centre of the grab jaws. The bases of piles normally require to be checked at the centre of the pile.
Bases of piles are cleaned using a cleaning bucket or other approved system. Bases of diaphragm
walls are normally cleaned using the excavation equipment or other approved system.
Special tools may be used to remove excessive filter cake from the faces of the excavation (built up
during the excavation stage) or the faces of adjacent elements (built up due to the interaction between
fresh concrete and bentonite). This is not a standard procedure and is in most cases not required, but
can be considered due to design requirements, time of exposure or based on special requirements. In
general, the excavation tool with the nominal cross section is normally sufficient to remove any excess
cake.
The support fluid should be clean prior to insertion of the reinforcement cage. A sample of support fluid
should be taken from the base of the excavation. The properties of a bentonite sample should be as
shown in Table 6.1.
TABLE 6.1 - compliance values for bentonite support fluid prior to concreting [EN 1538, 2010]

Property
Test Method
Compliance Value
Density
Mud Balance
<1.15 g/ ml
Viscosity
Marsh Cone
≤ 50 seconds
Sand Content
Sand Screen Set
<4%*
* Best practice is to aim at a sand content not greater than 2%
If polymers are used as the support fluid the values given above may require modification [EN
1536:2010 (clause 6.2.2); FHWA, 2010].
More stringent requirements are needed in certain conditions such as long pours, because, if debris
settles out of suspension during the concrete placement operation, the accumulation of this debris on
top of the rising column of concrete could result in entrapment of pockets of debris within the concrete.
Before commencement of pouring, it should be confirmed that the actual pre-pouring conditions are in
accordance with design and specifications, e.g.: excavation depth, minimum concrete cover (spacers)
and minimum clearance of reinforcement.
In multi bite diaphragm wall panels, the depth of each bite should be the same to within 0.5m. Where
the panel is stepped, the placement process must take this into account.
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FIGURE 6.1 – base line reflecting the excavation tool geometry (example using a cutter)

The time elapsing between the final cleaning of the excavation and commencement of concreting shall
be kept as short as possible. Where elements such as stop ends or reinforcement cages are to be
inserted, cleaning should be carried out before insertion. The cleaning procedure, as well as the time
between operations, should be established on the first panels. If delays occur, the support fluid quality
should be rechecked and additional cleaning carried out if necessary.
Debris and particles which settle out of the support fluid will normally be carried on top of the rising
concrete surface. The concrete is over-poured above the theoretical level to allow for later removal of
the unsound concrete above cut-off level, resulting in sound concrete at cut-off level.

6.3

Tremie Pipe and Hopper

Gravity tremie pipes should have a minimum internal diameter of 150 mm, or six times the maximum
aggregate size, whichever is greater [EN 1536]. A diameter of 250 mm is commonly used. Closed
tremie systems (pump lines) may be smaller than 150 mm.
Tremie pipes should be made from steel, as aluminium reacts with concrete. Plastic tremie pipes are
not common but may be used as long as they are sufficiently robust.
Segmental pipes should be connected by a fully watertight structural connection. Typical sections have
a length of 1 to 5 m. Longer sections are generally preferred as this leads to less joints, but the order
of the various lengths has to be considered according to the specific conditions (e.g. depth of
excavation, hopper elevation, embedment at first pipe removal, and for the last loads at low
hydrostatic pressure). They should be split at every joint each time they are used to avoid laying long
lengths of pipe horizontally on the ground, and to allow proper cleaning. There have been examples of
joints breaking during tremie handling, so that full visual checking is strongly recommended.
Solid tremie pipes (without joints) may be used on shallow excavations where handling of the tremie
permits.
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The hopper should have a sufficient volume to allow for a continuous concrete supply to the tremie.
The pipes should be smooth clean and straight so that the frictional resistance to the concrete flow is
minimised.

6.4

Tremie Spacing

Piles are normally circular and a single tremie pipe placed centrally within the bore is usually sufficient.
For diaphragm walls, codes specify various limits to the horizontal flow distance from 1.8 to 3 m
[REFs]. It is recommended to limit the distance to 2 m. Longer travel distances of up to 3m might be
acceptable if the workability of the concrete is proven sufficient, in combination with wide clear
spacing of reinforcement bars and large concrete cover.
The tremie pipes should be positioned symmetrically in plan to avoid uneven rises in concrete level,
i.e. central for a single tremie pipe and approximately 1/4 of panel length from each end with 2 tremie
pipes.

6.5

Initial Concrete Placement

Initiation of the concrete placement is one of the most critical steps in the entire placement process as
the first load of concrete has to be placed separated from the (supporting) fluid.
Both wet and dry initial placement methods are quoted in Standards and Papers [REFs].
In the dry initial placement method, a steel or plywood plate with a sealing ring is placed on the bottom
of the tremie pipe which enables fluid to be kept out of the pipe during lowering to the base of the
excavation. The concrete is then discharged directly into the dry tremie pipe, and the pipe lifted by
100mm to 200mm to allow the concrete to flow into the excavation.
With the wet initial placement method, a separation medium must be used. Examples for such “plugs”
include vermiculite granules (often bundled in a sack), inflatable rubber balls, sponges and foam balls.
A steel plate is sometimes additionally used at the base of the hopper where the hopper is filled and
the plate then lifted using a crane [REF?].
The plug must prevent the initial charge of concrete from mixing with the fluid which would lead to
segregation in the tremie. If it fails, the risk of defects in the element is greatly increased.
Figure 6.2 shows the pressure conditions before and during the stages of the pour. It highlights the
fact that before the first cut the tremie pipe must be sufficiently embedded. The required concrete
level should be determined for each specific site condition.
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FIGURE 6.2 - phases in the tremie pour sequence

where:
hF
Fluid level in excavation
DT
Diameter of tremie pipe
D
Dimension (diameter or thickness) of excavation
db-t Distance from bottom of excavation to tremie pipe outlet
hc
Concrete level in excavation
hc,T Concrete level in tremie pipe (= hydrostatic balance point)
h1/h 2 Embedment of tremie pipe before (1) / after (2) tremie pipe cut
sT
Section length of tremie pipe section to cut, with: h2 ≥ 3 m
po/pi Hydrostatic pressure outside (o) / inside (i) of excavation
pi,T
Hydrostatic pressure inside of tremie pipe

