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Readers are advised of the following:

1. Figure 4.13 on page 61 is incorrect. The corrected image and caption reference should be as follows:
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Figure 4.13 Drying shrinkage curves estimated using the method of EN1992-1-1 for a) outdoor conditions (45 per

cent rh) and b) UK indoor conditions (85 per cent rh)

2. On page 111 under “British Standards” BS8500 Parts 1 and 2 were updated in 2006 and should be listed as:

BS8500-1:2006 Concrete — Part 1: Complementary British Standard to BS EN206-1 — Part 1: Method of specifying
and guidance for the specifier

BS8500-2:2006 Concrete — Part 2: Complementary British Standard to BS EN206-1 — Part 2: Specification for

constituent materials for concrete

We apologise for any inconvenience this may have caused.
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Summary

Early-age thermal cracking occurs when the tensile strain, arising from either
restrained thermal contraction or a temperature differential within the concrete
section, exceeds the tensile strain capacity of the concrete. Autogenous shrinkage may
also contribute to early contraction. Numerous factors influence the risk of early-age
cracking including the temperature rise, the coefficient of thermal expansion of the
concrete, the restraint to movement offered either by adjacent elements or by
differential strain within an element, and the ability of the concrete to resist tensile
strain. Temperature rise depends on the heat generating capacity of the concrete
affected by the cement content and type, the element thickness and the conditions into
which the concrete is cast, in particular the formwork type.

This guide provides a method for estimating the magnitude of crack-inducing strain
and the risk of cracking; and where cracking is predicted guidance is provided on the
design of reinforcement to control crack widths. For specific situations where cracking
should be avoided, or where the use of reinforcement to achieve acceptable crack
widths is uneconomic or impractical, measures are described to minimise the risk
including selection of materials and mix design, planning pour sizes and construction
sequence, the use of insulation to reduce thermal gradients, the use of movement

joints, and cooling of the concrete either prior to placing or in situ.
S S

Significant changes since the last revision to report R91 — Early-age thermal crack control
in concrete (CIRIA, 1992) which this report replaces, include:

% compatibility with EN1992-3:2006 and EN1992-1-1 with regard to the properties of
concrete and the design of reinforcement

&{

an increase in the heat generating capacity of CEM I and peak temperature values

&

additional data on temperature rise for concretes containing fly ash and ggbs

% additional data and methods for estimating critical parameters such as restraint and

tensile strain capacity
% different methods for calculating crack width depending on the form of restraint

% advice on specification, measurement and testing.

Although the title of this guide refers specifically to early-age thermal cracking, the
design of the reinforcement should take into account the effect of both short- and long-
term strains. Guidance is also provided on how to deal with long-term thermal strains

and drying shrinkage.
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he,ef‘

concrete cross-section used in the calculation of drying shrinkage

area of concrete in the tensile zone used in the calculation of minimum

area of reinforcement

effective area of concrete in tension surrounding the reinforcement used
in the calculation of crack spacing

cross sectional area of old (restraining) concrete section

cross sectional area of new (restrained) concrete section cast against A,
minimum area of tensile reinforcement

cover to reinforcement

mean elastic modulus of concrete

elastic modulus of reinforcement

elastic modulus of old (restraining) concrete section

elastic modulus of new (restrained) concrete section

ultimate strain capacity of concrete in tension (tensile strain capacity)
characteristic cylinder strength at 28 days

characteristic cube strength at 28 days

steel-concrete bond strength

mean value of tensile strength effective at the time when cracks may first

occur
mean concrete strength in tension at 28 days

mean value of tensile strength at time, t, if cracking is expected earlier
than 28 days

characteristic strength of reinforcement
section thickness

effective depth describing the effective area of concrete in tension

surrounding the reinforcement

thickness of new (restrained) concrete section cast against 4,
thickness of old (restraining) concrete section

notional thickness used in shrinkage calculations

pressure head

height of an element

coefficient for the effect of creep on stress relaxation

coefficient for the effect of sustained loading on the tensile strength of

concrete

coefficient combining the effect of creep on stress relaxation and the

effect of sustained loading on the tensile strength of concrete

coefficient which allows for the effect of non-unifrom self-equilibrating stress
which lead to a reduction in restraint forces

coefficient which takes account of stress distribution within a section
immediately prior to cracking

coefficient which takes account of the bond properties of reinforcement
coefficient depending on the notional size of the cross section, h, using

in calculation of drying shrinkage

CIRIA C660



© CIR A

Uncontrol | ed Copy,

CIRIA C660

Li censed copy: HALCROW GROUP LTD, 16/03/2007,

Wy,

wmax

ﬁad (t,s)
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AT

g(.‘ a

&q(®0)
Ecqll)
&ed
€cd,0
&alt)
Efree
&y
Eor
ue

p
Pp.eff

S

length of an element

restraint factor (R;, Ry, R; etc at different stages in the life of the element)
EN1992-1-1 notation for factor defining the of external restraint
restraint at the joint between new and old concrete

crack spacing

maximum crack spacing, defined as the characteristic crack spacing with
a five per cent probability of being exceeded

minimum crack spacing
the time at which drying begins

difference between the centreline peak temperature and the mean

ambient temperature

difference between the mean ambient temperature at the time of casting

and the minimum mean ambient temperature
the peak temperature achieved at the centre of a concrete section
the mean temperature through a concrete section

the temperature at the surface of a concrete section (7;, T, etc for

difference surfaces)
perimeter of that part of a concrete section exposed to drying

crack width defined in EN1992-1-1 with a five per cent probability of
being exceeded

crack width defined in the UK National Annex to EN1992-1-1. This may
be assumed to be equivalent to w,

water to binder ratio by weight

free coefficient of thermal expansion of concrete

the modular ratio

coefficient of thermal expansion of concrete in a structure
time function for drying shrinkage

time function for autogenous shrinkage

temperature difference between the mid point of a section and the

surface

autogenous shrinkage strain

ultimate autogenous shrinkage strain

autogenous shrinkage strain at time t after casting

drying shrinkage strain

nominal unrestrained drying shrinkage

drying shrinkage strain at time t after casting

the strain which would occur if a member was completely unrestrained
restrained strain in concrete

crack-inducing strain in concrete defined as the proportion of restrained

strain that is relieved when a crack occurs.

microstrain = 1 x 106 mm/mm

percentage of steel based on the area of concrete in tension A4
effective steel percentage based on the area A, ¢

absolute value of maximum stress permitted in the reinforcement

immediately after the formation of a crack

bar diameter
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Ground granulated blast-furnace slag
Nationally determined parameter
Relative humidity

Linear accelerator x-ray facility

The total content of cementitious material in the concrete,
including Portland cement and any additions such as fly ash,
ground granulated blast-furnace slag, limestone powder, silica

fume or metakaolin.

The component of restrained strain that is relieved when a
crack occurs and is exhibited as crack width. This is the
restrained strain less the residual strain in the concrete after a
crack has occurred.

The crack width at the surface of the concrete. “Maximum”
crack widths designed to EN1992-1-1 are design “target”
characteristic values with only a five per cent chance of being
exceeded.

Typically up to seven days.

The strain that would occur in the concrete if it was

completely unrestrained.

A comprehensive approach which takes advantage of
knowledge of the concrete and its behaviour and which is

compliant with Eurocode 2.

Beyond the period of the early-age temperature cycle,

typically beyond 28 days.
1 x 10 strain.

The component of free strain which is restrained and which

generates stresses in the concrete.

An approximate approach using conservative assumptions

and default values which are compliant with Eurocode 2.
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Introduction

Scope

This guide is intended primarily for designers, but information is also included to
support contractors in meeting the specifications which they have been provided with.
The principal objective is to give a method for checking that the reinforcement
provided will be sufficient to control early-age cracking, while also being adequate for
controlling cracks that may develop due to long-term deformations caused by
temperature change and shrinkage. Design guidance provided is in accordance with
EN1992, Eurocode 2, in particular Part 1-1: General rules and rules for buildings and Part
3: Liquid retaining and containment structures. Guidance on concrete and its constituents is
in accordance BS8500, Parts 1 and 2.

The aim is to help both designers and contractors to understand why early-age thermal
cracking occurs; to recognise the influencing factors; to understand when cracking is
most likely; to appreciate the significance of cracking; and to have methods for its

avoidance and/or control.

There are numerous factors which influence the early thermal behaviour of concrete
and consequently there is no single rule that defines when cracking will occur.
However, the conditions under which the risk of cracking increases can be qualified as
follows:

increasing Portland cement content

%
% increasing placing temperature
% increasing pour thickness

%

increasing restraint.

As a rule of thumb, any concrete element cast against an adjacent element of the same
thickness or greater, and which achieves a temperature rise in excess of about 20 °C,
has a significant risk of early thermal cracking if the length of the joint exceeds about 5
m. A 20 °C rise would typically be achieved in a 300 mm thick wall cast in plywood
formwork using C30/37 concrete with CEM I. Cracking can not be ruled out if these
conditions are not met, however they offer some guidance as to when early-age thermal
cracking might be expected. Such conditions commonly apply in walls cast onto rigid
foundations, tunnel linings (where the rock provides the restraint), tank walls cast onto
a thick base and large slabs cast as a series of bays. When there is doubt about the
likelihood and/or consequences of early-age thermal cracking expert advice should be

sought.

There are many situations within normal concreting practice when early-age thermal
cracking may be difficult to avoid. Additionally even in structures that have no special
requirements, cracking can be a source of dispute. It is important that clients
appreciate that early thermal cracking can be consistent with good construction
practice, provided that it has been dealt with properly in the design and construction
process. In many cases it may be either unnecessary or uneconomical to avoid cracking
entirely. Indeed, the avoidance of cracking is contrary to the concept of reinforced
concrete design, which assumes that concrete has no tensile capability and uses the
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reinforcement to carry the tensile stresses and to control crack widths. If concrete does
not crack then the reinforcement is not being used effectively. When specific
performance requirements call for cracking to be avoided, special measures are
available, but these may have significant cost implications that the client should be

aware of.

Background to updating the former report R91

The last revision to report R91 (Harrison, 1992) noted a trend towards large
continuous pours and the development of Portland cements to give higher early
strengths and shorter striking times. In combination, these changes exacerbated the
problems associated with the heat generated by the hydration of cements and the
resulting early-age thermal cracking. Since that time, changes have continued to occur,
with the increasing use of additions such as ground granulated blast-furnace slag
(ggbs), fly ash (previously referred to as pulverised fuel ash, pfa), silica fume and

metakaolin and with the development of high performance concretes.

In addition, EN1992-3:2006: Eurocode 2 — Design of concrele structures — Part 3: Liquid
retaining and containment structures, has superseded BS8007 which previously provided
the basis for design to control early-age cracking. EN1992-3 refers extensively to
EN1992-1-1:2004, Eurocode 2 — Design of concrete structures - General rules and rules for
buildings, which has superseded BS8110, for both the estimation of concrete properties
and the equations for estimating the design crack spacing and width. This publication
follows the requirements of EN1992-3 and EN1992-1-1. Compared with the approach
of BS8007 the following changes should be noted:

% in estimating the minimum area of reinforcement, 4, ,,;, , to achieve a state of
controlled cracking (formerly defined by the critical steel ratio) and the design crack
width, wy, , different surface zones, or areas of concrete in tension, are used. The
difference is greatest in sections thicker than 800 mm for which EN1992-1-1
requires higher values

% in estimating the steel ratio for calculating crack spacing, much lower values of
surface zone are used for sections thicker than about 300 mm

% the equation for estimating crack spacing includes an additional term related to

cover

% the term f,, / f; which influences crack spacing has been replaced by the coefficient
k; which also includes a factor which relates the mean and the minimum crack
spacing

% the way in which cracking develops is assumed to differ depending on whether the
element is subject to edge restraint or end restraint (Beeby and Forth, 2005) and

this is reflected in different expressions that are used to calculate crack width
autogenous shrinkage is assumed to occur in all grades of structural concrete

design to EN1992-1-1 is based on the 28-day characteristic cylinder strength, f,;, .
Recognising that testing in the UK uses cubes, where necessary other properties are
related to the 28-day characteristic cube strength f;, s,

With regard to concreting materials and mix design, the guide is in accordance with BS
EN 206-1:2000 — Part 1: Specification, performance, production and conformity, BS8500-
1:2000, Concrete — Complementary British Standard to BS EN206-1 — Part 1: Method of
specifying and guidance for the specifier, and BS8500-2:2002, Concrete — Complementary
British Standard to BS EN206-1 — Part 2: Specification for constituent materials for concrete.
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The terminology relating to cement has also changed. OPC is now replaced by CEM I
followed by the strength class, eg CEM I 42.5 and this may also be referred to as
Portland cement. Cements containing additions such as fly ash (previously referred to
as pulverised fuel ash, pfa) or ground granulated blast-furnace slag, ggbs, are classified
as CEM II, CEM III or CEM IV depending on the level of addition (Appendix Al
Table Al.1). For clarity, when such cements are referred to, the percentage addition is
defined. Although it is not a recognised term within Eurocodes, for general
convenience the term BINDER is used to represent the total content of binder
material, including additions such as fly ash, ggbs, silica fume and metakaolin, and the

term w/b is used to represent the water/binder ratio.

In addition, considerable research over the past 15 years has led to a greater
understanding of the way in which the principal factors contribute to the development
of early-age thermal cracking, and how these may be used in the assessment of risk. A
range of models is now available for predicting temperature rise and temperature
differentials, thermal strains, and the resulting thermal stresses enabling, where
appropriate, a much more rigorous approach to design. Some simple spreadsheet

models for predicting temperatures, strains and restraint are included with this guide.

While EN1992-1-1 provides some guidance on shrinkage strains (autogenous and
drying) neither EN1992-3 nor EN1992-1-1 provides significant guidance on the

prediction of early thermal strain, and in this respect the guide is supplementary.

The cause of early-age thermal cracking

Early-age thermal cracking is associated with the release of the heat of hydration from
the binder and is the result of either differential expansion within an element during
heating causing internal restraint or by external restraint to contraction of an element
on cooling from a temperature peak. Early-age thermal cracking occurs within a few
days in thinner sections, but it may take longer to develop in thicker sections which cool

more slowly.

The process of early-age thermal cracking is complex and in order to achieve a
procedure for routine design it is necessary to make a number of simplifying
assumptions. To do this in a safe and rigorous way the process and the predominant
factors should be understood fully.

As cement hydrates it generates heat, initially at a rate greater than the heat loss to the
environment, and this causes an increase in the temperature of the concrete. As the
rate of heat generation progressively reduces heat loss becomes dominant and the
concrete cools and contracts. If unrestrained and fully insulated (preventing
temperature differentials and internal restraint) the concrete would expand and
contract without creating any stresses. In practice partial restraint is always present
leading to the development of stresses. If the concrete properties were constant, a
restrained element would generate compressive stresses during heating and relieve
these stresses during cooling. The elastic modulus of concrete changes considerably
during the first few days after casting, being relatively low during the heating period
compared with the value during cool down. For a given magnitude of restrained
thermal strain, the compressive stress generated during heating is lower than the
tensile stress generated during cooling, resulting in a residual tensile stress at the end
of the heat cycle (Bamforth, 1982). This is illustrated in Figure 1.1.
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and restraint (Bamforth, 1982)

Figure 1.la shows the temperature change at the centre of a large concrete element
during the early thermal cycle. The free thermal strain which develops at the same
location is shown in Figure 1.1b together with the measured strain and the “restrained
strain” (ie the difference between the free and the measured strain). It is only this
restrained movement which induces stresses in the concrete which, subsequently, can

cause cracking.

Figure 1.1c shows the stress associated with the restrained strain both with and without
creep being taken into account and demonstrates the significant role that creep plays in
reducing the magnitude of early thermal stresses.

The stresses developed during the early thermal cycle are difficult to calculate precisely
because of the rapidly changing elastic modulus of the concrete and modifying
influence of creep (deformation under sustained loading) which, due to both the young
age of the concrete and the accelerating effect of temperature, can cause significant
relaxation of these induced stresses as shown in Figure 1.1c. The stress curve in Figure
1.1c has been obtained by calculation but is very similar to measurements obtained
using stress simulators (Blundell and Bamforth,1975, Kanstad et al, 2001, van Breugel
and Lokhorst, 2001, van Beek ¢t al, 2001, Pane and Hansen, 2002) in which specimens
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of concrete are subjected to the same thermal and moisture regime as the concrete in
the pour. The stresses needed to maintain the same strains as those measured on site
are recorded. Figure 1.1c shows that the restraint to expansion during heating causes
compressive stresses which are relieved during cool-down before tensile stresses
develop. The compressive stresses resulting from external restraint are unlikely to

cause any problems but if the tensile stresses are excessive, cracking occurs.

For design purposes it is generally assumed that for conditions of external restraint,
compressive stresses induced during the heating phase are entirely relieved by creep
and that tensile stresses are induced during the cooling phase from the time of the
peak temperature (shown as the design assumption in Figure lc). To simplify the
design process further, a strain based approach was developed (Hughes, 1971) in which
the restrained tensile strain induced during the period of cooling from peak to ambient
temperature is compared with the tensile strain capacity of the concrete. In its simplest
form the restrained strain, ¢, is estimated using the equation:

er=acTlL. K R (1.1)
where
& = the restrained strain
T, = temperature drop from peak temperature to mean ambient (ie T}, - T,)

(see Section 4.2)
o, = coefficient of thermal expansion of concrete (see Section 4.5)
= restraint factor (see Section 4.7)

K = coefficient which takes account creep and stress relaxation under sustained

loading ( Section 4.9)

When cracking is caused by temperature differentials that generate internal restraint in
thick sections the assumptions employed will differ. In this case the tensile strain at the
surface may be caused by restrained contraction (for example, if formwork or
insulation is removed allowing rapid cooling of the surface) but may also be the result
of expansion of the core of the section, which achieves a higher temperature rise and
thermal expansion than the surface. In either case, for sufficient tension to develop at
the surface, compression should be developed at the centre of the section and the

assumption that all compressive stresses are relieved by creep is no longer conservative.

Estimating the likelihood of cracking due to internal restraint may be dealt with using
Equation 1.1. In this case the temperature 77 is replaced by the centre to surface
temperature differential AT and a value of restraint is derived from the shape of the
temperature profile through the thickness.

Equation 1.1 is presented in various forms (BS8110:Part 2:1985, EN 1992-3:2006, HA
BD28/87) but in every case it is assumed that to avoid cracking, the restrained-strain ¢,

should be less than the tensile strain capacity &, of the concrete.

ctu
In some cases the restrained tensile strain developed may be insufficient to cause early-
age thermal cracking but may contribute to strains that cause cracking in the longer
term and it is important to recognise the significance of these residual strains within the
design process. It is also important to recognise other deformations that may be
occurring during the early heat cycle, in particular autogenous shrinkage which, in
accordance with EN1992-1-1:2004, occurs to some degree in all structural concretes.
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The design process

Recognising that, at the design stage, there may be very limited information on the
concrete (in the most extreme case only the strength class will be known) two
approaches are offered for estimating the deformations that lead to cracking. The
design of reinforcement is the same in each case, following the recommendations of
EN1992-1-1 and EN1992-3.

% the full method that can be applied when information is available on the concrete
to be used for estimating thermal strain, (T7; o) and pours sizes, and casting
sequence for estimating restraint (R) both at early-age and in the long-term. This
approach may be appropriate where the consequences of cracking are most severe:
where the specification includes limits on materials and mix proportions: and where
it is apparent that significant savings may be achieved. It may also be used by
contractors to identify the most effective means for meeting the requirements of the
specification with regard to early thermal cracking and for negotiating appropriate
changes where the design assumptions differ from practice

% the simplified method for routine design and where the designer has limited
information on the details of the concrete materials and mix proportions. This will
involve the use of conservative “default” assumptions as it will have to deal with all
possible scenarios.

In each case the process is as follows:

1 Define the design crack width, w
Section 2 discusses appropriate crack widths for different design criteria.

The crack width may change over time and in such circumstances the early-age (ie a
few days) design crack width may be different from the permanent condition (see
Section 2.2).

2 Estimate the magnitude of restrained-strain &, and the risk of cracking

Restrained strain is the restrained component of the free strain and is determined by
the concrete materials and mix proportions (in particular the cement type and content
and the aggregate type), the section geometry, and the environment into which the
element is cast (with regard to restraint imposed by previously cast concrete). The risk
of cracking is the ratio of the restrained-strain, &, , to the strain capacity of the concrete
&4 - Where it is critical that early-age cracking is avoided a declared safety factor
should be introduced. The risk is assessed at both early-age and in the long-term to

determine when cracking is most likely.

3 Estimate the crack-inducing strain g,
The crack-inducing strain is that proportion of restrained strain that is relieved by

forming cracks and is equal to the restrained strain less the average residual tensile
strain in the concrete after cracking.

CIRIA C660
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4 Design the reinforcement to control the crack spacing and width
This is in two stages:

a Ensure that the area of steel A; exceeds the minimum reinforcement area A; ,,;,
required for crack control. This is related to the ratio of the tensile strength of the
concrete at the time of cracking being considered f,;,,(t) to the yield strength of the
reinforcement fj, (A ,,,, was previously described in BS8007 through p,,;;). Where it
is critical that crack widths are adequately controlled a declared safety factor should

be introduced.

b Check that the area of steel, A; achieves the specified crack width. The crack width
is proportional to the crack spacing S which is determined by the bar diameter, the
bond characteristics of the reinforcement, and the cover. If 4; is insufficient then
either increase the steel ratio or use more smaller diameter bars until the specified
crack width is achieved or use measures to reduce the magnitude of crack-inducing

strain.

Responsibilities

The practical outcome of the number and size of cracks is influenced by decisions made
by both the designer and the constructor. In a traditional situation, namely design first
then tender for contracting against a specification the responsibilities will typically be as
follows:

Designer’s decisions

selecting the element geometry

specifying the concrete strength class (and possibly cement type and minimum
cement content)

design of reinforcement

specifying the location of movement and (some) construction joints
Contructor’s decisions

procuring concrete to meet the specification and buildability requirements
planning the construction sequence

selecting the type of formwork, and striking and curing times

& & & &

employing any additional measures.

As there is a joint responsibility it is important that the assumptions made in the design
process are very clearly stated within the specification documents and a proforma for
this purpose is provided (Section 4.1, Table 4.1). In this respect, there are clear
advantages for the designer and constructor working together. This may be achieved
on many projects where the contract permits such as design and build partnering,
where input from the lead constructor and the larger supply chain can be achieved
earlier. However, regardless of the procurement route used, it will always be necessary
to work forwards from a “clean sheet” situation logically.

Other effects of temperature

In addition to influencing the risk of early-age cracking, the temperatures achieved
during early hydration also affect the strength and other properties of the concrete to
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varying degrees (Bamforth, 1977, Barnett e al, 2005, Concrete Society, 2004, Sato et al,
2001, Sugiyama et al 2000) and some guidance is given on the nature and extent of
these changes in relation to their potential impact on in situ performance (Appendix A9).
This may be particularly important in relation to the development of tensile strength

and the determination of the minimum area of steel A ,,;, for controlled cracking.

Advances

Considerable advances have been made since the last revision of this report as follows:

% extensive data have been generated on the heat generation characteristic of modern
cements (Dhir et al, 2006) and combinations, and the T'; values have been revised
accordingly. It has been noted that current CEM I cements generate more heat
than those used in developing 7'; values when R91 (CIRIA, 1992) was last revised

% a better understanding of the factors affecting early thermal cracking has been
established, especially in relation to the stress cycle and the point at which tensile
stresses are first initiated; and the effects of creep and sustained loading

% restraint factors may be estimated more reliably for some common element

geometries, eg walls on rigid foundations, adjacent slabs

% additional data on tensile strain capacity, &, , have been generated, enabling this
p Y Ectu g g
property to be related to the tensile strength and elastic modulus of the concrete
and to the strength class

guidance on predicting autogenous shrinkage is provided

the impact on the variability of the input parameters to the design model can be
accommodated by the use of probabilistic (risk) analysis and the results of such

analyses may be used in the decision making process

% it has been identified that the way in which cracks form and the resulting crack
widths are related to the nature of the restraint. End restraint generally leads to
significantly larger crack widths but fewer cracks compared with the continuous

edge restraint condition
guidance is provided for controlling cracks caused by temperature differentials
the influence on the early thermal cycle has been investigated and a better

understanding has been established of the impact the peak temperature has on the

development of strength.

There is a significant margin of safety within the method of R91 (CIRIA, 1992), and in
many circumstances this has been sufficient to more than offset the risk in situations
where 7; may have been underestimated. Nevertheless, it is estimated that there is still
a small risk that without modification R91 (CIRIA, 1992) would (for current cements)
underestimate the magnitude of crack-inducing strain and crack width, and that

exceedence of the design target crack width would occur more often.

Format of the guide

The format of this guide broadly follows the design process described in Section 1.4.

Chapter 2 provides information on the significance of cracking in relation to various

performance requirements.

Chapter 3 describes the design process, the way in which the magnitude of crack-inducing

strain may be estimated, and the method for reinforcement design for crack control.
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Chapter 4 provides input data covering temperature rise, strain (thermal and
shrinkage), tensile strength, and strain capacity and restraint. Detailed supporting data
are provided in appendices on the CD.

Chapter 5 gives worked examples to demonstrate how the process may be applied.

Chapter 6 provides guidance on mitigating measures which may be required in some
cases. Options include planning pour sizes and construction sequence, the inclusion of
movement joints and measures for cooling the concrete before and after placing. Again,

details are provided in appendices.

Chapter 7 provides advice on specification, testing and monitoring, and on actions that

may be taken in the event of non-compliance.

In addition to the text, some parts of the process are provided as spreadsheet
calculators and these are included on the CD provided with this guide. For the benefit
of the reader the appendices, also provided on the CD, are written as stand-alone
documents and there is considerable replication of information between the appendices

and the guide.
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Significance of cracking

The acceptability of cracking

Before getting involved in the complexities of early-age thermal cracking it is important
to understand why it is important. Cracking in reinforced concrete is not a defect;
indeed the very basis of reinforced concrete design is that concrete has no significant
tensile strength and that sufficient reinforcement should be provided to control crack
widths.

EN1992-1-1, Cl 7.3.1 states that: “Cracking is normal in reinforced concrete structures
subject to bending, sheay, torsion or tension resulting from either direct loading or restraint to

imposed deformations”.

Problems may arise however when cracks occur unpredictably, or are of sufficient

magnitude to render the structure unserviceable.

This section deals with the nature of cracks in concrete and their significance in relation
to the performance requirements of the structure. The designer should make the client
aware that cracking is an inherent part of reinforced concrete and that if controlled,
will not be detrimental to the performance of the structure. In this way, the potential
for disputes will be minimised.

The relationship between crack width and functionality

Before considering the methods used to control or prevent early-age thermal cracking,
it is appropriate to consider the significance of cracking, so that the objectives of the
control methods are clear. Cracking is an integral part of reinforced concrete and
assessing the acceptable crack distribution is an important part of the design process.

The significance of cracking can be considered under three categories:

1 Cracks which lead to durability problems and consequently a reduction in structural
capacity.

2 Cracks which lead to a loss of serviceability of the structure (eg the leakage of water
or radiation, sound transfer or damage to finishes).

3 Cracks which are aesthetically unacceptable.

Under serviceability conditions, crack widths may only be excessive if the minimum

reinforcement area A is not achieved and the steel yields. As the achievement of

S, min
Aj min 1s an essential part of the design process, crack widths that jeopardise structural

integrity are avoided.

Limiting cracks widths appropriate for each of these categories of cracking are given in
Table 2.1.
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Table 2.1 Limiting crack widths

Limiting crack

SR (T Comments

Limit state

For all exposure classes except XO and XC1 (National Annex
to EN1992-1-1, Table NA.4) in which case appearance is
Durability 0.3 often the main criterion, although the preservation of
aggregate interlock for shear strength should be considered
(see also Table 2.2).

Serviceability (in water

. 0.05t0 0.2 For sealing under hydrostatic pressure (EN1992-3 CI.7.3.1).
retaining structures)

Depends upon specific requirements for appearance

A 0.3. 1
ppearance or greater (National Annex to EN1992-1-1, Table NA.4).

It is important to appreciate that the values given in Table 2.1 are the total crack widths
arising from early-age deformations, long-term deformations and loading. As stated in
Section 1.4, where it is apparent that long-term effects will be additive to early-age
cracking then the limiting crack width associated with early deformations should be

reduced accordingly.

It should be noted that it has not been common practice to add early-age crack
widths to those arising from structural loading, with no reported detriment to
structural performance. This may be due to the fact that early-age thermal stresses are
often self-equilibrating, with creep being a significant factor: because moment effects
are generally not coincident with early-age thermal effects; or because new cracks are
formed. More research in this area, including field observations, is required.

Each of these categories in Table 2.1 is now considered, and the relevance of the

appropriate cracking criterion is discussed.

Cracks which lead to durability problems

Crack width limitations are used as one of the durability criteria in all Standards and
Codes of Practice for reinforced concrete. Table NA.4 of the UK National Annex to
EN1992-1-1 is reproduced here as Table 2.2, with additional information describing the
exposure classes.
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Table 2.2

Recommended values of crack width, w,,,, (mm). Note: w,,,, is equivalent to

w) used in EN1992-1-1

Exposure class

Description of exposure
condition

Reinforced members and
prestressed members
without bonded tendons

(Quasi-permanent load
combination)

Prestressed members
with bonded tendons

(Frequent load
combination)

mm
mm
X0, XC1 0.32 0.2
XC2, XC3, XC4 | Carbonation 0.2v
0.3
XD1, XD2, XD3, | Chlorides, eg de-icing salt 0.2 and
XS1, XS2, XS3 | (XD) or seawater (XS) decompression®

a  For X0 and XC1 exposure classes, crack width has no influence on durability and this limit is set to
produce acceptable appearance. In the absence of specific requirements for appearance this limit may
be relaxed (but consider shear strength).

b For these exposure classes, in addition, decompression should be checked under the quasi-permanent
combination of loads.

C Wy = 0.2 mm applies to parts of the member that do not have to be checked for decompression.

The issue of the effect of cracking on durability is still not entirely clear, but EN1992-1-1
states that the values given in Table 2.2 “will generally be satisfactory for reinforced concrete
members in buildings with respect to appearance and durability”.

In reinforced or prestressed concrete structures, preventing excessive corrosion of the
embedded steel is vital. Research into the effect of crack widths on steel corrosion has
yielded interesting findings. Using site surveys, experimental evidence and theories of
corrosion and crack propagation (Beeby 1978a, Beeby, 1978b) showed that there was
no unique correlation between surface crack width and the crack width at the steel, nor
was there any correlation between surface crack width (up to 0.5 mm) and the long-
term durability of a structure. To support this, several studies have stated that it is not
the crack width that is the limiting factor, but the cover and concrete quality (Ohno et
al, 1996, Raupach, 1996). In some cases, it has been recommended that better
performance is achieved with higher cover, even if this leads to greater surface crack
widths (Houston et al, 1972, Arya and Ofori-Darko, 1996). This is an area in which
additional research is needed.

Measures are available to avoid cracking, or at the very least to keep the risks low
(Chapter 6). Such measures may be expensive and it is important that clients are made

fully aware of the benefits and the risks.
Cracks which lead to a malfunction of the structure

Some early-age thermal cracks may be continuous through the full thickness of a
section and can lead to seepage or leakage. For a water-retaining structure, water
leakage is a serious malfunction of the structure, particularly if it is groundwater
leaking into a drinking water tank. Even when the loss of water in itself is not serious,
the crack can become visually unacceptable. EN1992-3 provides a tightness

classification as shown in Table 2.3.

Cracks in walls designed as radiation shields present a potential health and safety
hazard, and it should be specified that such walls are uncracked (tightness class 3).
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Whether a narrow (less than 0.2 mm) crack represents a safety hazard in practice is not

proven, but it is prudent to minimise potential risks and take the measures necessary to

avoid cracking.

Table 2.3

Provisions for achieving EN1992-3 tightness class

Tightness
class

Requirements for
leakage

Provisions for achieving leakage requirements

Some degree of leakage
acceptable, or leakage of
liquids irrelevant.

General provisions for crack control (7.3.1 of EN1992-1-1)
with limiting crack widths in accordance with Table 2.2 above.

Leakage to be limited to a
small amount. Some
surface staining and damp
patches acceptable.

For full thickness cracks the width, w, , is related to the
pressure head, hp . For hp/h <5, wy; = 0.2 mm while for hp/h
> 35, wy; = 0.05 mm, with interpolation for intermediate
values (unless given in the National Annex).

Leakage to be minimal.
Appearance not to be
impaired by staining.

Cracks which may be expected to pass through the full
thickness should be avoided unless appropriate measures (eg
liners or prestress) have been incorporated.

No leakage permitted.

Special measures (eg liners or prestress) may be required to

ensure water tightness.
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2.5 Cracks which are aesthetically unacceptable

There is no rational basis for defining the aesthetic implications of cracking. Campbell-
Allen (1979), after reviewing the work on human reactions to cracks, proposed a
graphical aid (Figure 2.1) for determining the aesthetically acceptable crack width in
relation to the nature of the structure and the viewing distance. Certain surface finishes
(such as bush hammering or grit blasting) break the edges of fine cracks, making them
much more noticeable. It should be appreciated that these values are very subjective

and for close viewing, severe.
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public works and offices
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Crack width (mm)

Figure 2.1 Aesthetically acceptable crack widths
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2.6 The role of autogenous healing

While there has been additional research on autogenous healing and the mechanisms
by which flow rate decreases are now better understood (Gerard et al, 1997, Khushefati,
2004), the earlier recommendations which suggests that cracks 0.2 mm or less in width
tend to seal themselves have not changed substantially (Clear, 1985, BS8007, 1985)
provided that the pressure gradient does not exceed 5. Guidance is now more refined
with the limiting crack width being related to the pressure gradient across the section
as shown in Figure 2.2 (EN1992-3). When the crack width is less than 0.05 mm self-
healing will occur even when the pressure gradient is in excess of 35.While there is
some evidence that flow rates may reduce under some conditions if the crack width
exceeds 0.2 mm (Gerard et al, 1997) there is little evidence that such cracks will
ultimately seal themselves either by autogenous healing or by blockage.

When cracking is caused by external restraint to early thermal contraction it is likely
that a crack with a surface width of 0.2 mm will be considerably wider in the core of a
section, where the temperature rise and fall is greatest (Section 4.11.2). The research
on autogenous healing has often concentrated on specimens cracked under load and of
uniform width. The proportion of the crack which needs to be 0.2 mm in width for

< self-sealing is not known. However, while there have been circumstances in which crack
14 injection has been required to seal cracks, experience in the design of water retaining
O structures to BS8007, which limited surface crack widths to 0.2mm, would suggest that
© this is not a critical issue.
>
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Figure 2.2 Limiting crack width for self-healing related to pressure gradient
across the section (EN1992- 3)

It should be noted also that the term “self-healing” is not strictly correct in every case.
Although, in water retaining structures, flow may progressively reduce and ultimately
cease, this is in part due to the crack becoming blocked with fine particles and not
necessarily the formation of hydration products across the crack. However, where leak
tightness is a serviceability limit state, this may be sufficient (Khushefati, 2004).
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2.7 Measures to avoid cracking

There are numerous measures that may be taken to avoid early thermal cracking
altogether and these are described in Chapter 6. These include various methods for
cooling the concrete, either before placing or in situ. However, these measures will add
significantly to the cost of construction. In some structures, eg nuclear containments,
LINAC facilities, cracking is highly undesirable and such measures may be appropriate.
However, in most structural situations cracking is perfectly acceptable, provided that
crack widths are within acceptable limits. Little benefit may be obtained in real terms by

its avoidance.

Partial prestressing can also be used to prevent thermal and drying shrinkage cracking.
This is a very expensive method of crack prevention, and is generally only used in

special structures.
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3 The design process

3.1 Introduction

The design process is first described in full (the full method) and then in a simplified
form (the simplified method) recognising that limited information may be available at
the design stage. The simplified approach (Section 3.6) uses a simplified equation for
estimating the crack-inducing strain together with default values which, in combination,
lead to a safe but conservative design. The full method described in Section 3.2
provides a more rigorous approach to the prediction of the crack-inducing strain. This
requires more knowledge of the concrete to be used and may lead to considerable
savings in reinforcement to be applied with safe default values. More detailed
background information and the processes used are given in Chapter 4 and the
Appendices. Spreadsheet calculators are provided on the CD for some of the
calculations (see Contents). A flow chart which describe the process is provided as
Figure 3.2 at the end of this section.

Both methods follow the requirements of EN1992-1-1 and EN1992-3 and involve four

principal steps:

© CIR A

1 Define the allowable crack width associated with early-age thermal cracking
(Chapter 2)

As stated in Section 2.2, it has not been common practice to add early-age crack widths
to those arising from structural loading, with no apparent detriment to structural
performance. However, long-term thermal contractions and drying shrinkage may
cause crack widths to increase or new cracks to form, depending on the nature of the

restraint. The designer should consider whether cracking due to subsequent

Uncontrol | ed Copy,

deformations will add to early-age effects, and should design for crack widths accordingly.

2 Estimate the magnitude of restrained strain and the risk of cracking

EN1992-1-1 and EN1992-3 defines a value for the coefficient of thermal expansion of
the concrete (recommended value = 10 ug/°C), but there is no indication of the likely
magnitude of early-age thermal strains. However, EN1992-1-1 does provide guidance
on autogenous shrinkage and drying shrinkage and limited information on restraint

factors. More comprehensive information is given in Sections 4.2 to 4.9 as follows:

Early-age temperature change in the concrete T, Section 4.2

Long term ambient temperature change T, Section 4.3

Early-age temperature differential AT Section 4.4

Thermal expansion coefficient of concrete ag Section 4.5

Autogenous shrinkage Eca Section 4.6.1

Drying shrinkage Ecd Section 4.6.2

Restraint R Section 4.7

Tensile strain capacity Ectu Section 4.8

Effect of creep on stress and strain relaxation Ky Section 4.9.1

Effect of sustained loading on tensile properties Ky Section 4.9.2
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The risk of cracking should be assessed both during the very early period when early
temperature change and autogenous shrinkage will be the dominant forms of strain
and at later life when annual temperature changes and drying shrinkage will dominate.
The age at which cracking occurs will determine the level of tensile strength of the

concrete used in the estimation of the minimum reinforcement area A and, in some

S, min
cases the crack width.