6.6

Tremie Embedment

When 2 or more tremie pipes are used the tremie bases have to be kept at the same level (except
where the base is stepped which requires special measures).
The tremie requires a minimum embedment into the concrete that has already been poured. Execution
Standards [EN 1536, EN 1538] specify a minimum embedment of 1.5 to 3 m, with higher values for
larger excavations. In general a minimum embedment of 3 m is well accepted in practice.
To get the concrete flow the weight of the concrete within the tremie pipe must overcome:



The resistance outside the base of the tremie pipe (hydrostatic fluid pressure)
The resistance of the concrete already poured
The friction between the concrete and the inside face of the tremie pipe
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Some authors refer to the ‘hydrostatic balance point’ where the gravity force within the tremie is in
equilibrium with the resistance to flow, see figure 6.2. Any concrete added above the hydrostatic
balance point will cause the concrete to flow, and the higher the pouring rate the faster the flow out of
the tremie outlet. The larger the tremie pipe the lesser the inside resistance to flow.
Excessive tremie embedment may lead to excessive resistance to flow, which may then cause:o
o

Lifting of the reinforcement cage
Anomalies due to irregular flow patterns

There are strong technical arguments to avoid excessive tremie embedment. Excessive embedment
leads to lower head pressure, loss of energy supply and slower concrete flow. The ICE Specifications
for piling and embedded retaining walls limits the maximum embedment to 6 m [ICE 2007]. Experience
from the industry suggests it is good practice to use embedment between 3 m minimum and 8 m
maximum.
It is good practice to measure the depth to the concrete at tremie positions after each load of concrete
has been placed. In cases of doubt or for the first elements cast, it may also be helpful to determine
the hydrostatic balance point by measuring the depth to the concrete within the tremie pipe as
significant variations in this level can give an indication of the actual ease of flow for the specific site
conditions.
Concrete should flow freely from the tremie without the need of surging. The need to surge the tremie
in order to maintain flow is an indication of loss of workability. This can affect the concrete flow pattern
and may risk mixing of support fluid and contaminated material on top of the concrete leading to debris
entrapment. With proper mix composition and minimizing embedment, tremie surging should not be
necessary.
Re-immersing a tremie pipe, according to EN 1536, is only allowed after an accidental loss of
immersion. If the upper layer of the placed concrete “has retained its workability”, and the tremie pipe
can be re-immersed sufficiently deep that no water or contamination is introduced into the concrete
which will remain below the final cut-off level. To meet these principal requirements, the tremie pipe
can be re-immersed according to the dry initial placement method, or any laitance must be pumped
out after re-immersion and before re-starting of the concrete pour. Another acceptable procedure is
described below [Seitz, Schmidt, 2000]:
-

-

-

Withdraw and clean the tremie pipe
Lower the tremie pipe until it is suspended about 30 cm above the actual concrete level
Note: tape the actual concrete level precisely to decide on the required length of the tremie
pipe for the right elevation to restart the pour after immersing the tremie
Insert a separation medium and fill the pipe with concrete.
Note: Due to the flow of the displaced fluid from the tremie pipe onto the top of concrete, minor
erosion may happen, which is considered negligible.
The tremie pipe can be lowered down to the desired embedment and concreting can continue
Note: The theoretical joint with possible laitance will be minimised by such procedure and
displaced by the following sound fresh concrete. It is recommended to over-pour until the joint
is above the cut-off level

At the end of the pour i.e. close to platform level, it is acceptable to raise the tremie pipe in order to
generate additional concrete head and maintain flow, but still obeying the minimum tremie
embedment.
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6.7

Concrete Flow Patterns

Concrete flow patterns are not well understood.
Work has been done using dyed concrete. Further research is ongoing, where the concrete flow
patterns from the tremie pipe are numerically modelled using fluid dynamics programs or simulations
[REF Lowke].
The published work does not fully reflect all interaction variations of the parameters which affect the
flow mechanism(s), i.e. concrete composition, support fluid properties, reinforcement density, concrete
cover, and frictional resistance of the excavation face.
It is generally recognized that there are two principle flow types involving regular and irregular flow
patterns.
Regular flow patterns involve ‘plug’ or ‘volcano flow’:-




“Plug’ flow where the upper region of a=ready placed concrete id lifter upwards by yje
fresh concrete exiting the tremie pipe
‘Volcano’ flow where the upper region of already placed concrete rolls upwards and
sideways due to higher resistance to flow near the excavation face or at the
reinforcement cage.

Irregular flow involves mechanisms such as piping where the concrete exiting the tremie pipe rise
upwards along a specific path, often up the external face of the tremie pipe, and then emerges onto
the top of the concrete surface with a high risk of debris entrapment.
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Figure 6.3 Schematics of idealised flow mechanisms

When using multiple tremie pipes the concrete rate from the tremie pipes should be uniform so that the
upper concrete level at tremie pipe positions does not vary too much to prevent concrete from one
pipe ‘falling over’ onto concrete from the other pipe. A maximum difference of 0.3 m measured
between the placements of two consecutive (truck) loads is considered good practice.
Further research, funded by the Sponsors of this Guide, is being carried out by the Technical
University of Munich, to allow greater understanding of flow patterns, as well as the critical parameters
which can affect the flow.

6.8

Flow Around Reinforcement and Box-Outs

As set out in Chapter 2, special considerations have to be taken for any congestion to concrete flow.
Any obstruction is a resistance to flow and will decrease the potential of the concrete used to properly
flow around and embed a reinforcement or box-out. As the actual flow is a function of energy at the
point of resistance, congestions are more critical at higher travel distances from the tremie pipe outlet
and at higher elevations where the concrete head pressure is low.
The recommendation must be a combined consideration of concrete rheology, placement method, and
detailing in the design, including a sufficient allowance for over-pouring above the cut-off level.