3 Estimate the crack-inducing strain

The crack inducing strain &, is the proportion of restrained-strain that is relieved when
a crack occurs and is equal to the restrained component of the free strain less the
average residual tensile strain in the concrete after cracking.

4 Check the reinforcement of crack control, crack spacing and width

The design of reinforcement to control cracking is based on the method of EN1992-1-1
and EN1992-3.

It is normal practice to design the reinforcement to meet nominal code requirements
and for structural loading and then to check that the steel ratio is adequate both to

control early-age cracking and to limit the crack width.

Relevant information is provided in Chapter 4 as follows:

The tensile strength of the concrete fot Section 4.10
The minimum area of reinforcement Asmin | Section 4.11
The steel ratio for calculating crack width Ppefr | Section 4.12
The relationship between tensile strength, f,; and the bond strength f,, kq Section 4.13

Estimating the risk of cracking and the crack-inducing
strain

External restraint

Cracking will occur when the restrained strain, ¢, , exceeds the tensile strain capacity of
the concrete, g,

EN1992-3 describes the restrained strain in very simple terms as follows:

. For the case of edge restraint, eg a wall on a rigid foundation,

& = Ry & (3.1

where

R is the restraint factor

ax

&fee 1s the strain that would occur if the member was completely unrestrained.
While this guide is concerned specifically with early-age thermal cracking, the
reinforcement should also be designed to accommodate long-term thermal and
shrinkage deformations. Recognising the individual components of strain, Equation 3.1

has been developed to form the expression for restrained strain &, as follows:

& = K] {[ac T] + &y ] RI + ., T2 RZ + Ecd R}} (32)
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T, is the difference between the peak temperature, TI? , and the mean ambient
temperature 7, (Section 4.2).

T, is the long-term fall in temperature which takes into account the time of year at
which the concrete was cast (Section 4.3).

o, is the coefficient of thermal expansion of concrete (see Section 4.5).

is autogenous shrinkage (Section 4.6.1). Note: EN1992-1-1 assumes that all

ca
structural concretes exhibit some degree of autogenous shrinkage

&4 is drying shrinkage (Section 4.6.2)
R, is the restraint factor that applies during the early thermal cycle (see Section 4.7)

R, R; are restraint factors applying to long-term thermal movement and drying

shrinkage respectively (see Section 4.7)

K; is a coefficient for the effect of stress relaxation due to creep under sustained
loading (K; = 0.65, see Section 4.9.1)

The test for cracking is  gor> gem (3.3)

Where &, is the tensile strain capacity of the concrete under sustained loading
(Section 4.8).

This approach may be used to assess the risk of cracking for any form of external
restraint, although different approaches are used to estimate crack width depending on
whether the restraint is continuous edge restraint or end restraint (Section 3.5).

The risk of cracking and the crack width should be assessed at both early-age and in the
long-term.

For the early-age calculation of ¢, using Equation 3.2, include only the terms for early-age thermal
contraction and autogenous shrinkage at three days, ie assume that T, and ¢, are zero.

For the long-term calculation include all terms in Equation 3.2. In this case use the autogenous
shrinkage at 28 days as subsequent autogenous shrinkage is assumed to be included in the
value of drying shrinkage (see Section 4.6.3).

The area of steel should meet the requirement for the minimum reinforcement area, A p,;, for
the latest age at which cracking is expected to occur.

To determine the maximum acceptable value of T for avoidance of cracking, Equations
3.2 and 3.3 may be combined to give following:

Maximum T for avoidance of cracking 77 max = _faw g« (3.4)
KiocR  oc

Values of T} ,,, for strength class C30/37 concrete using a range of typical aggregate

types have been estimated using Equation 3.4 and are given in Table 7.1.

When a crack occurs not all of the restrained strain is relieved and the crack-inducing
strain &, is less than the restrained strain by the amount of residual tensile strain in the
concrete after cracking. The approach of EN1992-3 is cautious and does not recognise
this for the condition of edge restraint and will lead to an estimate of slightly higher
crack widths. It may be assumed that after cracking the average residual strain in the
concrete will equal half the tensile strain capacity.

The crack-inducing strain ¢,, used in the derivation of crack widths, may be calculated

using the expression:

ecr=¢€r—0.5 gctu (35)
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Combining Equations 3.2 and 3.5 gives
ger = Ki{[aeTi+ gcalRi+acT2R2 +gcd R3}-0.5 gctu (3.6)

Again, the calculation should be carried out considering both early-age and long-term
strains, in the former case ignoring the long-term effects of temperature, 7, , and

drying shrinkage, &, .
Internal restraint

When designing reinforcement to control cracking caused solely by temperature
differentials, 7'; is replaced by AT, the difference in temperature between the centre
and the surface of the element. In addition, autogenous strain may be omitted from the
calculation as it will occur uniformly through the section and will not contribute to
differential strain. Long-term strains are also omitted as the stress condition is transient
and does not extend beyond the early thermal cycle. In this case the restrained strain

may be estimated as follows:
er=KiATacR (37)

For the condition of internal restraint it has been estimated that R = 0.42 (Section
4.7.4). Combining Equations 3.2 and 3.7 and substituting for R = 0.42, and K; = 0.65
the maximum acceptable value of AT for avoidance of cracking may be derived.

3.7€ctu

Oc

Maximum AT for avoidance of cracking, ATmax=

(3.8)

Values of AT,,,, for strength class C30/37 concrete using a range of typical aggregate
types are also given in Table 7.1.

Note: When testing for compliance with limiting values of AT, , the surface

max
temperature is often measured at some distance from the surface, eg by fixing the
thermocouple to the reinforcement. In such cases, the allowable values may need to be

marginally reduced (see Section 7.3.1).
The crack inducing strain in this case is derived by combining Equations 3.5 and 3.7 to give:
gear=KiATotc R-0.5 gctu (3.9)

Input data

Temperature drop, T4

While various models are available for the prediction of temperature rise and fall, the
most reliable data is obtained by testing (Section 7.2.1). Data are provide in Section 4.2
for a range of concrete mixes. The T; values are based on modelling using semi-
adiabatic data (obtained using the method of EN196-9) given as part of a
comprehensive programme of testing undertaken by University of Dundee (Dhir et al,
2006). The model is described in Appendix A2 and on the CD.

If no information or control is available on the concrete it will be necessary to assume
that CEM I is used. However, it is common practice in the UK to specify additions, in
particular ground granulated blast-furnace slag (ggbs) and fly ash. These materials are
beneficial to heat development, although account has to be taken of possible changes in
the binder content (Table 4.2, Section 4.2.2).
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Thermal strain

The coefficient of thermal expansion of the concrete a, will determine the thermal
strain associated with a particular temperature change. Values for concrete commonly
used in the UK vary from about 8-13 ug/°C depending primarily on the aggregate
used. Table 4.4 in Section 4.5 gives proposed design values of a, for concretes

containing a variety of aggregate types.

EN1992-1-1 recommends a value of 10 ug/°C for normal weight concretes. However,
recognising that higher values may be achieved in the UK, a more cautious value of
12 ug/°C is recommended when no information on the aggregate type is available.

Autogenous shrinkage, &.,

EN1992-1-1 assumes that all structural concrete exhibits some degree of autogenous
shrinkage, with the ultimate value ¢,, () being given by the equation:

gca(w)=2.5(fck-10) microstrain (3.10)

where

fu 1s the cylinder strength at 28 days.

EN1992-1-1 also provides a time function which enables the rate at which autogenous
shrinkage develops to be determined (Section 4.6.1 and Appendix A4). Curves generated
using this method for a range of strength classes are shown in Figure 4.12 (Section 4.6.1).

Values of autogenous shrinkage at three and 28 days, calculated according to EN1992-
1-1 (Appendix A4), are given in Table 4.5 together with ultimate values.

EN1992-1-1 assumes that with regard to autogenous shrinkage all binders perform in
the same way. There is evidence that the type of binder may significantly affect g,,.
While further research is needed the limited evidence indicates that ¢,, is reduced with
the use of fly ash, but is increased when either ggbs or silica fume are used. Further
information is provided in Section 4.6.1 and in Appendix A4. A spreadsheet calculator
is included on the CD for estimating &, in accordance with EN1992-1-1.

Temperature drop T,

T, values will only apply when the change in temperature causes differential
contraction between the section under consideration and the section by which it is
restrained. It may be ignored if both sections are subject to the same climatic conditions
and reduced if the restraining section is affected but to a lesser extent than the section
subject to restraint. In the UK values of T, may normally be taken as 20 °C for summer
casting and 10 °C for winter casting (HA BD 28/87).

Drying shrinkage, &4

Drying shrinkage may be estimated using the method of EN1992-1-1 (details are given
in Section 4.6.2 and in Appendix A3. A spreadsheet calculator is also provided on the
CD). Values estimated for strength class C30/37 are given in Figure 4.13 (Section 4.6.2)
for typical UK outdoor conditions (assuming RH = 85 per cent) and for indoor
conditions (RH = 45 per cent). Tables 4.8 and 4.9 give indoor and outdoor values for
typical section thicknesses of 300 mm and 500 mm for a range of strength classes.
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Restraint, R

The restraint may be derived from historical data or by calculation. Values derived
from in situ measurements which have been used in UK codes (HA BD28.87, BS8110:
Part 2) are in are given in Table 4.10. A method for calculating restraint for the simple
case of a wall cast onto a rigid foundation is described in Section 4.7.2 with a calculator
provided on the CD.

EN1992-3 uses a restraint value of R,, = 0.5 but no coefficient is provided for the
effects of creep (see Equation 3.2). If this value is adopted then it should be assumed
that K; = 1.

In addition, Equation 3.6 allows different values of restraint to be applied to the
different components of strain. This is to take into account that strains may occur at
different times and at different stages in construction. For example, when a slab is cast
as a series of individual bays, the restraint in a new bay will be influenced by the bay
against which it is cast. However, when the early thermal cycle is complete and the
individual bays act integrally, this particular source of restraint will no longer act,
although there may be other external restraints acting on the slab as a whole. The
likelihood is that the restraints over the long-term, R, and Rj;, will be lower than the
restraint to early-age strains, R;, and hence the single value of R, used by EN1992-3

will be conservative.

Tensile strain capacity &,

The tensile strain capacity of the concrete under short-term loading has been derived
from the ratio of the mean tensile strength of the concrete f,,, to its mean elastic
modulus £, estimated using the expressions provided in EN1992-1-1. Values have
been derived at three days, for early-age calculations and 28 days, for long-term
calculations and are shown in Figure 4.19 for strength class C30/37. For use in design
these values have been increased a factor of 1.23 to take account of sustained loading

and creep (Section 4.8). The results are given in Table 4.11.

The aggregate type has a significant effect on ¢, through its influence on the elastic
modulus of the concrete and values have been estimated for concrete containing a
range of aggregate types. EN1992-1-1 assumes quartzite aggregate as the basis for
estimating design values of £, and the value for concrete using quartzite aggregate
should be used when no information is available on the aggregate type. To estimate
values for different strength classes the values given in Table 4.11 should be multiplied
by 0.63 + (f, cup/100).

Minimum reinforcement area As’m,-,,

It is normal practice to design the reinforcement to meet nominal code requirements
and for structural loading and then to check that the steel ratio is adequate to control

early-age and long-term cracking.
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331 General equation

To control the crack spacing and hence the crack widths, there should be sufficient steel
such that when a crack occurs the reinforcement will not yield. Expression 7.1 of

EN1992-1-1 defines the minimum area of reinforcement A according to the

S, Min
expression:
As,min 0 5= kek ﬁtef/ Aer (3.11)
where
A yin s the minimum area of reinforcing steel within the tensile zone

Ay is the area of concrete within the tensile zone. The tensile zone is that part of the
section which is calculated to be in tension just before formation of the first crack
is the absolute value of the maximum stress permitted in the reinforcement

after formation of a crack (usually taken as the yield strength of the steel, ;)

Jetegp  is the mean value of the tensile strength of the concrete effective at the time
when the cracks may first be expected to occur, f,,,,(t). For early-age thermal
cracking the three day value is used.

k is a coefficient which allows for the effect of non-uniform and self-equilibrating
stress which leads to a reduction in restraint forces.

is a coefficient which takes account of the stress distribution within the section

immediately prior to cracking.

© CIR A

Substituting f}, for oy , f.4,,(¢) for f; . and rearranging Equation 3.11 gives:

As, min= kek Aet ﬁtm(v (3.12)
Si
The coefticients k, and k and the area of concrete in tension, A, are all influenced by
the nature of restraint and values are given in Table 3.1 for the conditions in which
either external restraint or internal restraint is dominant. It is normal to estimate the
area of steel on each face and this is reflected in Table 3.1 in the values for surface zone

representing the area of concrete in tension.

Uncontrol | ed Copy,

Table 3.1 Coefficients used in the estimation of A .,;, for different restraint conditions

External restraint Internal restraint

AT dominant dominant

Coefficient k. | 1.0 for direct tension 0.5

= 1.0 for h < 300mm

=0. >
Coefficient K 0.75 for h > 800mm 10

intermediate values are
interpolated

Surface zone representing the area of Full section thickness 20% of section
concrete in tension (section thickness = h). (0.5h) thickness (0.2h)

EN1992-1-1 recommends a values of k = 0.65 for sections thicker than 800 mm (the
basis for this value is unclear). The derivation of the more cautious value of k = 0.75 is
given in Appendix A8 together with the basis for all values given in Table 3.1.
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Tensile strength of concrete

Early-age (three day) and long-term (28-day) values of mean tensile strength, f,,,,(¢) for

use in estimating A,

s.min are given in Table 3.2. Values are the mean tensile strength

estimated using the relationships with compressive strength and age according to
EN1992-1-1 (Section 4.10). A probabilistic analysis has indicated that there is less than a

one per cent chance of these values being exceeded in situ (Appendix A10).

Table 3.2 Values of early-age and long-term tensile strength estimated in accordance
with EN1992-1-1

Strength class C20/25 | C25/30 | C30/37 | C35/45 | C40/50 | C45/55 | C50/60 | C55/67 | C60/75

Early-age tensile

1.32 153 1.73 1.92 212 2.27 2.44 252 2.61
strength f,(3) (MPa)

Long-term tensile

221 2.56 2.90 3.21 3.51 3.80 4.07 4.21 4.35
strength, f,, (MPa)

Tensile strength of steel

The characteristic yield strength of the reinforcement is taken as 500 MPa. For
serviceability limit states, including early thermal cracking, the partial factor for steel y
is 1.0 (NDP).

Crack spacing

The steel ratio determines the maximum crack spacing, S according to the

nmax

expression
ki
Sr.max= 3.4c+0.425 (3.13)
pp.eff
where
c is the cover to reinforcement
k; is a coefficient which takes account of the bond properties of the reinforcement.

EN1992-1-1 recommends value of 0.8 for high bond bars. The crack spacing is
very sensitive to bond and EN1992-1-1 recommends a reduction in bond
strength by a factor of 0.7 where good bond cannot be guaranteed. In this case
k; = 1.14 (see Section 4.13 and Appendix A8, Section A8.5). It is recommended
that, in relation to early-age thermal cracking, the higher value be used until
experience with the approach of EN1992-1-1 indicates that a lower value may

be appropriate

[0) is the bar diameter

Pp.eff is the ratio of the area of reinforcement to the effective area of concrete (=
AJA, )

Acop s the effective area of concrete in tension around the reinforcement to a depth
of h ., where h ¢ is the lesser of h/2 or 2.5(c+¢ /2).

A efr Used to estimate the steel ratio p, o for controlling crack width differs from A; which is
used to estimate A i, -

The coefficients 3.4 and 0.425 are NDPs.
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Crack width

The requirements of EN1992-3

With regard to the calculation of crack width, EN1992-3 considers two specific conditions:

1 Along wall restrained along one edge.

2 Restraint of a member at its ends.

These conditions differ in the way in which cracks are formed and the influence of the
cracks on the distribution of stresses within the element (see Appendix A8). Condition 1
may also be applied to adjacent pours in a slab, where the edge restraint occurs along
the joint. It is important to understand the nature of restraint as the resulting crack
widths may differ significantly.

A member restrained along one edge

For a member subject to restraint along one edge, the crack width, w,, is calculated

using the expression:
wk= Sr,max €cr (3.14)

where

g,

o is the crack-inducing strain estimated using Equation 3.6.

Combining Equations 3.13 and 3.14 gives the expression:

wk=8cr[3.4c+0.425 ko ] (3.15)
pp.eff

A member restrained at ends only

For a member subject to end restraint only, the crack width, w,, is calculated using the

expression:

Wk:0.5aekckfét,e/f[]+ 1

]Sr, max (3.16)
Es oep

k, k are coefficients as defined in Table 3.1
Jeter  1s the mean tensile strength of the concrete at the time of cracking, f,,,(t)

is the modulus of elasticity of the reinforcement

a, is the modular ratio

p is the ratio A/4,, (Note: p differs from p, . which is used to calculate the crack
width for the edge-restrained condition)

A, is the (total) area of reinforcement

Ay is the gross section in tension

Symax 18 the crack spacing calculated using Equation 3.13.

The crack spacing and hence the crack width for a member subject end restraint only (ie with
no edge restraint) is generally significantly greater than that occurring for a member subject to
edge restraint, being determined by the tensile strength of the concrete rather than the
maghnitude of restrained strain. It is important that the nature of the restraint is properly defined.
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A member subject to internal restraint

For a member subject to internal restraint, Equation 3.15 is used to calculated crack
widths, with &, being derived using Equation 3.9.

The Simplified Method with default values

It is recognised that at the design stage there may be limited information available and
a simplified design approach which uses conservative default values is provided. This
approach will lead to a conservative design.

Estimating the risk of cracking and the crack-inducing strain

Restrained strain, &,
The expression for g, is simplified to the following:
er=K[ac(Ti +T2 )+ &cd] (3.17)

K is a single coefficient which takes account of restraint R; the coefficient K; for creep;

and the strain contribution from autogenous shrinkage.
For conditions of edge restraint K = 0.5.
Equation 3.17 is consistent with EN1992-3 (Equation M.3 of Informative Annex M) as

the maximum restraint factor given in Informative Annex L is 0.5, and restrained-

strain is estimated using the equation: &, = 0.5 &;,,.

Temperature drop, T;

Values of T; are given in Tables 3.3 for different strength classes cast under summer
conditions. CEM I has been assumed.

Table 3.3 T, values (°C) for different strength classes and section thicknesses (in mm)
cast in the summer with a mix temperature of 20 °C and a mean ambient
temperature of 15 °C. Adjustment values are given for winter casting

Steel formwork Plywood formwork
Strength class

300 | 500 | 700 | 1000 | 2000 | 300 | 500 | 700 | 1000 | 2000

C25/30 16 25 32 39 48 25 32 37 42 49
C30/37 18 28 35 43 54 28 36 42 47 55
Summer
casting
C35/45 20 31 39 48 60 31 40 46 52 60
C40/50 22 33 42 51 64 33 43 49 56 65

Adjustment for winter casting | -6 -8 -7 -6 -2 -6 -6 -5 -5 0

39




Temperature drop, T,

20 °C
10 °C

Summer casting T,

Winter casting T,

Coefficient of thermal expansion, o,

EN1992-1-1 recommends a value of 10 ug/°C but higher values are common in the UK
(Section 4.5) and a more conservative value of 12 ug/°C for normal weight concrete
should be used.

Autogenous shrinkage, ¢,

For normal structural concretes a,, is no greater than about 40 pe. This is equivalent to
a temperature change of only 3—4 °C and is accommodated by the conservatively high
values of T'; in Table 3.3.

Drying shrinkage, ¢.4

<

o For members > 300 mm g,q = 150 pe for UK external exposure conditions
O &,q = 350 pe for UK internal exposure conditions
©

< Tensile strain capacity, €., under sustained loading

o

8 Early-age &y = 70 e

yo] Long-term &y = 100 us

()

© Limiting temperatures for avoidance of cracking

S

=

o) External restraint Ty max = 13 °C

% Internal restraint AT, = 18 °C

Crack-inducing strain, &,

Early-age cracking ¢, =Ka,T;-0.5¢,, =6T;-35

Long term cracking &, = K [ot, (T; + Ty) + &,4] - 0.5 €., = 6 (T; + Ty) + 0.5 g,4— 50

Summer casting (outdoors) g, =61, + 145
Summer casting (indoors) g, =6T; + 245
Winter casting (outdoors) &, =6T; + 85

Winter casting (indoors) &, =6T; + 185

Values derived for the various conditions are shown in Figure 3.1.
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700

Summer - indoors

600 - Winter - indoors

Summer- outdoors
Long term

500 + Winter - outdoors

400
300 ~

200 +

Crack-inducing strain (microstrain)

100 -

0 T T T T T T
0 10 20 30 40 50 60 70

Temperature T 4 (°C)
Figure 3.1 Values of crack-inducing strain

Crack control

The process for checking that the reinforcement is adequate to control cracks through
achieving 4, ,,;,, and estimating the crack spacing and width should follow the

procedure of EN1992-1-1 described in Sections 3.3, 3.4 and 3.5.

Selecting options to reduce the risk of cracking

Table 3.4 summarises the factors which help prevent or control early-age thermal

cracking and indicates where within the text further information may be found.

The selection of mix proportions to give lower thermal movements and/or higher
tensile strain capacities can be fraught with difficulties, but these can be greatly reduced
by clearly establishing that any concrete should first comply with requirements for
durability, workability and strength.

With the introduction of EN1992-1-1, structures are designed on the basis of the
characteristic cylinder strength at 28 days (although in the UK quality control is still
undertaken using cubes). However, for some structures, such as dams, the concrete is
usually designed to the three month strength. This principle can be applied to other
structures giving both technical and economic advantages. Specifying a later age
strength for compliance testing is equivalent to specifying a lower strength class. For
some concretes, eg those containing fly ash or ggbs, it has been demonstrated that the
m situ strength will be higher for a given strength class (Concrete Society, 2004).
Further details are given in Appendix A9. In such circumstances a reduction in
strength class may be justified subject to other specification requirements being met.
For example, specifying strength does not guarantee durability; BS8500 also specifies a
minimum binder content and maximum water/binder ratio for many exposure
conditions. This can override the strength requirement. Conversely, lower strength
does not always mean loss of durability. Concretes containing fly ash or ggbs may offer
as good, or better protection to rebar in salt laden environments than CEM I concretes
of a higher strength class (Bamforth, 2004).
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Aggregates are expensive to haul over long distances, but if preferred aggregates are
available at a competitive cost, then the design and specification should be based on
their use. Normal weight concretes made with crushed aggregates have a higher tensile
strain capacity than concretes made with rounded aggregates, and the preferred
normal weight coarse aggregate is a crushed rock with a low coefficient of thermal
expansion (ie many, but not all limestones — see Table 4.4). Even better than the normal
weight aggregates are the lightweight aggregates with their very low coefficients of
thermal expansion and very high tensile strain capacities. The relative merits of these
aggregates are demonstrated in Table 7.1, which indicates the relative allowable

temperatures for a range of aggregate types.

Commercial software is available for both thermal modelling and for the estimation of
thermal strain and stresses (see Appendix A2). Such models are equally applicable for
use in design and may offer further economies. However, for any predictive model to
be of real value, specific information is required on the concrete to be used, the pour
geometry and construction sequence and the conditions into which the concrete is to be

cast.
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Table 3.4

thermal cracking

Summary of the options available to prevent, minimize or control early-age

Factor Worst choice Best choice Best choice Section
Concrete mix parameters
Better strain capacity may be
Aggregate shape Rounded Angular partially offset by higher 4.8
cement content
To achieve a higher f,,,/E .,
Aggregate modulus High Low ratio and yield a higher strain 4.8
capacity
Aggregate type High o Low o 4.5
Use of additions Alzo silica furt;ne;o enable
reduction in binder content
Binders CEM | fly ash ) o o 4.2
subject to minimum specified
gebs binder limits
To reduce cement content.
Admixtures (excluding Water reducers .
None . Check durability
latex and polymers) Superplasticisers ;
requirements
Cooling of constituents using
Placing temperature | High Low chilled water, ice or liquid 4.2,6.3
nitrogen
Construction practice
. . Night time concreting is
Ambient temperature | High Low . 4.2
beneficial
Cooling pipes are effective, but expensive. Surface cooling by water
In situ cooling ep p . P . gby 6.3
spray applicable for sections under about 500 mm thick
Insulated, GRP, steel - .
Formwork for sections | plywood with - ] To permit rapid heat loss and 49
under 500 mm thick | long striking S'tr'k"hg time not | veqyce T, ’
time significant
o Plywood, Insulated | To minimise thermal
Formwork material in . _ .
. Steel, GRP with long striking | gradients. Keep the upper 4.3
large sections . i
time surface insulated
Insulation for thick Effective for isolated
i None Thermal blanket element, eg rafts, with low 4.3
sections )
external restraint
) Sequential L P
Construction Alternate bay ) Not significant if using full
. construction or . 6.1
sequence between lifts e movements joints
short infill bays
First pour may be insulated
Period between to reduce differential effects.
o Long Short ) L - 6.1
successive lifts Slip-forming is beneficial as
casting is continuous
. None Partial Full movement Full movement joints require
Movement joints . . ) 6.2
movement joints | joints dowels and sealing
Prestressing the base Not normally economic
Reinforcement Large dia. bars | Small dia. bars at | To increase the surface area 35
Distribution at wide spacing | close spacing of steel ’
43




© R A

Uncontrol | ed Copy,

Li censed copy: HALCROW GROUP LTD, 16/03/2007,

Clients requirements
m aesthetics

——>| for design target maximum

Establish the requirements

Code requirements

_ |m durability

crack width

Y

Define allowable crack widths for
early-age and long-term effects

" |m tightness class

m shear

Element
geometry

Concrete
mix

Y
Assess the risk and extent of
early-age cracking

Restraint

Casting
conditions

Cracking unlikely |<—— Cracking likely

Assess risk of

Check Ag > Ag i Using early-age tensile
strength - increase Ag if necessary

long-term |==
cracking

Y

Crack width less
than target

<—|Ca|cu|ate early-age crack width|

Check Ag > Ag i Using

Increase Aq if necessary

long-term tensile strength.

Y

Calculate long-term
crack width

4>|Crack width greater than target|

\

i

| Review

opﬂons|

\

i

Y
Crack width less
than target

| OPTIONS (Table 3.7)

| Increase Ag

| Reduce T; by modification or cooling

Reduce o and improve &, by specification

Y of aggregate type
DESIGN
COMPLETE Reduce restraint R by adjusting element
size, pour sequence, movement joints etc
Y
Repeat calculations
Figure 3.2 Flow chart showing the design process for control of early-age and long-term cracking
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Factors affecting early-age cracking and
data required for design

Information and assumptions

At the design stage, the designer may have limited knowledge of the concrete to be
used or the construction process and conservative assumptions should be made which
may not be reflected in practice. In addition, the designer has to deal with many
aspects of performance (structural integrity, serviceability, durability) which may be
compatible with early-age requirements, but sometimes are not. For example, specifying
a minimum cement content for durability reasons may increase the risk of early thermal

cracking, and the designer should be aware of the implications of such decisions.

To predict the risk of early-age cracking and to design reinforcement for crack control

the following information is required:

temperature rise (and fall) and temperature differentials

the coefficient of thermal expansion of the concrete, to determine the free thermal
strain and differential strains that develop

% the restraint to thermal movement at critical locations (involving assumptions about
pour sizes and casting sequences) to determine the component of restrained strain

that may result in tensile stress and cracking

% the tensile strain capacity of the concrete, to determine the extent to which the

concrete is able to withstand the restrained strains

% the tensile strength of the concrete, to estimate the minimum reinforcement area
needed to control any cracks which may develop and, in the case of end restraint,
the crack width

% the strength of the reinforcement.

Table 4.1 is provided for the designer to record the assumptions made in relation to
the control of early-age cracking. Benefits of recording this information are as follows.

% when cracking occasionally occurs that is out of specification, it is often difficult to
isolate a specific cause. Being able to compare achieved concrete properties and
thermal histories with the design assumptions may help with a basis for resolution

% as the design assumption are conservative it is likely that in many situation the
practice will be less severe. Some advantage of this may be taken during the
construction process. For example, a limestone aggregate with low thermal
expansion may be available, resulting in lower than estimated thermal strain and

hence a greater acceptable temperature rise and differentials.

To achieve the most cost-effective design, more information is needed about the
concrete and the construction process. This may be achieved either through early
interaction with the contractor through a partnering process, or by a more prescriptive
specification which involves the designer in more detailed specification of the concrete
type, maximum pour sizes and the construction sequence. In this case, the designer is
responsible for the completed structure, provided that accepted good practice is
exercised during the construction process.
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Table 4.1

Assumptions made in the estimation of the risk of cracking and the design

of reinforcement to control crack widths (this table is included on the
accompanying CD)

|Element details
Element type

Thickness

3
3

No. of exposed faces (1 or 2)
Length
Wall height / slab breadth

Formwork type

HHUUUDU

Insulation (for slab)
IConcrete
Strength Class

Cement content kg/m3

1l

Cement type

|

Additions

ES

Additions as percentage of binder

lIConditions of placing

o
O

Mean ambient temperature if NOT 15°C

o
O

Concrete temperature if NOT 20°C

Correction applied to T1

NOTES
e.g. wall, slab

This will be the value used to derive T1

May be used in estimating restraint
May be used in estimating restraint

If not known assume 18mm plywood formwork

€.g. Cfck/fck,cube
Including any additions. Table 4.2 for default values
If not known assume, CEM | 42.5 cement

fly ash, ggbs, silica fume, metakaolin, etc.

If either the mean ambient temperature or placing temperature differ
from their default value, indicate correction applied to T4

Add to the value of T1 derived from the default temperature

Any special conditions that apply?

[
O

Temperature drop T1

J
O

Long-term temperature changed T2

U]

Thermal strain

Coarse aggregate type

Sand type

|

Thermal expansion coefficient, a. uel’C
Additional early age strains

Autogenous shrinkage, €,

=
™

Drying shrinkage € sy

—
™

lIRestraint factors

R4 during the early thermal cycle
R, for annual temperature variation
R3 for long term deformation
l[Coefficients

Ky

Kz

lIResistance to cracking

Tensile strain capacity, €y,

—
™

IControl of cracking

Tensile strength of concrete, f ., MPa

IRIIIRHINTIN

Yield strength of reinforcement, £, MPa

Estimated value plus correction
Difference between the mean ambient temperature during casting and
the final operating temperature.

If coarse aggregate and sand are different then estimate a, using 0.67
x value for coarse type only + 0,33 x value for sand type only

If not known use a default value of 12 ug/°C

This strain is assumed to occur during the early thermal cycle

This strain is assumed to occur over the long term and to include any
long term autogenous shrinkage

This restraint factor applies to the early age thermal contraction and
autogenous shrinkage

This value applies to T2

This value applies to drying shrinkage

for creep (default = 0.65)
for sustained loading (default = 0.80)

This is the value obtained under short term loading

This is the mean value at the age at which cracking first occurs

This is the characteristic value
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4.2 Temperature rise

42.1 Influencing factors

The main variables influencing the temperature rise are described in detail in
Appendix Al — Heat generation, temperature rise and temperature differentials and

are summarised as follows:

cement content
types and sources of cementitious, (ie binder) material

other concrete constituents and mix proportions that influence the thermal
properties of the concrete

% section thickness (Figure 4.1)

% formwork and insulation (Figure 4.2 and 4.3)

% concrete placing temperature (Figure 4.4)

% ambient conditions

% active forms of temperature control such as internal cooling pipes.
<
X Models are available for predicting the temperature rise and temperature profiles
O through a section and one such model is described in Appendix A2. It has been used to
© derive the information shown in Figures 4.1, 4.2, 4.3 and 4.4.
2 80

Section thickness (mm)

©
@ o
— o
© g
—_ =}
= ®
g @ =

=3
o (7]

10 +
o T T T T T T
0 2 4 6 8 10 12 14

Days

Figure 4.1 The effect of wall thickness on the temperature rise (for 350 kg/m3
CEM I, 18 mm plywood formwork removed after seven days)
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0
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(]
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s
Q
g' 30 1 18mm ply
i
20 A Steel
———
10 4
0 T T T T T T
0 1 2 3 4 5 6 7
Days
Figure 4.2 The effect of formwork type on the temperature rise in
500 mm thick walls (for 350 kg/m3 CEM 1)
< 70
7 25mm expanded
polystyrene Differential
O 60 Centre to surface
o / 50mm spruce \
< © 50 6°C
a 5 18mm plywood
©
3 g 900
S 40 - Steel °
= (]
(] =
— 30 |
© 15°C
S
c
5 20 : ‘ \ \
g 0 0.1 0.2 0.3 0.4 0.5
)

Thickness (mm)

Figure 4.3 The effect of formwork type on the temperature profile in 500 mm thick
walls achieved at the time of the peak temperature (for 350 kg/m3 CEM )

40
&’ 30 4 30°C placing temperature
[}] 0,
£ 20 | 20°C
o 10°C
2
c 10
[}]
o
§ o
[
‘10 T T T 1
0 1 2 3 4
Time (days)

Figure 4.4 The effect of placing temperature on the temperature rise in a 500 mm
thick wall using concrete with 350 kg/m3 CEM | cast in steel formwork
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Estimating T,

The design process requires the 7; value as an input and a comprehensive programme
of testing undertaken at University of Dundee has provided a basis upon which to
modify the T'; values to reflect the behaviour of modern CEM I materials (Dhir et al,
2006). It also provides information, previously unavailable, on combinations with fly
ash and ggbs. In CIRIA 91 (Harrison, 1992) T'; values were presented in tabular form
for concretes with specific cement contents and for elements of specific thickness. In
many cases interpolation was required. In this guide 7'; values are presented
graphically.

While the designer will determine the section thickness, the only information available
about the concrete may be the strength grade. To predict 7'; , the cement content is
required. Table 4.2 is provided to give an indication of the cement content likely to be
associated with different grades of concrete using different cement types. Advice should
be sought from local concrete producers but where none is available the values in Table
4.2 may be used. These values should not be used for mix design or specification
purposes. They are indicative only and are deliberately at the high end of the range
that might be expected.

While a reduction in the heat generation of the binder is likely to be beneficial, it is the
temperature rise in the resulting concrete that is of principal concern with regard to
early thermal cracking. It can be seen in Table 4.2 that when additions are used,
different binder contents are often required to achieve the same strength class of
concrete and it is important that this is taken into account when assessing the benefits

or otherwise of a particular mix design.

Table 4.2 Cement contents for different strength classes. (Note: These values are
indicative only and at the high end of the range that may be expected in
practice and should not be used for specification purposes)

Binder content (kg/m3)

- [ 2
Strength 2 G G 7 [0} 17} ) @
gt = _ e a 2 a goﬂ o o o o
class s s < > = > 8 ) 5 %8 %
7] = ° = S 4 N X N N
2 (&) N FS %9 S o o (=) o o
° 2 ® < i) a | ® © ~ ©

Q 3

S

C20/25 275 275

N
©O
o1
w
o
o
w
=
o1
w
w
o
N
<
o1
N
(0]
o1

300 325 345

C25/30 300 | 300 | 320 | 325 | 340 | 360 | 300 | 310 | 330 | 355 | 385

C30/37 340 340 | 360 | 365 | 380 | 400 | 340 | 355 375 410 450

C35/45 380 | 380 | 405 | 410 | 430 | 450 | 380 | 395 | 430 | 480 | 540

C40/50 410 410 440 | 445 | 465 | 485 410 430

C45/55 440 440 470 475 500 525 440 | 465

C50/60 475 475 505 (Efils 535 - 475 505

Note: The shaded values are those which may be necessary without the use of admixtures. However, it is
common practice to use water-reducing admixtures for the higher strength classes to enable a reduction
in cement content. Values greater than 550 kg/m?® have not been included as they would not normally be
permitted.
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It is recognised that silica fume and metakaolin may also be used to achieve equivalent
strength classes with a reduced binder content and hence lower heat output. However,
such mixes are dependent on the use of high range water reducing admixtures and it is
difficult to offer specific binder contents in relation to strength class. Where this option

is considered, advice should be sought from material suppliers.

Values of T; for CEM I are given in Figure 4.5 for walls cooling from both faces. Values
for combinations with 30, 50 and 70 per cent ggbs are given in Figure 4.6 and
combinations with 20, 35 and 50 per cent fly ash, are given in Figure 4.7. These values
were derived using the model described in Appendix A2 assuming CEM I with an
ultimate heat output of 380 k]J/kg (about 15.8 °C/100kg in concrete with a specific heat
of 1 kJ/kg°C and a density of 2400 kg/m?) and represent values with only a 10 per cent
chance of being exceeded. The data on heat generation were derived from semi-
adiabatic temperature rise measurements by the University of Dundee (Dhir et al,
2006). Values are based on a mean ambient temperature of 15 °C and a placing
temperature of 20 °C. The difference of 5 °C is typical and has been derived from
observations (Appendix Al). For pours thicker than 1000 m, values may be derived
from Figure 4.8.

When using silica fume or metakaolin, it is recommended that, with regard to heat
generation, and 7' values, these are equivalent to CEM 1. Limestone filler may be
assumed to be inert (Appendix Al).

70 70 I I I I I
CEM | - Steel formwork CEM | - Plywood formwork /; 500
60 = 0 60 P 100
pZ % 460 T 40
1 —T —
—_ 420 — 380
< % / 7 F = w < % / ?2;:/ 340
g / - —
s e K / T
g . VA ///,4// ﬁ 8 A/é// 1 300
a / e a T~ 260
e 11w ¢ C
£ 30 Z ;4;/§ 20 % 30 //,é¢///’/ 220
S // P //
== N ==
S 20 === © 20 Fz=
[ I/ [ /'
10 10
0 0
200 300 400 500 600 700 800 900 1000 200 300 400 500 600 700 800 900 1000
Thickness (mm) Thickness (mm)
Figure 4.5 T, values for CEM I in walls
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Figure 4.7 T, values for concretes containing 20, 35 and 50 per cent fly ash in walls

For sections thicker than 1000 mm the temperature rise is approximately proportional
to the binder content (Appendix Al). CIRIA Report 135 (Bamforth and Price, 1995)

provides an indication of the likely temperature rise in large volume pours in relation

to pour thickness, cement/addition combination and temperature rise by weight of
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binder. These curves were derived empirically from measurements in large pours
(Bamforth, 1980) and have been modified to reflect the performance of .modern
cements (Dhir el al, 2006) as shown in Figure 4.8. The original curves from CIRIA 135

are also shown.

16 16

GGBS concrete

CEMI— | 14 ]
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Figure 4.8 Temperature rise per unit weight of binder in massive sections (to obtain
values of T; 5 °C should be added to the temperature rise calculated)

Adjustments to T,

Variation between sources of cement

The estimates given in Figures 4.5, 4.6 and 4.7 represent design values, but cements
may vary considerably. Occasionally, marginally higher values may occur but in general
lower values would be expected in practice. Based on the comparison between
estimated and measured values and knowledge of the variation for cement (see
Appendix Al) it may be assumed that the variation about the mean value will be as
high as + 6 °C. Part of this variation is due to the difference between the placing
temperature and the ambient temperature deviating from the assumed 5 °C (see
Appendix Al).

When there is knowledge of the cement to be used and it can be reliably demonstrated
by testing or modelling that a lower value will be achieved, the value of T; may be

reduced accordingly.

Heating or cooling the concrete

In special circumstances the difference between the placing temperature and the mean
ambient temperature may differ predictably from the assumed 5 °C. For example in
winter conditions the materials may be heated; in summer materials may be cooled; or
when there is a long haulage time the temperature of the concrete may increase more
than normal. Under such circumstances an appropriate margin should be added to the
values of T; derived from Figures 4.5, 4.6 and 4.7.

Placing temperature
An adjustment is also required if the concrete placing temperature varies significantly

from the assumed value of 20 °C. Recommended adjustments for placing temperature

related to section thickness are given in Figure 4.9.
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Figure 4.9 The estimated change in T; (per 100 kg/m? CEM I) with placing
temperatures for elements of varying thickness

Differential with adjacent concrete

T; may also be modified when a new pour is cast against adjacent concrete that is still at
a temperature appreciably higher than the mean ambient temperature. This may be
the case when the delay between adjacent pours is short, or when the previous pour is

insulated to slow down the rate of cooling.

Ground slabs

For ground slabs up to 500 mm thick, without surface insulation, the value of 7'; may
be obtained by estimating the value for a wall cast into steel formwork which has a
thickness that is 1.3 times that of the slab. When surface insulation is applied, as a first
approximation, 7'; may be assumed to be the same as that for a wall of the same

thickness cast into plywood formwork.

The most reliable way to determine 7 is by measurement (Section 7.2.1). To avoid
errors that may arise in adjusting mix temperature when very high or very low placing
temperatures are expected, the temperature rise in concrete samples should be

measured from a placing temperature which is close to that likely to be achieved.

Annual temperature change, T,

In the long-term the concrete will respond to changing ambient conditions. This is
taken into account using the term 7. The annual change in temperature is shown in
Figure 4.10, expressed as the mean monthly temperature for each decade since 1916.
It can be seen that the variation in summer to winter temperature when presented on
this basis is about 12 °C and has remained so for many decades, although the average
annual temperature would appear to have increased by over 1 °C over the period

investigated.
Data for the first half of 2006 is also included which indicates that in individual years

both the peak temperature and the annual variation may be higher, in this case up to
19 °C and 15 °C respectively.
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Figure 4 10 Mean monthly temperatures over each decade since 1916
(Met Office, 2006)

In selecting appropriate design values for T, , consideration has to be given to the
following:

% the time of year when the concrete is cast. As shown in Figure 4.10, concrete cast in
the summer months may experience a drop in temperature of at least 12 °C more

than concrete cast in the winter

% concrete is generally cast during the day when the actual temperature is higher
than the average. This is taking into the difference between the placing
temperature and the mean ambient temperature in the 7'; value

% temperature variations within each month will result in periods when the ambient

temperature is appreciably higher or lower than the mean monthly average.

For annual temperature changes recommended values of T, are 20 °C for concrete cast in the
summer and 10 °C for concrete cast in the winter (HA BD28/87, 1987).

It is now rare to have prolonged periods of sub-zero temperature in the UK and these
recommended values will take account of concrete cast at 25 °C in the summer when
the ambient temperature is 20 °C and concrete cast in the winter at 15 °C, when the
ambient temperature is 10 °C, and in each case cooling to 0 °C at some time during the
winter months while the concrete against which it is cast remains at the original casting
temperature. Where it is clear that conditions will apply in which the old concrete
providing the restraint remains at a constant temperature then these values should be
used. However, in many situations, eg concrete in the ground, the old concrete will also
respond to ambient changes as shown in Figure 4.11. Under these conditions the T
values may be reduced to reflect the relative, rather than the absolute change in
temperature. When foundations are more than 5 m deep, the temperature should be

assumed to remain constant.

While the recommended 7', values will cover most conditions, the trend towards hotter
periods in the summer (eg the unusually hot July of 2006 shown in Figure 4.10) may
lead to occasional situations in which the 7', value for summer casting will be exceeded

if steps are not taken to control the placing temperature of the concrete.
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Figure 4.11  Variation in ground temperature recorded for a heat pump
installation in Croydon (Witte, 2001). The data points were
provided and the curves fitted assuming a sinusoidal variation

< 4.4 Temperature differentials, AT
@
O In order to estimate the likely temperature differentials that will occur it is necessary to
© undertake thermal modelling. Some indicative values are provided however, in Table
4.3. These values have been obtained using the model described in Appendix A2 which
é can be used to undertake comparative assessments.
S Table 4.3 Estimated values of temperature differential in walls assuming a placing
o temperature of 20 °C and a mean ambient temperature of 15 °C (assuming
S thermal conductance values of 18.9 and 5.2 W/m>2K for steel and plywood
- formwork respectively with a wind speed of about 3.5 m/s. Solar gain has
-+ .
c not been included)
o
o
c
> . Steel formwork 18 mm plywood formwork
Section
thickness Cement content (kg/m3) Cement content (kg/m3)
mm
(mm) 280 320 360 400 280 320 360 400
300 8 9 10 11 4 5 5 6
500 14 15 17 19 7 8 9 10
700 18 20 22 25 10 12 13 14
1000 23 26 29 31 15 17 19 21
1500 31 35 39 41 20 22 25 27
2000 35 39 44 48 24 27 30 33

The temperature differential will be highly dependent on the following:

&{

the thermal diffusivity of the concrete

% the surface conditions, in particular the type of formwork and the time at which it is

removed

% the environmental conditions such as wind speed and effects of solar gain.
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While the values in Table 4.3 provide an indication of temperature differentials for a
particular concrete under a specific set of conditions, they may not be applicable when
different conditions apply. Where limiting the temperature differentials is critical to the
design, thermal modelling is therefore required. Commercial software is available for
this purpose and a simple spreadsheet model is described in Appendix A2.

Cracking that is caused by temperature differentials is usually localised to the surface and
cracks will often close as an element cools down. More serious through-cracks arise from
external restraint. Using excessive or unnecessary insulation to minimise temperature
differentials will increase the mean temperature of the section and hence the risk of through
cracks. Careful consideration should be given to the nature of the problem and the appropriate
solution.

4.5 Coefficient of thermal expansion o,

For a given temperature change, the free thermal expansion of the concrete is
determined by the coefficient of thermal expansion a,. A concrete with a low coefficient
of thermal expansion can significantly reduce the risk of early-age thermal cracking
and the percentage of reinforcement required for the control of thermally-induced

< cracks. The value of a, can be estimated from a knowledge of the coefficients of

v thermal expansion of the aggregates using Table 4.4 (Browne, 1972) where proposed

o) design values are given. While there is insufficient data to provide values with a defined

o level of statistical significance, the proposed values are at the high end of the observed
range and represent safe values for use in design.

2

8 EN1992-1-1 recommends that unless more reliable information is available, the coefficient of
thermal expansion should be assumed to be 10 ug/ °C. While this is a representative value for

S a wide range of aggregates there are some commonly used materials in the UK, in particular

() flint gravels, that lead to higher values in the order of 12 ug/°C, as shown in Table 4.4. This 20

—_ per cent difference in o, may be the difference between compliant and non-compliant crack

° widths. The higher value should be assumed, therefore, if no data are available.

S

c

() Table 4.4 Coefficients of thermal expansion (Browne, 1972)

(&]

<

D . Y] - .

i Coarse aggregate/ Thermal expansion coefficient (microstrain/ °C)

P~ .

o rock group Rock Saturated concrete Design value

o

N Chert or flint 7.4-13.0 11.4-12.2 12

~~

(92

o Quartzite 7.0-13.2 11.7-14.6 14

~~

S Sandstone 43-121 9.2-13.3 12.5

a Marble 2.2-16.0 4.4-74 7

(o N .

- Siliceous limestone 3.6-9.7 8.1-11.0 10.5

o .
Granite 1.8-11.9 8.1-10.3 10

% Dolerite 4.5-8.5 Average 9.2 9.5
Basalt 4.0-9.7 79-10.4 10
Limestone 1.8-11.7 4.3-10.3 9

-

E Glacial gravel - 9.0-13.7 13

S Lytag (coarse and fine) - 5.6 7

o

8 Lytag coarse and natural 85-95 9
aggregate fines D

©

[¢D)

(2}

c

[¢})
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The internal moisture content also has a significant effect on o, and this is changing
significantly during the early period of rapid hydration (Sellevold, 2006). To provide
more reliable data for design, tests to measure o, of potential materials should be
considered (Section 7.2.2). At early ages, the presence of reinforcement has only a small
effect on the coefficient of expansion of the concrete (Berwanger et al, 1976) and for

practical purposes this can be ignored.

It is recognised that the peak temperature achieved during the early thermal cycle may
adversely affect the strength (Appendix A9). The differential expansion between the
aggregates and cement paste (a, = 20 ug/°C) could contribute to these property
changes. A study of in situ strength undertaken by the Concrete Society (2004)
investigated two aggregate types, gravel and crushed limestone which would be
expected to have very different coefficients of thermal expansion, and was unable to
detect any significant difference with peak temperatures up to about 60 °C.

Differential expansion can also cause problems when concrete is cast against or around
a material with a different coefficient of expansion. Depending on the relative
coefficients of expansion, the materials can be put into tension by movement of the

concrete or vice versa.

Shrinkage strains

Autogenous shrinkage

Autogenous shrinkage g, is not a new phenomenon but it has been assumed that it will
only occur in concretes with very low w/c ratios, typically below about 0.40 (Pigeon et al,
2004). Historically, no strain contribution from autogenous shrinkage has been
included in the assessment of early-age cracking for the range of strength classes

commonly used in structural concrete.

The EN1992-1-1 method for estimating autogenous shrinkage is based solely on the
strength class of the concrete (Appendix A4) and assumes some degree of autogenous
shrinkage occurs in all concretes with a characteristic cylinder strength greater than 10

MPa. The ultimate value (in microstrain) is given by the expression:
gca(eo )= 2.5 (fek - 10) 4.1)

A time function is provided to enable the autogenous shrinkage ¢,,(t,) after time t to be
calculated as follows:

gca(t)= Pas(t).€ca(w) (4.2)

where
T is the characteristic cylinder strength

Bu(t) s a function defining the time dependent development of autogenous
shrinkage and

Bas(®)=1-exp(-0.2.4"7 ) (4.3)

Using this method, autogenous shrinkage curves have been developed for different
strength classes as shown in Figure 4.12.
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Figure 412  Autogenous shrinkage for different strength classes estimated
using the method of EN1992-1-1

Estimated autogenous shrinkage strains at three and 28 days are given in Table 4.5

together with the ultimate values.

Table 4.5 Values of autogenous shrinkage (u.¢) calculated using the method of
EN1992-1-1
Strength
class C20/25 | C25/30 | C30/37 | C35/45 | C40/50 | C45/55 | C50/60 | C55/67 | C60/75
3 days 7 11 15 18 22 26 29 33 37
28 days 16 24 33 41 49 57 65 73 82
Ultimate 25 38 50 63 75 88 100 113 125

This represents a significant change from R91 (CIRIA, 1992), adding early-age
shrinkage strains of about 20 ue for a typical C30/37 concrete and more for higher
strength classes. For design in accordance with EN1992-1-1 these strains should be

included in the design process.

A review of published data (Appendix A4) has identified that the cement type has a
significant effect on autogenous shrinkage but the method of EN1992-1-1 takes no
account of this. While this is an area that needs further research, the limited evidence
indicates that, at a constant w/b ratio, autogenous shrinkage is lower when fly ash is
used, but increases with both ggbs and silica fume. However, for a given strength class
the w/b will also vary, being lower for concretes containing fly ash and ggbs and higher
for concrete containing silica fume which should also be accounted for when estimating
the net effect for a particular strength class. There is also evidence that the magnitude
of stress associated with autogenous shrinkage is not directly proportional to the
shrinkage strain, due in part to the fact that the very early shrinkage (within the first 24
hours) is easily relieved by creep. Additional information is provided in Appendix A4.
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Drying shrinkage, £.4

EN1992-1-1 provides a method for the calculation of drying shrinkage based on the
ambient relative humidity (RH), the dimensions of the element and the strength class
of the concrete. This is described in Appendix A3 and a spreadsheet calculator is
provided on the CD.

The drying shrinkage at time t (days after casting), €.4(t) is calculated using the

equation:
Ecd ()= Bas(t,ts) . ki -€cdp (4.4)

where

&40 1s the nominal unrestrained drying shrinkage with values given in Table 4.6
(values for intermediate strength classes and RH may be interpolated or
derived using the equations provided in Appendix A3).

Table 4.6 Nominal unrestrained drying shrinkage values (in microstrain) with CEM |
Class N
A . Relative humidity (%)

(MPa) 20 40 60 80 20 100
20/25 620 580 490 300 170 0
40/50 480 460 380 240 130 0
60/75 380 360 300 190 100 0
80/95 300 280 240 150 80 0
90/105 270 250 210 130 70 0

ky, is a coefficient depending on the notional size of the cross-section, h, =2 A /u.

Values of kj, are given in Table 4.7
is the concrete cross-sectional area

u is the perimeter of that part of the cross section which is exposed to drying
For a wall drying from both faces h, = h

For a slab drying from one face &, = 2h.

Table 4.7 Values of kj, for use in equation 4.4

h, 100 200 300 >500

Ko 1.00 0.85 0.75 0.7

Buas(t,ts ) is the time function = (¢ - £5 ) / {(t - ts )+ 0.04\hy’ } (4.5)

§ is the age of the concrete (days) at the beginning of drying, normally the end of

the curing period

Shrinkage curves estimated using this approach for a C30/37 concrete in walls drying
from both faces are shown in Figure 4.13 for indoor conditions (RH = 45 per cent) and
typical UK outdoor conditions (RH = 85 per cent). Tables 4.8 and 4.9 give ultimate
values for a range of strength classes in walls 300 mm and 500 mm thick.
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Figure 4.13  Drying shrinkage curves estimated using the method of EN1992-1-1 for a)
indoor conditions (45 per cent rh) and b) UK outdoor conditions (85 per cent rh)

Table 4.8 Estimated values of drying shrinkage (uc) in 300 mm and 500 mm thick
walls for UK external exposure (RH = 85 per cent)

Strength | C20/ | C25/ | C30/ | C35/ | C40/ | C45/ | C50/ | CB5/ | C60/ | C70O/ | C80/
class 25 30 37 45 50 55 60 67 75 85 95

300 mm | 178 170 158 145 139 132 126 118 109 98 89

500 mm | 166 158 148 136 130 124 118 110 102 92 83

Table 4.9 Estimated values of drying shrinkage (ug) in 300 mm and 500 mm thick for
internal (RH = 45 per cent)

Strength | C20/ | C25/ | C30/ | C35/ | C40/ | C45/ | C50/ | CB5/ | C60/ | C70/ | C80O/
class 25 30 37 45 50 55 60 67 75 85 95

300 mm | 420 400 373 344 328 312 297 277 256 231 210

500 mm | 392 373 348 321 306 291 277 258 239 216 196

Appropriate use of shrinkage strains

When deriving shrinkage values, if the principal source of restraint is previously cast
concrete, it is only the differential shrinkage strain that needs be included. In the
relatively short-term, drying shrinkage, even in relatively thin sections, will be small.
For example, according to the EN1992-1-1 Method of estimation, a 300 mm section in an
environment at RH = 65 per cent will exhibit drying shrinkage of less than 10
microstrain with the first two weeks. In general, when assessing the risk of early-age
cracking, drying shrinkage may be ignored. Autogenous shrinkage occurs much more
rapidly and differential autogenous shrinkage between adjacent sections may be

significant.
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While providing predictive models for estimating both autogenous and drying
shrinkage, EN1992-1-1 does not provide guidance on how the strains should be
combined. For the purpose of this guide it is assumed that the autogenous shrinkage
beyond 28 days will have been included when making long-term drying shrinkage
measurements from which the drying shrinkage model was derived. This is because
while autogenous shrinkage without drying shrinkage may be measured by preventing
drying, autogenous shrinkage cannot be excluded when making long-term
measurements of drying shrinkage. When considering long-term deformation,
autogenous shrinkage is ignored beyond 28 days, except in cases where high strength,
low w/c ratio concrete is used under conditions where moisture loss, and hence drying

shrinkage, will be prevented.

An example is shown in Figure 4.15 for C40/50 concrete cast in a 500 mm thick wall at
65 per cent relative humidity. Autogenous shrinkage predominates up to 28 days and
beyond this time the drying shrinkage is assumed to include the component of
autogenous shrinkage. Hence the total shrinkage beyond 28 days is the 28 day

autogenous shrinkage plus the change in drying shrinkage from 28 days onwards.
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Figure 414 Total shrinkage of C40/50 concrete in a 500 mm thick wall at
65 per cent relative humidity

4.7 Restraint, R

4.7.1 General guidance

Various industry documents provide guidance on restraint with a review of values for
different restraint conditions being given in Table 4.10. However, care should be taken
when interpreting of the values as the way in which they are applied also vary. For
example, while BS8110:Part 2 and HA BD 28/87 provide restraint factors that reflect
the true restraint, BS 8007 and EN1992-3 both include, within the restraint factor, a
modification factor of 0.5 to take account of creep under sustained loading.
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Table 4.10 External restraint values, R, for different conditions

Restraint condition BS 8110 | HABD | CIRIA91 | BS 8007 | EN 1992-3
Part2 | 28/87 | 1992 [1] [2] [2]

A | Base of a wall cast on to a massive base | 0.6 to 0.8 0.6 1.0 0.5 0.5
B | Top of a wall cast on to a massive base | 0.1t0 0.2 0tol1.0 | O0to 0.5 0to 0.5
c Edge restraint in box type deck cast in 05

stages ’
D | Edge element cast onto a slab 0.8
E | Massive pour cast onto blinding 0.1t0 0.2 0.2
F Base of massive pour cast onto existing 031004

mass concrete
G | Suspended slabs 0.2t0 0.4
H | Infill bays, eg rigid restraint 0.81t0 1.0 1.0 1.0 0.5 0.5

Notes

1 CIRIA Report 91 recommends that a modification factor of 0.5 is applied to take account of
simplifying assumptions and notes that this factor is applied in BS 8007 by modifying the restraint

factor from 1 to 0.5.

2 These values represent effective restraint which takes into account sustained loading and creep using

a factor of 0.5.

The values recommended by BS8110 and HA BD 28/87 were derived from

measurements on concrete structures and where no more detailed analysis of restraint

is to be undertaken these may used in the full design method.

Guidance on restraint under various conditions is also provided in EN1992-3 (Figure
4.15). EN1992-3 has adopted broadly the same approach as BS8007 with regard to

restraint and has included the modification factor for creep. Where these values are

adopted the K; factor for creep should be assumed to be 1.
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Figure 415 Recommended values of restraint given in EN 1992-3

Restraint to movements occur both externally and internally. External restraint can be
complex, arising from continuous edge restraint, end restraint and intermittent
restraint. Internal restraint arises when one part of the freshly placed section expands
or contracts differently to another part of the same section. In very thick sections,
internal restraint tends to dominate, while in thinner sections external restraint is

dominant. In a few situations both types of restraint need to be considered.

When the element geometry is simple an estimate of restraint can be made using
relatively simple methods. However, where the geometry is complex and various forms
of restraint exist, eg a slab subject to both edge restraint and local restraint from core
walls, determining restraint levels is more difficult and reliant on simplifying

assumptions. Local features such as box-outs are also influential in crack generation.
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4.7.2 External edge restraint

The most commonly recognised form of restraint is edge restraint, an example of
which is shown in Figure 4.16. and is represented by conditions A and B in Table 4.10.
This form of restraint is specifically addressed in EN1992-3. A method for estimating
edge restraint was developed by ACI (ACI, 1990) and is described in Appendix Ab5.
This method first estimates restraint at the joint, R}, based on the relative geometry and

stiffness of the new and old concrete according to the equation:

1

Restraint at the joint, R = HAE (4.6)
Ao E,

where

A, cross-sectional area (c.s.a) of the new (restrained) pour

A, c.s.a. of the old (restraining) concrete

E, modulus of elasticity of the new pour concrete

E, modulus of elasticity of the old concrete

© R A

Figure 4.16

Early thermal cracking in the walls of a
box- section tunnel wall

Uncontrol | ed Copy,

R; is then adjusted to take account of the reduction in restraint with distance from the
joint using a chart relating restraint to the length/height ratio of the pour and the height
as shown in Figure 4.17. The original ACI curves have been revised based on more
recent research by Emborg (2003). Comparisons of predicted and measured values of
restraint are given in Appendix A5 and a spreadsheet calculator for external edge
restraint is provided on the CD.
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Figure 4.17 The relationship between restraint and distance from
the joint (Emborg, 2003) including data for a wall with
L/H = 4 (Schleech, 1962)

The relative areas of influence A4, and A,, may be difficult to define. For example, when
a wall is cast onto a slab, what width of slab should be considered as providing effective
restraint? In such circumstances it is recommended that the relative area is assumed to
be in proportion to the relative thicknesses, %, and £,, of the wall and slab. The

following simple rules may be applied:

m  for a wall cast at the edge of a slab assume 4,/4, = h,/h,
m  for a wall cast remote from the edge of a slab assume 4,/4, = h,/2h,,

m  for a slab cast against an existing slab assume 4,/4, = h,/h,

CIRIA R135 (Bamforth and Price, 1997) recommends that when using the ACI
approach to estimate restraint the ratio £,/E, is assumed to be in the range 0.7 to 0.8.

The lower value should be used for conditions in which cool down is most rapid.
End and local restraint

It is important to recognise conditions of end restraint as the way in which cracking
develops, and the resulting crack widths differ significantly from the condition of edge
restraint (Beeby, 1990).This is acknowledged in EN1992-3 which provides different
methods for calculating the design crack width. The essential difference is that when
cracking occurs as a result of end restraint, the crack width is related specifically to the
strength of the concrete and the steel ratio and each crack occurs to its full potential width
before successive cracks occur. Under these conditions the restrained strain is only
significant in relation to whether or not cracking occurs and how many cracks occur. It does

not influence the crack width (Appendix A8 gives more detail of the mechanisms of cracking).

In general, when cracking occurs as a result of end restraint, cracks will be larger than
those that occur due to edge restraint.

End restraint typically occurs in the following situations:

% suspended slab cast between rigid walls or columns
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ground slab cast on piles

the top of an infill wall with a length/height ratio that is sufficiently low so that the
base restraint is not effective at the top

% large area ground slabs cast onto membranes to achieve a low coefficient of friction,

restrained locally, eg by columns, or by a build up of friction when the area is very large.
Internal restraint

Internal restraint is a result of differential temperature changes within an element. It
may lead to both surface cracking and internal cracking that may not be observed from
the surface. The development of cracking due to internal restraint is shown in Figure
4.18. As heating occurs, the surface is subject to tensile stresses as the centre of the pour
gets hotter and expands to a greater extent. At elevated temperature and early-age,
creep is high and the stresses generated are relieved, at least in part. As cooling occurs
there is a stress reversal and the surface cracks generally reduce in width. At the same
time tension is generated at the centre of the pour as it cools more than the surface and

internal cracking may occur.

| Development of surface cracks with time ‘

| HEATING >:

| i | NG |

L .

I
| Tension during heating \

Tension
Development of internal during
cracks with time cooling

| Tension during heating }

| /
Maximum End of cool

temperature down period
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Figure 418 Schematic representation of the development of crack in a massive
element due to temperature differentials assuming no external restraint
(such cracking may occur in both the vertical and horizontal orientation)

Where property data are available for a particular mix, the limiting temperature
differential, AT,,,,, ie the differential at which cracking may occur, can be calculated using
the Equation 3.8 in which with the restraint factor R = 0.42 and assuming K; = 0.65 (for
creep) and K, = 0.8 (for strength reduction due to sustained loading). In a previous
investigation the value of R was determined to be 0.36 (Bamforth, 1982). This value was
derived to match the recommended limiting temperature values with those observed in
practice and based on property data available at the time. The adjustment in R has been
made to maintain these limits with the application of property data from EN1992-1-1.

Guidelines on limiting temperature differentials are presented in Section 7, Table 7.1.
It can be seen that the aggregate selection can have a significant impact.
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Combined internal and external restraint

For internal restraint to cause cracking, differential movement must occur. During
heating, as the core of a thick section heats up and expands more than the surface,
tensile stresses can only be generated in the surface zone if the centre is free to expand.
If the section is restrained externally and the full expansion of the core is prevented,
then the magnitude of tensile strain developed at the surface will also be reduced and
may be eliminated entirely hence the risk of surface cracking due to internal restraint

will be reduced when external restraint exists.

At the centre of the section, however, the internal and external restraint will be
additive, the core of the section now being restrained by both the surface zone and the
external restraint. Hence the risk of internal cracking during cool-down will be

increased, although such cracks may not propagate to the surface.

In situations in which external restraint is effective in preventing deformation it may be
appropriate to allow a relaxation of limiting temperature differentials given in Table 7.1
in proportion to the level of external restraint. However, care should be taken to

ensure that the restraint exists in all directions before such a relaxation is permitted.

Tensile strain capacity, ¢,

The tensile strain capacity ¢, is the maximum strain that the concrete can withstand
without a continuous crack forming. The tensile strain capacity may be measured
directly or derived from measurements of the tensile strength and the elastic modulus
of the concrete (see Appendix A6). In a comprehensive review of data Tasdemir et al,

(1996) developed a simple linear relationship between the ¢, and the ratio of the

ctu

tensile strength f,,, to the elastic modulus E,,, as follows:

cm
et =1.01 (feum/Ecm ) ¥ 107 + 8.4 microstrain (4.7)

Simplifying this equation to &, = f,,,/E,,, has been shown to represent lower bound
values (based on the data presented) and may therefore be used to provide a basis for

design. Using this relationship, values of ¢

. At 28 days have been derived from

estimates given in EN1992-1-1 for tensile strength and elastic modulus for each
strength class. EN1992-1-1 also provides age functions and limited guidance on the
effect of aggregate type and these have been used to generate the three-day and 28
days values of ¢, given in Figure 4.19.

The values apply under conditions of short-term loading. During the early-age thermal
cycle the stresses are sustained. This has two effects on g,,. Firstly, as creep occurs, the
strain capacity increases by a factor of 1/K; But under sustained loading the failure
stress is reduced. The coefficient for sustained loading K, = 0.8 (Section 4.9.2). The net
effect is to increase ¢, by a factor of K,/K; = 1.23 (Appendix A6). The values derived
using EN1992-1-1 have therefore been increased by 23 per cent to account for the
effects of sustained loading and the resulting values for strength class C30/37 are given

in Table 4.7.
The values presented for concretes using aggregate types that are not covered
specifically by EN1992-1-1 have been interpolated on the basis of the elastic modulus of

the aggregate, as described in Appendix A6.

When there is no knowledge of the aggregate the values for concrete using quartzite
aggregate should be used as these are the base values for EN1992-1-1.
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Figure 4.19 \Values of tensile strain capacity at three and 28 days derived using
concrete property estimates from EN1992-1-1

To estimate the strain capacity for other strength classes, the value obtained for class
C30/37 should be multiplied by 0.63 + (f; ;,5,/100) for fi} s, in the range from 20 to

< 60 MPa. For high strength concrete the value obtained for C50/60 should be used.

@

@) Table 4.11 Estimated values of ¢, for strength class C30/37 under

ctu

© sustained short term loading using different aggregate types

>

Iy Estimated &, under sustained loading for

8 strength class C30/37

- Aggregate type

Q Early-age Long-term

—_ 3 days 28 days

o

o Basalt 63 90

c

o) Flint gravel 65 93

(&)

c Quartzite 76 108

)
Granite, gabbro, 75 108
Limestone, dolomite 85 122
Sandstone 108 155
nghtwe|ght aggregate (sintered 115 165
fly ash) with natural sand

4.9 Coefficients and inherent safety factors

The time dependent nature of the processes leading to early thermal cracking requires
that two effects are taken into account, the relaxation of stress due to creep and the
reduction in the tensile strength under a sustained load. These effects are partially self
cancelling when assessing the risk of cracking, with creep being beneficial in reducing
stresses through relaxation but the influence of sustained loading being to reduce the

level of tensile strength at which failure occurs.
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Coefficient for creep, K4

Creep has the effect of reducing the modulus to a lower “effective” value. Over the
period of an early thermal cycle values of creep factor has been found to reduce
stresses by up to 50 per cent (Altoubat and Lange, 2001) while a 35 per cent reduction
may be more typical (Bamforth, 1982, Vitherana et al, 1995).

The creep coefficient K; used to modify the restrained strain is applied as a reduction
factor, hence for a 35 per cent reduction in stress K; = 0.65. This applies to both the
early-age and long-term stresses. At early-age the timescale is short but the concrete is
immature and at elevated temperature, which accelerates creep. In the longer term,
the rate of strain and stress development is much slower but occurs over a longer

period of time.

It should be noted that the single coefficient of K = 0.5 used in the Simplified Method
for estimating crack inducing strain (Equation 3.17) is used to take into account the
effects of creep and the fact that the restraint factor is generally less than 1. Hence K =
K; R. For the condition of continuous edge restraint to which the equation is applied R
is in the range from 0.4 to 0.7, hence K would be expected to be in the range from 0.26

to 0.45. In most cases K will include a significant factor of safety.
Coefficient for sustained loading, K>

Concrete that is maintained under a sustained tensile stress will fail at a load that is
significantly lower than the load that may be sustained in a rapid load test. Under
testing at constant load it has been demonstrated that when the stress exceeds about 80
per cent of the short-term tensile strength, failure may occur (Domone, 1974,
Reinhardt & Rinder, 1998 van Breugel and Lokhorst, 2001) and some risk of failure is
demonstrable at lower stress/strength ratios. Altoubat and Lange (2001) achieved
failure in normal concretes at stress/strength ratios between 0.75 and 0.81 and
Reinhardt & Rinder (1998) have reported data that show failure at a stress/strength
ratio of as low as 0.6.

At early-age a value of K, = 0.8 is recommended.
Inherent safety factors

Due to the complexity of behaviour during the early life of concrete, and the theories
describing early-age thermal cracking, a number of simplifying assumptions are made

as follows:

1 The temperature change 77 , is based on the mid-section temperature and not the
peak temperature in the vicinity of the reinforcement. In relation to the risk of
through cracking resulting from external restraint to contraction, it would be more
appropriate to use the mean temperature through the section as this will determine
the bulk contraction. Assuming that the temperature across a section is about
parabolic, with a peak temperature 7'; and a surface temperature 7, the mean
temperature 7,, may be estimated using the equation:

Tn=T, (T’—;) (4.8)

Depending on the formwork/insulation applied the value of 7';-T will vary and may
be difficult to predict (see, for example Figure 4.3). However, specifications may
include limiting temperature differentials (commonly in the order of 20-30 °C with
permissible values dependent on aggregate type as shown in Table 7,1), so the value
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of T,, may be 7-10 °C below T;. For a T; value of, for example, 40 °C the bulk
thermal contraction of the section may be over-estimated by as much as 20 per cent.
Where plywood formwork is used this temperature differential may be much less
that 20 °C (Table 4.3) and this effect will be less significant.

2 The previously cast element is assumed to remain at the mean ambient
temperature. Some heat transfer will occur at the joint between the new and old
concrete, causing the old concrete to expand and contract to a small extent and
effectively reduce the restraint at the joint. This is taken into account by using the

more rigorous method for estimating restraint, described in Section 4.7.2.

3 Tensile stresses can develop immediately when the concrete starts to cool (this is
again conservative assumption). There is considerable evidence from stress rig
measurements under laboratory conditions that compressive stresses (sometimes in
excess of 1 MPa) may be generated and should be relieved before tensile stresses
develop (Blundell and Bamforth, 1975, Kanstad et al, 2001, van Breugel and
Lokhorst, 2001, van Beek et al, 2001, Pane and Hansen, 2002). A review of these
data indicates that the temperature drop required to relieve the compressive
stresses may vary between 10 and 30 per cent of the temperature drop 7; and is

typically in the range of 2-6 °C.

Where these simplifications deviate significantly this leads to an overestimate of the
magnitude of restrained thermal contraction, the risk of cracking, and the amount of
reinforcement needed to control cracks that do occur. Combining the effects from 1
and 3 above, and taking into account the different temperature differentials achieved
using plywood and steel formwork, it is estimated that a margin of between 15-25 per
cent is built into the estimate of restrained strain when using the full approach.

Tensile strength of concrete, f;

With regard to the design of reinforcement, the time at which cracking occurs is
important as it will influence the tensile strength of the concrete and the value of 4 ;-
In outdoor conditions in the UK, early-age thermal movement is normally the
dominant movement (Hughes, 1971); early-age concrete properties are the appropriate
ones to select. Under indoor conditions, however, long-term shrinkage may be
significant and in such cases the long-term values of the concrete properties should be
used. Also, in hotter drier climates shrinkage is often the dominant movement (Base

and Murray, 1978).

Observations have shown that early-age cracking is most likely to occur within three to
six days (Alexander, 2006). An analysis of elements up to 1 m thick indicates that the
time for the temperature to drop sufficiently to cause cracking under restrained
conditions (15 °C in some concretes with 50 per cent restraint (Bamforth and Price, 1995)
will be between one and four days, and in most sections less than 1 m thick, sufficient
cooling will have occurred within three days (Appendix A10). The three-day value is
proposed for early-age design purposes. For long-term cracking the 28-day value of
mean tensile strength should be used. This has been shown to be a conservatively high
value compared with the in situ strength, and takes account of any continued strength

development beyond 28 days (Appendix A10).

EN1992-1-1 provides an expression relating to the 28-day mean tensile strength, f;. , to
the compressive strength at 28 days and an age function which enables the estimation of
the mean tensile strength f,,,, (¢) at time t in relation to the 28-day value (Appendix A10
on the CD). For the estimation of 4 ,;, , EN1992-1-1 recommends the use of the mean

value of the tensile strength effective at the time that cracking is expected to occur, fy; -
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Jeteff = Jetm Or lower, f,,(¢) if cracking is expected earlier than 28 days.

Values estimated using this approach have been given in Table 3.3 for CEM I. EN1992-
1-1 notes that “The development of tensile strength with time is strongly influenced by curing and
drying conditions as well as the dimensions of the structural members” and that the where the
development of tensile strength is important testing should be carried out. An
assessment of the in situ tensile strength has been carried out using the method of
EN1992-1-1 with modification factors to take account of the following:

% a coefficient of variation of about 18 per cent in test specimens at 20 °C, in
accordance with EN1992-1-1 (based on the 95 per cent fractile being 1.3 times the

mean value)

% n situ effects, including the peak temperature achieved during the early thermal

cycle
% a factor for sustained loading

% a factor to account for the uncertainty of the time at which cracking occurs.
A probabilistic approach has been used which has indicated that the values estimated

using the method of EN1992-1-1 represent values with less than a 1 per cent chance of

being exceeded in situ (Appendix A10).
Estimating the minimum area of reinforcement Ag ,;,

Changes in surface zone

To ensure that cracking occurs in a controlled manner, the minimum area of steel,
Ay i should be exceeded. In order to calculate 4
defined.

s.min @ surface zone of influence is

BS8007 specifies the surface zone of influence of the reinforcement. For walls <500mm
thick, the gross section was used and for thicker sections a 250 mm surface zone was
assumed. For ground slabs the same applied to the top face but the bottom face steel
was reduced to 100 mm except in slabs <300 mm thick, where it was omitted. These

surface zones were used in the calculation of both A (formerly defined as p,,;) and

S, Min

the crack spacing and width.
EN1992-1-1 and EN1992-3 differ significantly from BS8007.

% for the calculation of 4 EN1992-1-1 defines the “surface zone” through the

coefficients k. and % and the area of concrete in tension, 4, (Section 3.1). The

s,min >

surface zone depends on the form of restraint as discussed in Sections 4.11.2 and
4.11.3 for conditions of external and internal restraint respectively

% for calculating crack spacing EN1992-1-1 defines the effective area of concrete in
tension 4, - around the reinforcement to a depth of h ¢, where h,ris 2.5 (c+¢/2)
(Section 3.4). This applies regardless of the condition of restraint.

It is not clear how the mechanics of the system justifies the different values of steel ratio

derived. However, it is assumed that in calibrating the crack spacing and crack width
equations, these values have been used.
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External restraint

The impact of the approach of EN1992-1-1 for calculating 4 ,,;, is most significant for
sections thicker than 800 mm where a much larger “surface zone” is used. Figure 4.20
illustrates the effect of a surface zone as an “area reduction factor” to enable
comparison with the surface zones used by BS8007. In sections up to 800 mm thick
there is little difference but the EN1992-1-1 surface zone or “area of concrete in

tension”, is significantly higher for thicker sections.

700 1.0 -
Revised k = 0.75 0.9 |
600 -| )
0.8 4 Revisedk =0.75
— 500 A 5 ,
£ g 0.7 \
E € 06 EN1992-1-1
@ 400 | 5
§ EN1992-1-1 £ 051
© i =]
g 300 T 04 BS8007
€
5 3 ,
® 200 BS8007 g£o3
0.2 1
100 1
0.1 1
0 | | ; 0.0 | | |
0 500 1000 1500 2000 0 500 1000 1500 2000
Section thickness (mm) Section thickness (mm)

Figure 4.20 Surface zones of influence of reinforcement used to estimate the minimum
reinforcement area, also presented as the area reduction factor, k

The difference is such that in a 1000 mm section, and all other factors being equal, the
minimum amount of steel required by EN1992-1-1 is about 25 per cent more than that
required by BS8007. In thicker sections the difference is even greater. This suggests
that the use of guidelines in BS8007 may have led to insufficient reinforcement in
thicker sections. This assumption is consistent with the authors experience in which
crack widths in thick sections (500-1000 mm) have been in excess of those predicted
using the 250 mm surface zone, even though the concrete has performed predictably in
terms of temperature rise and thermal strain.