6.9

Concreting Records

The depth of the concrete level at each tremie position shall be measured and the embedded length of
the tremie pipe recorded at regular intervals corresponding to each load of concrete.
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The depths measured, volumes placed and tremie lengths should be plotted immediately on a graph
during the pouring operation and compared with the theoretical values. An example of such a graph is
given in Annex C of EN 1538:2010.
Such a comparison can help to identify areas where over-break may have occurred or where concrete
may be filling voids. These measurements can identify an unusual condition in an excavation where
more investigation may be warranted.
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7

Full Scale Trials

An effective way to obtain critical information on the constructability of any Deep Foundation element
is to install one or more full scale test elements referred to as a “technique”, “method” or “trial”
element. This doesn’t have to be limited to the excavation stage, it can also include the subsequent
reinforcement and concrete placement to test every aspect of the elements construction.

Such full scale trials should ideally be constructed during the design phase or at the start of
construction using the same installation technique, equipment and materials as proposed for the
permanent works. Problems identified in full scale trials can be addressed before the permanent works
are constructed. They also provide opportunities for refining aspects of the construction process and
developing compliance parameters.

The extent and scope of the trial works should be proportionate to the project size, complexity and
risks. The components to be tested should be selected from a review of the contractors overall
experience and capability, as well as experience in the given ground conditions and they have to
follow regional execution standards. Element stability, verticality and/or concrete over-break can be
evaluated to verify design assumptions. (see section 2).

A trial element can also be combined with a pre-design load test. When budget and/or schedule
constraints do not allow for such full scale trials, it is recommended to at least perform on-site concrete
trial testing in addition to the design trials typically performed in the supplier’s laboratory.
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8

Quality Control of Completed Works

8.1

General

Bored piles and diaphragm walls are cast against a soil face and the casting process is not visible
from the surface. Some imperfections are inevitable within an industrial production. Therefore quality
control of completed works, here, must proof acceptance of a concrete member with allowance of
limited imperfections.
It is normally far better to spend time and effort on trials before the works commence, rather than
specifying detailed and expensive quality control tests after completion when it is in many ways too
late. It may also be possible to expose and test a limited sample of piles or wall panels after the
construction of the first elements and this may form part of the QA/QC procedures allowing corrective
action at an early stage.

8.2

Post-Construction Testing Methods

A number of methods, both intrusive and non-intrusive are commonly available to determine both the
geometry and the quality of the pile or wall.
A detailed list of techniques is contained in Appendix D.
Non-intrusive test methods are often difficult to interpret correctly and this requires specialist
knowledge and experience.
Where the piles or wall panels are exposed to allow visual inspection, photographic records should be
taken both before and after cleaning of the face as this may prove useful if forensic engineering is later
required.
Imperfections may generally fall into one of three categories:



Inclusions
Channelling
Shadowing and Mattressing

A full description of each type of anomaly, together with examples, is given in Appendix E.
If the defects are frequent, it may be possible to postulate a defect formation mechanism which will
enable process changes to avoid further incidences.
Anomalies may be caused by concrete which does not have the appropriate properties for the
detailing and placement procedure in place, or by poor workmanship. Applying the recommendations
contained within this Guide should reduce the anomalies to an absolute minimum.
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APPENDIX A – TEST METHODS TO CHARACTERISE FRESH CONCRETE
a)

Rheology
Concrete, in terms of its grain size distribution, is not homogeneous. Therefore, rheology cannot
be determined with absolute correct physical parameters, namely yield stress and plastic
viscosity. Instead, each rheometer –an apparatus measuring rheological parameters– includes a
specific deviation unable to be calibrated as there is no reference. However, using the same test
set-up fundamental understanding can be derived by comparison of different concretes in
different stages. The rheometer is generally considered as a laboratory testing device.

b)

Workability
The test methods described below all have in common, that they cannot separate viscosity or
yield stress from the actual concrete’s rheological behaviour. However, the great advantage of
the following tests is their practicability and robustness which, together with their proven
repeatability accuracy, made them acknowledged international standard tests.
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b1- Flow table test acc. to EN 12350-5
Principle:

The spread of the concrete is a measure of the consistency.

Procedure:

The fresh concrete is filled and compacted in a mould which consists of a 20 cm
high hollow truncated cone. After raising the cone and the initial slump the plate
is lifted and dropped 15 times which leads to the final spread.

Remarks:

A serious lack of stability can be detected visually.

b2- Slump test acc. to EN 12350-2, ASTM C143
Principle:

The slump of the concrete results in a measure of the consistency.

Procedure:

The fresh concrete is filled and compacted in a mould which consists of a 30 cm
high hollow truncated cone. With raising the cone the concrete will slump.

Remarks:

A serious lack of stability can be detected visually.

b3- Slump Flow test acc. to EN 12350-8, ASTM C1611
Principle:

The slump flow is a measure of the consistency and, in part, of the flowability.

Procedure:

The fresh concrete is filled and compacted in a form which consists of a 30
cmhigh hollow truncated cone. With raising the cone the concrete will slump and
flow. The final diameter of the concrete is measured (slump flow in mm).

Remarks:

A serious lack of stability can be detected visually.
As the T500 time needs a flow >> 500 mm, and common tremie concrete may
not spread that far, Tfinal can be defined alternatively (Australian Tremie
Handbook).

b4- L-Box test acc. to EN 12350-10, ASTM …
Principle:

The test is used to assess the flow ability in conjunction with passing ability.

Procedure:

The gate is closed and the vertical section of the apparatus is filled and
compacted with concrete. After 1 minute the sliding gate is opened, and the
concrete starts flowing through the gate with (2 or 3) smooth bars simulating
reinforcement obstructions. Within standard testing the heights within the vertical
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section H1 and at the end of the horizontal section H2 are measured and H2/H1
will be recorded as measure of both flowability and blocking resistance.
Extended test: The horizontal section of the box can be marked, e.g. at 200mm and 400mm. The
time T200 and the time T400 for the concrete to reach the relevant marks are
measured and indicate the flow ability representing a certain viscosity.
The Australian Tremie Handbook recommends measuring the time for reaching
the far end of the horizontal box and record the arrival time T final.
Instead of using the ratio H2/H1, the Tremie Handbook recommends to record
only the absolute height at the end of the box. For concrete which does not reach
the end of the box the travel distance from the gate should be recorded instead of
the filling height.
KB: check for MODIFICATION to check thixotropy, segregation and water
retention
Remarks:

c)

A serious lack of blocking resistance or stability can be detected visually.
It is recommended to use only 2 bars unless the maximum grain size is 10 mm or
below.