A review of the development of the approaches in both BS8007 and EN1992-1-1 has
led to the conclusion that the underlying assumption used in developing the surface
zones, namely that cracking is propagated from the surface, do not apply to thick
sections subject to external restraint. Under these conditions cracking is more likely to
propagate from the centre where the temperature rise and fall is greatest, as illustrated
in Figure 4.21. However it may still be appropriate to use an “area reduction factor” to
replace the values recommended by BS 8007 or EN1992-1-1 but one which more

accurately reflects the nature of cracking under these conditions.
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’ Temperature profile ‘

Cracking propagated

from the centre where
temperature change is
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Figure 421  Development of cracking in an externally restrained, thick section during cooling

This is examined in more detail in Appendix A8 and a design value for k£ of 0.75 has
been derived for sections thicker than 800 mm. This should replace the value of 0.65
given by EN1992-1-1 and be applied in the same way. Two factors were taken into

account in deriving this revised value:

% the temperature varies through the section with the peak temperature 7, used in
the design, occurring only at the centre

% it is assumed that tensile stresses are developed as soon as cooling begins when, in
fact, there is residual compression that needs to be relieved.

The eftect of using the revised value of k for sections thicker than 800 mm is shown in
Figure 4.20.

Internal restraint is dominant

When internal temperature differentials become the dominant form of restraint the
stress distribution may be considered to be the same shape as the temperature profile
through the section. Measurements (Bamforth, 1976) have shown that the temperature
profile approximates to a parabola as shown in Figure 4.22.

. | .
Tension | Compression

: . .
N : ] :
A h I
0.2h Act | §
: 5 Parabolic
Simplified : 1 | temperature profile
Dﬂ N I triangular stress | _.i_._____ T
distribution : I i
! 1 !
: ! :
A
0.2h Act i §
Y o ____ py '

Figure 422  Simplified stress distribution used to determine the coefficient, k., for a
member subjected to a temperature profile

In this stress condition, equilibrium requires that after cracking the tensile force in the
concrete is carried by the reinforcement. The stress distribution in the tensile zone at
the surface is approximately triangular and the coefficient &, (which takes account of

the stress distribution) may be taken as 0.5.
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It would be sensible to adopt a conservative value of £ = 1 as, in this case, the
coefficient k, has already taken account of the self-equilibrating stresses.

With the assumed parabolic distribution shown in Figure 4.22, the tensile zone at the
surface may be about 20 per cent of the thickness (= 0.2h). On this basis, the surface
zones are shown in Figure 4.23 for comparison with the previous requirements of

BS8007. The surface zone (and the estimated value of 4, ;)
estimated using EN1992-1-1 for section thicknesses up to about 1250 mm. For thicker

is significantly lower when

sections. EN1992-1-1 leads to higher values surface zone and A; ,,, -

500
— 400 EN1992-1-1
3
E
@ 300 - BS8007
[e]
N
8 200 -
©
£
>
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0 T T T

0 500 1000 1500 2000
Section thickness (mm)

Figure 423  Surface zones used in estimating A ,;, in sections
that are dominated by internal restraint

The steel ratio used in calculating crack spacing, pg ¢ff

The crack spacing predicted using EN1992-1-1 is generally in the order of 20—40 per
cent lower than predicted using BS8007. This is due to the difference in the surface
zones used in the calculation of the steel ratio. EN1992-1-1 derives p;, i using the
effective area of concrete in tension surrounding the reinforcement A4, ¢ based on the
surface zone to a depth of &, ,r = 2.5 (¢ + ¢/2), while the surface zone used by BS8007
is h/2 or 250 mm whichever is smaller. Consider a 500 mm thick wall. With a typical
cover depth of 40 mm and using 20 mm diameter bars, %, ,, = 125 mm, only half the
value of 250 mm used by BS8007. As the value of p;, , is inversely proportional to h, ¢
the use of a lower value by EN1992-1-1 will result in the steel ratio p,, . being double
the value used by BS8007, thus halving the value of the second term in Equation 3.13.
While this is partially offset by the first term which is related to cover, the effect is for
values of early-age crack spacing estimated using EN1992-1-1 to be 20—40 per cent
lower than values estimated using BS8007 and hence for the estimated crack width (see
Section 3.5.2) to be lower also. With no other changes this would lead to a significant

reduction in crack control reinforcement compared with that currently used.

Observations of early-age cracking suggest that the requirements of BS8007, while
having been generally applicable, have occasionally led to crack spacing and crack
widths in excess of those predicted and on this basis it would be unsafe to adopt a
design that significantly reduces the current reinforcement requirements. Other factors
have therefore been investigated to determine which factors may be most influential, in

particular k; (Section 4.13).
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The ratio of tensile strength to bond strength f,/fy,

The steel ratio required to achieve a design crack width is directly proportional to the
ratio of the tensile strength of the concrete to the steel concrete bond strength f,,/f;, . In
a study of the effect of reinforcement on cracking in high strength concrete (Sule,
2003) a range of strength classes were investigated at various ages. The results shown in
Figure 4.24 have been derived for a bond slip of 0.05 mm. This would be consistent
with the slip required to cause a 0.1 mm crack, assuming 0.05 mm deformation of the

concrete on either side of the crack.
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Figure 4.24  The ratio f/f, in relation to cube strength and age

EN1992-1-1 adopts a single value of k; = 0.8 for high bond bars. However, in
reviewing the designers guide to EN1992-1-1 (Naryanan and Beeby, 2005) to
understand the development of the expression in EN1992-1-1 for calculating the
design crack spacing (Equation 3.13) it has become apparent that the factor k; not only
accounts for the relationship between tensile strength and bond, but also the difference
between the minimum and the mean crack spacing (Appendix A8) this being a factor of
1.33 (Beeby, 1990). On this basis it may be inferred that the ratio f,/f; is 0.8/1.33 = 0.6.
This is lower than the value of 0.67 used in BS8007 but based on recent research data
(Sule, 2003) shown in Figure 4.24, this value may be applied safely to all strength
classes.

The results in Figure 4.24 indicates that f,/f;, reduces with an increase in strength while
EN1992-1-1 assumes the same value for k; regardless of strength class and will provide

an additional margin for safety in higher strength concretes.

This is an area where additional research is required. With confirmation of the results
in Figure 4.24, the ratio of f/f;, (and hence k; = 1.33 f,/f;) may be reduced according
to the following expressions:

k1= 0.8-0.0054 fekcube 4.9)

The above values all assume good bond around the full perimeter of the bar and data
supporting these factors have been derived from laboratory specimens in which this
may be achieved. However, in practice full bond is sometimes difficult to achieve. For
example, a common occurrence is for bleed water to be trapped below the
reinforcement reducing the effective bond over the lower part of the bar. If good bond

cannot be guaranteed, EN1992-1-1 proposes a reduction factor of 0.7.
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With regard to the appropriate value of k; for use in design to control early-age
thermal cracking, observations indicate that the proposed value of 0.8, when used in
combination with the effective increase in steel ratio (Section 4.12), may lead to
insufficient reinforcement to achieve target crack widths. It is therefore proposed that
k; should be increased to 0.8/0.7 = 1.14 until sufficient experience has been gained
with the application of the approach of EN1992-1-1 to early-age thermal cracking to
enable this value to be reduced.
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5 Application of the designh process using
worked examples

There are three particular conditions that are dealt with through the design process:

% a member subject to continuous (external) edge restraint
% a member subject to (external) end restraint

% a member subject to (internal) restraint due to temperature differentials within the
member.

A worked example is provided for each of these conditions which follows the design
process described in Chapter 3 and is illustrated in Figure 3.2. The full method is used,
with default values being applied when specific data are unavailable.

< The process begins with a clear definition of the total allowable crack width and the

nd amount that will be acceptable as a result of early-age effects and long-term effects. The

O likelihood and extent of cracking is then assessed both at early-age and at late life and

o the reinforcement is checked or selected to ensure that there is sufficient steel to
control cracking and to achieve acceptable crack widths.

>

§' As discussed in Section 2.2, while long-term temperature changes and shrinkage may
result in an increase in crack width, it is not common practice to add early-age crack

8 widths to those arising from structural loading, with no apparent detriment to

— structural performance.
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Example 1: Retaining wall on a rigid foundation
(continuous edge restraint)

The retaining wall is 4 m high x 0.5m thick cast onto a rigid foundation 0.8 m deep

and 2.85 m wide. The wall is cast in 12 m lengths. The specified strength class is
C30/37. A binder containing 30 per cent fly ash (CEM IIB) is specified. The pressure
gradient across the lower part of the wall is 4/0.5 = 8 the permissible crack width is

0.18 mm (Figure 2.2). The cover is 40 mm. The construction programme is unknown

and summer concreting is assumed. Also no limits are placed on pour sequence, type of

formwork or insulation/cooling measures.

Parameter Value Equations and assumptions Source
Early-age
Binder content = 365 kg/m3 for C30/37 and
Table 4.2
30% fly ash ave
< Temperature drop T, 27 °C
500 mm section cast using 18 mm plywood )
nd Figure 4.7
formwork (worst case)
O
Coefficient of thermal . . .
© . 12 ug/°C | No information on aggregate. Default value used | Section 4.5
expansion o
>
o Autogenous shrinkage 15 ue 3-day value for C30/37 Section 4.6.1
- I Ao =2.85x 0.8 =2.262
bep) Ri=——FF+ Section 4.7.2
Restraint at the joint 0.62 / An En A,=0.5x%x 4=2m?2
- T Equation 4.6
— Ao Eo E,/E,=0.7
o
S
o
g Restraint at the top 0.18 L/H = 3 hence R at top of wall is 0.3 Rj Figure 4.17
(&]
<
-] Creep coefficient, K 0.65 Section 4.9.1
<
Early-age restrained g =K{la, T1 + &,]R
8 y & 136 pus | T e Section 3.2.1
~ strain, & = 0.65{[12 x 27 + 15]}0.62
~~
8 Tensile strain capacity, 76 s No information on aggregate type. Assume Section 4.8
~ Ectu a quartzite ’
=
Test fi ly-i
c:ckzrgear y-age &> &gy Cracking predicted Section 3.2.1
E.
1 Early-age crack- .05 —136 - 05 76 .
inducing strain, &, 9 ue | &r=2¢-0.5 6y - x Equation 3.5
o
k,=0.9 Table 3.1
Equation 3.12 k=1 Table 3.1
Minimum area of As,min = kek Act Jem(® Ay = area to depth h/2 | Table 3.1
reinforcement per 780 mm2 Sy | =250 mm
~ face, Ag min fetm(t) = 1.73 MPa Table 3.2
E fy = 500 MPa
.. Perit = 0.00347
2
o Select steel required to achlgve 16 mm bars at 225 mm centres provides
o As min OF Structural steel, whichever _
S Asym,-n = 894 mm?2
© is greater
q) _______________________________________________________________________________________________
(2}
c
(¢}
et CIRIA C660 79
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c=40 mm Specified
Equation 3.13 k=114 Section 4.13
¢ =16 mm Specified
Crack spacing 1177 mm Ppet =As/ Ac.crr Section 3.4
A erf = area to depth of | Section 3.4
heer = 25 (c+p/2) =
120 mm
W, =S &,
Early-age crack width | 0.12 mm K pmax er

=1177 x 99 x 106 mm

Long-term

The element is subject to continuous edge restraint and the crack pattern is assumed to form at

early-age. The long-term restrained contraction will cause the crack widths to increase.

Long-term temperature

The foundation is buried and will respond to

change, T, 20 °C | ambient conditions, but slower than wall. T, will | Section 4.3
12 be assumed as 20-10 °C for summer casting
Autogenous shrinkage 33 ue 28-day value for C30/37 Section 4.6.1
Strength class C30/37. Assumed mean relative
Drying shrinkage 100 ue | humidity = 90% (85% relative humidity on the Section 4.6.2
exposed face and 100% rh on the wet face).
Tensile strain No inf ti te type. A:
. 109 ue oin c.>rma ion on aggregate type. Assume Section 4.8
capacity, &y, quartzite
g =Kifa Ty + et Ry +a. ToRy + 64 R3}-0.5
Total crack-induci &
ota' crack-inducing 207 s ctu Section 3.2.1
strain ={0.65 (12 x 27 + 33} 0.62+ 12 x 20 x 0.62 +
100 x 0.62} - 0.5 x 109
As the cracks will have
Wi = Sr,max Eer
Long-term crack width | 0.27 mm formed at early-age, the
g ’ =1177 x 227 x same crack spacing will
106 mm

apply

In this case there is insufficient steel to achieve the design crack of 0.18 mm in the long-term. To
achieve this requires 20 mm bars at 175 mm centres with an area of 1795 mm2. This also exceeds the
requirement for Ag ., = 1303 mm?2 for new cracks which may form in the long-term based on f,(28)

= 2.9 MPa.
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Example 2: Suspended slab cast between core wall and
columns (end restraint)

The slab is 300 mm thick and spans between columns and a core wall. The specified
strength class is C30/37. The service environment will be benign (XCO) as the slab will
be in a controlled internal environment. However, the soffit of the slab will be visible in
some areas. The specified cover to the reinforcement in the direction of restraint is 30
mm and the design crack width is 0.3 mm. The soffit formwork is plywood. The

construction programme is unknown and summer concreting is assumed.

For the condition of end restraint, while the magnitude of restrained strain will
determine whether or not cracking occurs, the crack width is determined by the tensile
strength of the concrete immediately prior to cracking and the resulting stress
transferred to the reinforcement.

Parameter Value Equations and Assumptions Source
EARLY-AGE
CEM | is assumed The default cement content is Table 4.2
340 kg/m3 for strength class C30/37
Temperature drop T 23 °C The surface will be un-insulated. T, is estimated
by applying a factor of 1.3 to the thickness of wall Figure 4.5

and assuming steel formwork, hence 300 x 1.3 =
390 mm.

Coefficient of thermal

) 12 ug/°C | No information on aggregate. Default value used | Section 4.5
expansion a,

Autogenous shrinkage 15 ue 3-day value for C30/37 Section 4.6.1
Restraint 0.4 Assumed to be the upper end of the range for Table 4.10
suspended slabs
Creep coefficient, Ky 0.65 Section 4.9.1
Early-age restrained & = Kq{log T1 + €5]R
y g 76 ue ro e T Rea Section 3.2.1
strain, &, = 0.65{[12 x 23 + 15]}0.4
Tensile strain capacity, 76 ue No inf(?rmation on aggregate type. Assume Section 4.8
Ectu quartzite
The estimated restrained
Test for early-age strain is about equal to
or early-ag S _ 9 Section 3.2.1
cracking the strain capacity and
cracking is possible.
Equation 3.12 ke=1 Table 3.1
k=1 Table 3.1
M',”'fm”m aref' of S35 mm A, = area to depth h/2 = | Table 3.1
reinforcement per ot m
P mm As,min=kck Act ft (t) 150 mm
face, Ag min Sy
fetm(t) = 1.73 MPa Table 3.2
fiy = 500 MPa

If the minimum area of steel consistent with Ag i, is used, the stress in the steel after cracking would
be expected to be close to the yield stress, f,, = 500 MPa. It is not normal practice to design the
reinforcement to operate at this high level of stress as this would lead to very wide cracks. In this case
A would be expected to be significantly higher than Ag i, -

i . 1
Area of reinforcement 1149 mm2 A, > As,mm hence 6 mm bars
per m on each face, Ag cracking controlled | 175 mm centres
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Equation 3.13 c=30mm Specified
k=114 Section 4.13
Snmax = 3.4c +0.425 1€ | 1
pref | =16 mm Specified
Crack spacing 552 mm (Note: This crack Pp,eff =As/Ac,eff Section 3.4
spacing only applies _ .
when the crack pattern Ageff = area to depth of Section 3.4
is fully developed) heer=2.5(c +¢/2) =
95 mm
ke=1 Table 3.1
k=1 Table 3.1
Equation 3.16 feim(3) = 1.73 MPa Table 3.2
Crack inducing strain, E; = 200 MPa
596 mm | o.S5uekekfomt) P ’
Ecr ot | ap a,=71
p=AsAx
A = area to depth h/2 =
150 mm
Early-age crack width | 0.44 mm Wk = Srmax €cr

LONG-TERM

The concrete is in an internal environment at relatively low relative humidity (60 per cent). Assuming
that the slab can dry from the soffit only, being sealed on the top surface by flooring material, the long-
term shrinkage is estimated to be about 290 microstrain and cracking may be expected in the long-
term. The element is subject to end restraint and the cracks will develop progressively. As the crack
width is related to the tensile strength of the concrete, cracks that occur in the long-term will be wider
than early age cracks.

ke=1 Table 3.1
k=1 Table 3.1
Equation 3.16 feim(28) = 2.9 MPa Table 3.2
Crack inducing strain, o= I0ekekfem@)f 1| E =200 MPa
1208 Hue Es aep ’
Eer a,=6.1
p=As/Ax
A = area to depth h/2 =
150 mm
Long-term crack width | 0.74 mm Wk = Srmax €cr

The crack width of 0.44 mm is significantly higher than specified even if cracking occurs at early-age
when the tensile strength is low. Cracks occurring in the long-term would be more than double the
allowable crack width.

In this case taking measures to reduce the restrained strain will only be effective if cracking is avoided
altogether. Any cracks that occur will achieve the width calculated.

If cracking cannot be avoided then the steel would have to be increased to 20 mm bars at 150 mm
centres. This is a substantial increase from 1149 mm?2 per face/m to 2094 mm?2 per face/m to 2094
mm?2 per face/m. This will lead to estimated crack widths of 0.19 mm at early-age and 0.32 mm in the
long-term.

In this case it would be most appropriate to plan the construction of the slab to avoid significant end
restraints. It should be noted that the assumed level of restraint is unliklely to be achieved in practice.
However, this example demonstrates the significant difference in crack width that may occur under
conditions of end restraint, and the importance of recognising the restraint condition that exists when
designing crack control steel.
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Example 3: Massive raft foundation (internal restraint)

The raft is 2.5 m thick and 30 m square. The specified strength class is C30/37 and 65
per cent ggbs (CEM is specified to reduce early temperature rise). The specified cover

is 50 mm. The raft is cast directly onto blinding. The limiting crack width is 0.3 mm.

The construction programme requires early access to the surface of the slab and

insulation to reduce temperature differentials may be impractical.

In this case the principal concern is with cracking caused by temperature differentials.

The raft is sufficiently thick that external restraint is unlikely to be sufficient to restrain

the bulk expansion and contraction of the massive slab.

Parameter Value Equations and Assumptions Source
< EARLY-AGE ONLY
0 The binder content for Table 4.2
@) 2500 the C30/37 concrete
2000 using 65 % ggbs is
@ = assumed to be 385
E 1500
a kg/m3
g Temperature o £ 1000
P . ) 46 °C g Thermal model used to Appendix A2
Q. differential E o a0 i )
8 estimate temperature rise
0 and maximum
0 10 20 30 40 50 60 70
8 Temperature (°C) temperature differential.
_ The wind speed assumed
—_ to be 4 m/s.
o
= Coefficient of thermal ) ) )
‘E’ ) 12 ue/°C | No information on aggregate. Default value used Section 4.5
expansion, o,
o
(&]
Autogenous shrinkage may be ignored as it will
5 Autogenous g ] g y g. ) Section
) 0 occur uniformly through the section and will not
shrinkage ) A ) 4.6.1
- contribute to strain differentials.
N~
8 Early-age restrained 151 Equation 3.7 R=0.42 Section 4.7.4
N strain, , B e =K1ATa R K, =0.65 Section 4.9.1
~~
3
Tensile strain No information on aggregate type. Assume value for
~ . 76 ue ) geres P Section 4.8
S capacity, &y, quartzite aggregate.
- Test for early-age
o) ) y-ag &> &gy Cracking predicted Section 3.2.1
- cracking
-
Crack inducing
e strain, &, LB pe | eor= e~ 05 Eay
% Equation 3.12 k.=0.5 Table 3.1
k=1 Table 3.1
M|ln|mum area of fetm(t) | Act = area to depth 0.2h | Table 3.1
reinforcement per 866 mm?2 | As,min = kck Act ——=| _
) =500 mm
3 face, Ag min Sy
% fom(t) = 1.73 MPa Table 3.2
fiy = 500 MPa
2
o Select steel required to achieve, | 15 1m bars at 225 mm centres provides
(@] As min OF structural steel,
i ) Ag = 894 mm?
Lo} whichever is greater
q) ________________________________________________________________________________________________
(2}
c
(¢}
et CIRIA C660 83
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Crack spacing

1053 mm

Equation 3.13

¢ =16 mm

pp,eff = As/Ac,eff
Acefr = area to depth hg ¢
=25 (c+ ¢/2)= 145 mm

Specified
Section 4.13
Specified
Section 3.4
Section 3.4

Early-age crack width

0.16 mm

Wik = Sr,max €cr

The crack width is below the specified value and would be expected to close as the section cools.
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6.1

CIRIA C660

Measures to mitigate cracking and
minimise crack widths

Planning pour sizes and construction sequence

The reduction of restraint is one of the most economic methods of reducing the risk of
early-age thermal cracking and this can be achieved through the sequence and timing
of the construction. This applies not only to the sequence of casting the bays or slabs
(“alternate bay” or “sequential” construction) but also to the timing of successive bays or
lifts. For example, by always ensuring a free end, “sequential” construction produces
less restraint than “alternate bay” construction. However, if the joints at the ends of the
bay being cast are full movement joints, the order of construction makes no practical

difference to the restraint.
With regard to the delay between adjacent bays or lifts, the following general rules apply:

1 The time between adjacent strips or lifts should be minimised as the principal
restraint acts along the direction of the joint (Figure 6.1a). If the previous pour is still
warm, the temperature (and the strain) differentials between new and old concrete
will be minimised as the two pours contract together. If insulation is being used,
maintaining the insulation for as long as is practically possible on previously cast
concrete is advantageous. There is some limited evidence to show that in massive wall
construction, casting a kicker about 1.5 m high within 24 hours of casting the base is
of help. As this kicker is less rigid than the base, restraint is reduced. By insulating this
kicker when the wall is cast, the heat which has flowed into the kicker is retained, and
the temperature difference between the sections is reduced. However the cost of this
extra operation casts doubt on whether it is a cost-effective solution.

2 The time between end-on elements should be maximised as the principal restraint
acts perpendicular to the joint. (Figure 6.1b). This eliminates contractions in the old

pour prior to casting the new element.

Plan for bays or

elevation for lifts
S ® Max. Restraint
@ Max.R
@ ) Plan for bays

(@) (b)
Minimise time between adjacent Maximise time between
bays or successive lifts adjacent bays

Figure 6.1 Pour configuration as it affects restraint and delay between casting adjacent
bays
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3 To avoid excessive restraint in either direction the preferred shape for a given
volume of concrete is as close to square as possible.

4 If a source of local high restraint falls within the area of the proposed pour, it may
be prudent to introduce a construction joint close to it. The gap, to be filled once
the large pour has fully contracted, should be as small as practically possible.

In relation to restraint, it is also important to recognise the following:

% in very thick sections, external restraint is likely to be much less significant, as large
forces can be generated even though the concrete may be relatively young. In this
case, cracking is more likely to result from internal restraints caused by temperature

differentials, and the use of insulation is most effective in these circumstances

% in sections which are relatively thin, and cast against existing mature concrete,
external restraint will be predominant. The influence of internal restraints are
diminished as the external restraint prevents differential internal strains
developing. A relaxation of limits on temperature differentials may be achieved

when external restraint is high.

In practice both internal and external restraint exist simultaneously, although in many
cases one is predominant. Where combined restraints exist, the effects are
superimposed (Bamforth and Grace, 1988) as shown in Figure 6.2 for a thick wall cast
onto a rigid foundation. This demonstrates the difficulty in predicting restraints, and
the level of simplification which has been adopted by BS8007, R91 (CIRIA, 1992) and
EN1992-3. It is recommended that where external restraint exists, the need to
minimise differential temperature using insulation should be carefully considered as
such action may increase the risk of through cracking.

(R

Walt
Thickness l

| %4

—

=S

Surface Centre

(
I
:
|
|
|
|
\

A 7

(a) External Base (b) internal Restraint (c) Internal Restraint {d) Combined Restraint
Restraint from Vertical from Temperature by Superposition
Dependent on Temperature Variation through of (a), (b} & {c)
Length / Height Variation Thickness of Wall
Ratio

Figure 6.2 The superposition of internal and external restraint (Bamforth and Grace,
1988)

Each case should be considered separately, because of the inherent complexity of the
problem. However, the following guidelines may be followed:

1 For elements of large cross-section, where external restraint is low, steps should be

taken to limit temperature differentials as defined in Table 7.1.
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2 For thin elements (<500 mm) subject to high external restraint, temperature
differential limits in excess of those given in Table 7.1 may be tolerated, subject to
an analysis of the likelihood and/or extent of cracking.

6.2 Movement joints

With regard to the provision of movement joints in liquid retaining structures,
EN1992-3 recommends their use when “effective and economic means cannot otherwise be
taken to limit cracking”. These will have the effect of reducing restraints. Annex N of

EN1993-2 offers two options for control:

% design for full restraint with no movement joints

% design for free movement to achieve minimum restraint.

On this basis it would appear that the option for partial contraction joints has been
excluded. For minimum restraint EN1992-3 recommends that free contraction joints
are spaced at 5 m or 1.5 times the wall height, whichever is greater. This is similar to
the natural crack spacing of a wall which has less steel than A; ,,;,, , for which EN1992-1-

1 gives a value of 1.3 times the height.

Movement joints may require maintenance and any initial savings on reinforcement

have to be balanced against possible increased maintenance costs. EN1993-2 highlights

© CIR A

the fact that sealants used in joints may have a considerably shorter life than that
expected of the structures and joints should be constructed so that the sealant can be

inspected and repaired or renewed if necessary.

There are two basic types of movement joints: expansion joints (which allow both
expansion and contraction), and contraction joints (which only allow contraction).
Contraction joints subdivide into free contraction joints and partial contraction joints
(BS8007). The restraint at expansion joints and free contraction joints is zero, as
required by EN1992-3, but at partial contraction joints the continuity of some or all of

the reinforcement results in some restraint at the joint. An expansion joint (Figure 6.3)

Uncontrol | ed Copy,

includes a compressible layer between the concrete sections. The reinforcement is not
continuous through the joint and, where necessary, the joint is sealed to prevent
leakage or seepage.

'::l—Sealing compound
| I

O o ) (@)

Filler board ———
O—I—O.,_ Expansion type
inui ter b
No continuity of steel water bar

o\ o e o |
[ ]

Figure 6.3 Expansion joint detail
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Both full and partial contraction joints can be formed against stop-ends or induced
within a section (Figure 6.4). A full contraction joint has no continuity of reinforcement
through the joint and, as its name implies, is used in situations where free contraction
of the concrete is required. Of the two methods of forming a free contraction joint, the
induced technique has the major advantage of giving the contractor more scope for

efficient construction so that a number of successive bays can be cast in one operation.

With full steel continuity, and assuming that the current crack control theory for
thermal cracks is correct, the crack widths at the partial contraction joint with full
continuity of steel would be expected to be no wider than elsewhere in the section.
Some site data confirm this deduction (Redhead, 1979). While movement is limited it is
beneficial to control where the cracks occur so that appropriate measures to seal them
can be made. However, if this approach is adopted the steel should be at a level such
that the crack spacing is consistent with the joint spacing, otherwise cracks may occur
between the joints.

A partial contraction joint with some steel continuity but with the area of steel ratio less
than 4; ,;, would be expected to give an uncontrolled crack (see Section 3.3). The
reinforcement in this uncontrolled crack depends on the sealing compound for its
corrosion protection and experience with joints casts doubt on the adequacy of this
protection (ACI, 1980). As shear transfer can be achieved by filling the crack inducing

pipes in a full contraction joint, or with corrosion resistant dowel bars, there may be

© CIR A

little need to have any continuity of reinforcement across the joint, except where the
joint is required to resist tensile forces. Tests have shown that the technique of inducing
cracks to form partial contraction joints is successful, even with full continuity of
reinforcement (Base and Murray, 1978).

EN1992-3 states “a moderate amount of reinforcement is provided sufficient to transmit any
movements lo the adjacent joint”, hence the use of continuily with less than Ay,,;, is still

permitted”, the use of continuity with less than A is still permitted. However, the

S, min
example in Figure 5.1 of BS 8007 shows a 50 per cent continuity. If partial contraction
joints are used, it is recommended that the joint has a reinforcement level of at least

Ay i, but significantly less than full continuity.
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Full contraction joint, no steel continuity Partial contraction joint, some

continuity of reinforcement

L_._—|7893|ing compound L_._-l—SeaIing compound
[

o 5 o O O O O

‘ .‘— Water bar

N o

Water bar
Q @) O O @) @)

1 [ [

M I /

Formed against a stop-end and requiring little joint preparation

Q

0O ) O O O

Sealing compound | }Sealing compound
] [ 1 I
O O
PVC pipe (can be

“— grouted for shear)
Water bar
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Cracks induced using water bars, separator plates or PVC pipes. The latter may be grouted to provide a shear key
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Sealing compound | }Sealing compound
[
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. _ Steel or plastic
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water bar PVC pipe Water bar
0 o 0 e | /o 0
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Figure 6.4 Full and partial contraction joint details

To determine the theoretical restraint factor in walls with full continuity of
reinforcement, it is prudent to ignore the existence of the partial contraction joints and
to use the distance between full contraction joints in determining the length/height
ratio (Section 4.7.2).

In a few structures such as nuclear plants or radiation shields, cracks are highly
undesirable. The French nuclear industry, as a cost-effective alternative to post-cooling,
developed a system whereby grouting ducts were cast into the thick wall units at
positions where cracks were likely to occur and where they were likely to be widest.
These grout pipes act as crack inducers to ensure that the cracks occur at defined
locations and when the crack has occurred it is relatively easy to grout the ducts.
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Additional measures to cool the concrete

Opinions differ on the need to reduce or restrict the concrete placing temperature.
With regard to the risk of early thermal cracking, it is recognised that a lower placing
temperature is beneficial (Section 4.2.1). The most obvious benefit is the direct
reduction in 7'; but other advantages include:

% a slower rate of workability loss
% longer stiffening time

% aslower rate of heat generation and a reduced temperature rise as shown in all but

very thick sections.

There are various methods available for achieving a reduced mix temperature,
including reductions in the temperature of the mix constituents, the use of ice in the
mix water and the use of liquid nitrogen to cool the mix immediately prior to placing.
Spraying the formwork with water before commencing concrete placement or

commencing concreting in the late afternoon are also beneficial.

The concrete may also be cooled in situ by the use of embedded cooling pipes.
Pre-cooling the constituent materials

The most common method for cooling the mix involves cooling one or all of the
individual mix constituents. This can be achieved with relatively simple and cheap

techniques including:

shading the aggregate stockpiles from the direct rays of the sun
controlled sprinkling of the aggregate stockpiles

burying water supply pipes

painting all exposed pipes and tanks white

%
%
%
%
% cooling the mix water using ice

% cooling the aggregate using liquid nitrogen (LN2). This process has been used in
Japan (Kurita et al, 1990) to cool sand to -140 °C and achieve a reduction in mix

temperature of about 10 °C.

As the aggregate comprises the largest single component of the mix, cooling the
aggregate will have the greatest effect on the concrete mix (except where ice is used).

Other more extreme measures include immersion in tanks of chilled water, spraying
chilled water on aggregate on a slow moving belt, or blowing chilled air through the
stockpiles (ACI, 1984). When the aggregates are cooled with water, this water should be
taken into account during batching, by adjustment to the added mix water.

While the aggregate constitutes the greatest mass in the mix, the water has the greatest
heat capacity, and hence cooling efficiency. The specific heat of water is about five times
that of the aggregate and cement (4.18 kJ/kgK compared with 0.8 k]J/kgK respectively).
In addition, water is much easier to cool and the temperature can be controlled more
accurately. As it is practical to cool water to about 2 °C this is a very effective method of
cooling the mix.

For very effective cooling, ice can be used. The latent heat of ice is 334 kJ/kg, and the

heat absorbed by 1 kg of melting ice is equivalent to cooling 1 kg of water through

about 80 °C or 1 kg of aggregate through 445 °C. Hence, a relatively small volume of
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ice can have a significant cooling effect. Ice is usually added to the mix in the form of
crushed or shaved ice as it is important to avoid incorporating larger fragments of ice
that melt slowly leading to the formation of voids in the hardened concrete. To obtain
an indication of the requirements for cooling the individual mix constituents, the
following general rules may be applied (Nambiar et al 1984). To cool the concrete by 1 °C

requires that:

1 The aggregate is cooled by 3 °C.
2 The mixing water is cooled by 7 °C.

3 7kgs of mixing water is replaced by ice.

A nomogram illustrating the effect of cooling the various mix constituents is given in
Figure 6.5. This has been developed for a specific mix to provide a rapid means for
identifying what steps are needed in specific cases. The nomogram is based on the
simple method of mixture as follows:

0.75(TcMc+TaMa)+4. 18TwMw — 334 Mi
0.75( Mt Ma)+4.18(Mw + M)

where T is temperature, °C and M is mass, kg/m® and the subscripts c, a, w and i

Concrete temperature = 6.1)

represent cement, aggregate, water and ice.

Fresh Concrete Temperature Chart

Coarse Agyregate
Temp °C
45— 0 10 20 30 40 50
For mix with, w/c = 0.5
cement content = 370 kg/m* 40—
35—

Sand Temp °C
[
o
|

Concrete Temp °C
fEessanEn 4

Figure 6.5 Nomogram for estimating concrete mix temperatures

Where greater accuracy is required for a mix of different proportions, Equation 6.1 can
be used.

One of the major considerations in using techniques to control the mix constituents is
that much of the benefit may be lost if there is a long transportation time or delays in
placing the concrete. It is the temperature of the concrete when placed that is
important in determining the rate of heat generation and peak temperature rise, not
the temperature at mixing. In selecting measures to achieve a particular placing

temperature, the increase in temperature between mixing and placing should be noted.
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Cooling of the fresh concrete before placing

Developments with the use of liquid nitrogen (LN2) now enable the mixed concrete to
be cooled on site. The method involves spraying a mist of LN2 (which has a boiling
point of 77 K (-196 °C) into the mixer at a controlled rate. This is achieved with a
customised lance which is inserted into a mixer truck (Figure 6.6).

Figure 6.6 The use of liquid nitrogen to cool concrete on site immediately before placing

The latent heat of boiling of the LN2 is 199 k]J/kg, about 60 per cent of that of melting
ice. With 100 per cent efficiency (and ignoring the subsequent heating of the gas which
escapes rapidly to the atmosphere) about 12 kg of LN2 is needed to cool 1 m? of
concrete by 1 °C. In practice, the efficiency is not much less than 100 per cent. During
construction of an X-Ray facility for Maidstone Hospital (Robbins, 1991) about 1 tonne
of LN2 was used to cool a 6 m? mixer load through about 13 °C. This is equivalent to
about 13 kg of LN2 per °C change in temperature per m? of concrete (or 16 litres/°C/m3).
A similar rate of consumption of 15 litres/°C/m? was recorded during construction of
the Faro Bridges in Denmark (Henriksen, 1983). As the cooling is achieved
immediately prior to placing the concrete, concerns about the concrete warming up

during transportation are avoided.
In situ cooling

There are two approaches to the cooling of placed concrete: casting a network of
cooling pipes within the core of the pour, or attempting to reduce the core temperature
rise by surface cooling with water. Either method may be appropriate when the
specification prevents the use of concrete with low heat generating characteristics.

An embedded cooling system has the advantage that it can be designed to
accommodate any mix type but the system needs to be an integral part of the design.
Pumping chilled water or air through these pipes absorbs the heat of hydration of the
binder materials and thereby reduces the temperature rise. The system should be
designed to remove heat at the required rate without inducing excessive internal
temperature differentials. For this reason, plastic pipes may be preferred to metal pipes
as the heat flow into the coolant is limited by the conductivity of the pipe itself.
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A method for designing a cooling system is given in ACI Report 207.IR-35 (1984).
Typical pipe spacings are likely to be of the order of 1 m in large volume pours with
relatively low heat generating capacity. In elements cast using high grade structural

concrete, closer spacing, of the order of 400-500 mm may be necessary.

The location of internal cooling pipes is unlikely to coincide with the reinforcement, as
the latter is usually concentrated near the surface. However, there may need to be some
collaboration between the designer and the contractor when this approach is adopted.
This technique is often used to construct water retaining structures. For example, in
Germany, a rain water reservoir was cast as a single element using this technique to
control the thermal stresses (Anon, 1982). The 2 m thick base (plan area 27.4 x 28.2 m)
and the 1.2 m thick 12 m high walls were continuously cast (1100 m? of concrete) over

a 32 hour period, to avoid joints which were prohibited by the specification.

Due to the costs involved (pipes, pumps, refrigeration plant and labour etc), this system
should not be applied without giving careful thought to alternative methods. It is also

necessary to consider any potential durability problems with the embedded pipes.

The virtues or otherwise of cooling the surface of a concrete pour or the formwork with
either ponded or continuously sprayed water depend on the formwork type, section
thickness and the source of restraint. Obviously, it makes little sense to spray the back
of formwork which effectively insulates the section. Spraying is normally used in
conjunction with a formwork material that has poor insulation qualities. Keeping the
surface cool can reduce the temperature rise of the core, but as the section thickness
increases to more than about 500 mm the core temperature is unaffected, and internal
restraint may be developed.

Application of cooling techniques

These practices to cool the fresh concrete are more commonly used in climates that are
hotter than the UK. In the UK very few producers have installed the equipment
needed for these techniques and in most cases, they are unlikely to be cost-effective.
However, there are situations where it may be needed technically or as a cost-effective
option on a large project. In these situations, it is better to specify the maximum
concrete placing temperature required (with a note reminding the producer that this is
likely to require the application of special techniques) than to specify the method. One
should also check the producer’s proposals for achieving the specification and make

arrangements for checking the temperature of concrete at delivery.
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7 Specification, testing and monitoring

71 Specification

Limiting crack widths is a routine part of the specification for reinforced concrete. To
control the width of early-age thermal cracking it is also common to specify allowable
limits on the centreline peak temperature, 7}, and on temperature differentials AT,

during the post construction period. Typical limits may be specified as follows:

% the max temperature at any point within the pour shall not exceed [.......... ]
(commonly 70 °C)

%  the max temperature differential within a single pour shall not exceed [.......... ]
(commonly 20 °C)
% the max value of mean temperatures between adjacent elements cast at the same

time shall not exceed [.......... ] (commonly 20 °C)

% the max value of mean temperatures between adjacent element cast at different

times shall not exceed [.......... ] (commonly 15 °C).