Workability Time:
The workability time is referring to a generic term indicating the total time span required to have
concrete of sufficient workability at all times during discharge and placement to fill gaps. The end
of workability time happens significantly before setting acc. to EN 196-3 which is meant for
cement paste.
Knead bag test
Principle:

This test method is used to directly measure the change of consistency, resulting
from hydration, of a fresh concrete prior to a pour.

Procedure:

About two litres of fresh concrete are filled in a plastic bag. By placing the knead
bag on a flat hand and press a thumb into the fresh concrete at regular intervals,
the actual stage of consistency in accordance with the following table is detected
and to be recorded.
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Remarks:

d)

The test is a qualitative test only. The Australian Tremie Handbook considers a
transition from liquid to soft consistency as critical for placement under wet
conditions.

Stability:
The stability, namely the resistance to segregation, bleeding, and filtration might be quantified by
the following tests.

d1- Static Segregation or Washout test acc. to ASTM C1610 or DAfStb guideline on SCC
Principle:

The test evaluates segregation by variation of grain size distribution over height.

Procedure:

A hollow column of 3 connected cylinders is filled and compacted with fresh
concrete. After setting, the portion of coarse aggregate of each cylinder is
determined. The differences of coarse grain are a measure for segregation.

Remarks:

The test was developed for concrete with intentionally low yield stress, where
segregation of aggregates is controlled by viscosity and is therefore time
dependent. No experiences exist for use of Tremie concrete;

d2- Bleeding test acc. to EN480-4, ASTM C232
Principle:

The amount of water on the surface of concrete in a container is a measure for
bleeding.

Procedure:

Concrete is inserted into a cylindrical container. The segregation of water at the
surface is measured until the bleeding stops resp. setting of the concrete.
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Remarks:

There is no wide acceptance for this test in the deep foundation industry, e.g. due
to the lack of accuracy.

d3- Visual Stability Index Test (VSI) acc. to ASTM C1611
Principle:

The visual stability index is result of a visual assessment and classifies the
segregation resistance.

Procedure:

Same as with slump flow, followed by visual inspection using criteria listed in the
table below

Remarks:

The Australian Tremie Handbook recommends allowing VSI value 0 only.
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d4- Concrete Filter Press test acc. to ÖVBB-Richtlinie Weiche Betone – Betone mit Konsistenz ≥
F 59
Principle:

The test simulates the water retention ability of fresh concrete under hydrostatic
pressure and determines the filter loss through a filter.

Procedure:

A cylindrical container is filled with 10 l of fresh concrete and pressurized with
compressed air (3 bar). The water which separates from bulk concrete through a
filter paper is collected at the bottom of the container in a cylinder. The recorded
filter loss is a measure for filter stability of the concrete.

d5- Bauer filter press acc. to Australian Tremie Handbook:
Principle:

The test simulates the water retention ability of fresh concrete under hydrostatic
pressure and determines the filter loss through a filter.

Procedure:

A cylindrical container is filled with 1.5 l of fresh concrete and pressurized with
compressed air (5 bar). The water which separates from bulk concrete through a
filter paper is collected at the bottom of the container in a cylinder. The recorded
filter loss is a measure for filter stability of the concrete. The also measured filter
cake thickness is an additional measure for the concrete’s robustness against
loss of workability.
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Remarks:

e)

The Australian Tremie Handbook limits the maximum aggregate size to 20 mm.

Composition of fresh concrete
In order to identify the actual composition in compliance with the designed, indicators like density,
water content, water/cement ratio, content of fines < 0.125 mm, content or shape of coarse
aggregates might be specifically tested, by a specialized laboratory.
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APPENDIX B – INITIAL RECOMMENDATIONS ON ACCEPTANCE CRITERIA FOR
SELECTED TEST METHODS
Note: Table B1 is preliminary and will be reviewed on base of the current R&D project, see chapter 1.2.
TABLE B1 – possible acceptance criteria for Tremie Concrete to be applied in deep foundations.

1

2

3

Test Method and Concrete Properties
Combined Slump, Slump Flow and VSI test
Slump
Slump Flow
Time to reach final spread
Visual Stability Index
L-Box test
Time to reach end of box
Filling Height at far end
Blocking of bars
Filtration test
(for application in depths > 15 m)
Filtration Loss

Recommended values – under review *
h ≥ 180 mm
need of maximum slump covered by VSI
400 mm ≤ D ≤ 600 mm
3 s ≤ Tfinal ≤ 11 s
0
Tend ≤ 12 s
f > 0 mm
No

Vloss,A ≤ 25 l/m³ with AUSTRIAN Filter Press
Vloss,D ≤ 15 l/m³ with BAUER Filter Press
hCake,D ≤ 100 mm with BAUER Filter Press

Filter Cake Thickness

* the above mentioned values are taken from the Australian Tremie Handbook, recommended for placement in deep and
large excavations where the concrete flow distances from tremie to the face of excavation up to 1.2 m. For greater
distances other values are recommended.

TABLE B2 – test types and typical test schedule

Test Method

determines

Consistency
Flow Table

✔

Slump

✔

Flowing
Ability

Passing
Ability

Test Frequency for
Segregation
Resistance

Water
Retention

✔

Slump Flow

Conformity Acceptance
-in lab-on siteM

Each load*

R

Each load*

✔

✔

R

Each load*

(✔)*

(✔)*

R

On demand

(✔)**

✔

R

On demand

Segregation

✔

✔

Washout

✔

✔

P

-

Bleeding

✔

✔

P

-

VSI
✔

L-Box
Filtration

✔

✔

M = Mandatory; R = Recommended; P = Possible
* extra information on stability can be gained if the test is used modified (60 min), see App A
** In general, a concrete is supposed to have also a higher segregation resistance with higher filtration resistance
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APPENDIX C – Use of Additions Concepts

Specified minimum cement contents for concrete in bored piles and diaphragm walls are often not
necessary to obtain the required strength class, but to obtain specific fresh properties. Additions like fly
ash and GGBS are often used to replace part of the cement which in turns affects fresh concrete’s
workability, flow retention and stability, as well as strength, durability and overall sustainability.