© CIR A

This is a simplistic approach, as the object is to limit restrained thermal strain, ¢, , and
the associated stresses that may lead to cracking. Temperature measurements are
relatively easy to obtain and to interpret, while strain measurements are much more
complex in both respects. As the acceptable temperature limits are used to imply limits
on strain, they should be variable according to the assumed coefficient of thermal
expansion of the concrete, a,, and the restraint to thermal movement, R. Table 7.1
provides estimates of temperature differentials applicable for a variety of conditions of
external restraint and for internal restraint due to temperature gradients.
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Table7.1 Limiting temperature drop Ty .., and temperature differentials ATp,,,, to avoid
early-age cracking, based on assumed typical values of o, (Table 4.4) and &,
(Table 4.11) as affected by aggregate type (for K; = 0.65 and ¢, = 15u¢)

LWAC with
regate type Gravel Granite Limestone
Aggregate typ natural sand
Thermal expansion coefficient (ue/°C) 13 10 9 9
Tensile strain capacity (ue) under sustained loading 65 75 85 115

Limiting temperature change in °C for different external restraint factors:
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An example specification is given in Table 7.2. Such a specification was used for the BP
Harding gravity base, constructed using class LC 40/45 lightweight aggregate concrete
(LWAC) shown in Figure 7.1. The selection of LWAC enabled the structure to be built
entirely in dry-dock, and enhanced the properties of the concrete by minimising the
risk of early thermal cracking. The LWAC exhibited a very low thermal expansion
coefficient of 6 ug/°C and a very high strain capacity of 160 us.

The temperature difference within a pour was limited to 50 °C and the maximum
allowable temperature was 80 °C. This high value was acceptable because of the

presence of fly ash in the mix, reducing the risk of delayed ettringite formation.

A trial slab was cast to validate the temperature limits. No thermal curing was applied
and no cracking was observed, In addition, cores were extracted from the slab and
while the cube strength at 28 days was about 50 MPa, cores exhibited strengths of
about 55 MPa. This enhanced in situ strength was attributed to the use of fly ash and is
consistent with other results using fly ash (Appendix A9).
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Figure 7.1

BP Harding gravity base
constructed using lightweight
aggregate concrete

Table 7.2 Example specification - control of concrete temperatures during hardening

To control cracking as a result of early thermal movement, the contractor shall take measures to
ensure that the following requirements are satisfied. The contractor shall describe in a method
statement to be submitted to the engineer for his approval, before concrete operations are
commenced.

A The maximum temperature of the concrete during its early-age heat cycle shall not exceed
[...°C] unless it can be demonstrated by test that the compressive strength, after [....] days, of
concrete heated to a higher temperature, exceeds the required design strength by a margin to
be agreed with the engineer.

B In elements, or parts of elements, which are not restrained by existing concrete, the difference
between the maximum temperature and the surface temperature (measured within 10 mm of
the surface) shall not exceed [...°C] unless it can be demonstrate by test that greater
differentials can be tolerated without cracking.

C When a new pour is cast against existing concrete of the same thickness, eg adjacent pours,
the difference between the mean temperatures in the existing and the newly cast sections
shall not exceed [...°C]. The mean temperature shall be determined at a distance of 1 m from
the interface between old and new concrete and shall be calculated using the equation:

© CIR A

T =1/6(4 Ty + Ty + Tso)
Where
T, is the mean temperature
T, is the peak temperature at the centre of the section

Ts1 ., Tso are the surface temperatures on opposite faces.
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D When a new pour is cast against existing concrete of a different thickness, account shall be
taken of the difference in the restraint exercised by the old section on the new, when deriving
the mean temperature differentials. The contractor shall include in his method statement, the
temperature limits for the elements to be cast, together with the calculations supporting the
limits, for approval by the engineer before concreting operations are started.

E The assumptions made in the design process are provided in the attached table (Table 4.1). If
measurements demonstrate that values are different from those assumed then the proposed
limits may be revised accordingly. The results from site trials may also be used to revise the
proposed limits. However, trials should be of sufficient scale to ensure that the levels of
restraint are the same as those that occur during construction.

F Results from in situ monitoring can provide values of actual concrete temperature and strain.
By comparison with thermal strain in unrestrained blocks, actual in situ restraint may be
calculated. Such data may be used to support changes in bay size and layout as construction
proceeds.
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7.21
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Test methods for obtaining relevant concrete properties

Heat generation and temperature rise

There are numerous tests that may be used to measure the heat generating capacity of
a cement type or concrete and the type of test that is employed will depend upon how
the results are used.

Two European Standard tests are available for the classification of cement. BS EN 196-8
describes the heat of solution method which involves dissolving hydrated cement in a
solution of acids and recording the temperature rise in an insulated container. The
method adopted by the UK cement manufacturers is the semi-adiabatic test to BS
EN196-9:2003. This test is carried out on a mortar sample comprising 360 g binder,
1080 g sand and 180 g water. This scales up to a mix with a binder content of 505 kg/m?
with a w/b of 0.5 and is representative of a high cement content concrete. The sample is
placed in a calorimeter and the temperature rise, typically between 10 and 50 °C, is
measured and compared with an inert control sample. The temperature rise is
converted to heat generated per unit weight of cement (kJ/kg) based on the mass and
specific heat of the sample and calorimeter. Based on the properties of the individual
constituents given in EN 196-9, the specific heat of the mortar may be calculated to be
1.13 kJ/kg (Wadso, 2003). Some typical results obtained using the semi-adiabatic test

are illustrated in Figure 7.2 for a range of cement combinations (Dhir et al, 2006).
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Figure 7.2 Semi adiabatic test results for concretes containing
ggbs and fly ash (Dhir et al, 2006)
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Isothermal testing of cement is also used to determine the heat generating
characteristics of cement. These tests involve keeping the test sample at a constant
temperature and measuring the amount of heat that should be removed to maintain
this condition. By testing at different temperatures the relationship between
temperature, rate of heat generation and ultimate heat output may be derived. In
order to use such data to make temperature predictions, tests are carried out at
different temperatures and used to derive parameters for input to a model (Dhir et al,
2006).

These standard tests are useful for categorising different cements and deriving relative
performance in relation to heat generation. However to enable the results to be used in
predictive models, information is needed on the density and specific heat of both the

test materials and the materials to be used in the structure.

When generating data to make predictions of temperature rise, the most reliable
approach is to test concrete using constituents and proportions that are the same as, or
at least representative of, the mix to be used in practice. While it may be difficult to do
this at design stage, it is advisable, where thermal cracking is critical, to undertake
testing as soon as the concrete mixes have been established. On very large contracts
trial pours may be required and this provides an opportunity to obtain representative
in situ data (Bamforth and Grace, 1988). Under conditions where a high temperature
rise is expected, (ie thick sections, mixes with a high cement content, or when placing at
high temperature) a hot-box test is appropriate to provide information on temperature
rise. This involves casting a cube, commonly 1 m?3, which is insulated on all faces with
50 mm polystyrene. A typical output is shown in Figure 7.3 together with an adiabatic

curve derived from the results.
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Figure 7.3 Results from a 1 m3 hot-box test where the placing temperature was 25 °C.
The value of o is determined during cooling (Bamforth and Grace, 1988)

Coefficient of thermal expansion

The coefficient of thermal expansion ¢, is a measure of the strain change per unit
temperature change. Tests methods involve subjecting concrete specimens (usually
cylinders or prisms) to a change in temperature and measuring the deformation. BS
EN 1770 describes the Standard Method in Europe.

It is recognised that a,, changes with age and with moisture content (Sellevold, 2006).

Values most relevant to early thermal cracking should be derived at an appropriate age
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(within the first few days) and moisture condition (saturated). It is particularly
important to ensure that, when using small specimens, drying does not occur to avoid

additional strains associated with drying shrinkage.

Where tests are undertaken on site to measure temperature rise, a, may also be
determined by measurement of strain during the temperature cycle. An example of
strain measurement in a hot-box is also shown in Figure 7.3. Strain was measured using
a vibrating wire gauge (VWG). The relationship between temperature and strain
during the cooling arm of the heat cycle is used to derive «, as it is the restrained
contraction that causes cracking. In the example shown a granite aggregate was used

resulting in concrete with a thermal “contraction” coefficient of 10.4 ue/°C.

723 Tensile strain capacity

Direct measurement

The most direct way of measuring tensile strain capacity &, is to subject prisms to
direct tensile loading and to measure the strain up to failure (Swaddiwudhipong,

2001). Direct measurement may also be achieved by creating conditions within a test

<_E specimen that are similar to those which lead to early thermal cracking. For example,
o stress rig tests subject a dog-bone shaped specimen to a thermal cycle. During heating
@) the concrete is allowed to expand freely but it is restrained during contraction. When
© the concrete cracks, the release of strain defined by the crack width is used to derive

- the strain at failure. This may be compared with the measurement of the temperature
é change and, with a knowledge of ¢, , the restrained thermal contraction required to
8 cause failure may be calculated.
©
() Other tests have involved subjecting specimens to temperature differentials and the
— measurement of the associated strain differentials up to the time of cracking (Hunt, 1972).
2
c Indirect measurement
3
5 Direct measurement of g, often requires a large test rig and relatively sophisticated

monitoring equipment. An alternative approach is to derive g, from measurements of

ctu

tensile strength f,,, and elastic modulus E,,,

(Tasdemir et al,1996). In a comprehensive
review of test data a linear relationship was established of the form;

ey = 1.01 0‘;.;,,1/Ecm)><106 + 8.4 microstrain (7.1)

As discussed in Section 4.8, this may be simplified to the relationship to provide a value

for use in design:

&ctu = (fetm/Ecem )><106 microstrain (7.2)
73 Measurement and assessment of in situ temperature and
strain
731 Measuring temperature differentials

Temperature monitoring is required in order to demonstrate compliance with specified
temperature limits. The simplest and most cost effective method is to use embedded
thermocouples which are easy to install and monitor. The output can be monitored
with simple manual devices or with automatic logging systems. In its simplest form,
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temperature monitoring will involve thermocouples at the centre of a section and close
to the surface. The maximum value at the centre and the difference between the centre
and the surface will then be assessed against specified limits

The proposed locations for thermocouples in a thick slab are shown in Figure 7.4.
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Figure 7.4 Proposed location and fixing of thermocouple to
monitor temperature variation

In most slabs, the temperature profile through the depth will be similar over most of
the width, so for practical purposes install thermocouple as close to the edge as possible
to minimise cable runs. The same principle will apply to walls, the profile through the

thickness being the same over most of the height and width.

It is common to fix the “surface” thermocouple to the top mat reinforcement. While
there will be a temperature difference between the reinforcement and the concrete
surface this will be small in situations where there is control of the temperature
differential. Figure 7.5 gives estimates of the temperature difference between the outer
rebar and the surface for different cover depths and for different peak to surface
temperature differentials. The calculations have been made for a 2 m deep slab using
concrete with 350 kg/m? CEM I. When the maximum temperature differential is
controlled to 20 °C, the temperature difference between the rebar and the surface is
unlikely to be much greater than 2 °C, even with 50 mm cover. If thought to be
significant, 1 or 2 °C may be subtracted from the limiting temperature differential to

take account of the fact that the “surface” temperature is measured at rebar depth.
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As shown in Figure 7.5, the rebar to surface temperature difference only becomes
significant in situations in which the maximum temperature differential exceeds

normally accepted levels.
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Figure 7.5 Estimated temperature difference between the
reinforcement and the surface as affected by cover
depth and the maximum centre-surface differential

When the specification is more complex, for example by limiting differences between
the mean values in the new and the old concrete, the designer should specify how the
mean is determined. This involves defining how many locations through a section will
be monitored, where the thermocouples will be located, and how the results will be
analysed. The temperature distribution through a section is usually close to parabolic
and measurements at the surface and the centre are often sufficient to enable a

reasonable approximation of the mean, determined using the expression:
Ty = 1/6(4Ty+ Ty + Tiz) (7.3)

where

T,, is the mean temperature
Tp is the peak temperature at the centre of the section

T,;, T,o are the surface temperatures on opposite faces.

Again, when the “surface” temperature is measured at the depth of reinforcement,
appropriate adjustments may be made (Figure 7.5) to the values of T; and T,,. Where
contracts specify the need to meet temperature limits, the contractor should obtain
specific details from the designer on how compliance is to be demonstrated in relation
to the location and number of monitoring points and how the results obtained will be

interpreted.
Full scale mock-ups are very useful for providing data on temperature profiles and for

identifying the precautions needed in terms of insulation. Computer models are also

being used more often.
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If the pour is a one-off, or if it is the first of many, pairs of thermocouples should be
installed at critical locations to provide support in the event of a failure.

Deriving restraint factors

It is sometimes useful, on very large contracts with repetitive pour, to determine
restraint factors by monitoring the first few pours. This may enable relaxation of costly
procedures to minimise thermal cracking, or permit savings by enabling pour sizes to
be increased and the construction sequence to be modified to a achieve reduction in
the programme.

To determine restraint factors both the actual strain and the free strain, ie «, , should
be measured. The restraint factor is determined simply by comparing the observed
strain in the element with the free strain that would have occurred with no restraint. If
o, represents the free strain, derived from a hot-box test, and «a, is the in situ

(restrained) coefficient of expansion, then R is calculated as follows;

_ (ac -ar)
Q¢

R (7.4)
Some typical stress-strain curves recorded in a slab with different levels of restraint in
the longitudinal and transverse directions are shown in Figure 7.6. In this case the free
strain was determined by installing vertical gauges that were subject to zero restraint
and indicated a thermal expansion coefficient of 10.2 p&/°C. The stress-strain curves in
the longitudinal and transverse directions yielded equivalent values of 6.3 ug/°C and
1.2 pe/°C respectively. Using Equation 7.4 restraint factors were calculated to be 0.38
and 0.88, representing moderate and very high restraint.

An interesting observation was the occurrence of cracking at one gauge location, caused
by the highest level of restraint. It can be seen that the strain rapidly increased when
the temperature had dropped by about 14 °C from its peak value.

Having determined the true values of restraint at critical locations within a pour,
comparison with the assumed values may allow cost effective changes to be made in a

rational and safe manner.
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Figure 7.6 In situ stress-strain curves used to derived restraint factors
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Measurement of crack width

For most practical purposes it is sufficient to measure the surface crack width. For spot
measurements this may be achieved using either a simple crack comparator (Figure
7.7) or, for more precise measurements, a crack microscope. The latter may have a
magnification of about 35 times with divisions down to 0.02 mm. To measure crack
movement, either spot measurements may be taken periodically, or strain gauges may
be installed on the surface. The latter do not measure crack width directly but enable

the change in strain to be measured and converted to a change in crack width.
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In accordance with EN1992-1-1, allowable crack widths are characteristic values at the
95 per cent level, so it can be expected that some cracks may exceed this limit. This
sounds relatively straightforward and would be easy to interpret if each individual
crack was of uniform width over its entire length. Under conditions of normal loading
this may be the case in some circumstances. For example, on the soffit of a beam, while
crack widths may differ, each crack would be about uniform width across the width of
the soffit. When cracking occurs due to early thermal contraction it is more common
for each crack to vary in width, normally with the widest at a point close to the location
of restraint. Situations may arise, where a crack may exceed the allowable value over
only part of its length, with the remainder of the crack being within the acceptable

limit. In considering compliance the characteristic value should represent:

% the number of cracks within part of the crack which exceeds the allowable limit

% the proportion of the total length of cracking that exceeds the allowable limit.

Within the design process, the worst case has been considered at each location, and
each crack should be defined by the maximum crack width recorded within its length.
To achieve compliance on this basis, no more than 1 in 20 cracks should exhibit a

maximum crack width greater than the allowable value.

The issue of compliance and the need for repair should also be considered. While
cracking may be designed and assessed based on characteristic values this does not
mean that cracks in excess of the allowable value do not need to be repaired and this
should be taken into account in the contract. If a structure is designed such that 1 in 20
cracks may exceed the allowable limit and if such cracks need to be repaired, then the

contractor should be made aware of this and include appropriate costs in the tender.
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7.5 Actions in the event of non compliance

Sufficient data are available to enable the concrete mix and site procedures to be
established and temperature limits to be met. However, contingency plans should be
defined which can be implemented when the results exceed “action levels”. For
example if the allowable temperature differential is being approached, and is likely to
be exceeded, additional insulation may be applied.

If the maximum allowable temperature is approaching its limit, no actions can be
taken, except perhaps the removal of formwork in thin sections. However, little can be
done in thick sections unless embedded cooling pipes are being used. This value is
much easier to predict based either on the mix constituents and the mix temperature
or if available, from test results for temperature rise.

If allowable limits on temperature differential are exceeded the following action can be

taken:

% inspect the surface for cracks after the pour has cooled back to ambient. As the
purpose of limiting the temperature differential is to minimise the risk of cracking,
if cracks widths are within allowable limits then no further action need be taken

% if the cracks widths exceed the allowable limits initiate remedial measures. If cracks
are to be repaired, the method used will depend on whether the cracks are “dead”

© CIR A

or “alive”, and on the serviceability requirements of the structure. In a massive raft
for example, surface cracks are unlikely to increase after the element has cooled
and sealing will be primarily for durability. In this case injection grouting is most
common, using an epoxy resin when the cracks are less than about 1 mm width.
For cracks which are likely to continue moving, it is usual to make provision for
further movement to continue after repair. Procedures are defined in Allen and
Edwards (1987)

% consider the consequences of internal cracking — it is possible that internal cracking

may occur even if there is no evidence of surface cracking. In this case, it is difficult

to establish the extent of cracking without extensive coring and even this is unlikely
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to indicate crack widths. The value in carrying out a detailed investigation to find
cracks which do not propagate to the surface is still doubtful, except in
circumstances where such cracks are clearly detrimental to the performance and
safety of the structure.

The allowable maximum temperature is applied to limit the detrimental effect of
temperature on the strength of concrete and sometimes to prevent delayed ettringite
formation. If this value is exceeded, core testing will provide evidence of whether the
deterioration in strength is excessive. BS6089:1981 provides guidance on the
interpretation of in situ strength, and it is advisable that the parties involved agree the
acceptance level of core strength before results are obtained.
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8 Conclusions and recommendations

Despite considerable advances in this area of technology there are still a number of

issues that could benefit from further research.

1 The effect of cement type on autogenous shrinkage which appears to play a more
significant role in early-age cracking than previously considered.

2 The relationship between the tensile strength of the concrete and the bond strength
to reinforcement, and the influencing factors.

3 The surface zone affected by the reinforcement.

4 Field data on levels of restraint.

Crack formation and the addition of early-age and long-term effects under different
conditions of restraint and loading.

6 The influence of different forms of restraint on crack formation and crack width.

< The impact of the early thermal cycle on durability.

[0 8 The influence on crack width on reinforcement corrosion.

O

© Most importantly, field data are needed to validate or modify the input parameters and
the models used in the design process. Structured field data needs to be collected to

é provide feedback on the reliability of proposed methods for design. This should

8 include information on the concrete constituents and mix design, the design of
reinforcement, temperature rise and thermal strain, and crack pattern and width.
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These are on the CD which accompanies this publication:

Al Heat generation, temperature rise and temperature differentials

A2 A model for predicting the temperature rise and temperature differentials using adia-
batic temperature data

&

Estimating drying shrinkage using the method of EN1992-1-1
A4 Estimating autogenous shrinkage
A5 Estimating restraint

A6 Estimating tensile strain capacity

<_f A7 Evaluating risk/extent of cracking using a strain based approach
g A8 Reinforcement design to control crack widths

© A9 The effect of peak temperature on the in situ strength

é A10 Assessment of the in situ tensile strength of concrete

2 Spreadsheet calculators
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% Model for prediction of temperature rise and thermal gradients
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% EN1992-1-1 drying shrinkage calculator

% EN1992-1-1 autogenous shrinkage calculator

Restraint calculator based on the ACI method for wall

Crack width calculator for edge restraint, end restraint and internal restraint
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Appendix A1 Heat generation and temperature rise

Al Heat generation, temperature rise and temperature
differentials

Al.1 Influencing factors

For the control of early-age thermal cracking, there are two important temperature considerations:

. the temperature rise above that of the adjoining concrete or substrate (eg hard rock). This depends
on the location of the point being considered and is applicable to conditions of external restraint
(eg casting a wall onto a rigid mature base)

. the maximum temperature differential and the thermal gradient within the section. This is the
condition of internal restraint.

In the calculation of restrained early-age temperature movements in concrete, it is necessary to define the basis
upon which the temperature drop from the peak temperature is calculated. This requires a definition of the
placing temperature of the concrete, the maximum temperature rise and the temperature to which the element
will return after cool down.

The placing temperature is as defined, the temperature of the concrete when placed into the forms. This may
differ from the temperature at the mixing plant. As a general rule it has been assumed that the mixing
temperature of the concrete will be 5°C above the mean ambient temperature as a result of the energy input
during the mixing process. A review of published data (Concrete Society 2004, Anson et al, 1988) yielded mean
values of 4.7 °C for winter concreting and 6.3 °C for summer concreting, with an overall mean of 5.5 °C
although in each case there was a wide range of values as shown in Figure ALl.1. Hence, while it may, in
general, be appropriate to use a single design value of 5 °C, and this has been assumed in the presentation of T,
values, in circumstances where a greater value may be expected (eg in winter conditions when materials are
heated or when there is a long haulage time) the margin should be adjusted accordingly.

o Winter

0O Summer

Frequency

il

1 2 3 4 5 6 7 8 9 10

Temeprature difference (°C)

Figure A1.1 Measured values of the temperature difference between the concrete placing
temperature and the mean ambient temperature during winter and summer
concreting (Concrete Society, 2004; Anson et al, 1988)

Within the design equations, the temperature rise is assumed to be the difference between the placing
temperature and the maximum temperature achieved during the early thermal cycle. However, some of the heat
generated by the fresh concrete is transferred to adjoining concrete and its temperature rises also. For calculating
the risk of cracking and the amount of crack control reinforcement, the temperature rise should be the peak
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Appendix A1 Heat generation and temperature rise

temperature in the new element less the temperature of the adjoining concrete occurring at the same time. To
determine the extent to which heat is transferred across the joint would require a detailed thermal analysis for
each situation. Hence, for practical purposes, and recognising that it is a conservative assumption, this heat
transfer is ignored and the adjoining concrete is assumed to remain at the mean ambient temperature. This
design assumption is offset when restraint factors are derived from observations on completed structures as these
values will have taken this heat transfer effect into account.

In addition, uniaxial heat flow is assumed and the peak temperature at mid-section is normally used in the
calculations. Again this is a conservative assumption as the bulk contraction will be determined by the mean
temperature through the section. Depending on the allowable temperature differential, the mean value may,
typically, be 5 to 10°C below the maximum value at the centre of the section.

The temperature rise depends upon the rate at which the heat is evolved, the total heat output and the rate of
cooling. The heat generating characteristics are influenced by both the binder chemistry and its fineness. In thin
sections, the rate of heat evolution is dominant in determining the temperature rise. In massive sections, where
the heat loss is relatively slow compared with the heat being generated, the temperature rise is more dependent
on the total heat evolved. The main variables influencing the temperature rise are:

. binder content

. types and sources of cementitious material

. other concrete constituents and mix proportions that influence the thermal properties of the
concrete

. concrete placing temperature

o section thickness

o formwork and insulation and its time of removal

o ambient conditions

. active forms of temperature control such as internal cooling pipes.

It is important to appreciate that the best way to estimate the likely temperature rise is from measurement of the
heat generating characteristics of the particular concrete, using the same cement or combination, aggregate type
and mix proportions. This avoids errors that may occur in the assumptions regarding the thermal properties of
the concrete (ie thermal conductivity, specific heat). However, at the design stage this is rarely possible and this
Appendix (A1) provides estimates of the temperature rise likely to occur for a range of combinations of cement
content, cement type, section thickness and formwork type.

The temperature drop, T,, which determines the thermal contraction during cool down, is defined as the
difference between the peak temperature and the mean ambient temperature.

Al.2 Binder content

As only the binder produces heat of hydration, the higher the binder content, the greater the heat evolved per
unit volume and the greater the temperature rise. Along with the cement, combination and addition types
(Sections Al1.3 and Al.4) the binder content has a major effect on the temperature rise. However, because the
temperature rise in thinner section is determined largely by the rate at which heat is generated, there is not direct
proportionality between temperature rise and binder content in thinner sections, as shown in Figure A1.2 for
concretes with CEM | contents ranging from 220 kg/m? to 460 kg/m?®. For this reason, for elements with a
thickness of less than about 1.0 m there is no simple formula linking temperature rise to unit cement weight.
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Figure A1.2 Relationship between unit temperature rise (per 100 kg binder) and section
thickness (derived from data from University of Dundee) (Dhir et al, 2006)

Al1.3 Cements and combinations

In Europe and the UK the most readily available cements are specified to the British and European Standard BS
EN 197-1: 2000 Cement, composition, specification and conformity criteria for common cements (amended in
July 2004). This standard covers 27 different types of cement available across Europe but only a proportion of
these are likely to be available in any particular European country.

In the UK cement is often available as a combination, that is a combination of Portland cement (CEM 1) with
either ground granulated blastfurnace slag (ggbs), fly ash (also known as pulverized-fuel ash, pfa), or limestone
fines. Strength class and other requirements equivalent to that set out in EN 197-1 are confirmed using the
procedures and guidance set out in BS 8500-2 Concrete — Complementary British Standard to BS EN 206-1 -
Part 2: Specification for constituent materials and concrete.

Also available in the UK is cement to the British Standard BS 4027 Sulfate resisting Portland cement (SRPC).
BS EN 197-4 is the British and European Standard for Cement — Composition, specifications and conformity
criteria for low early strength blastfurnace cements and covers blastfurnace cements not covered by BS EN 197-
1. Another European cement standard, BS EN 14216: 2004 Cement — Composition, specifications and
conformity criteria for low heat special cements was published in 2004. BS 4027 and BS EN 14126 special
cements are not going to be as readily available as EN 197-1 cements or BS 8500 combinations and so where
these materials are required then it is prudent to confirm availability.

Table Al.1 lists cement types and combinations along with their designations and major constituents. Except for
SRPC all cements listed may contain 0-5 of a minor additional constituent (mac).

Depending on the particular type of cement it may come in a range of strength classes, where each strength class
is classified by a minimum early-age strength at either two or seven days, and by a strength range at 28 days. A
summary of the strength classes is shown in Table Al1.2 together with the requirements for initial setting time. In
general the lower the strength class the lower the reactivity of the cement and hence the likelihood that the heat
of hydration will also be lower. For example the strength class for Very Low Heat Special Cements to BS EN
14126 is the lowest class of 22.5, and this type of cement is considered particularly suitable for dams and
similarly massive construction.

With respect to early-age thermal cracking it is worth noting that EN 197-1 includes a low heat classification for

common cement, defined as cements with a heat of hydration that does not exceed the characteristic value of 270
kJ/kg, determined in accordance with either BS EN 196-8 at 7 days or in accordance with BE EN 196-9 at 41
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hours. Similarly for Very low Heat Special Cement they are defined as a cement with a heat of hydration that
does not exceed the characteristic value of 220 kJ/kg.

Such low heat is commonly obtained using combinations or additions using fly ash or ggbs. In a comprehensive
study at the University of Dundee (Dhir et al, 2006) using a variety of combinations, limits were derived for the
addition content required to achieve Low Heat and Very Low Heat classes as shown in Table A1.3. Two sources
of ggbs and fly ash were combined with a single source of CEML1. The additions were differentiated by fineness
and it can be seen that in each case the higher reactivity associated with higher fineness required that a higher
proportion of addition was needed to achieve each heat class. It is also apparent that fly ash is almost twice as
effective as ggbs in reducing heat output. However, when designing concrete of equal strength class, in either
case some of the benefit may be offset by the need for a higher binder content.

Unfortunately, because of the complex nature of hydration reactions, there is no direct relationship between
standard heat of hydration limits, such as the EN 197-1 CEM cement Low Heat (LH) and Very Low Heat (VLH)
limits, and the temperature generated within large concrete sections. Furthermore, it should be appreciated that
the heat of hydration test for cement is not what most designers are interested in and it is more effective to
specify directly the performance limits for the concrete. However, where the heat of hydration information is
available it should help select the most appropriate source and type of cement to help minimize the early-age
temperature rise.

Prior to April 1989, when standard strength classes were introduced, Portland cement was classified as either:
ordinary Portland cement, OPC, or rapid hardening Portland cement, RHPC. The terms Ordinary, “OP” or
“OPC” and “RHPC” remain in colloquial use although the correct identification is CEM I, or Portland cement.
The RHPC classification has been replaced by the rapid early-age strength classes denoted “R”.

Some example standard cement and combination designations are shown in Table Al.4, but the manufacturer
will normally require reasonable notice to confirm the availability of any Low Heat or Very Low Heat properties
of cements and combinations.

The cement chemistry and fineness determine the rate of heat evolution and the total heat output. As standards
specify only minimum requirements, the heat generating characteristics may vary within a particular cement
type. For example, values of heat generated by seven UK CEM | cements are shown in Table A1.5. Values vary
by about £10 per cent from the mean value. A similar range was reported by Dhir et al (2006) with 41 hour
values ranging from 327 to 372 kj/kg from nine cements tested. For critical structures, it may be appropriate to
obtain results for the cement or combination to be used.

Al.4 Additions

The greatest difference to heat generation achieved through material selection is by the use of mineral additions
such as ground granulated blast-furnace slag (ggbs) and fly ash. It has been recognized for many years that
significant benefits in terms of reduced temperature rise may be achieved with these materials.

A1.4.1 Ground granulated blast-furnace slag

Ground granulated blast-furnace slag (ggbs) is a latent hydraulic material, but in practice it needs to be blended
with a proportion of CEM 1 to give an adequate rate of strength development. Within the context of European
Standards (see Table A1.1) the proportion of slag in a cement or combination may vary from 6 to 95 per cent but
in practice it is most commonly used in the range from 30 to 70 per cent.

Where slag cements or combinations are used as an alternative to CEM I, the proportion of slag is typically in

the range 40 to50 per cent. At this level it is normally possible to achieve a specified strength class with similar
binder contents and similar w/b ratios to those in a CEM | concrete.

CIRIA C660 4



© CIR A

Uncontrol | ed Copy,

Li censed copy: HALCROW GROUP LTD, 16/03/2007,

Appendix A1

Heat generation and temperature rise

Table Al.1 Nomenclature and compaosition for cements and combinations
Cement Constituents of cement or combination
B e
cs5|s |- o [ o] =
Cement type -(% = g - é 8 é 5 §
Standard  |Designation ss | 23 > S S 8 &
a2 € | &© o 2 £ % g
g§s]= | = = | =] &
Sulfate-resisting Portland BS 4027 SRPC — 100 — — — —
Portland BS EN 197-1 |CEM | — 95-100 — — — —
CEMI
ClIA-V 80-94 | 6-20 — — — —
Portland-fly ash BS EN 197-1 SEMITNTI/A-V
CEMENTIB-V CliB-V 65-79 | 21-35 — — — —
CEMI
80-96 — 6-20 — — —
Portland slag BS EN 197-1 CEMENTVA-S Cll-s
CEM| 65-79 — 21-35 — — —
CEMENTI/B-S
CEMI
CIlIA-L 80-94 — — 6-20° — —
Portland limestone BS EN 197-1 gEmElNT'/A'L
. X _ _ _o0d _ _
CEMENTVUALL |CMA-LL | 80-04 6-20
Portland silica fume BS EN 197-1 CEMI n 90-94 — — — 6-10 —
CEMENTI/A-D
Portland pozzolana BS EN 197-1 CEMI 80-94 6-20
P CEMENTIA-Q'
CEMI
BS EN 197-1 CEMENTIVA CIlIA 35-74 — 36-65 — — —
CEMI
Blastfurnace & CEMENTIIB clliB 20-34 — 66-80 — — —
CEMI
BSEN197-4 | SoViENTIVG — 43586 | — 81-95 — — —
CEMI
— 65-89 | 11-35 — — — —
Pozzolanic BS EN 197-1 gEl\MﬁNW/A V)
CEMENTV/B (V) CIVB (V) | 45-64 | 36-55 — — — —
Composite BSEN 197-1 |CEMV/A — 40-64 | 18-30 | 18-30 — — —
CEM V/B (*) — 20-30 | 31-50 | 31-50 — — —
Very Low Heat Blastfurnace | BS EN 14216 VLH /B — 2034 — 6680 | — — —
VLH IIl/C — 5.19 — 81-95 — — —
) VLH IV/A (V) — 65-89 | 11-35 | — — — —
V Low Heat P | BS EN 1421
ery rowrieat Fozzolanic S Navey) 1= w56a | 3665 | — | — | — | —
Very low heat Composite BS EN 14216 EHIVA () — 4564136851 — | — 1 — | —
VLH IV/B (*) — 20-30 | 31-50 | 31-50 — — —

Notes to Table

Where the cement and combinations is identified by the shaded area of the table then it is prudent to confirm availability.
a Combinations of CEM | CEMENT with either fly ash, ggbs or limestone fines conforming to BS 8500-2
b Siliceous fly ash only in the UK
¢ Maximum total organic carbon content of limestone 0.50% by mass
d Maximum total organic carbon content of limestone 0.20% by mass

e These combinations are not currently covered by BS 8500-2: 2002, Annex A. However silica fume can be used in accordance with
Clause 5.2.5 of BS EN 206-1: 2000. Until BS EN 13263 is published, the silica fume should conform to an appropriate Agrément
certificate.

f Metakaolin only
* The components other than clinker to be declared, that is V for siliceous fly ash, S for ggbs,
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Table Al.2 Cement strength classes
Compressive strength, MPa Initial
Strength setting time
class Standard Early Strength Standard strength
2 day 7 day 28 days min
22,5 BS EN 14216 - - 2225 <425
325L BS EN 197-4 - >12,0
275
32,5N BS EN 197-1 - 216,0 = 32,5 <525
32,5R BS EN 197-1 >10,0 -
42,5 L BS EN 197-4 >16,0
42,5 N BS EN 197-1 210,0 - 2425 <£62,5 260
42,5 R BS EN 197-1 >20,0 -
< 52,5L BS EN 197-4 210,0 -
0 52,5N BS EN 197-1 >20,0 - 2525 - 245
O 52,5R BS EN 197-1 > 30,0 -
© SRPC to BS 4027 may be supplied in strength class 32,5N, 32,5R, 42,5N, 42,5R and 52,5N where
- the early and standards strengths are as set out above. The initial setting time of SRPC to BS 4027
> is not less than 60 min for 32,5N, 32,5R, 42,5N, 42,5R strength classes and not less than 45 min fon
o
8 the 52,5N strength class.
o
(]
- Table A1.3 Minimum limits of addition content to achieve low heat and very low heat classes
o
S
= Heat Class GGBS A GGBS B Fly Ash A Fly Ash B
o . . .
o Fineness 602 m*/kg 466 m?/kg 7.2% retained | 35 % retained
5 on 45 um sieve | on 45 pm sieve
Low heat 56% 39% 25% 20%
Very low heat 69% 58% 42% 36%

Table A14 Example standard cement and combination designations
Example |Definition EN designation BS8500-2
1 Portland cement conforming to EN 197-1 of strength  |Portland cement EN 197-1 CEM | CEMENT
class 42,5 with a high early strength 42,5R
2 Portland-fly ash cement containing between 21 and Combination of similar

Portland-fly ash cement EN 197-1 - CEM |

35{0 by mass of fly ash of strength class 42,5 with an CEMENTI/B V 42,5 N composition is identified by
ordinary early strength ClIB-V
Basltfurnace cement conforming to EN 197-1
S o o A -

containing between 66% and 80% by mass of Blastfurnace cement EN 197-1 — CEM | Combmelapon‘ofl 3|m|!aTr
granulated blastfurnace slag of strength class 32,5 CEMENTIIB 32.5 — LH composition is identified by
with an ordinary early strength and a low heat of ! the designation CIIIB
hydration

4 Very Low heat special pozzolanic cement conforming |Very low heat special pozzolanic cement EN |Combination of similar
to BS EN 14216 containing between 36% and 55% 14216 — VLH IV/B (V) 22,5 composition is identified by
siliceous fly ash (V) of strength class 22,5 and a very CIVB (V)

low heat of hydration
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Table AL.5 Examples of heat of hydration for seven CEM | materials ( W F Price, 2006) obtained
using the semi-adiabatic method of EN197-9:2001

Time Total heat of hydration (kJ/kg)

12h 244.2 235.1 251.5 250.9 302.1 281.4 302.7
24 h 309.9 302.1 3185 3254 366.2 357.8 382.7
41 h 3211 341.0 339.7 339.6 374.6 375.7 395.5
48 h 323.7 348.5 342.5 342.0 375.3 374.4 396.5
72 h 329.8 356.5 344.5 349.9 377.8 380.0 307.3
120 h 347.0 347.0 351.1 356.2 378.0 381.2 401.2

At higher slag levels, required for example for sulphate resistance or to achieve LH or VLH cement (Table
Al1.3), equality of strength may not be achieved at 28-days and some increase in the binder content or reduction
in the w/b ratio is likely to be needed to achieve the strength class. Any increase in binder content will partially
offset the benefit of lower heat. In such cases the extent to which the binder content has to be increased may be
minimised by extending the time allowed to achieve the specified strength to 56 days or longer. This may be
justified by the fact that the 28-day strength of ggbs concrete is less adversely affected by temperature than CEM
I concrete, thus achieving a higher in situ strength for a comparable strength class (see Appendix A9).

An example of the effect of increasing the proportion of ggbs on the rate of heat generation is shown in Figure
A1.3 (Dhir et al, 2006).

CIRIA R135 (Bamforth and Price, 1995) provided an indication of the likely temperature rise in large volume
pours in relation to pour thickness, cement/addition combination and unit temperature rise (Figure Al.4). These
curves were derived empirically from measurements in large pours (Bamforth, 1980). Revised curves have been
developed using the model described in Appendix A2 based on adiabatic temperature rise for materials currently
available (Dhir et al, 2006). It is apparent that the heat generation of cements has increased since these curves
were originally developed. However, the use of ggbs still enables a significant reduction in temperature rise per
unit weight of binder.

The position in the UK at the time of publishing is that the current production of slag cements and ggbs will, in
general, give a reduction in the peak temperature for a particular strength class. In the future, changes in
grinding technology and practice may alter this position and it is recommended that data are sought from the
suppliers of ggbs on the applicability of Figures A1.3 and Al.4 to their specific materials.

400

—\? 35% ggbs
2 300 | CEMI
g 50% gbbs
% 70% ggbs
2 200
()
o
g
< 100 -
I
°
|_

0 -

0 10 20 30 40 50 60

Hours

Figure A1.3 The results of semi-adiabatic tests on mortar with different levels of
ggbs (Dhir et al, 2006)

CIRIA C660 7



© CIR A

Uncontrol | ed Copy,

Li censed copy: HALCROW GROUP LTD, 16/03/2007,

Appendix A1 Heat generation and temperature rise

16

GGBS concrete

i

-
o
L

\

Temperature rise ( °C/100kg)

()
L

1000 1500 2000 2500 3000
Thickness (mm)

Figure Al.4 Unit temperature rise in relation to section thickness for concretes
containing ggbs (Bamforth and Price, 1995). To obtain T, values
5 °C should be added to the calculated temperature rise

At normal concrete placing temperatures, both the rate of heat evolution and the total heat evolved of CEM |
/ggbs blends is lower than in the plain CEM I. The reactivity of ggbs is more sensitive to temperature than CEM
I, increasing more rapidly with increasing temperature, and decreasing more rapidly with decreasing
temperatures, particularly as the proportion of ggbs in the binder increases. At higher placing temperatures and
with low levels of ggbs, the temperature rise per unit weight of binder may exceed that of CEM |

In practice, however, the temperature rises is normally lower when CEM | /ggbs concretes are used. The time
taken for the peak temperature to occur is longer than for the plain CEM I concrete. This peak temperature
occurs in the form of a plateau value which can last for around 20 h, depending on the section thickness.

A1.4.2 Fly ash

This report concerns itself mainly with the use and application of fly ash from coal fired power stations
complying with BS EN450-1:2005 Category S or Category N fly ash for use as a Type Il addition in structural
concrete or the equivalent fly ash based cements such as CEM 11 B-V or CEM IV B-V. Fly ash to the quality
and specification for Category S, is very restrictive and is a high quality fly ash product. The application of the
procedures given in this guide should give safe solutions when using Category N fly ash.

In the context of European Standards (see Table A1.1) the proportion of fly ash in a cement or combination may
vary from 6 to 65 per cent but in practice it is most commonly used in the range from 20 to 40 per cent.

As the strength development for concrete cured at 20 °C is slower for fly ash based mixtures, these concretes
generally require a lower w/b ratio than CEM | concrete of the same strength class. Some reduction in w/b may
be achieved by the use of the fly ash itself and an additional reduction may be achieved through the use of
admixtures. However, it is likely an increase in the binder content will be needed compared with CEM 1
concrete to achieve a particlur strength class and this needs to be taken into account when estimating the
temperature rise. In general, this will only partially offset the benefit of reduced heat generation and the use of
fly ash will, in most cases, be beneficial with regard to the lowering of temperature rise.

The extent to which the binder content has to be increased compared with CEM | concrete of the same strength
class may be minimised by extending the time allowed to achieve the specified strength to 56 days or longer.
This may be justified by the fact that the 28-day strength of fly ash concrete is less adversely affected by
temperature than CEM 1| concrete, thus achieving a higher in situ strength for a comparable strength class (see
Appendix A9).

CIRIA C660 8
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High lime fly ashes are not presently available in the UK. These vary considerably in their performance,
particularly if “free lime” is available. No guidance is given in this guide on the use of such materials. Fly ash
produced from semibituminous and lignite coals are influenced by the burning temperature. Burning
temperatures above 1250 °C can produce fly ashes with similar morphology to granulated slag. No guidance is
given in this Report on the use of these materials.

The research at the University of Dundee (Dhir et al, 2006) tested two sources of fly ash at levels up to 65 per
cent of binder. Some typical results obtained in the semi-adiabatic test for are shown in Figure AL.5.

400

) CEMI
4
S 300
= 35% fly ash
B 50% fly ash
©
G 200 A
c
(]
o
§ 65% fly ash
< 100
<
°
|_

0 - ‘ ‘ ‘ ‘ ‘

0 10 20 30 40 50 60

Hours

Figure A1.5 The results of semi-adiabatic tests with different levels of fly ash
(Dhir et al, 2006)

CIRIA R135 (Bamforth and Price, 1995) provided an indication of the likely temperature rise in large volume
pours in relation to pour thickness, cement/addition combination and unit temperature rise (Figure AL1.6).
Revised curves have been developed using the model described in Appendix A2 based on adiabatic temperature
rise for materials currently available (Dhir et al, 2006). It is apparent that the heat generation of has increased
since these curves were originally developed. However, the use of fly ash still enables a significant reduction in
temperature rise per unit weight of binder.

16

Fly ash concrete

CEMI

30%

-
N

-
N

Temperature rise ( °C/100kg)

10 40%
50% =
8
.
4 T T T T
1000 1500 2000 2500 3000

Thickness (mm)

Figure A1.6 Unit temperature rise in relation to section thickness for concretes
containing ggbs (Bamforth and Price, 1995). To obtain T, values
5 °C should be added to the calculated temperature rise.
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A1.4.3 Silica fume

Silica fume is a by product extracted from the exhaust gases from silicon, ferrosilicon and other metal alloy
smelting furnaces and is covered by the European Standard, EN 13263:1998. In the context of European
Standards, addition rates are normally in the range 6 to 10 per cent wt of cement. The cementing efficiency is
much higher than that of CEM I, and silica fume is most commonly used to produce very high strength
concretes. It may also be used to achieve normal grades of structural concrete with a reduced binder content but
this is less common. It is generally recognised that the heat generated by silica fume concrete is similar to that of
CEM 1 at the same binder content (FIP, 1988) and more recent measurements have supported this (Kanstad et al,
2001). Hence any benefit in terms of temperature can only be achieved through a change in the binder content.

A1.4.4 Metakaolin

Metakaolin is a manufactured product formed by controlled thermal activation of clays with a high proportion of
the mineral kaolinite (>90 per cent). Metakaolins that are commercially available in the UK are ground to
fineness much greater than that of Portland cement. The primary constituents are similar to those of CEM I, but
in different proportions, with predominantly silica and alumina. Metakaolin reacts only very slowly with water,
but when mixed with cement in concrete, it reacts very rapidly (Lewis et al, 2003).

Metakaolin may be used either in partial replacement of, or in addition to, the CEM 1 in concrete, usually at
levels of up to 20 per cent (by weight) depending on application. Typically, however, 8 to 15 per cent
replacements are used. There are, as yet, no British, or European Standards specifically covering the
specification and use of metakaolin in concrete. However, if covered by an Agrément certificate, the use of
metakaolin in permitted by BS8500 for use in concrete.

With regard to heat generation, metakaolin is similar to silica fume in that, for a given binder content, there is
not a significant difference compared with CEM I. However, benefits may be achieved by enabling the strength
to be maintained while lowering the binder content.

A1.4.5 Limestone

Limestone fillers are permitted in cements or as mixer additions. Portland limestone cement contains 6 to 20 per
cent limestone. As the limestone acts primarily as a filler, the heat of hydration is reduced but so is the strength
and lower w/b, higher binder content mixes are needed to achieve the same strength class compared with CEM |
concrete. This should be taken into account in assessing any low heat benefits when using limestone.

Measurements of semi-adiabatic temperature rise (Troli et al, 2003) resulted in a temperature rise of about 19 °C
for a self -compacting concrete with 152 kg/m® of CEM | 52.5R cement and 381 kg/m® ground limestone. The
temperature rise was consistent with the heat output from the CEM | alone. In terms of generating heat limestone
filler may be assumed to be inert.

Al1l5 Other mix parameters affecting temperature rise

Admixtures, which increase workability or retard the set of the concrete, have little direct effect on the peak
temperature rise but may alter the time-scale of the temperature curve. However, their use is normally
accompanied by a mix adjustment which can affect the temperature rise. For example, a water reducing
admixture will normally result in lower binder content than a plain mix of the same strength class. It is this lower
binder content, rather than the admixture, which results in a lower temperature rise. Provided durability is not
impaired, workability aids can be effectively used to reduce the binder content and early-age thermal cracking.
Accelerators are used mainly in cold weather, and as the calculation of temperature rise is normally based on
warm weather placing, any increase in temperature rise as a result of using an accelerator is unlikely to exceed
the design value.

The aggregate type and the concrete mix proportions influence both the thermal conductivity of the concrete and
its specific heat capacity. These two properties are influential in determining temperature rise, the former
determining the rate of heat flow and the latter the amount of heat required to generate a specific increase in
temperature. Hence, if the temperature rise is to be modelled, data are needed on each of these properties.
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Further detail on values of specific heat and thermal conductivity are given in Appendix A2 in relation to the
prediction of temperature rise.

A1.6 Other factor affecting temperature rise

In addition to the concrete mix constituents and their proportions, a number of other factors are influential in
determining the temperature rise. These include the concrete placing temperature, the section thickness, the
formwork type and the time of removal, ambient conditions. These factors are all covered in Appendix A2 in
relation to the model for predicting temperature rise.

Al.7 Estimating temperature rise and Ty values

The design process requires the T, value as an input. In CIRIA R91 (Harrison, 1992), T, values were presented
in tabular form for concretes with specific cement contents and for elements of specific thickness and for each
condition a range of values was provided. In many cases, interpolation was required. In this report, as there are
many more cement combinations considered, T, values are presented graphically. The values provided in CIRIA
R91 (Harrison, 1992) had been initially derived and presented in CIRIA R91 (Harrison, 1992), and since that
time the performance of cement has changed. A comparison of measured temperatures and the design values in
CIRIA R91 (Harrison, 1992) indicates that the latter tends to underestimate the temperature rise that currently
occurs. Figure A1.7 shows a comparison between measured values (Concrete Society, 2004, Anson et al, 1988)
and values predicted for current cements using the upper values from the ranges provided in CIRIA R91
(Harrison, 1992). Data are presented for concrete cast in both summer and winter conditions.

50 .
S 45 A f
& 40| CIRIA91, 1992 m, O s
= 4 owerestimates s © Conc Soc (2004) Summer
ko] 35 measured value 7
g 30 | 9 7 @ Conc Soc (2004) Winter
% 25 | <:| . .,% CIRIA 91, 1992 O Anson et al (1988) Summer
& o Pre underestimates m Anson et al (1988) Winter
% 15 | ./ 0 @ measured value
E *®* >
< 10 1 s/
8 7
E 5 n /
O T T T T
0 10 20 30 40 50

Measured T, (°C)

Figure A1.7 Comparison between T; values from CIRIA R91 (1992) and measured values

It may be deduced from Figure A1.7 that, in many cases, the prediction (even though based on the maximum
value within the range) has significantly underestimated the measured value of T thus leading to unsafe design
assumptions. The T, values should be modified to reflect the performance of modern cements.

At the University of Dundee (Dhir et al, 2006) a comprehensive investigation of the heat generating capacity of
cements was carried out to provide additional information to support a modification to T,. These results have
also indicated that the previously used T; values are no longer representative for all conditions. The difference is
most significant for CEM | concrete cast into steel formwork (Table A1.6). In this case the revised T, values are
generally increased to the extent that the lowest values current reported are approximately equal to the mid range
of the values proposed by CIRIA R91 (Harrison, 1992). The difference is less significant for CEM | concretes
cast into plywood formwork. These findings suggest that the total heat generated is not significantly different
but that the rate of heat generation is initially higher.
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Table Al.6 Predicted T, values for CEM I (Dhir et al, 2006) compared with the values given in CIRIA R91
(Harrison, 1992) (the lower values in italics are the CIRIA R91 values)

SECTION STEEL FORMWORK 18 MM PLYWOOD FORMWORK
THICKNESS 3 3
(mm) Cement content (kg/m®) Cement content (kg/m®)
220 290 360 400 220 290 360 400
300 6-9 8-13 11-17 12-20 10-15 14 -21 18-28 21- 33
5-7 7-10 9-13 10-15 10-14 14-19 18-26 21-31
500 11-16 15-22 20-30 23-36 15-21 21-30 27-40 31-46
9-13 13-17 16 - 23 19 - 27 15-19 20 - 27 27-36 31-43
200 15-22 21-30 27 -40 32-47 19 - 26 26 - 36 33-47 38-54
13-17 18-24 23-33 27-39 18-23 25-32 34-43 40-49
1000 20-28 28-38 36-50 41-57 23-30 31-42 40-54 45-61

18-23 24-32 33-43 39-49 22-27 31-37 42-48 47-56

The study at the University of Dundee has also provided extensive information, previously unavailable, on
combinations of CEM | with fly ash and ground granulated blast-furnace slag (ggbs): see for example Figures
Al.3 and AL.5. Predicted values of T, are given in Table A1.7 for concrete containing 50 per cent ggbs. In this
case there is less difference between the predicted values and those estimated from the data in CIRIA R91
(Harrison, 1992).

Table AL.7 Predicted T, values for concrete with 50 per cent ggbs (Dhir et al, 2006) compared with the
values given in CIRIA R91 (Harrison, 1992) (the lower values in italics are the CIRIA R91

values)
SECTION STEEL FORMWORK 18 MM PLYWOOD FORMWORK
THICKNESS 3 3
(mm) Cement content (kg/m°) Cement content (kg/m°)
220 290 360 400 220 290 360 400
300 5-6 5-8 6-10 7-11 7-10 9-13 11-16 13-18
5-6 6-8 7-10 8-11 9-11 12-15 15-19 17-22
500 7-10 10-14 12 -17 14 - 20 10-14 14-18 18-23 20-27
8-10 11-14 14-18 15-20 12-15 16 - 20 21-27 23-31
200 10-14 14 -18 18-24 20 - 27 13-17 18 -23 23-30 27-35
11-14 15-18 19-23 21-27 15-18 19-25 25-33 28 - 38
1000 14-18 19-25 26 -33 30-39 17-21 23-29 31-38 36-44

15-18 19-24 24-32 28-37 17-22 23-30 30-40 34-45

Dhir et al (2006) have compared the results from their model with published results and concluded that the
model appears to underestimate T; in sections < 500mm while overestimating T in thicker sections. An
alternative method for deriving T; has been used. The model uses adiabatic temperature rise data as the input and
is described in detail in Appendix A2. Semi-adiabatic testing as part of the study at the University of Dundee
(Dhir et al, 2006) has provided data for a variety of combinations of CEM I with ggbs and fly ash (Figures A1.3
and A1.5) and this been used to provide the input data to the model. A comparison of predicted and measured

CIRIA C660 12
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results (Concrete Society 2004, Anson et al, 1988, Fan et al, 2004) has demonstrated that the model provides a
reasonable prediction of temperature rise over a range of concrete mix types and mix temperatures, as shown in
Figure A1.8. On this basis the model has been used to predict T; values.

60 7

o) O Fan, Aw & Tan, 2004 _ 7
50 o Anson & Row linson, 1988 % e
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Measured temperature rise (°C)

Figure A1.8 Comparison between measured temperature rise and values predicted
using the adiabatic mode (see Appendix A2)

Values of T, for CEML1 in relation to section thickness and cement content are given in Figure A1.9 Values for
combinations with 35, 50 and 70 per cent ggbs are given in Figure A1.10 and combinations with 20, 35 and 50
per cent fly ash, are given in Figure A1.11. These values have were derived assuming CEM | with an ultimate
heat output of 380 kJ/kg (about 15.8 °C/100kg in concrete with a specific heat of 1 kJ/kg°C and a density of
2400 kg/m®) and represent values with only a 10 per cent chance of being exceeded.

Table A1.8 Design values of T, for CEM | predicted using the adiabatic model compared with the values
given in CIRIA R91 (Harrison, 1992) (the lower values in italics are the CIRIA R91 values)

SECTION STEEL FORMWORK 18 MM PLYWOOD FORMWORK
THICKNESS 3 3
(mm) Cement content (kg/m®) Cement content (kg/m®)
220 290 360 400 220 290 360 400
300 12 16 19 21 19 24 29 32
5-7 7-10 9-13 10-15 10-14 14-19 18-26 21-31
500 19 24 29 32 24 31 37 41
9-13 13-17 16-23 19-27 15-19 20-27 27-36 31-43
200 24 31 37 41 28 36 44 48
13-17 18-24 23-33 27-39 18-23 25-32 34-43 40-49
29 38 46 50 32 41 50 55
1000

18-23 24-32 33-43 39-49 22-27 31-37 42-48 47-56

The biggest differences are noted for thinner sections and this is consistent with the initial assessment of the
CIRIA R91 (Harrison, 1992) in which values were found to underestimate T, by up to about 5 °C, even when
compared with the upper end of the range.
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ggbs in walls

CIRIA C660 17

Li censed copy: HALCROW GROUP LTD, 16/03/2007,



Appendix A1 Heat generation and temperature rise

60 [ [ I
20% flyash - Steel formwork|
50 500
460
420
40 / 380

40
00
60
20

w

30

N N

\
MMM

.

.

Temperature Drop T1 (°C)

\

< 10
4
O
© 0+—— — ‘
= 200 300 400 500 600 700 800 900 1000
§' Thickness (mm)
©
(0] 60 ‘ I I I I
% 20% flyash - Plywood formwork/ 500
= 460
c 50 - / %
S /% % 420
5 ) /%& % 380
T:: 40 //?////4 340
S / %;/ 300
a %&?% 260
o 30 | %///
= T — 0
Y ==
© —
qé‘ 20 % A/
ks -
10
0 ‘ ‘

200 300 400 500 600 700 800 900 1000

Thickness (mm)

Figure A1.11  T;values for concretes containing 20 per cent fly
ash in walls

CIRIA C660 18

Li censed copy: HALCROW GROUP LTD, 16/03/2007,



Appendix A1 Heat generation and temperature rise

60 T [ [ [
35% flyash - Steel formwork
50
o 500
E 40 4; 40U
o /%% 420
g //% 35U
. -
= —— 3w
© éé%; 20U
o //4/ .
g_ 20 | A//é/ 22V
e / —|
< /
4 10
O
©
0 T T
é 200 300 400 500 600 700 800 900 1000
8 Thickness (mm)
3
- 60 ‘ ‘
© 35% flyash - Plywood formwork|
5
S 50 -
<
)

500
460

40 A 420
380

// 340

30 A 300
V 260
/% 220

i

20

Temperature Drop T; (°C)

AN

=

10

O T T T T T
200 300 400 500 600 700 800 900 1000

Thickness (mm)

Figure A1.11 (contd)  T,values for concretes containing 35 per cent
fly ash in walls

CIRIA C660 19

Li censed copy: HALCROW GROUP LTD, 16/03/2007,



Appendix A1 Heat generation and temperature rise

40 [ [ [
50% fly ash - Steel formwork
500
460
~ 30 | 420
QL.), 380
= 340
Q.
S 300
a)
v 20 / A 260
E 7 220
©
3 %
£ %
e 10 =
<
[0
O
©
- O T T T T T
é 200 300 400 500 600 700 800 900 1000
8 Thickness (mm)
o
o
— 40 ‘ ‘ 500
S 50% flyash - Plywood formwork 460
§ % 420
5 ~ 30 A —— 380
o 7 340
S / 300
o
o / 260
a /
o 20 | / 220
>
©
)
o
5
= 0 A
0 T T T T T

200 300 400 500 600 700 800 900 1000

Thickness (mm)

Figure A1.11 (contd)  Tvalues for concretes containing 50 per cent
fly ash in walls

CIRIA C660 20

Li censed copy: HALCROW GROUP LTD, 16/03/2007,



© CIR A

Uncontrol | ed Copy,

Li censed copy: HALCROW GROUP LTD, 16/03/2007,

Appendix A1 Heat generation and temperature rise

A1.8 Effect of placing temperature

The T, values given in Figures A1.9, A1.10 and A1.11 have been derived assuming a concrete placing
temperature of 20 °C and a mean temperature of 15 °C. Where there is significant deviation from these values
then T, should be adjusted accordingly. The model described in Appendix A2 (and included on the CD) enables
the mix temperature and the ambient temperature to be adjusted. Using the model, adjustments for placing
temperature have been derived and are given in Figure A1.12 related to section thickness. However, as a general
rule, to avoid errors that may arise is adjusting for mix temperature, when very high or very low placing
temperatures are expected, temperature rise tests should be measured at a start temperature close to that likely to
be achieved in practice.
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1
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o
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Figure A1.12  The estimated change in Ty (per 100 kg/m®* CEM 1) with placing temperatures
for elements of varying thickness
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Al1l.9 Temperature differentials, AT

In order to estimate the likely temperature differentials that will occur, it is necessary to undertake thermal
modelling. Some indicative values are provided however, in Table A1.9. These values have been obtained using
the model described in Appendix A2 and provided on the CD which can be used to undertake comparative
assessments.

Section Steel formwork 18 mm plywood formwork
thickness Cement content (kg/m®) Cement content (kg/m®)
(mm) 280 320 360 400 280 320 360 400
300 8 9 10 11 4 5 5 6
500 14 15 17 19 7 8 9 10
700 18 20 22 25 10 12 13 14
1000 23 26 29 31 15 17 19 21
1500 31 35 39 20 22 25 27
2000 35 39 24 27 30 33

Figure A1.9 Estimated values of temperature differential in walls assuming a placing temperature of 20 °C
and a mean ambient temperature of 15 °C (assuming thermal conductance values of 18.9 and
5.2 W/m?K for steel and plywood formwork respectively with a wind speed of about 3.5m/s.
Solar gain has not been included)

The temperature differential will be highly dependent on the thermal diffusivity of the concrete; the surface
conditions, in particular the type of formwork and the time at which it is removed; and the environmental
conditions such as wind speed and effects of solar gain. While the values in Table A1.9 provide an indication of
temperature differentials for a particular concrete under a specific set of conditions, they may not be applicable
when different conditions apply. Where limiting the temperature differential is critical to the design, thermal
modelling is required. Commercial software is available for this purpose and the simple spreadsheet model is
described in Appendix A2 and provided on the CD.

A1.9 Conclusions

1. Values of temperature rise and the temperature drop T, have been estimated for a range of concrete
mixes. These values have been derived using a predictive model which uses adiabatic temperature rise
data as input data. Comparison with published in situ temperature measurements indicates that the
model, despite its limitations, provides a reasonable prediction of T .

2. The design values are higher than those recommended in CIRIA R91 (Harrison, 1992) which, when
compared with measurements over a wide range of concretes, were found to be low, even at the high
end of the range.

3. Guidance on likely temperature differentials are given but thermal modelling is required to determine a
reliable value which takes account of the formwork type and exposure conditions.
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A2 A model for predicting the temperature rise and
temperature differentials using adiabatic temperature
data

A2.1 The model

A numerical model for predicting the temperature rise in hardening concrete was developed by Ross and
Bray (1949). The method is based on standard heat diffusion theory and employs an established
numerical method described by Crank (1975). Numerical methods lend themselves very easily to
spreadsheet calculations and the flexibility they offer. Engineers are also very familiar with spreadsheet
applications. The method of calculation is shown in Figure A2.1. At a particular time increment, the
temperature within a cell is calculated from the mean of the temperatures in the adjacent cells in the
previous increment added to the increment of adiabatic temperature within the time increment. For this
approach to work the time increment, dt, and the space increment, dx, should obey the formula:

dt=0.5 * dx*/Thermal diffusivity

Calculating the temperature remote from the surface

Adiabatic .
temp Ambient Surface Concrete temperature

. temp temp

increment
dAa Aamb Al | A2 A3 A4 | A5 etc
dAb Bamb B1 B2 B3 B4 B5 etc
dAc Camb C1l C2 C3 C4 C5 etc
etc etc etc etc etc etc etc etc

B3 = 0.5*(A2+A4) + dAb

Calcuating the surface temperature

Adiabatic .
temp Ambient Surface Concrete temperature
. temp temp
increment
dAa Aamb Al A2 | A3 Ad A5 etc
dAb Bamb B1 B2 B3 B4 B5 etc
dAc Camb C1 C2 C3 C4 C5 etc
etc etc etc etc etc etc etc etc
B1l=dAb + k * (A2-Aamb)
k + (S *dx)
Where Al, A2... B1, B2 etc represent the temperatures at defined locations
dAa, dAb, etc represent the adiabatic temperature rise within the time increment
Aamb, Bamb etc represent the ambient temperature at each time increment
k= coefficient of thermal conductivity of the concrete
S= surface conductance of the concrete
dx = the depth increment used in the numerical calculation
Figure A2.1 Spreadsheet showing the equations used in the numerical calculation

A2.2 Heat generation data

A2.1.2 Modelling the adiabatic curve

As the model has, historically, been applied most frequently to thick sections, the input data is in the form
of the adiabatic temperature rise (ie the temperature rise that occurs in a perfectly insulated condition). In
large pours, the centre may be in an effectively adiabatic condition for several hours. Adiabatic data may

be obtained from a test, or from historical measurements. Hence data obtained from the results of the
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semi-adiabatic test to

EN 196-9, after correcting for heat loss, may be used.

A substantial test programme has been carried out at the Concrete Technology Unit of the University of
Dundee (Dhir et al, 2006). Part of the programme involved semi-adiabatic tests in accordance with EN
196-9 to measure the heat generation of a variety of combinations of CEM I with fly ash and ggbs. An
analysis of this data has been carried out to develop a predictive model for the adiabatic heat curve
derived from the standard test. These data are then be used as input data to the diffusion model for the
prediction of temperature rise and thermal gradients.

The shape of the heat generation curves indicates that an exponential equation should provide a

reasonable fit. Figure A2.2 shows the test data obtained using a CEM I cement and a best fit exponential
curve of the form:

O = Qut[]1—exp(—B.t°)] (A2.1)

where Q is the total heat output after time ¢ and Q,,; is the ultimate heat output.

Dundee Uni CEM1 Semi-adiabatic test

450
S 400 -
§ 350 Test data
é —
5 300 - — — Exponential
8 550 7 best fit
()
c
8 200 - 7
8 150 -
<
< 100 -
o
F 50 -
0 T T T T T
0 10 20 30 40 50 60
Time (Hours)
Figure A2.2 Heat output measured in the semi-adiabatic test ands a best fit exponential curve

While the exponential curve provides a reasonable fit it tends to mismatch the rate of heat evolution at
various stages. The difficulty arises in trying to match the early rate of heat development with the ultimate
heat output. Observation of the heat generation curve indicates that a better fitted may be obtained using a
two component curve with the first component, the exponential curve, starting at time zero, and the
second component being delayed to start at time #,, as shown in Figure A2.3 The second component may
be modelled by the an equation of the form:

t—nr
) = Qut————— A2.2
© t—t2+D ( )

A two part equation for heat generation has been developed on this basis of the form:

Qult C Qult t—1n
0=01+0:= (I—exp(—B.t" )+ — A2.3)
2 2 t—t+D
where the two components are given equal weighting.
C660 2
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Dundee Uni CEM1 Semi-adiabatic test

7 Component 1

| + Component 2

| Test data

i Component 1

: Component 2

0 10 20 30 40 50 60

Time (Hours)

A comparison between measured semi-adiabatic test data and the two

component model

In order to establish values for the coefficients, analysis has been carried out on semi-adiabatic test data
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from tests at University of Dundee (Dhir et al, 2006) for cement with a start temperature of 20 °C.

Relationships between the proportion of addition and the heat generated after 41 hours are given in Figure
A2.3 for both fly ash and ggbs. The relationships are defined by the following expressions. The value for

(A2.4)

(A2.5)
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The relationship between the percent addition and the adiabatic heat at 41 hours
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A2.1.3 Ultimate heat generation Qy;

The value of Q,;; has been derived from the 41hr value derived from the standard test, Q,;, using the
equations:

For CEM I Oui = 041/ 0.925 (A2.6)
For fly ash Oui = 041/ (0.00002(% fly ash)’ — 0.0034(% fly ash) + 0.925) (A2.7)
For ggbs Oui = 041/ (0.00003(% ggbs)’ — 0.0047(% ggbs) + 0.925) (A2.8)

These relationships are shown in Figure A2.5

1.00 1.00
0'956 y = 2E-05x2 - 0.0034x + 0.925 0.95
C y = 3E-05x2 - 0.0047x + 0.925

0.90 4 0.90 -
~ 0.85 0.85 -
5 -
< 0.80 - S 0.80 -
3 04
© 075 g 0.75

(o]

0.70 - 0.70

0.65 - 0.65 -

0.60 , , , . . 0.60 ; ; .

0 10 20 30 40 50 60 0 20 40 60 80
%fly ash %ggbs

Figure A2.5 The relationship between the percent addition and the proportion of ultimate heat
generated after 41 hours

A2.1.4 The coefficient B
The coefficient B is equal to 0.011724, regardless of the cement type.

A2.1.5 The coefficient C

The coefficient C varies with both the type of addition and the amount used. For CEM I, C=1.6 and C
reduces with an increase in additions as follows:

Forflyash  C = 1.6-0.001 (%fly ash) (A2.9)
For ggbs C = 1.6 - 0.0072(%ggbs)-0.00003(%ggbs)’ (A2.10)
The coefficient C is the dominant factor influencing the shape of the curve as show in Figure A2.6. A

lower value of C is indicative of slower reacting cement, hence the relationships between C and the fly
ash and ggbs content described by equations A2.9 and A2.10.

A2.1.6 The coefficient D

The coefficient D varies with both the type of addition and the amount used. For CEM I D =6.2 and D
increases with an increase in additions as follows:

Forflyash D =6.2+0.2131 (%fly ash) (A2.11)
For ggbs D = 6.2 + 0.0848(%ggbs)-0.0004(%ggbs)’ (A2.12)
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Figure A2.6 The influence of the coefficient C on the shape of the heat generation curves

A2.1.7 Activation time t, for component 2

The time at which component 2 of the heat generation curve becomes actives is increased by the use of
additions. For CEM I t2 = 3.5 hours.

Forflyash £ = 3.5 +0.0236(% fly ash) (A2.13)

For ggbs t, =3.5+0.0125(% ggbs) (A2.14)

A2.1.8 Comparison of modelled heat generation with the measured values

Comparisons between test results and heat output curves generated using the two component model with
the coefficient defined above are shown in Figures A2.7 and A2.8 for fly ash and ggbs concretes
respectively. It can be seen that the two component model provides a good fit to the data.

400
CEMI
2 300 4 15% fly ash
= 20% fly ash
2 0
°
2 35% fly ash
©
(0]
S 200 50% fly ash
[=]
IS
[}
=
s
P 100 -
O T T T T T
0 10 20 30 40 50 60
Hours
Figure A2.7 Comparison between the reported adiabatic heat output and the curves generated

by the proposed model for cement combinations of CEM I and fly ash
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Figure A2.8 Comparison between the reported adiabatic heat output and the curves generated
by the proposed model for cement combinations of CEM I and ggbs

A2.3 The effect of placing temperature

The model also modifies the adiabatic heat generation curve to take account of the mix temperature.
The curve may be adjusted to take account of differences between the start temperature in the test and the
start temperature in practice (Rastrup,1954). This is achieved using the Rastrup function:

L=t x 2[(9t-9p)/12] (A2.15)
where

t.= predicted time to achieve a particular temperature

t,= recorded time to achieve a particular temperature in the test
6,= start temperature in the test

0,= start temperature for the prediction

This implies that a 12 °C increase in temperature will halve the time taken to achieve the same level of
total heat generated. Thus a concrete placed at 22 °C initially evolves heat twice as quickly as a similar
mix placed at 10 °C, and, if the heat loss conditions are the same, the concrete placed at the higher
temperature has a higher temperature rise.

A validation of this equation based on site measurements is shown in Figure A2.9, which compares
temperature rise curves from a range of concrete pours from 300 mm up to 3 m thick, all of which have
been normalised to the same placing temperature using the above equation.

Further confirmation of this function was provided in a study of Japanese cements (Kishi and Maekawa,
1995), in which adiabatic tests were carried out at 10, 20 and 30 °C. The results, shown in Figure A2.10,
indicate that the empirical Rastrup function gives an adequate estimation of the rate of heat evolved for
normal UK conditions.
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A2.4 Thermal properties of the concrete

A2.4.1 Thermal conductivity

The thermal conductivity of concrete, 4., determines the rate at which heat will be transported through it
and hence the rate of heat loss. Two main factors influence the thermal conductivity of concrete, the
aggregate type and the moisture content. Published values of thermal conductivity vary considerably but
are typically within the range from 1.0 to 2.5 W/m.K. This range is due in part to the range of moisture
conditions under which the tests have been conducted and in part to the variation of the aggregate
properties (Clauser and Huenges, 1995).

With regard to the prediction of temperature rise in hydrating concrete it is only the moisture content
within the first day or so that is important. During this period the volume of free water will be reducing as
the cement hydrates and the thermal conductivity will reduce accordingly. It has been reported that the
thermal conductivity of maturing concrete is about 33 per cent higher than that of hardened concrete
(Ruiz et al, 2003). Based on this observation a relationship is proposed which relates the thermal
conductivity at time ¢, 4, to the initial thermal conductivity 4.; using the expression;

Aci
“ T (1.33-0.33[ ai/ cui])

(A2.16)

where ¢, is the degree of hydration at time ¢ and a,,, is the ultimate hydration.

The initial thermal conductivity can be calculated using a multiphase model if the properties of the
individual constituents are known. Various models have been used to predict concrete properties, the
most common being the series model and the parallel model.

The series model is of the form

1 Va Vs Vee Vw

=—+—+—+—
i(’ j«a iS ice j.W

(A2.17)

where v is the volume fraction of each component and the subscripts «, s, ce and w represent aggregate,
sand, cement and water respectively.

The parallel model is of the form
j,c = Va.ia + Vs.j,s + Vce.ice + Vw.iw (A218)

It is generally assumed that the series and parallel represent the lower and upper bound values
respectively. Concrete comprises discrete aggregate and sand particles within a continuous matrix and
true model will lie somewhere between the two estimates. As the aggregate represents about 70 per cent
of the volume and the cement paste about 30 per cent, the value of 1.; has been estimated by taking a
weighted average of the results from the series and parallel models in the ratio 70;30 and the results are
given in Table A2.1. Both mean and lower 95 percentile values are given, the latter resulting in higher
values of temperature rise when used in modelling and hence providing a safe design option. In addition,
results have been derived for concretes in which both the sand and aggregate is from the same rock type
and for combinations of the defined rock type with a siliceous sand, the latter being a common
combination in the UK.
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Table A2.1 Estimated values of thermal conductivity ay early age for concretes using different
aggregate types. Aggregate data were obtained from Clauser and Huenges (1995)
Thermal conductivity, W/m.K
Aggregate Concrete
Rock type Examples Aggregate and | Aggregate with
Mean D lower sand silicious sand
95% Mean Lower Mean Lower
95% 95%
High quartz content Quartzite 5.80 0.40 5.14 3.20 291 3.20 291
Metamorphic Gnei homnfels. schi
Low quartz content Sl:gsses’ orniels, sehist, 1 590 | 060 | 192 | 186 | 137 | 234 | 201
Low in feldspar Granite, diorite, gabbro, 3.00 0.60 2.02 1.91 1.42 2.37 2.05
Plutonic Sven .
High in feldspar yenite, grano-syenite, 280 | 040 | 214 | 181 | 148 | 231 | 2.09
syenite porphyry
Volcanic Low porosity Basalt, rhyolite 2.90 0.70 1.75 1.86 1.28 2.34 1.95
Chemical sediments |- estone, dolomite, 260 | 070 | 14s | 171 | 112 | 224 | 184
. chert,
Sedimentary
Physical sediments Sandstone 2.40 0.60 1.42 1.61 1.05 2.18 1.83

It can be seen that for many of the rock types a similar value of thermal conductivity is obtained, with the
lower 95 percentile values being within the range from 1.0 to 1.5 W/m.K for concrete using sand and

aggregate from the same rock type. The most notable exception is for quartzite, for which much higher

values are obtained when using rocks with high quartz content. As it is common to use siliceous sand
with various rock types, values have also been derived for such combinations. The effect is to increase the
range of lower 95 percentile values to 1.8 to 2.1 W/m.K.

Based on the above data, proposed values for use in modelling of early age temperature rise are given in

Table A2.2.
Table A2.2 Proposed values of thermal conductivity of concrete for use in early age thermal
modelling
Aggregate type Thermal conductivity of concrete (W/m.K)

Sand and aggregate from
same rock type

Aggregate from defined rock
type with siliceous sand

Quartzite and siliceous gravels 2.9 2.9
with high quartz content

Granite, gabbros, hornfels 1.4 2.0
Dolerite, basalt 1.3 1.9
Limestone, sandstone, chert 1.0 1.8

A2.4.2 Specific heat

The specific heat of concrete is determined by the specific heat of the individual components and their
relative proportions. It has been reported that the range for mass concrete may vary from 0.75 to 1.17

kJ/kg°C (USACE, 1997). This is a very significant variation, indicating that the temperature rise
associated with a particular amount of heat generated by vary by as much as * 20 per cent from a mean
value of about 0.96 kJ/kg°C. It is important that a representative value is used in any model for

temperature prediction.
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Two factors in particular influence the specific heat of concrete, the aggregate type and the water content,
the former because it constitutes the largest proportion of the mass and the latter because it is the
component with the highest specific heat (greater than 4 times that of the other mix constituents).
Reported values of specific heat for rocks range from 0.8 to 1.0 kJ/kg°C and for a typical structural
concrete this change alone may result in values from 1.0 to 1.15 kJ/kg°C. Dealing with the water content
is more complicated as the specific heat differs for free water (4.18 kJ/kg®C) and bound water (2.22
kJ/kg°C) in concrete. To calculate the specific heat for concrete it is necessary to know the relative
amounts of free and bound water and this is determined by the degree of hydration. Hydration in concrete
does not occur to 100 per cent. The ultimate degree of hydration a,, is determined by both the w/c ratio
and the type of cement. A relationship has been developed by Schindler and Folliard (2005) of the form

1.031.w/c
i = —222WC 0 Shfa + 0.300b A2.19
1944 e T OoPfa+ 0-3ggbs (4219

For CEM I cement this indicates that the ultimate degree of hydration for concrete with w/c ratios from
0.4 to 0.7 varies from 0.7 to 0.8. However, during the early life of the concrete the degree of hydration
will be significantly less than the value for mature concrete. Firstly, at the time at which the peak
temperature is achieved, the degree of hydration will be less than the ultimate degree of hydration. As, in
most cases, the peak temperature is achieved within 30 hours of casting, the proportion of ultimate heat
Q. generated after 30 hours Q3 in the semi-adiabatic undertaken by University of Dundee (Dhir et al,
2006) has been used as a measure of the degree of hydration at this time. The value of Q;¢/Q,, varies with
the cement type as shown in Figure A2.11.

ggbs

QSO/ ult

pfa

0 20 40 60 80
% Addition

Figure A2.11 The relationship between Q3y/Q,;, and the percentage of mineral addition

Hence the degree of hydration after 30 hours, hso, may be estimated as follows:

O30

Q30 = Q. (A2.20)

ult

Having established a means for estimating the degree of hydration during the period up to achievement of
the peak temperature, consideration must be given to the value to be applied to represent the average
value during this period. It is clear that immediately after casting the concrete, the degree of hydration
will be zero, with all of the water being in a free state. As hydration proceeds the amount of free water
will progressively reduce until, at 30 hours, the degree of hydration has reduced to the value calculated
using equ A2.20. Assuming that the degree of hydration is directly proportional to the heat generated
during this period, the average degree of hydration will be equal to half the value achieved at 30 hours
and it is this value that should be used in the thermal calculations.
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Applying this principle to the mortar mix used in the semi-adiabatic test with a w/c of 0.5 leads to an
estimated value of mean hydration of 0.33 and a mean specific heat value of 1.118 kJ/kg°C (Table A1.8).
The latter is close to the value of 1.1 kJ/kg°C recommended by SP, the Swedish National Testing and
Research Institute (Wadsd, 2003) for analysis of the semi-adiabatic test results.