Three concepts are available for the use and application of (reactive) Type II additions [SBD: REF EN
206?]. These are:

1) the k-value concept,
2) the Equivalent Concrete Performance Concept (ECPC) and
3) the Equivalent Performance of Combinations Concept (EPCC).

The rules for the application of the three concepts vary within the different CEN member states. For
each project, the concept should be carefully considered, both from a technical and an economical
point of view.

k-value concept

The k-value concept is a prescriptive concept. It is based on the comparison of the durability
performance of a reference concrete with another one in which part of the cement is replaced by an
addition as function of the water/cement ratio and the addition content.
The k-value concept permits type II additions to be taken into account:
— by replacing the term “water/cement ratio” with “water/(cement + k * addition) ratio” and;
— the amount of (cement + k * addition) shall not be less than the minimum cement content
required for the relevant exposure class.
The rules of application of the k-value concept for fly ash conforming to EN 450-1, silica fume
conforming to EN 13263-1 and ground granulated blast furnace slag conforming to EN 15167-1
together with cements of type CEM I and CEM II/A conforming to EN 197-1 are given in
corresponding clauses in EN 206:2013.
Modifications to the rules of the k-value concept may be applied where their suitability has been
established (e. g. higher k-values, increased proportions of additions, use of other additions,
combinations of additions and other cements).
For a further description of the full procedure and application of the k-value concept, the reader is
referred to CEN/TR 16639 [REF].
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Equivalent concrete performance concept (ECPC)

The principles of the Equivalent Concrete Performance Concept have been introduced in EN
206:2013.
This concept permits amendments to the requirements for minimum cement content and maximum
water/cement ratio (w/c) when a combination of a specific addition and a specific cement source is
used for which the manufacturing source and characteristics of each are clearly defined. It shall be
proven that the concrete has an equivalent performance especially with respect to its interaction
with the environment and to its durability when compared with a reference concrete in accordance
with the requirements for the relevant exposure class.
The reference cement shall fulfil the requirements of EN 197-1 and originates from a source that has
been used in practice in the place of use within the last five years and used in the selected exposure
class. The reference concrete shall conform to the provisions valid in the place of use for the selected
exposure class.
The concrete composition and the constituent materials for designed and prescribed concrete shall
be chosen to satisfy the requirements specified for fresh and hardened concrete, including
consistence, density, strength, durability, protection of embedded steel against corrosion, taking into
account the production process and the intended method of execution of concrete works.

Equivalent performance of combinations concept (EPCC)

The principles of the ”Equivalent Performance of Combinations Concept” permit a defined range of
combinations of cement conforming to EN 197-1 and addition (or additions) having established
suitability that may count fully towards requirements for maximum water to cement ratio and
minimum cement content which are specified for a concrete.
The elements of the methodology are:
1) identify a cement type that conforms to a European cement standard and that has the same or
similar composition to the intended combination;
2) assess whether the concretes produced with the combination have similar strength and
durability as concretes made with the identified cement type for the relevant exposure class;
3) apply production control that ensures these requirements for the concretes containing the
combination are defined and implemented.
In Europe there are three methods applied to establish the equivalence performance of
combinations: the UK method, the Irish method and the Portuguese method. These three methods
have been developed separately and differ considerably in the requirements for the control of the
combinations. The three methods are fully described in CEN/TR 16639.
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APPENDIX D – METHODS FOR TESTING COMPLETED WORKS
Testing of completed works is not mandatory for geotechnical works if their design complies with the
relevant standards, and execution complies with both execution standard and industry best practice.
However, post-construction testing has become more frequent recently. Generally, tests are used
according to project specifications. Some tests need prepared before execution of the foundation,
others can still be applied when there is reason to suspect a defect exists, see App F.
Both, destructive and non-destructive testing methods generally require expert knowledge for
performance and interpretation. Technician-level expertise is required for conducting the tests while
interpretation of results should be done by a qualified engineer, in consultation with the project
geotechnical engineer.
Direct Testing methods



Coring within the foundation to investigate features within the element, or to inspect the
condition at the base. For the latter case, ducts may be installed attached to the reinforcing cage
and extended to near the base to facilitate coring.



Closed circuit television (CCTV) inspection of the foundation and its base, inside a drilled hole.



Excavation to inspect the surface of the foundation.



Extraction of a pile.

Cross hole sonic logging

Transmission of an acoustic wave from a transmitter embedded within a duct within the foundation
element to a receiver positioned either in the same duct or a separate duct. The test method is
detailed in ASTM D6760-142, and NF P94-I60-I.
The time for the wave to reach the transmitter and the energy transmitted is measured and used to
interpret the result. In most applications, strong anomalies in travel time combined with decreased
energy are interpreted as potential defects (flaws).
The locations of the ducts for the sonic logging are typically located in an array within the reinforcing
cage of the foundation. The ability to obtain sonic profiles between multiple pairs of tubes may
provide an indication of the nature, position and dimension of a possible defect within the centre of
the reinforcing cage and around the duct. It can’t provide indication of possible defects in the cover
zone, i.e. between the reinforcing cage and the face of the excavation.
To investigate the integrity of the joint between two piles or diaphragm panels, the ducts may be
located either side of the joint. The results from such measurements may be difficult to assess due to
the fact that material in joints may be inevitable. Also, this test doesn’t work if lost stop ends were
used, such as reinforced concrete or steel elements.
Further guidance and information is given in:[REF: FHWA],
[REF: Beckhaus]
...
Thermal Integrity Profiling