Table A2.3 Estimate of specific heat capacity for test mortar in the semi-adiabatic test)
Material Weight (kg) Specific heat (kJ/kg.C)
Cement 3.60 0.87
Water - Free 1.20 4.18
Water - Bound 6.00 2.22
Sand 10.80 0.80
TOTAL 16.20 1.118

Calculated early age values for typical structural concretes using aggregate with an assumed specific heat
of 0.8 kJ/kg.C are estimated to be in the range from 0.97 to 1.07 kJ/kg°C with ultimate values generally
being 5 to 10 per cent lower, the difference being greatest for concretes with high levels of fly ash or
ggbs. Figure A2.12 enables a rapid estimate of specific heat to be made based on the cement content and
w/c ratio of the concrete. Where the specific heat of the aggregate is known to be greater than 0.8
kJ/kg°C, the values for concrete in Figure A2.12 should be increased by 0.8 times the change in the value
for the aggregate. So for aggregate with a specific heat of 0.9 kJ/kg°C, concrete with a value of 1.01
would increase by 0.8.(0.9-0.8) = 0.08 to 1.09 kJ/kg°C.

Specific heat (kJ/kg.C)
0.9 - 0.97
0.8 0.99
071 101
bl 1.04
S 06
L 1.07
s
0.5
0.4
0.3 +
0.2 T T T T T
200 250 300 350 400 450 500

Cement content (kg/m?)

Figure A2.12  The relationship between cement content, w/c ratio and early-age specific
heat (assuming the specific heat of the aggregate is 0.8 kJ/kg °C)

A2.5 Ambient temperature

Knowledge of the temperature variations at the site is needed for the calculation of the early-age thermal
movement and the subsequent daily and seasonal movements. In the UK, the relevant information can be
obtained from the climatology service of the Meteorological Office. Abroad, this information is not
always so readily available. An assessment of the mean daily temperature during the period of
construction is needed to predict the temperature rise. Knowing this mean daily temperature, the section
thickness, type of formwork, and the cement type and content, the temperature rise can be predicted with
adequate accuracy.
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In order to predict thermal gradients, however, the daily temperature variation is needed. The ambient
temperature can be modelled using a sinusoidal curve as shown in Figure A2.13. In this example, the
modelled temperature varies between 10 °C and 22°C. The effect of using a varying ambient temperature
on a 300 mm thick wall using steel formwork is shown in Figure A2.14. As shown, even in a thin section
with low insulation formwork the use of the mean daily temperature has little effect on the peak
temperature.

30
e Measured

08 25 Modelled
o A
5 20 ( /\ ,
©
. VAL
g 15 A N ‘
= ~ \ \
£ 10 -
2
£ s5-

O T T T T T T

Time (days)

Figure A2.13  Modelling the ambient temperature variation

I

Temperature ( °C)
°
“
D
>
D

Days

Figure A2.14  The effect of ambient temperature variation on the temperature rise
in a 300 mm wall using steel formwork

While changes in the ambient temperature may have little impact on the concrete at the centre of a
section, they will, of course, have a significant effect on the development of temperature differentials.

A2.6 Thermal conductance of the surface

The thermal conductance, G, has a significant impact on both the peak temperature and the temperature
gradient as it determines the rate at which heat is lost from the surface. The value of G is determined by
the nature of the formwork and by the wind speed, the latter having less impact on formwork with better
insulating properties. Values of G were presented in CIRIA R67 (Harrison, 1978) and are given in Table
A2.4.
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Table A2.4 Values of thermal conductance for various formwork types and insulating materials

Form face and/or insulating material Thermal conductance
W/m*C kcal/m*.h.C

Exposed concrete 22.2 19.1
Formwork
Up to 25mm steel 18.9 16.3
3mm glass fibre reinforced plastic 15.9 13.7
18mm plywood 5.2 4.5
37mm plywood 3.2 2.8
Precast planks
50mm normal density concrete 13 11.2
100mm normal density concrete 10.1 8.7
150mm normal density concrete 8.3 7.1
Insulation
Air space (20mm minimum) 4.5 3.9
50mm nominal (37mm actual) spruce 2.4 2.1
50mm wood wool 1.9 1.6
25mm glass wool 1.5 1.3
25mm dry sand 1.3 1.1
Mineral wool 1.3 1.1
Kapok quilt 1.3 1.1
Expanded polystyrene 1.3 1.1

The wind speed has a significant effect of the surface heat transfer. In a model developed by NIST
(Bentz, 2000) using the FEMMASSE system (Schlangen, 2000) the following relationships were used;

G=5.6+4.0 Vyin for Vying < 5 m/s (A2.21)
G=72X Vyina" " for Viying > 5m/s (A2.22)

Values used in FE analysis of early thermal behaviour by Bentz (2000) are summarised in Table A2.5 and
included estimated using Equations A2.21 and A2.22.

Table A2.5 Values of thermal conductance used by the Bentz (2000)

Time span | Wind Surface heat transfer coefficient (W/m”.K

velocity Wind Estimated | Wind Wind Air, plywood

kmv/h (m/s) | velocity using equ. | velocity and | velocity and | and

only A2.22 plywood insulation insulation

Nov-Apr 16 (4.44) 25.72 23.36 4.913 1.345 1.101
May-June 13 (3.61) 22.01 20.04 4.763 1.333 1.094
July-Sept 11 (3.06) 19.71 17.84 4.644 1.324 1.087
Oct 13 (3.61) 21.88 20.04 4.756 1.333 1.093

It is clear that the wind speed is far less significant when the surface is insulated. Within the model,
Equations A2.21 and A2.22 have been used for exposed surfaces and the following equations have been
used for formed surfaces:

For steel formwork G=53+3.3Vyind (A2.23)

For 18mm plywood formwork G=4.4+0.2 Vyina (A2.24)

For 37mm plywood formwork G=2.4+0.2 Vyina (A2.25)
C660 13
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A2.7 Formwork striking times

The formwork striking time may influence 7 but only if formwork is removed before the peak
temperature is achieved. In some circumstances removing formwork the morning after casting can reduce
the peak temperature. Figure A2.15 illustrates the effect of removing 18mm plywood formwork 15 hours
after casting.

7
9 5 H
; \O
El 5 10°C
o
)
o 4

d

g 15°C
c3 —
5
: | /\O 20°C
=)
31
. /

o T T T T T

0 200 400 600 800 1000 1200

Thickness (mm)

Figure A2.15  The effect of removal of formwork after 15 hours on the peak temperature
rise (for 350 kg CEM I, placing temperature 20 °C)

For the example shown, it can be seen that the greatest reduction is achieved when the mix temperature is
low and for sections with a thickness of about 500 to 700 mm although a reduction in 7; of 5 °C may still
be achieved in sections up to 1000 mm. The reduced benefit in thinner sections is because the peak
temperature is achieved relatively early.

While it is clear that some benefit may be achieved under some circumstances, this reduced temperature
rise does not form a safe basis for design as there are times when the formwork may be left in position for
a longer period than planned (eg weekends). Even extending the striking time from 15 to 24 hours may
largely negate any benefit. Nevertheless, contractors generally remove their formwork as soon as possible
for economic reasons. In the assessment of formwork striking times, a number of factors need to be
considered. For example, it should be noted that early removal of formwork will usually require
additional efforts to adequately cure the young concrete.

While the peak temperature rise may be reduced, early removal of formwork will increase the
temperature differential between the centre and the surface. An example of the effect of early striking of
formwork is shown in Figure A2.16.

As the peak temperature is generally achieved at or close to about 24 hours, striking at this time may
result in the most severe temperature differential. In the example shown, the removal of formwork results
in a rapid drop in surface temperature, and a rapid increase in temperature differential of about 10 °C.

Where temperature differentials are considered to be a problem, most commonly in sections greater than
about 500 mm, surfaces should remain insulated until the whole section has cooled to the extent that
when the formwork is finally removed, the thermal strain associated with the rapid drop in the surface
temperature does not exceed the tensile strain capacity of the concrete under rapid loading. This will
depend on the aggregate type, being about 10 °C for flint gravel concretes and up to about 20 °C for
limestone concretes. In thick sections this may require keeping the formwork and insulation in place for
up to two weeks, and this is almost certainly the controlling striking criterion.
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Figure A2.16  The effect of early removal of 18 mm plywood formwork on the temperature differential
in a 500 mm thick wall (for 350 kg CEM I, placing temperature 20 °C)

When striking formwork, the thermal shock may be reduced by releasing the formwork and leaving it in
place for a few hours to allow the surface to adjust more slowly to ambient conditions. It is also
acceptable to replace formwork with insulation but care must be taken to ensure that the concrete is not
exposed for too long a period while this process takes place. Table A2.6 gives estimates of temperature
rise and temperature differential as affected by early formwork removal.

The arguments for the optimum choice of formwork materials closely follow those for surface cooling.
Allowing the heat to escape from the surface of sections less than 500 mm thick reduces the core peak
temperature without giving significant internal restraint. The best formwork materials for thin sections are
the poor insulators (eg steel and GRP). However, for large isolated sections, the best solution is to
insulate the section and let the temperature rise and fall as uniformly as possible. The optimum level of
insulation with regard to the economics of construction is that which gives a temperature gradient just
insufficient to cause cracking.

Table A2.6 Maximum temperature rise and temperature difference in a 500 mm thick wall section
Formwork left in place Formwork removed after 15 hours
Formwork type Temperature Maximum Temperature Maximum
rise(°C) temperature rise(°C) temperature
difference (°C) difference (°C)

Steel 27 17 27 17

18 mm plywood 32 9 31 19

25 mm insulation on steel 42 4 37 22

cement content, 360 kg/m3 CEM 1
concrete placing temperature, 20 °C
mean ambient temperature, 15 °C
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A2.8 Running the model

The first page of the model — Adiabatic temperature — generates the adiabatic heat curve based on the
model developed to represent the data generated in the study by University of Dundee (Dhir et al, 2006).
Input data include:

. cement content (including any additions

. cement type (CEM 1, fly ash, ggbs)

. addition (as per cent of total CEM1 plus addition

o density, &, (kg/m?)

) specific heat, s, kJ/kg°C.

The details of the cement generate the reference adiabatic curve in terms of heat output, Q. This is then
converted to an adiabatic temperature rise, T4 for the proposed concrete using the equation:

5
; Tadw = % (A2.26)
S
(@)
o) The results are generated and presented as curves as shown in Figure A2.17.
> Adiabatic temperature rise
8 Cells for input data
8 ;cu\ 400
—_ Cement content 360 (kg/m®) 2 300
° Cement type CEM 1 E
- Addition 0 () & 200 -
E Densty 2400 (kgim) ° w0
o Specific heat 1 kdkg°C g
(&) = T
c 0 —
) 0 12 24 36 48 60 72 84 96

Time (Hours)

Adiabatic temeprature rise for concrete

e Reference curve at 200C

Temperature (°C)

:238 : e Adjusted for temperature
10 4 O Modelled
0 : | |
48 72 96

Time (Hours)

Figure 2.17 Page 1 of the spreadsheet model showing the adiabatic data generated for a particular
cement type and concrete cast at 20 °C

Page two of the spreadsheet model — Temperature calculations — requires further input as follows:

3 section thickness (mm)
. formwork type — selected from menu including:
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Up to 25 mm steel

- 18 mm plywood
- 37 mm plywood

. wind speed (m/s)

. time of formwork removal (hours)

. coefficient of thermal conductivity of the concrete (W/m.K)

. placing temperature (°C)

. minimum, MEAN and maximum ambient temperature (if no information is available on the
range assume + 5°C)

. start time for concreting (using the 24 hour clock).

Outputs are then calculated as shown in Figure A2.18 and include:

. the maximum temperature and the time at which it is achieved
. the maximum differential and the time at which it is achieved
. T, for use in the design process.

Also shown graphically are:

. the rate of change of the temperature differential between the centre and the surface
. the maximum temperature differential and the temperature differential at the time of the
maximum temperature.

TEMPERATURE RISE AND DIFFERENTIALS
Cells for input data

Element details 70

Pour thickness 500 [mm 60 Formwork removed

Formwork type 18mm plywood 5 sl .

Wind speed 4 m/s % | em—Deak

Surface heat tansfer ciefficient 52  |wm S A0 g

Formwork removal 24 |hours E oyl | Surface
) g 20 7" ! e Differential

Concrete properties 2 T W S S

Thermal conductivity 1.8 |w/m°C 10 4

Specific heat 1 kJ/kq:C 0 1 ‘ NN N NN

Density 2400 |ka/m 0 50 100 150 200 250

Time (hours)
Temperature INPUT

Placing temperature 20 °C 70
Minimum ambient 10 °C 60 4
MEAN ambient 12 |°c G sl
Maximum ambient 20 °C e
Start time (24 hour clock) 12 |hours 5 4 /—_\ ot maximum diffentail
Temperature OUTPUT §_ 30 1 at peak temperature
Maximum temperature 52 °C £ 20 4 -
at time 21 hours = 10
Maximum differential 18 °C
at time 26 hours 0
Temperature drop T, 41 |°C 0 200 400 600

Thickness (mm)

Figure A2.18  The temperature calculation page of the spreadsheet showing required inputs and
calculated outputs

A2.9 Validation

In order to test the model comparisons have been made with published data in conditions where
measurements have been obtained from structures or full size test specimens. Three sources have
provided a significant quantity of data covering a range of cement types and casting conditions.

1 Study of temperature rise and restraint in walls (Anson and Rowlinson, 1988).

In this paper data are reported from 12 full size walls varying in thickness from 300 mm to 850 mm.
Concretes varied in binder content from 290 kg/m’ to 360 kg/ m® and contained combinations with both
fly ash and ggbs. Mix temperatures varied from 7 °C to 23 °C. Details are given in Table A2.7.
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Table A2.7 Data reported by Anson and Rowlinson (1988) for concrete walls up to 850 mm thick

Temperature (°C)

Cement A t Rise
Thickness content | Cement type EBICEAC | A mbient Placing | above

(kg/m?) type °C) ©C) | placing | T

49

?:s(:ﬁﬁgd 623) 360 39% ggbs Gravel 2.0 7.0 16.5 21.5
600 360 CEM I Gravel 4.0 14.0 19.5 29.5
600 360 CEM Gravel 5.0 12.0 23.0 30.0
850 290 30% fly ash | Limestone 9.0 14.0 19.5 24.5
800 330 40% ggbs Limestone 12.0 17.0 31.0 36.0
800 330 40% ggbs Limestone 14.0 23.0 31.0 40.0
?a?s(;i?lgd 720) 360 50% ggbs Limestone 12.0 19.0 21.0 28.0
400 345 CEM I Limestone 15.0 19.0 25.0 29.0
600 345 CEM 1 Limestone 13.0 21.0 24.0 32.0
600 355 CEM I Limestone 18.0 23.0 31.0 36.0
300 360 CEM I Limestone 3.0 9.5 21.5 28.0
400-880 360 CEMI | Limestone | 110 | 210 | 350 | 45.0
(assumed 784) ) ) ) )

2 Study of in situ strength (Concrete Society 2004).

As part of the Concrete Society project to measure in situ strength, a series of large scale specimens were
cast. These included 1.5 m cubes insulated on all but one face, 300 mm thick walls and 200 mm thick
slabs. Sixteen concretes types were investigated, using two aggregate types each at two levels of strength
and four cement types in a full factorial study. In addition, specimens were cast in the winter and the
summer. Mix details and temperature measurements are given in Table A2.8.

3 Measurement of temperature rise under tropical conditions (Fan, Aw and Tan, 2004).

In Singapore, an extensive test programme was carried out to determine 7 values in tropical conditions
for concrete with a placing temperature of 34 °C. Tests were carried out on the range of element thickness
covered by CIRIA R91 (Harrison, 1992) using CEM I cement at level of 315, 365 and 390 kg/m’. Both
steel and plywood formwork were investigated. The results from these tests are shown in Table A2.9.

It can be seen that the combination of data from these three sources provided 54 data points covering a
wide range of conditions, with variation in cement contents from 215 to 390 kg/m’, the inclusion of fly
ash (30 per cent) and ggbs (from 39 to 50 per cent ), section thicknesses from 300 to 1000 mm, and
placing temperatures from 7 to 34 °C.

In order to test the model, a comparison was made between the predicted levels of temperature rise in

each of the elements above the placing temperature. This eliminated any errors in the assumptions
regarding the mean ambient temperature. The results are shown in Figure A2.17.
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Table A2. 8 Data reported by the Concrete Society (2004) for concrete walls 300 mm thick
Temperature (°C)
Cement | Cement Winter casting Summer casting
content type Aggregate Rise Rise
(kg/m®) Amb. | Placing | above T; | Amb. | Placing | above T,
placing placing
240 CEM1 | gravel 7 12 10 15 11 21 11 21
345 CEM1 | gravel 6 14 16 24 12 22 19 29
220 CEM1 | limestone 10 14 14 18 13 19 12 18
310 CEM1 | limestone 10 12 19 21 12 18 18 24
0,
275 30 a/;’hﬂy gravel 7 12 8 13| 11 20 8 17
0,
385 30 a/;’hﬂy gravel 8 11 22 25 | 13 21 15 23
0,
255 30a/;)hﬂy limestone 10 13 11 14 13 17 10 14
0,
365 30 a/;’hﬂy limestone | 10 13 10 13 ] 12 15 17 | 20
<_E 230 50% ggbs | gravel 7 10 5 8 11 19 6 14
x 330 50% ggbs | gravel 6 9 9 12 13 18 10 15
o ggbs | limestone
o 215 | 50% ggbs | li 10 14 4 8 | 13 18 6 11
© 305 50% ggbs | limestone 10 11 11 12 12 16 9 13
é
8 Table A2.9 Measured T, values for concretes with a casting temperature of 34 °C and a mean
ambient temperature of 29 °C (Fan et al, 2004)
o
i’ Section Steel formwork Plywood formwork
= thickness | 315kg/m® | 365kg/m® | 390 kg/m® | 315kg/m® | 365kg/m® | 390 kg/m®
- (mm)
e 300 20 31 36 32 37 40
8 500 29 36 41 37 42 46
c 700 36 41 46 40 45 50
- 1000 38 45 49 42 49 54
G
o
N 60 —
S~ —~
>3 5 O Fan, Aw & Tan, 2004 7
o b 50 1 o Anson & Row linson, 1988 pe d
B 2 A Concrete Society, 2004 Eb’ a}
— o 40 -
e o gﬂf
2
- g °c B8
E g 399 00033( o
— 2 5 Aoy °
o 3 5B
4 o
g 10 A
& -
0 T T T T T
é 0 10 20 30 40 50 60
Measured temperature rise (°C)
-I?S-I
> Figure A2.17  Comparison between measured temperature rise and values predicted
8‘ using the adiabatic model
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It is apparent from the results in Figure A2.15 that, although there is considerable scatter of the results,
the model does, on average, provide a reasonable prediction of temperature rise over the range of
conditions investigated. Indeed, it is to some extent surprising that that data from one source is able to
lead to predictions which are as close as they are to a range of concretes using entirely different source
materials, and recognising, in particular the heat generating capacity of different cements.

A2.10 Limitations

While the model, using a specific data source for heat generation of cements, has been shown to be able
to predict temperature rise with a reasonable degree of accuracy, it is limited inasmuch as it is uniaxial
only. This is not a significant problem in most pours where one dimension (eg the depth of a slab or the
thickness of a wall) is generally much less than the other two dimensions.

It is recognised that such a model will be most reliable when predicting the temperature rise in thick
sections. A comparison was made by Vithanara and Sakai (2001) using predictions of temperature rise in
200 mm and 2000 mm sections. The results demonstrated that higher temperatures were predicted using
the adiabatic approach. As expected, the difference was greater in the thinner sections, being about 4 °C
in the 200mm section, where the temperature rise was only predicted to be in the order of 10°C. It is
apparent that the errors are most significant under conditions of low temperature rise where the risk of
thermal cracking is lowest and that the error reduces as the level of risk increases.

It is also recognised that the Rastrup function must be adjusted to take account of the different activation
energy of different cements and combinations, in particular when using ggbs. Within the model, there is
scope to revise the factor of 12 currently used in the Rastrup equation for different cement types but
currently the same value is applied to all cements and combinations. For this reason the error is likely to
increase when large adjustments are made from the mix temperature at which the reference data was
obtained. This may be overcome, however, by carrying out the test at a mix temperature which is closer to
the expected placing temperature.

Hence, while the method has its limitations, it is useful in that it tends to predict values of temperature
rise that are conservatively, but not excessively high and offers the flexibility to undertake scoping studies
to investigate the effects of varying the mix, the boundary conditions (formwork or insulation) and
environmental conditions. It also enables temperature differentials to be estimated, helping to inform
decisions regarding appropriate types of formwork and insulation and when they may be removed.

A2.11 Conclusions

1. A model has been developed which enables a prediction to be made of the temperature rise in
concrete elements. The input data are adiabatic curves derived from extensive testing at the
University of Dundee (Dhir et al, 2006). The model is able to take account of variations in the
following factors

] cement content

. the use of fly ash or ggbs in different proportions
. mix temperature

. ambient temperature and its daily variation

. section thickness

. formwork type

. time of formwork removal.

2. Reasonable correlation has been obtained between predictions of temperature rise using the
model and independent published data on temperature rise for a variety of concrete mixes,
element sizes and mix temperatures.
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Appendix A3 Drying shrinkage

A3  Estimating drying shrinkage using the method of
EN1992-1-1

EN1992-1-1 provides a method for estimating drying shrinkage. It is based on the strength class of the
concrete, the average ambient relative humidity and the dimensions of the element under consideration.
The process starts by estimating the nominal unrestrained drying shrinkage value, &, based on the
strength class of the concrete and the average ambient humidity. This is derived using the equations

gean = 0. 85{(220 + 110.0s1). exp[— e, L ﬂ]o—ﬁ B (A3.1)
rRH Y

and =1.551- (A3.2)
pun =159 1-( oo |

where:

Som is the mean compressive strength (cylinder)

Sfemo =10 MPa

Osi is a coefficient which depends on the type of cement

= 3 for cement Class S
=4 for cement Class N
=6 for cement Class R
Ogs2 is a coefficient which depends on the type of cement
=0.13 for cement Class S
= 0.12for cement Class N
=0.11 for cement Class R
RH is the ambient relative humidity (%)
RH, =100%.

Values of ¢, calculated using equations A3.1 and A3.2 are presented as Table 3.2 in EN1992-1-1 for
different grades of concrete and levels of relative humidity. The data is illustrated in Figure A3.1.

To take account of the fact that the ultimate shrinkage will be lower in larger sections, even when
considered over very long timescales, a coefficient &, is applied to the nominal unrestrained drying
shrinkage. The coefficient k; is related to the notional size of the cross-section /4, according to the
equation

hy =24 lu, (A3.3)
where:

Ac is the concrete cross-sectional area

u is the perimeter of that part of the cross section which is exposed to drying.
For walls drying from both faces, %, approximates to the wall thickness 4.

For walls or slabs drying from one face only, 4, = 2h.

The relationship between &, and 4, is shown in Figure A3.2. This is a graphical representation of values
given in Table 3.2 of EN1992-1-1 for concrete with CEM 1.
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Having established the maximum drying shrinkage for a specific element cast using a specific concrete,
the rate at which the shrinkage occurs may be calculated using the equation,

gcd(ﬂ = ﬁds(t’ tv) . kh + Eed0 (A34)
where Buslt, t) = (t—1,) / {(t— 1) + 0.04\hs’} (A3.5)
and ¢ is the age of the concrete at the time considered, in days
t is the age of the concrete (days) at the beginning of drying, normally the end of the curing
period.

Shrinkage curves estimated using this approach for a C30/37 concrete, cast into walls drying from both
faces into ambient relative humidity’s of 45 per cent (indoor conditions) and 85 per cent (typical UK
outdoor conditions) are shown in Figure A3.3.
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Appendix A4 Autogenous shrinkage

A4  Estimating autogenous shrinkage

A4.1 Introduction

While considerable research has been carried out to measure autogenous shrinkage and many of the
influencing factors have been identified (most notably the water/binder ratio [w/b] and the binder
composition) it is still recognised that that the magnitude of autogenous shrinkage is difficult to predict.
Nevertheless, EN1992-1-1 offers a method for estimating autogenous shrinkage based solely on the
strength class of the concrete. This method is described and compared with published data. The influence
of different cementing materials has also been investigated.

A4.2 The method of EN1992-1-1

The EN1992-1-1 method for estimating autogenous shrinkage is based solely on the strength class of the
concrete according to the equation,

&calt) = Pas(t) - €ca(®) (A4.1)
where:
g.q(t)  1s the autogenous shrinkage at time t days
€ca(®) is the ultimate autogenous shrinkage = 2.5(f;; — 10) x 10 (A4.2)
where
ek is the characteristic cylinder strength
Pas(t)  is a function defining the time dependent development of autogenous shrinkage
Bas(t) = 1 —exp(-0.2.") (A4.3)

Using these equations a series of autogenous shrinkage curve have been developed for different strength
classes as shown in Figure A4.1.

While it has previously been assumed that autogenous shrinkage will only occur in concretes with very
low w/b ratios, typically below about 0.40 (Pigeon ef al, 2005) EN1992-1-1 predicts that autogenous
shrinkage will occur, to some degree, in all structural concretes. An investigation of published data has
been carried out to support this supposition.

The results from tests on cement pastes over a range of w/b ratios are shown in Figure A4.2. It can be
seen that in the short term the magnitude of autogenous shrinkage may be low when the w/b is of the
order of 0.45 and at higher w/b ratios swelling may occur (Nawa and Horita, 2004). However, in the long-
term, autogenous shrinkage may be significant (Baroghel-Bouny and Kheirbek, 2000) even when the w/b
ratio is as high as 0.6. The magnitude of the values for concrete will, of course, be much lower than the
values shown in Figure A4.2, as shown by the comparison with values estimated in accordance with
EN1992-1-1.

Unfortunately, because of the assumption that autogenous shrinkage is only significant in high-
performance, low w/b concrete, published data for concretes with w/b ratios above about 0.4 are both
limited and variable. Saje et a/ (2001) reported autogenous shrinkage at 48 hours of 180 and 0 microstrain
for concretes with w/b ratios of 0.40 and 0.52 respectively. These concretes had mean cube strengths of
67.4 and 48.4 MPa (representing class C50/60 and C33/40) with EN1992-1-1 predicting 48-hour values
of autogenous shrinkage of 25 and 14 microstrain. For the higher strength concrete the measured value
was significantly higher than predicted while for the lower strength class, EN1992-1-1 predicted higher
shrinkage than reported.

CIRIA C660 1



© CIR A

Uncontrol | ed Copy,

Li censed copy: HALCROW GROUP LTD, 16/03/2007,

Appendix A4 Autogenous shrinkage

220
200
180 —
L~
L C80/95
@T-\ 160 /__/
o
—
\:-/ 140 / // NS C70/85
% /
< 120 | o C60/75
< / _— C55/67
% 00 / | et
@ 7 = C50/60
3 //
S 5 ' C45/55
S ///// C40/50
2 e WA —— C35/45
fpm—
] C30/37
p—
40 — C25/30
L —
o YV — C20/25
0
0 50 100 150 200 250 300 350 400
Time (days)

Figure A4.1 Autogenous shrinkage for different strength classes estimated using the method
of EN1992-1-1
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Figure A4.2 Reported values of autogenous shrinkage in cement pastes

Other comparisons with EN1992-1-1 can be made for concretes at lower w/b ratios. Pigeon et a/ (2005)
tested 5 concretes, all with w/b =0.35 but with different binders and additives. Autogenous shrinkage was
measured at 5 days and the results are shown in Figure A4.3 compared with the mean cylinder strength.
Again, all measured values were in excess of values predicted by EN1992-1-1.
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Figure A4.3 Measured (at 5 days) and predicted values of autogenous shrinkage for concretes using
different binders and additives (Pigeon et al, 2005)

ScheiBl et al (2000) tested high performance concretes, mostly with silica fume and again reported values
of autogenous shrinkage that are appreciably higher than predicted by EN1992-1-1. After 21 days values
typically in the range 300-400 microstrain were obtained while EN1992-1-1 predicts values which are
only about 50 per cent of those reported.

In a review of work carried out by the JCI committee on autogenous shrinkage, Tazawa et al (2000)
offers equations for ultimate autogenous shrinkage of the form:

for 0.2 <w/b <0.5 & = 3070.exp{ —=7.2(w/b)} (A4.4)
for w/b > 0.5 Eear = 80 (A4.5)

At a w/b ratio of 0.35, this predicts an ultimate autogenous shrinkage of about 250 microstrain compared
with values of about half this magnitude predicted by EN1992-1-1 for concretes with a strength class
associated with this w/b ratio.

The evidence suggests, therefore, that the approach of EN1992-1-1 will underestimate autogenous
shrinkage for concretes of a high strength class, but may overestimate the magnitude for concretes of
lower strength classes. The apparent underestimate for normal structural grades of concrete may be due to
the fact that EN1992-1-1 only requires that autogenous shrinkage be considered when new concrete is
cast against hardened concrete and that the values presented take into account a 50 per cent reduction for
creep. This would seem to be a reasonable explanation and is discussed in more detail in Section A4.3.

A4.3 The critical w/b ratio

In order to determine whether a critical w/b exists, below which it may be assumed that autogenous
shrinkage will not occur, and to derive a method of prediction which is more consistent with
measurements, a detailed analysis has been carried using one of the most comprehensive studies
undertaken on cement pastes with w/b ratios varying from 0.25 to 0.60 (Baroghel-Bouny and Kheirbeck,
2000). Recognising that shrinkage in concrete will be significantly less that in cement paste, the
composite model developed by Hobbs (1974) has been applied to estimate values for concrete. This takes
account of the relative volume of cement paste and aggregate and the relative stiffness of the two
components. Calculations have been carried assuming an aggregate with an elastic modulus of 55 GPa.
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The elastic modulus of the cement paste is based on a relationship with w/b ratio derived from the data of
Nawa and Horita (2004). The Hobbs model predicts that the shrinkage in concrete will be between 20 and
30 per cent of that occurring in cement paste, with the higher percentage being achieved in the lower w/b
mixes.

The results from this analysis are shown in Figure A4.4, presented as the time-dependent strain at
different w/b ratios. Data were reported for a period of 12 months and the results have been shown for the
full period and on an expanded scale for the first 28 days. The results indicate that short term autogenous
shrinkage (ie within the first 7 days) is unlikely in concretes with values of w/b in excess of 0.45. Indeed,
during this early period some swelling may be expected. However, even for these higher w/b concretes,
autogenous shrinkage may need to be taken into account when assessing longer term strains.

The results shown in Figure A4.4 indicate that EN1992-1-1 may underestimate the magnitude of
autogenous shrinkage for the lower w/b mixes, particularly within the period when it will have the
greatest impact on early thermal cracking. Consider a concrete with a w/b ratio of 0.45. Using CEM I this
might be expected to achieve a class C40/50 concrete with a mean cube strength of about 60 MPa. For
this strength class, EN1992-1-1 predicts 30 microstrain autogenous shrinkage, while measurements
suggest a 7-day value of 70 microstrain. The difference in the longer term strain is greater. At 1 year,
while EN1992-1-1 predicts 75 microstrain, the value based on observations is closer to 200 microstrain.
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Figure Ad4 Estimated values for autogenous shrinkage of concretes using CEM I with w/b ratios
from 0.3 to 0.6 (left — long-term, right — up to 28 days)

While for low w/b ratio concrete EN1992-1-1 would appear to underestimate the shrinkage, at higher w/b
ratios EN1992-1-1 predicts higher values than indicated by measured results. At a w/b of 0.6, the results
in Figure A4.4 suggest that autogenous shrinkage will not be apparent within the first three months, while
EN1992-1-1 predicts that for a C25/30 concrete, the shrinkage within this period will be 20 microstrain.

Hence, while the method of EN1992-1-1 for predicting autogenous shrinkage is simple, it is likely that if

these estimates are used in design, particularly for low w/b concrete, the magnitude of strain will be
underestimated.
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A4.3 Dealing with autogenous shrinkage in design

Many of the observations of autogenous shrinkage indicate that the biggest impact of w/b ratio is on the
magnitude of shrinkage within the first few days. In studies on cement paste, Baroghel-Bouny and
Kheirbeck, (2000) reported that for very low w/b mixes, more than 50 per cent of the 1-year shrinkage
was achieved within the first 24 hours. It was also reported that for pastes with normal w/b ratios (0.45
and above) some swelling may occur during this early period. Others have observed this early swelling
(Scheifl et al, 2000). The results also indicated beyond the first month or so after casting, w/b ratio had
very little effect on the rate of shrinkage. For example, between 28 days and 360 days Baroghel-Bouny
and Kheirbeck, (2000) reported an increase in autogenous shrinkage of about 400 £ 50 microstrain for
pastes with w/b ratios from 0.25 to 0.60. Interestingly the trend was for the magnitude to be higher for the
higher w/b mixes.

With regard to early-age cracking, however, it is the stress-inducing component of autogenous shrinkage
that is important. In the study by Scheifl ef a/ (2000) the stress development associated with autogenous
shrinkage after 7 days was measured. It was concluded that tensile stresses could not be determined
directly from autogenous shrinkage. Indeed, in some specimens tensile stresses were recorded even
though there was a reported net swelling of the concrete. A closer inspection of these results suggests that,
as assumed for early thermal stresses, much of the stress developed due to strain within the period
immediately after setting is relieved by creep and may be ignored in relation to stress development.
Where data are provided (Scheifl ez al, 2000) it would appear that the stress at seven days may be related
broadly to the strain that occurs between 1 and 7 days, indicating that strains within the first 24 hours,
whether shrinkage or swelling, did not contribute to stress development. During the period from 1 to 7
days, shrinkage strains were of the order of 100 microstrain, leading to stresses of about 3 MPa. The
estimated mean elastic modulus of these concretes derived from the stress and strain measurements is
about 33 GP, this being consistent with high performance, low w/b concrete.

Assuming that the early autogenous shrinkage will not contribute to stress development, the data from
Figure A4.4 have been normalised to show only the change in autogenous shrinkage beyond 24 hours.
The curves are shown in Figure A4.5 and are compared with the estimates of EN1992-1-1.

When taking into account the uncertainties in generating the results for concrete from tests on cement
paste may be concluded that the values estimated using the method of EN1992-1-1 are broadly consistent
with the reported data over the long-term. The principal difference is at very early-age, the period of
interest for this guide, where there is evidence of some early swelling in concretes with w/b ratios greater
than about 0.45. These early values are shown in Figure A4.6 on an expanded timescale. The results have
been used in considering an alternative set of design values for early-age autogenous shrinkage and these
are given in Figure A4.7. Using this approach autogenous shrinkage may be expressed by the equation:

gea = 240t"" = 650(w/b) (A4.6)

where: ¢ is the time in days.
These results are consistent with current practice in the UK which has assumed that autogenous shrinkage

does not occur when w/b < 0.45. In view of the current uncertainties in predicting autogenous shrinkage it
is proposed that swelling is not taken into account in the design process.
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A4.4 Influence of binder type

The above analysis has dealt with concretes containing CEM I. Limited data are available, however, on
the influence of cement chemistry and binder type. It is apparent that the use of silica fume or ggbs will
increase the magnitude of autogenous shrinkage at a given w/b ratio, while a reduction is achieved
through the use fly ash. A summary of the data reviewed is given in Table A4.1.

Table A4.1 The influence of mineral additions on autogenous shrinkage
[0) [0)
?:%uicceement paste w/b 1(;!;5 silf():a ch(ja/;)]ge fl/; ch;/:]ge s(l)g)g ch;/;:ge
C = concrete fume ash
Baroghel-Bouny et | CP | 0.25 28 5 37 - - - -
al, (2000) 025 | 28 | 10 89 - - - -
0.35 28 5 46 - - - -
0.35 28 10 83 - - - -
Pigeon et al, C 0.35 5 8 50 25 -30 35 10
(2005)
Scheifl et al, 2000 | C 0.35 21 4 50 22 -10 - -
0.35 21 8 200 50 -50 - -
Saje et al, (2001) C 0.4 2 10 20 - - - -
Igarashi et al, CP | 0.25 7 10 0 - - - -
(2001)
Poppe et al, (2001) | C 0.37 6 - - - - 33-40 0
0.37 6 - - - - 66-80 70
Nawa and Horita, CP | 0.32 7 - - 10 -19 10 27
(2004) 0.32 7 - - 30 -53 30 51
0.32 7 - - 60 -719 60 63

A4.4.1 Silicafume

Much of the published data on autogenous shrinkage covers concrete with silica fume (sf) as is it typically
used in low w/b, high strength concretes. However, the results are extremely variable. In work on cement
pastes at a w/b of 0.25 and 0.35, Baroghel-Bouny et al (2000) reported an increase in autogenous
shrinkage after 28 days of about 40 per cent with 5 per cent sf and 85 per cent with 10 per cent sf. In
concretes with a w/b of 0.35 Pigeon ef al (2005) reported a 50 per cent increase after 5 days over CEM 1
concrete with 8 per cent sf. Also using concretes at a w/b of 0.35, Schiefl et a/ (2000) recorded
significant increases in autogenous shrinkage after 21 days with the use of sf; about 50 per cent with 4 per
cent sf, over 200 per cent at 8 per cent sf and over 400 per cent at 16 per cent sf. Saje et al (2001) also
reported an increase in autogenous shrinkage in sf concretes at a w/b ratio of 0.4. After 48 hours the
increase was about 20 per cent using 10 per cent sf. Based on these studies it would appear, therefore, that
the use of silica fume will result in an increase in autogenous shrinkage by a significant extent although,
in other studies the effect of silica fume has been found to be much less significant. For example, Igarashi
et al (2001) reported little difference between CEM 1 and silica fume concrete at a w/b of 0.25. However,
no data have been identified that show a reduction in autogenous shrinkage with the use of silica fume
and no data have been identified for concretes at more commonly used w/b ratios.