Thermal integrity profiling (TIP) uses the heat of hydration of the concrete and the differences in
thermal conductivity between inclusions and soil one or two days after pouring to produce a
variation in temperature near the edge of the pile.
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The temperatures are monitored by strings of thermistors attached to the reinforcement cage.
Optionally, thermal probes are used guided in tubes within the foundation element.
The main advantage is that the system responds to defects in the cover zone.
Further guidance and information is given in:[Sellountou, E.-A.; Alvarez, C.: THERMAL INTEGRITY PROFILING: A RECENT TECHNOLOGICAL
ADVANCEMENT IN INTEGRITY EVALUATION OF CONCRETE PILES],
…
Gamma logging

Gamma-gamma logging (GGL) method is similar to those used for borehole geophysics. Gamma rays
are emitted from a source travel through the tube or hole, and are logged by the detector, located in
the same probe.
The test has a limited radius of influence from ca. 5 to 40 cm around the probe, depending on the
distance between emitter and receiver, and on the strength of the gamma ray source.
Further guidance is given in:Ciria Report 1441
[FHWA-NHI-10-016 Drilled Shafts Manual. 2010]
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APPENDIX E – INTERPRETATION OF ANOMALIES
Anomalies within a deep foundation element, which per definition deviate from the expected
(sound) quality and/or regular continuity of the cast in-situ reinforced concrete element, are
considered as possible defects and are usually subject to further inspection. Anomalies are also
referred to as features.
Anomalies are not necessary defects which may lead to a deficiency of the deep foundation element.
For example, marks in the concrete surface of piles from withdrawn excavation tools are inevitable,
see figure E.1. Such grooves should not be considered as anomalies, as long as they have been taken
into account to maintain the structurally required minimum cover after execution.
Figure E.1: Example for piles with grooves, not affecting the minimum cover for durability

A serious interpretation of acknowledged anomalies should be conducted by an experienced
specialist in geotechnical works who then objectively assesses the anomaly being a defect, or an
imperfection without deficient cause on bearing capacity or durability. The following information
may assist in interpreting and assessing anomalies and is deemed as recommendation.
Anomalies’ formation mechanism

For classification of anomalies, special features may reveal their formation mechanism:


Location of anomalies – related to dense reinforcement or obstructions in the cover zone?



Limitation of anomalies – variation of cover thickness related to the occurrence?



Type of material entrapped – mixture of material or solely comprised of concrete materials?



Irregularities during placement – concrete placement and tremie pipe embedment records o.k.?



Insufficient workability time – retarder dosage acc. to flow retention specified?



Instability of concrete – Presence of a thick interface layer of material rising atop the concrete?

Direct Inspection of exposed deep foundations

To allow the inspection of anomalies in an excavated foundation, cleaning of exposed surfaces is first
carried out. The appearance of the anomalies varies with the cleaning process. After excavation the
concrete surface may be obscured by a layer of filter cake and/or excavation material. Cleaning by
low pressure water jet wash or wire brush removes these materials. At this stage anomalies can be
assessed visually and photographed, for documentation.
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Cores can be taken through anomalies to assess their extent and to inspect the bond between the
reinforcement and the concrete. Cores can be subjected to petrographic analysis to understand more
about the possible defect.
Following this, high pressure hydro demolition can be used to remove loose and poorly cemented
material trapped to allow further inspection.
Indirect inspection of deep foundations

Indirect inspection is referred to non-destructive testing and evaluation of signals, such as Cross-Hole
Sonic Logging.
Classification of type of anomalies

Once anomalies are interpreted as systematic, they should be classified. Most anomalies will fall into
one of the following three categories:
1) Inclusions
Inclusions consist of entrapped material within the foundation that does not conform to the
reference concrete. It may be uncemented material originating from a mixture of the support fluid,
excavated material and the concrete, or poorly cemented material originated from segregated
concrete.
Whereas the first type of inclusion is rather associated with irregular flow patterns, where external
material is included in the concrete, the latter is usually related to certain instability of concrete,
where the concrete itself is segregated or washed out, e.g. by bleeding channels, both related to
pour segregation/bleeding resistance.
Inclusions are usually considered acceptable imperfections, if limited in their extent and frequency.
Only if these are of such dimensions that they are affecting the bearing capacity, or occupy wide
parts in the cover zone and may therefore reduce durability, inclusions should be classified as
defects. One test to identify inclusions is the non-destructive cross-hole sonic logging, see Appendix
D. This test needs special knowledge and experience with which the anomaly’s extent might be
assessed by further evaluations, see figure E.2.
Figure E.2: Interpreted inclusion by evaluation of cross-hole-sonic logging data, showing a
singular section with flaw signals (solid lines) and detailed investigation on the dimension of
the inclusion depending on entrapped material source [LIT Beckhaus]

KB: Amend right figure to only English
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2) Channelling
Channelling is also referred to as bleeding channels. These are vertical narrow zones with lightly
cemented aggregate respectively with a lack of fines and cement matrix, usually near the surface of
the panel or pile. This phenomenon is due to an insufficient stability of concrete (pour
segregation/bleeding resistance) for the actual ground and placement conditions.
Bleeding channels are usually not considered defects if these are isolated and of limited thickness,
thus not reducing the durability significantly, see figure E.3.
Their appearance seems more often to happen in rather impermeable ground conditions, where
excess water cannot uniformly escape into surrounding ground as long as the concrete could still
consolidate. However, the same may apply to dense filter cages built-up at the excavation faces.

Figure E.3: Channels running up the surface of a diaphragm wall. Upper series from Lubach
A., 2010 2; lower series by EFFC
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3) Shadowing and Mattressing
Shadowing is here described as a vertical linear feature emanating from vertical reinforcing bars,
Mattressing as crosswise vertical and horizontal linear features. Both features emanate at the
reinforcement with material trapped in shadow of reinforcing bars.
Shadowing and mattressing both may affect concrete cover of reinforcement. As their effect on
durability or bearing capacity, depending on the extent and frequency, may be significant they
should be interpreted as possible defect, and investigated further, see figures E.4-6.
The formation of shadowing and mattressing is associated to a horizontal flow of concrete through
reinforcement into the cover zone and therefore to a lack of free flow around reinforcement bars.
Energy subject to fresh concrete, its flow ability and passing ability, in combination with the cage
congestion and concrete cover dimension, all contribute to the extent of this anomaly. Both features
are due to happen more often at higher elevations since the hydrostatic over-pressure is reduced.
Figure E.4: Shadowing in a pile (left); Mattressing in a panel (right)
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Figure E.5: Defect in a pile due to large areas of concrete cover missing; indications of horizontal flow
blocked by reinforcement. From Figure 9.14b, FHWA-NHI-10-0161.

Figure E.6: Schematic on Shadowing, mattressing and no concrete flow through reinforcement
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APPENDIX F – Detailed information on Design Considerations
This Appendix should be read with Section 2 and includes detailing information and tolerances.

DETAILING

The bar spacing affects ability of concrete to flow in the cover zone. It requires consideration of the
spacing between horizontal and vertical bars, clear window size, the layout of multiple rows of
reinforcement, and the concrete aggregate size, rheology in connection with flow distances and
hydraulic pressures. Detailing requirements for cages are summarized in Table F.1.
Transverse reinforcement which runs through the centre of the reinforcing cage, e.g. couplers, links,
tie rods, affects vertical upwards flow of concrete.

TABLE F.1 - commonly used reinforcement requirements
Minimum reinforcement
Location
Clause
Vertical ACI336.3R, 3.3
piles
referring to
ACI318,10.9.1

EN1536, Table 5

Horizontal piles

Vertical diaphragm
walls / unit
length
Horizontal diaphragm
walls / unit
height

Spacing
Location
Piles horizontal
and vertical
spacing of
bars

ACI336.3R, 3.3
referring to
ACI318,10.9.3
EN1536, Table 6

0.5% AC
0.0025m2
0.25% AC

Comment
for elements in compression that cannot be designed as plain
concrete, where AC is nominal cross section (where this is larger
than required for structural reasons, ACI318, 10.8.4 permits A C to
be taken as a reduced area for both strength and minimum
reinforcement, but not less than half the nominal cross section,)
AC ≤ 0.5m2
where AC is nominal bored pile cross
section.
0.5m2 < AC ≤ 1.0m2
AC > 1.0m2
expression (10-5) gives minimum area of spiral reinforcement.

Links, hoops or spiral reinforcement.

EN1992-1-1, 9.6.2
EN1538, 7.5.3.1
EN1538, 7.5.3.1

≥ 6mm
≥ one quarter of
the maximum
diameter of the
longitudinal bars
≥ 5mm
0.2% AC
DS ≥ 12mm
≥ 3 bars /m

EN1992-1-1, 9.6.3

≥ 0.1% AC

EN1992-1-1, 9.6.3
No specific
requirements in
EN1538

≥ 25% ASV

where AC is nominal area of vertical section through panel / unit
height.
where ASV is area of vertical reinforcement.

Clause
ACI336.1, 3.4.9

Value
≥ 100mm
≥ 4DG
≤ 400mm
≥ 4DG
≥ 100mm
≥ 80mm

EN1536, 7.5.2.5
EN1536, 6.3.2.2
EN1536, 7.5.2.6
EN1536, 7.5.2.7

EN1536, 7.5.2.9
Diaphragm

Value
1% AC

EN1538, 7.5.3.3

≥ 1.5DG and
≥ 2.0DS
≥ 4DG

wires of welded mesh transverse reinforcement.
where AC is nominal area of panel / unit height.
where DS = (steel) bar diameter.

Comment
including at laps.
where DG = maximum aggregate size, including at laps.
where DG = maximum aggregate size.
for single or bundles of longitudinal bars.
for lap length, provided that DG ≤ 20mm (special consideration
must be given to the maintenance of sufficient concrete flow, see
sections 3 and 6).
for layers of bars, placed radially,
where DS = (steel) bar diameter.
where DG = maximum aggregate size.
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walls horizontal
spacing of
vertical bars

EN1538, 7.5.3.2
EN1538, 7.5.3.3

≥ 100mm
≥ 80mm

of single bars or groups, parallel to the wall face.
for the lap length or in the case of heavily reinforced panels.
(special consideration must be given to the maintenance of
sufficient concrete flow, see sections 3 and 6).

- vertical
EN1538, 7.5.4.2
≥ 200mm
spacing of
EN1538, 7.5.4.3
≥ 150mm
where required, provided that DG ≤ 20mm, where DG = maximum
horizontal
aggregate size.
bars
- horizontal
EN1538, 7.5.4.4
≥ 150mm
spacing of
horizontal
bars
Bond, anchorage (development lengths) and laps (splice lengths)
Location
Clause
Comment
Anchorage
ACI318, 12.2
Bars in tension.
ACI318, 12.3
Bars in compression.
ACI318, 12.4
Additional rules for bundled bars.
Lap length
ACI318, 12.15
Bars in tension.
ACI318, 12.16
Bars in compression.
ACI318, 12.17
Additional rules for columns, which are assumed to apply also to piles.
Bond
EN1992-1-1, 8.4.2
If support fluid has not been used, bond conditions would normally be classified as
strength
‘good’ for both vertical and horizontal bars. Specialist advice (eg, ref 8) should be
sought on the impact on bond of support fluids.
Anchorage
EN1992-1-1, 8.4.4
Note that where the cover exceeds the bar size, which will usually be the case, the
factor α2 can be taken as less than unity.
length
Lap length
EN1992-1-1, 8.7.3
Note that where the cover exceeds the bar size, which will usually be the case, the
factor α2 can be taken as less than unity. The factor α6, however, will usually be 1.5,
corresponding to all bars being lapped at one location. The use of couplers should be
considered, particularly for large bars, which EN1992-1-1, 8.8 specifies as having a
diameter larger than 32mm (40mm in the UK NA).
Crack widths
Location
Clause
Comment
Calculation
ACI336.3R
No requirements
of crack
EN1992-1-1,7.3.4
Note that the comments under Table NA.4 in the UK National Annex to EN1992-1-1,
widths
include guidance for situations where the cover is significantly greater than that
required for durability, and there are no appearance requirements, such as structures
cast against ground. Under these circumstances, it is reasonable to determine the
crack width at the cover required for durability, and to verify that it does not exceed the
relevant maximum crack width. This may be done by assuming that the crack width
varies linearly from zero width at the face of the bar, to the calculated value at the
surface.
1.
2.
3.
4.
5.
6.
7.
8.

ACI318M-11: 2011
ACI336.1: 2001 Reference specifications for the construction of drilled piers
ACI336.3R: 1993 Design and construction of drilled piers
ACI543R:2000 Design, manufacture, and installation of concrete piles
EN1992-1-1: 2004 Eurocode 2: Design of concrete structures – Part 1-1: General rules and rules for buildings
EN1536: 2010 Execution of special geotechnical works - bored piles
EN1538: 2010 Execution of special geotechnical works - diaphragm walls (+A1: 2015)
Jones, AEK and Holt, DA. Design of laps for deformed bars in concrete under bentonite and polymer drilling fluids.
Structural Engineer, 82(18), (21 September) 2004.

TOLERANCES

Dimensions:
-

The depth and dimension shall not be less than those required by the design. Panels or Piles
with dimensions smaller than permitted may be considered deficient in strength and are
subject to rejection.
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-

Concrete elements with dimensions larger than permitted: excess materials should be
removed, when required by Architect/Engineer.

Location the cut-off (top) level:
-

This tolerances are mainly governed by the design and the architectural structures

-

For the diaphragm walls, the offset shall be taken into account when computing the
deviation of the entire panel, in relation with the closure of the joints.

Verticality and minimum thickness of diaphragm walls:
-

To grant the continuity of the diaphragm wall, the tolerances about verticality and twisting of
each panel, in relation with the depth, shall be contextually and carefully evaluated.

-

When the joint between panels is formed by cutting the edges of adjacent panels, a proper
overlap shall be adopted, to grant the wall continuity and adequate contact thickness at the
joint.

-

In addition, it should be considered that the deviation from verticality can lead to a further
difficulty in obtaining proper concrete-cover in soft soils, where the spacers are easily embed
into the soil whilst the cage position is governed by its weight.

Location and orientation of box outs and couplers
-

In agreement with EN-1538:2010 (8.2.4.3), when inserts are implemented in the
reinforcement, the tolerance on the elevation of inserts (couplers, starter bars, inserts for
anchors) after concreting should be 70 mm. The ICE Specification (SPERW), 2007, Cl B8.4.4
calls for diaphragm wall reinforcement to be placed +150mm/-50mm (i.e. a maximum of
150m high) on the level of reinforcement projecting above the final cut-off level.

EFFC/DFI Best Practice Guide to Tremie Concrete for Deep Foundations

49

REFERENCES
ICE

The ICE Specification for piling and embedded
retaining walls 2nd edition

2007

Deep foundations institute

Industry practice standards and DFI practice
guidelines for structural slurry walls

2005

FHWA

Drilled Shafts: Construction Procedures and LRFD
Design Methods. U.S. Department of
Transportation. Federal Highway Administration.
Publication No. FHWA-NHI-10-016

2010

Seitz, J.M., Schmidt, H.-G.

Bohrpfähle (Bored Piles). 506 pages. Ernst&Sohn

2000

Yao S. X., Bittner R. B.

Underwater concrete in drilled shafts: the key
issues and case histories

2005?

Concrete Institute of Australia

Tremie concrete for deep foundations

2012

Malcolm Puller, Thomas
Telford

Deep Foundations: A Practical Manual (2nd
Edition)

2003

J.M. Torrenti

Du béton frais au béton durci. Techniques de
l’Ingénieur

2009

Loukili

Les bétons auto-plaçants. Lavoisier

2010

N. Roussel

Understanding the Rheology of Concrete. Elsevier

2011

Technical report CEN/TR
16339

Use of k-value concept, equivalent concrete
performance concept and equivalent performance
of combinations concept

2014

CIRIA Report 144

Integrity testing in piling practice

1997

ASTM D6760-14

Standard Test Method for Integrity Testing of
Concrete Deep Foundations by Ultrasonic
Crosshole Testing. ASTM International

2014

EN 1536

Execution of special geotechnical work – Bored
piles

2010

EN 1538

Execution of special geotechnical work –
Diaphragm Walls

2010

EN 1992-1

Design of concrete structures – General rules, and
rules for buildings

-

ACI 336.1

Specifications For The Construction Of Drilled Piers

2001

Lubach, A.

Bentonite cavities in diapghragm walls. Case
studies, process decomposition, scenario analysis
and laboratory experiements

2010

Poletto R.J., Tamaro G.J.

Repairs of diaphragm walls, lessons learned

?

EFFC/DFI Best Practice Guide to Tremie Concrete for Deep Foundations

50

Beckhaus, K.

Cross-Hole Sonic Integrity Testing for Bored
Piles – a challenge. International Symposium
on Non-Destructive Testing in Civil
Engineering. Berlin

2015

Admiraal, B., et al

X10 Concept for Slurry Wall Concrete –
Increased plasticity and stability leads to
fewer risks and better durability.

?

Lowke, D., et al

Rheological Optimization of Flowable
Concretes Based on Computational
Fluid Dynamics (CFD). 7th RILEM International
Conference on Self-Compacting Concrete and
of the 1st RILEM International Conference on
Rheology and Processing of Construction
Materials. Paris

2013

Wallevik, O.H.

Rheology – A Scientific Approach to Develop
Self-Compacting Concrete. 3rd International
Symposium on Self-Compacting Concrete,
Reykjavik, Iceland.

2003

Kosmatka, S., et al

Design and Control of Concrete Mixtures. 14th
Edition, Portland Cement Association, Skokie,
IL, USA.

2002

Brown, D., Schindler, A.

High Performance Concrete and Drilled Shaft
Construction. Contemporary Issues In Deep
Foundations: pp. 1-12. GeoDenver

2007

All testing standards …

EFFC/DFI Best Practice Guide to Tremie Concrete for Deep Foundations

51