Current evidence indicates that silica fume causes an increase in autogenous shrinkage and that the

values given in Figure A4.7 are increased by 10 per cent for every 1 per cent of silica fume
expressed as weight of the total binder content (Figure A4.8).
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A4.4.2 Fly ash

Scheipl et al (2001) tested concrete at a w/b of 0.35 with fly ash levels of 22 per cent and 50 per cent and
reported reductions after 21 days in the order of 10 per cent and 50 per cent respectively. These concretes
also contained 8 per cent sf and it should be noted that the use of fly ash partially offset the increase
caused by the silica fume. Pigeon et al (2005) investigated low w/b concrete with 25 per cent fly ash and
observed a reduction after 5 days of about 30 per cent compared with CEM I concrete. Testing cement
pastes with a w/b of 0.32, Nawa and Horita (2004) observed reductions in autogenous shrinkage after 7
days of 19, 53 and 79 per cent with fly ash contents of 10, 30 and 60 per cent. While the results are
varied, it may be concluded from the evidence available that fly ash will reduce the extent of autogenous
shrinkage.

The evidence available indicates that fly ash causes a reduction in autogenous shrinkage and that the
values given in Figure A4.7 are reduced in direct proportion to the weight percentage of fly ash
used in the mix (Figure A4.8).

A4.43 GGBS

In a study of self-compacting concrete with a w/b of 0.37, Poppe and Schutter (2001) reported an increase
in autogenous shrinkage after 7 days of about 70 per cent when using CEM III/B42.5 (66 to 80 per cent
blast furnace slag) when compared with identical concrete using CEM 1 52.5R. Using a 50:50 blend of the
two binders (ie with 33 to 40 per cent slag) achieved a result similar to that of the CEM I 52R concrete.
Pigeon et al (2005) using 35 per cent slag, observed an increase at 5 days of about 10 per cent when
compared with CEM I concrete at a w/b of 0.35. Using binder pastes at a w/b of 0.32, Nawa and Horita
(2004) reported increases after 15 days of 27, 51 and 63 per cent with 10, 30 and 60 per cent slag
respectively. While the results are varied, it may be concluded from the evidence available that blast
furnace slag will increase the extent of autogenous shrinkage.

Current evidence indicates that ggbs causes an increase in autogenous shrinkage and that the values

given in Figure A4.7 are increased by 8 per cent for every 10 per cent of ggbs expressed as weight of
the total binder content (Figure A4.8).
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Figure A4.8 Adjustments to the design curves in relation to the use of silica fume,
ggbs and fly ash

CIRIA C660 9



© CIR A

Uncontrol | ed Copy,

Li censed copy: HALCROW GROUP LTD, 16/03/2007,

Appendix A4 Autogenous shrinkage

A4.5

1.

Conclusions

A review of published data has indicated high degree of variability of results and a difficulty in
predicting reliably the magnitude of autogenous shrinkage for use in design. EN1992-1-1
assumes that autogenous shrinkage occurs in all structural grades of concrete and the evidence
available indicates broad agreement when considering the uncertainties involve in generating the
data. A more comprehensive review of the available data and additional research would be
needed to justify a change in the EN1992-1-1 method.

The magnitude of stress developed is not always in proportion to the magnitude of unrestrained
autogenous shrinkage, with early creep playing a significant role. On this basis it would appear
that deformation within the first 24 hours or so, whether shrinkage or expansion, has little direct
effect on stress development. Comparing the values estimated using EN1992-1-1 with publish
results indicates that this effect may have been taken into account.

There is evidence to suggest that the nature of mineral additions may also be influential in
determining the magnitude of autogenous shrinkage, at least in concretes of low w/b ratio. Both
silica fume and ggbs may result in an increase in autogenous shrinkage compared with CEM 1,
while a reduction may be achieved with the use of fly ash. Additional research on the effects of
these materials at more realistic levels of w/b would be useful.
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A5 Estimating restraint

A5.1 Introduction

As the magnitude of stress-inducing strain is directly proportional to the level of restraint it is important
that in calculating the risk of early-age thermal cracking, the designer uses values of restraint that are
likely to occur in practice. Getting it wrong may result in wasteful over-design, or under-design leading
to unacceptable cracking. For example, a difference in restraint factor of 0.1 from, say, 0.5 to 0.6, will
result in a 20 per cent increase in the estimated retrained strain and this could make the difference
between no cracking and cracking, or acceptable and unacceptable crack widths. Quantifying the
restrained proportion of the thermal movement is therefore essential for both the assessment of the risk of
cracking and the economic design of reinforcement to control of crack widths.

With regard to the development of cracking, restraint to thermal movements can be grouped into two
principal types: external restraint and internal restraint.

External restraint to a newly cast element can be subdivided into continuous edge restraint; end restraint,
and intermittent restraint, and in many cases all three forms of restraint may act together. These are
illustrated in Figure AS.1.

Walls cast onto
rigid foundations,
adjacent sections
of slabs, tunnel

Edge restraint

linings

End restraint Walls or slabs
cast as infills.
Large area

old ‘I . old ground slabs
) | New section X
section L i | | section
Restraint
Intermittent PR - o T, Slabs on piles,
restraint & NeW S?C“?n B suspended slabs
Restraint cast on columns
and core walls
Columns Core walls
Old sections

Figure A5.1 Forms of external restraint

Cracking resulting from external restraint occurs as the concrete is cooling and the cracks which develop
may reduce in width over time due to the self-equilibrating nature of the stresses leading to cracking.
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The type of restraint has a significant influence on both the way in which the cracks develop and the
crack width. The crack spacing, and hence the crack width, for a member subject end restraint only (ie
with no edge restraint) is generally significantly greater than that occurring for a member subject to edge
restraint, being determined by the tensile strength of the concrete rather than the magnitude of restrained
strain. The difference is due to the fact that with the edge restraint, the restraint itself acts to limit the
deformation at each crack location. With end restraint, when a crack develops the deformation at the
crack is limited only by the reinforcement and the stress that is transferred to it from the concrete.

It is important that the nature of the external restraint is properly defined as it has a
significant effect on the development of cracking, the crack spacing and the crack width.

Internal restraint arises when one part of the freshly placed section expands or contracts differentially to
another part of the same section (Figure A5.2). Cracking resulting from internal restraint occurs either
during the heating phase, as the core of the section achieves a much higher temperature and expansion
and causes tension to developed at the surface; or if formwork or insulation is removed too early and too
quickly, resulting in a sudden cooling of the surface. Such cracks may close, at least partially, as the core
of the concrete cools and ultimately reaches the same temperature as the surface.

In thin sections, external restraint is generally dominant, while internal restraint is dominant in thick
(massive) sections. For intermediate sections a combination of internal and external restraint may occur.

Tension

700

600 -

500 -

400 A

300 -

200 ~

Thickness (mm)

100 ~

0 ‘
20 30 40 50 60 70 o 100 200 300 400 500 600
Temperature (°C) Expansion (Microstrain)

Figure A5.2 Development of internal restraint through the thickness of a 700 mm wall

In most conditions, the restraint will be less than 1. There are two principal reasons for this. Firstly, heat
is transferred from the new concrete to the old, resulting in some degree of compatibility of thermal
movement. In addition, the new concrete does have some inherent stiffness, particularly by the time that
cool down commences. This has been estimated to be about 70 per cent of that of mature concrete over
the duration of a cooling cycle, and the movement is not, therefore, entirely dominated by the concrete
against which it is cast.

A5.2 Industry guidance on the magnitude of restraint and acceptable
temperature changes and differentials

Various industry documents provide guidance on restraint and a review of values for different restraint
conditions is given in Table AS.1. However, care has to be taken in the interpretation of the values as the
way in which they are applied varies also.

The values provided in BS 8110 Part 2:1985 and HA BD 28/87 represent observed restraints and are used
in the context of a predictive equation which applies a separate modification factor, K, for sustained
loading and creep, having adopted the approach proposed in ACT Technical Note No 2 (Bamforth,

1982).
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BS 8007; 1987 and now EN 1992-3; 2006 have adopted a simpler approach with R = 0.5 and this
includes the factor for creep.

CIRIA R91 (Harrison, 1992), presented the restraint values as 1, with the recommendation of a
modification factor of 0.5 to take account of the simplifying assumptions. The outcome is similar to that
of BS8007.

Table A5.1 Restraint values for different conditions

Restraint condition BS 8110 HA BD CIRIA 91 BS 8007 EN 1992-3
Part 2 28/87 1992 1] [2] [2]

Wall cast on to a massive 0.6 t0 0.8 0.6 1.0 0.5 0.5

base —at the joint

Wall cast on to a massive 0.1t0 0.2 0to 1.0 0to 0.5 0to00.5

base — at the top

Edge restraint in box type 0.5

deck cast in stages

Edge element cast onto a 0.8

slab

Massive pour cast onto 0.1t0 0.2 0.2

blinding

Massive pour cast onto 0.3t0 0.4 at

existing mass concrete base

Suspended slabs 02t004

Infill bays, eg rigid restraint 0.8t0 1.0 1.0 1.0 0.5 0.5

[1] CIRIA 91 recommends that a modification factor of 0.5 be applied to take account of simplifying assumptions and notes that this
factor is applied in BS 8007 by modifying the restraint factor from 1 to 0.5.
[2] These values represent effective restraint which takes into account sustained loading and creep.

It is apparent that for walls cast onto rigid bases, for which both BS 8110 Part 3;1985 and HA BD 28/87

assume a restraint value of 0.6 and a creep factor of 0.8m the value of K.R is 0.8 X 0.6 = 0.48, being very
close to the value of 0.5 proposed in CIRIA R91 (1992), BS 8007;1987 and EN1992-3;2006. However,
in other situations this value may differ significantly.

Since the production of CIRIA R91, considerable research has been carried out both on the magnitude of
restraint that occurs in practice, particularly in relation to edge restraint, and on the magnitude of the
modification factors, enabling more reliable estimates to be made.

The acceptable temperature drop 7; or temperature differential AT is affected by the magnitude of
restraint and some guidance was given in BS 8110; Part 2. This has been modified in this report to take
account of more information that is available on the properties of concrete, including the guidance in
EN1992-1-1 for estimating the tensile strain capacity of the concrete. Proposed values are given in Table
AS5.2.
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Table A5.2 Limiting temperature changes and differentials to avoid cracking for different levels of
restraint based on assumed typical values of coefficient of thermal expansion and
tensile strain capacity as affected by aggregate type (this is an update of values
provided in Mass Concrete Digest 2, 1982 and BS 8110; Part 2 to take account of the
concrete properties using the methods of EN1992-1-1)

Aggregate Type Gravel Granite  Limestone LWAC with
natural sand

Thermal Expansion Coefficient (pe/°C) 13 10 9 9

Tensile Strain Capacity (pe) under sustained loading 65 75 85 115

Limiting Temperature Change in °C for Different External Restraint Factors:

1.00 6 9 12 20
0.80 8 12 16 25
0.70 9 14 18 29
0.60 11 17 22 34
0.50 14 21 27 42
0.40 18 27 34 53
0.30 24 36 46 71
Limiting Temperature Differential (°C) for Internal 20 28 35 53

restraint R = 0.42

A5.3 External restraint

A5.3.1 Continuous edge restraint

The most recognisable form of edge restraint occurs when a wall is cast on a rigid foundation. A typical
example is shown in Figure A5.3 for the walls of a box-section tunnel. The classic crack pattern can be

observed.

b
Ak

/
\

Figure A5.3 Early thermal cracking in the walls of a box-section tunnel wall

Under these conditions, values of restraint are typically in the range from 0.3 to 0.7 and it is tempting to
assume an average value of 0.5 as previously proposed by CIRIA R91 and BS8007 and now by EN 1992-
3. (Figure A5.4).
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(b) Horizontal restraint between rigid restraint

Restraint factors for central zone of walls

KEY Ratio L/H R at base R at top

1 Vertical restraint factors 1 0.5 0

2 Horizontal restraint factor 2 0.5 0

3 Expansion or free contraction joints 3 0.5 0.05

4 Whichever value is greater 4 0.5 0.5

5 Potential primary cracks >8 0.5 0.5
Figure A5.4 Recommended values of restraint given in EN 1992-3
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(d) Alternate bay wall construction (with construction joints)
Restraint factors for central zone of walls

KEY Ratio L/H R at base R at top

1 Vertical restraint factors 1 0.5 0

2 Horizontal restraint factor 2 0.5 0

3 Expansion or free contraction joints 3 0.5 0.05

4 Whichever value is greater 4 0.5 0.5

5 Potential primary cracks >8 0.5 0.5
Figure A5.4 (contd)  Recommended values of restraint given in EN 1992-3
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However, a difference in restraint of 0.1 from this mean value will affect the level of restrained strain by
20 per cent and for elements with a relatively simple geometry it is recommended that a more rigorous
assessment of the restraint is undertaken. EN 1992-3 provides the option to calculate restraint factors
from knowledge of the stiffness of the element considered and the elements attached to it.

Consider the example of a wall cast onto a rigid foundation. Without restraint the wall would freely
contract, maintaining its rectangular shape. However, because the wall should remain compatible with its
base, the actual finished shape is as indicated in Figures A5.5 a) and b), depending on whether the base is
rigid or flexible. The forces needed to stretch the freely contracted shape into the actual shape indicate the
directions of the main stresses set up in the concrete and hence the likely crack pattern. For example, in
Figure A5.5a a horizontal force is necessary to maintain compatibility of length, but this tends to warp the
wall, so that an additional vertical tensile force is needed to maintain vertical compatibility. In this case,
the potential primary cracking pattern is vertical cracks at mid-span and splayed cracks towards the ends
of the walls. At the ends of the wall, it is also possible for a horizontal crack to form at the joint between
the wall and base.

When the base is flexible, the wall is allowed to warp and both the horizontal and vertical stresses are
thus reduced. While cracking may still occur, in this case the cracks will be shorter and less wide. The
end cracks are less splayed and there is less chance of a horizontal crack appearing at the joint. These
primary crack patterns are completely independent of the reinforcement and are due solely to the
restraint. When the level of reinforcement in these walls is sufficiently high, the width of these primary
cracks is controlled by the reinforcement, and secondary cracks are induced. The distribution of these
secondary cracks are dependent on the distribution of the reinforcement. All these cracks extend
completely through the section, and they could therefore result in leakage or seepage.

(@) (b)

N

Rigid base u Restraining | Flexible base Il

forces at :
the base

Figure 5.5 Restraining forces and cracking in a wall cast onto a base

As cracking resulting from edge restraint is a common occurrence considerable research has been
undertaken to enable restraints to be predicted and therefore to provide a more reliable estimate of the
risk and extent of cracking.

It is apparent that the restraint offered by “old” concrete against which a new element is cast should be
influenced the relative size and stiffness of the new element and the old. The stiffness of an element is
defined by its elastic modulus.

For new elements cast against existing concrete with continuous restraint along one edge, ACI 207.2R-73
provides a method for estimating restraint based on the relative cross-sectional areas and elastic moduli of
the new and old elements and the distance from the joint. This has been described in CIRIA R135
(Bamforth and Price, 1995). The restraint at the joint R; is estimated using the equation A5.1 and the
variation in restraint away from the joint is derived using Figure A5.6.
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1
Restraint at the joint, Ri=—— (A5.1)
Al’l EIl
I+——
AU EO
where:
A, = cross sectional area (c.s.a) of the new (restrained) pour
A, = c.s.a. of the old (restraining) concrete
E, = modulus of elasticity of the new pour concrete
E, = modulus of elasticity of the old concrete.
1.00H i
71 1 Pl
00 |— B | H
LM =29 10f [2 l
o 80— 6 e YT T N YA N N T
-] 5 a Continuous Base Restraint
o 10— —
g 3
2 &
2 | |
Em 2
5 0
b~
g ° .
T | LH=1.0 |
g 3
o
€ 29 —
10 -
N = P+ 1 1 1 1 1
10 09 08 07 06 05 04 03 02 01 0
Relative Restraint
Figure A5.6 Restraint factors for elements with continuous base restraint

While the size and geometry remain constant for both new and old concrete, the same does not apply to
the elastic modulus. For the “old” concrete it is unlikely that the modulus E, will change significantly
during the period of an early age heat cycle of concrete cast against it and it is reasonable, therefore, to
assume that £, remains constant in any calculations. However, the elastic modulus of the new section will
be changing rapidly over the first few days and this will therefore influence the degree to which
deformation is restrained by the older and stiffer concrete.

Figure AS.7 illustrates the influence of the change in elastic modulus during an early age heat cycle
(Browne and Blundell, 1973) and it influence on the ratio £,/E, and the restraint. Immediately after
casting, when the new concrete is relatively “soft”, the ratio of E,/E, is low and hence the restraint is
high. As the elastic modulus increases, the ratio of E,/E, increases and the restraint reduces. CIRIA R135
recommends that when using the ACI approach to estimate restraint the ratio £,/E, is assumed to be in
the range 0.7 to 0.8. As shown in the example in Figure A5.7, this represents the value from about 48
hours, after which time the restraint is approaching a value of about 0.55.

Recognising the change in restraint with time it is appropriate that this is taken into account when

undertaking calculations of the risk of early thermal cracking (predictive models that use estimated, time-
dependent properties for the new and old concrete will automatically take this into account).

CIRIA C660 8



Appendix A5 Restraint

30

g 25

e

o 20 1

3

3 15

o

S

o 107

7]

S 5

w

0 ‘ ‘ ‘ ‘ ‘ ‘
0 24 48 72 96 120 144 168
Hours
1.0

o 0.8 En/Eo

w

&

. 06 Restraint

<

T 0.4

@

O]

@ 0.2
<
— 0.0 ‘ ;
o 0 24 48 72 96 120 144 168
@) Hours
© .

Figure A5.7 The variation in elastic modulus at early age and the influence on the ratio of En/Eo
> and the restraint derived using equation A5.1 (it is assumed in this example that the
§' ratio A,/A, = 1)

N o) The value of restraint calculated using equation AS5.1 is the value at the joint between the new and the old
o concrete but, depending on the pour geometry, and in particular the length/height ratio of the element, the
— restraint will reduce with distance from the joint to varying degrees as shown in Figure A5.6. Since the
S development of the ACI data, further investigations have been carried out into restraint and Emborg
= (2003) has proposed revised estimates of restraint for elements of different L/H ratio. These revised
o values are shown in Figure A5.8 compared with the original ACI curves. For elements with low L/H
8 ratios, the values are every similar, but there are significant differences for pours with high L/H ratios.
)
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Figure A5.8 A comparison of restraint values from ACI 207 and Emborg (2003)
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To establish which set of curves are most representative, comparisons have been made between estimated
and measured restraint, as shown in Figure A5.9. To calculate the restraint at the joint, a value of E/E, of
0.7 has been used. Unfortunately data are only available for walls with low L/H ratios for which both
methods predict similar restraint values. It is apparent however that restraint calculated using the revised
Emborg approach is marginally closer to the observed values.

To develop a simple spreadsheet calculator for deriving the restraint for a wall cast onto a rigid
foundation, the curves developed by Emborg have been expressed mathematically using the equation:

R =R, [(1.372 (WL)? - 2.543 (W/L) + 1) + 0.044 (L/H) — 1.969) (W/H)'**)] (A5.2)
where:
R;  is the restraint at the joint calculated using equation 1
h s the distance from the joint in m
H s the height of the pour in m
L s the length of the pour in m.
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Figure A5.9
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Restraint

1

Comparison of estimated and measured restraints using the ACI approach and the
revised Emborg model (E,/JE, = 0.7)

A comparison between the curves proposed by Emborg (2003) and the curves derived using equation
AS5.2 is shown in Figure A5.10. The reducing restraint towards the top free surface indicates that the
percentage of steel may be reduced with height for early age thermal crack control purposes.

In some cases, the relative areas of influence 4, and 4, may be difficult to define. For example, when a
wall is cast onto a slab, what width of slab should be considered as providing effective restraint? In such
circumstances it is recommended that the relative area is assumed to be in proportion to the relative
thicknesses, &, and h,, of the wall and slab. The following simple rules may be applied.
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° for a wall cast at the edge of a slab assume A,/A, = hy/h,
° for a wall cast remote from the edge of a slab assume A./A, = h,/2h,
. for a slab cast against an existing slab assume A,/A, = hy/h,.

More complex geometries may require more detailed analysis.

RN

|
\ \\
Sl

0.1 Emborg curves |/
0

00 01 02 03 04 05 06 07 08 09 1.0
Restraint

Proportional Height

Figure A5.10 4 comparison between the restraint curves proposed by Emborg (2003) and curves
defined by Equation A5.2

As well as varying with distance from the joint, the restraint will also vary along the joint. Figure A5.11
shows that, except for a strip at the kicker level, the horizontal restraint reduces towards the ends of a
wall and is at a maximum at the centreline.
0.8
\

1
0.9 - \ \
0.8 1 o1 0.3 0.5 8\ +«— XL
X i
0. 0.6 \ Centre line

0.7 1 2 0.4
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0.5 A
0.4
0.3 4
0.2 -
0.1
0 \ \ \ \ \
0 0.1 0.2 0.3 0.4 0.5 0.6

Restraint

cll

Proportianal height

Figure A5.11  Restraint factors for an uncracked wall (length/height ratio = 4) on a rigid base
(Schleech, 1962)

In general, the restraint perpendicular to the joint is low except close to the ends of the joint where
warping tries to open the joint. The vertical restraint is apparent in the formation of cracks close to the
ends of a wall that run diagonally across the corner of the section, as shown in Figures A5.4 and AS.5
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In practice, the theoretical crack pattern is modified by any stress inducers or planes of weakness. Stress
inducers known to have modified the cracking pattern are weepholes, box outs and through pipes. Planes
of weakness can occur at horizontal or vertical construction joints or where a large proportion of the
reinforcement is terminated (ie where laps are not staggered). Planes of weakness are often deliberately
constructed to induce the concrete to crack in predetermined planes.

The example given of a wall cast onto a base is just one of a range of situations in which continuous edge
restraint can occur. Other examples are successive lifts of a wall or adjoining strips of a slab.

Cylindrical structures in which the walls are cast in complete rings are further complicated by the fact
that the diameter of the ring attempts to reduce as the concrete cools down to the ambient temperature. In
theory, this could result in a horizontal crack between the new and old sections in addition to any vertical
cracks, but such cracks are rarely seen in practice.

As restraint reduces towards the ends of a wall, there should be some joint spacing which reduces
restraint sufficiently to give a low probability of cracking or to limit the cracking to one central crack
equal to, or less than, the permitted maximum crack width. Observation of structures built in the UK with
wall heights exceeding 4 m showed that there was no cracking within 2.4 m of a free movement joint
(Deacon, 1978). Deacon (1978) used this observation to show that for bay lengths of 5-6 m, only one
crack equal to or less than the permitted width will form. At this bay length, the crack does not rely on
reinforcement for its control. However, the observation is, strictly, only related to lift heights greater than
4 m and observations from lower walls indicate that cracks may form, even though the joints are at closer

than about Sm. EN1992-1-1 suggests that the crack spacing should be assumed to be 1.3 X height, hence
for, say, a 3 m high wall cracking might be expected to occur at about 3.9 m centres.

A5.3.2 End restraint and intermittent restraint

It is important to recognise conditions of end restraint as both the way in which cracking develops, and
the resulting cracks widths, differ significantly from the condition of edge restraint. This is acknowledged
in EN1992-3 which provides different methods for calculating the design crack width. The essential
difference is that when cracking occurs as a result of end restraint, the crack width is related specifically
to the strength of the concrete and the steel ratio and each crack occurs to its full potential width before
successive cracks occur. Under these conditions the restrained strain is only significant in relation to
whether or not cracking occurs and how many cracks occur. It does not influence the crack width.
(Appendix A8 gives more detail of the mechanisms of cracking).

In general, when cracking occurs as a result of end restraint, cracks will be larger than
those that occur due to edge restraint.

End restraint typically occurs in the following situations:

. suspended slab cast between rigid walls or columns

. ground slab cast on piles

. the top of an infill wall with a length/height ratio that is sufficiently low that the base
restraint is not effective at the top

. large area ground slabs cast onto membranes to achieve a low coefficient of friction,

restrained locally, eg by columns, or by a build up of friction when the area is very large
. the top high infill bays.

An example of the early behaviour of a suspended slab was reported by Bamforth (1980). Temperature
and strain measurements were taken in Im deep transfer beams forming the third floor of Queen Anne’s
Mansions in London. Restraint values arising from the columns onto which the slab was cast were
reported to be in the range from 0.13 to 0.20. Had the slab been thinner, generating less force on
expansion and contraction in relation to the restraining forces from resistance to bending of the columns,
the restraint would have been expected to be higher.

The restraint under these conditions may be calculated using a process of deformation compatibility at the
slab/wall joint. An example is shown in Figure A5.12 for a 300 mm thick slab spanning 15 m between
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2.5 m high X 0.6m thick walls. It is assumed that 7, = 25 °C and a, = 12 u&/°C resulting in free
contraction at each end of the slab of 2.25 mm. As a much greater force is required to restrain the slab
than can be achieved by resistance to bending in the wall, the restraint in this example is low (R = 0.14).

Calculations may be undertaken using the same principal when there are several local restraints, eg slabs
cast on columns or piles.

Restraining
end wall

J|RESTRAINT

Deflection (mm)
N

Restrained
slab

0 01 02 03 04 05 06 07 08 09 1

Restraint

Figure A5.12  Using deformation compatibility to estimate restraint in a suspended slab

Large area pours, often with lightweight aggregate concrete (LWAC), have become a common feature of
fast track construction. This does not appear to increase the incidence of early-age thermal cracking. This
is not surprising in view of the low coefficient of thermal expansion and high tensile strain capacity
associated with LWAC (Bamforth, 2006).

Pile caps or piles are examples of intermittent points of restraint. Large piles in stiff soils can be assumed
to provide a number of rigid points restraining the movement of any connecting concrete member. At the
other extreme, practical experience has shown that piles over water or tidal mud flats provide little
restraint to thermal movements, and long sections of jetty have been constructed without movement joints
or additional reinforcement. Piles in soft ground probably fall between these extremes and provide some
intermediate level of restraint.

Another important type of partial restraint is that resulting from the friction between, say, a slab or base
and the ground. Some typical coefficients of friction for various types of substrate are given in Table
A5.3. Using these values the length of slab required to generate sufficient tensile stress to cause cracking
may be estimated as shown in Figure A5.13. With a low friction coefficient the required distance from a
free end to develop the level of tensile strength developed at early—age is likely to exceed 50 m.

The important point to note here is that when a crack occurs the restraint local to the crack will reduce
immediately, with the crack location acting as a free end. It will not, therefore, act in the same way as
edge restraint to limit the crack width.

CIRIA C660 13
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Table A5.3

Tensile stress (MPa)

Figure A5.13

Coefficients of friction for various substrate condition (ACPA, 2002)

Coefficient of

Subbase Friction
Polythene 0.5-0.9
Sand 0.7-1.0
Granular sub-base 0.9-1.7
Plastic soil 1.3-2.1
Lime treated clay soil 1.5
Bituminous surface treatment 3
Crushed stone 6
Asphalt stabilised (smooth) 6
Asphalt stabilised (rough) 15
Asphalt treated open graded 15
Cement treated open graded 15
Cement stabilised 15
Lean concrete 15
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The relationship between the length of slab and the tensile stress developed as

affected by the coefficient of friction (ignoring the effects of warping)

Hunt (1972) describes two other types of restraint which occur in pavements. Warping restraint is caused
when the strains associated with a temperature gradient across the slab is restrained by the self-weight of
the concrete. Full restraint to warping in slabs occurs when the length is 30 m or greater. In 6 m slabs, the
restraint to warping is still about 0.5. In practice, restrained warping is the cause of most early-age

thermal cracking in pavements.
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A5.3.3 Combined end and edge restraint (thin sections)

While as a general rule, infill bays are not recommended they are, on occasion, difficult to avoid. The
final bay in a circular tank wall with a free-to-slide base is an example of pure end restraint. In theory,
there is uniformly high horizontal restraint for the full height of the wall. As the wall contracts, uniform
tension develops along its length. If the wall is low, vertical restraint could be ignored. When the
restraining edge exceeds about 5 m in length (see Figure A5.4b for example), the contraction parallel to
the rigid supports needs to be considered. There are no published data on the restraint factors for these
situations, but a reasonable estimate could be obtained by using the centreline horizontal restraint factors
given in Figure A5.4a. In this case, L is the length of the side parallel to the rigid support and A is half
the span.

When both of the panel ends are fixed, the restraint will be uniformly high and fixing an additional edge
does not increase the horizontal restraint, although it will modify the cracking pattern (compare Figures
AS5.4b and A5.4d). What is of more interest is the restraint induced when two adjacent edges are fixed (eg
one end and the base of a wall) as this is a common situation during sequential construction. From Figure
A5 4c, it can be seen that more of the thermal contraction is free than in Figure A5.4b. As only restrained
movement causes cracking, sequential construction can result in less cracking or smaller crack widths
than “alternate bay” construction. The exception to this general rule is when the infill bays in “alternate
bay” construction are short.

There are few published data on the numerical values of restraint with sequential construction, but Figure
A5.4 does give estimated values derived by superposition from simpler cases. Locally, high restraint
factors do not necessarily cause cracking as crack widths are a function of the distance over which the
restraint operates.

A5.4 Internal restraint caused by differential thermal strain

In the UK, internal restraint is normally only significant in large sections, but in climates with greater
diurnal temperature variations, it can be significant in thin sections. Changes in the temperature profile
across these sections can cause one part of the section to restrain the movement of another part of the
same section. Figure A5.14 illustrates typical temperature profiles that develop through a 2 m thick
section exposed to the environment and it can be seen that temperature differentials of up to about 35 °C
have developed. Steeper gradients will occur if the formwork or insulation is removed from a deep
section while the surface is still hot. The rapid cooling and contraction of the surface zone is restrained by
the hot interior and the surface cracks. These cracks can penetrate deeper than the reinforcing bars, but,
because of the nature of the restraint, cannot be continuous through the section. As the core cools, these
surface cracks would be expected to close up and this has been observed in practice (Bamforth, 1980).

2.0 1
1.8 -
1.6+
14+
12+
1.0
0.8 -
0.6
0.4
0.2

0.0 \
0 10 20 30 40 50 60 70

Thickness (m)

Temperature (°C)

Figure A5.14  Temperature profiles in an uninsulated 2 m thick section
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This particular type of cracking is avoidable by the use of insulation on otherwise exposed surfaces as
shown in Figure A5.15. In this case results are estimated when an air gap created by the use of polythene
sheets on batons. The effect was to reduce temperature differentials to about 20 °C. Avoiding exposure of
“hot” surfaces to rapid cooling is also essential.

2.0
1.8 4
1.6 A
1.4 ~
1.2 ~
1.0 ~
0.8 4
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0.4 4

3da s
Do)
0.2 4

5 days
0.0 T

0 10 20 30 40 60 70

V

10 days

2 days

Thickness (m)

Temperature (°C)

Figure A5.15  Temperature profiles in a 2 m thick section insulated on the top surface using polythene
sheet on batons to create a 25 mm air gap

In addition to surface cracking, internal restraint may also result in internal cracks. These occur because
the stress changes during cooling exceed the stress changes during heating (due to the increase in elastic
modulus) hence the compressive stresses generated in the core of the section are more than offset when
the core cools back to ambient. By the time the concrete has reached the ambient temperature, the surface
cracks will have closed sufficiently to be able to transmit compressive stresses and in extreme cases,
internal cracking occurs as a result of the tensile stresses in the core (Figure A5.16). In the area between
the top and bottom mat reinforcement, the shape of the crack will broadly follow that of the peak
temperature profile, being widest at the point where the temperature fall was greatest.

Some guidance on limiting values of temperature differential is given in Table A5.2.

‘ Development of surface cracks with time ‘

\ HEATING

l | [N

= L v

‘ Tension during heating ‘
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cooling
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‘ Tension during heating ‘ //: /
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l S L /
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Figure A5.16  Schematic representation of the development of crack in a massive element due to
temperature differentials assuming no external restraint (such cracking may occur in
both the vertical and horizontal orientation)

CIRIA C660 16



© CIR A

Uncontrol | ed Copy,

Li censed copy: HALCROW GROUP LTD, 16/03/2007,

Appendix A5 Restraint

A55 Combined internal and external restraint

For internal restraint to cause cracking, differential movement may occur. During heating, as the core of a
thick section heats up and expands more than the surface, tensile stresses can only be generated in the
surface zone if the centre is free to expand. If the section is restrained and the full expansion of the core is
prevented, then the magnitude of tensile stress developed at the surface will be reduced also and may be
eliminated entirely. Hence the risk of surface cracking due to internal restraint will be reduced when
external restraint exists.

At the centre of the section, however, the internal and external restraint will be additive, the core of the
section now being restrained by both the surface and zone and the external restraint. Hence the risk of
internal cracking during cool down will be increased and any cracks that form would be expected to be
larger, as shown in Figure A5.17.

No external restraint With external restraint
Surface y Py 2 e
cracks open @ Surfa_lce =
Heatin 2* cracking =]
9 o reduced o
3 or eliminated o
Surface g - Surface -
cracks close % cracks close 8
Internal Cooling 4] Internal S,
cracks open x cracking =1

2 increased

Figure A5.17  The effect of combined internal and external restraint on the risk and extent of cracking

A common case of combined internal an external restraint in close to the joint in thick walls cast onto
rigid foundations. Under these conditions, a question that frequently arises is whether such walls should
be insulated to reduce internal restraint. At the base of the wall, where horizontal restraint is highest, the
limiting temperature differential may be relaxed based on the level of restraint. For example, if the
concrete is such that under conditions of zero restraint the limiting temperature differential is, say, 20 °C,
then if the restraint close to the base is, say, 0.6 (ie only 40 per cent of the tensile thermal strain at the
surface may develop, permitting the limiting temperature differential to be increased, at least in theory, to
20/(1-0.6) = 50 °C. However, in such circumstance, the strains developed in the vertical direction, where
restraint may be zero, may prevent such an approach. However, this approach may be applicable to infill
bays which are restrained in each direction.

Permitting a higher temperature differential is beneficial in two respects. Firstly it avoids
unnecessary and possibly costly precautions to insulate the surface and secondly it permits
more heat loss, thus reducing the mean temperature through the section and the risk of
through cracking due to external restraint.
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A5.6 Performance of joints

Joint opening may be a problem in thick sections, even when using sequential construction. The
mechanism of joint opening for a thick slab with base restraint is shown in Figure A5.18. The movement
at a joint is compounded by the fact that the old concrete is heated by the new pour and expands locally,
being stiffer than the newly placed concrete. During cool down, not only does the new pour contract, but
the old pour returns to its original profile.

With sufficient levels of reinforcement continuity through the joint (exceeding 4 i, ) controlled joint
opening may be achieved.

|
= | ]
I Heat transferred to
older, stiffer pour
At peak | Heat transferred causes it to expand
temperature I to old pour Into the new softer
| concrete
|
— V4 - —
| /\\ |
Ambient | I Temperature
temperature I profile
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L I /I i
I New pour
After Old pour
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cooldown towards it original profile
| centre of area
L | i
I

Figure A5.18  The mechanism of joint opening between adjacent thick sections

A5.7 Deriving restraint factors

It is sometimes useful, on very large contracts with repetitive pours, to determine restraint factors by
monitoring the first few pours. This may enable relaxation of costly procedures to minimise thermal
cracking, or permit savings by enabling pour sizes to be increased and the construction sequence to be
modified to a achieve reduction in the programme.

To determine restraint factors both the in situ strain and the free strain should be measured. The restraint
factor is determined by comparing the observed strain in the element with the free strain that would have
occurred with no restraint. If a. represents the free strain, derived from either a Hot Box test (an insulated,
unrestrained specimen in which the temperature and strain change are measured) or a part of the structure
that is unrestrained (ie the vertical direction in a wall), and a,. is the in situ (restrained) coefficient of
expansion, then R is calculated as follows;

R= (6e=a) (A5.3)

Oc

Some typical stress-strain curves recorded in a slab with different levels of restraint in the longitudinal
and transverse directions are shown in Figure AS5.19. In this case the free strain was determined by
installing vertical gauges that were subject to zero restraint and indicated a thermal expansion coefficient
of 10.2 u&/°C. The stress-strain curves in the longitudinal and transverse directions yielded equivalent
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values of 6.3 u&/°C and 1.2 u&/°C respectively. Using equation A5.3 restraint factors were calculated to
be 0.38 and 0.88, representing moderate and very high restraint.

An interesting observation in this example was the occurrence of cracking at one gauge location, caused
by the highest level of restraint. It can be seen that the strain rapidly increased when the temperature had
dropped by about 14°C from its peak value. The concrete contained granite aggregate and, based on the
recommendations in Table A5.2, had it been recognised that such a high level of restraint would occur,
the limiting temperature drop to avoid cracking would be about 11 °C. In this example, the
recommendations would therefore have provided a margin of safety of about 25 per cent.

Having determined the true values of restraint at critical locations within a pour, comparison with the
assumed (design) values may allow cost effective changes to be made in a rational and safe manner.

300
Crack occurring at
250 - temperature drop Free strain
of14°c | R=0
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— .2 150 1 R=0.38
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o
S
g Figure A5.19  In-situ stress-strain curves in a suspended slab cast between rigid restraints
%)
c
-

A5.8 Conclusions

1. The level of restraint is a critical factor in determining both the risk of early-age thermal
cracking and the resulting crack width.

2. Values of restraint are available for a range of element types and vary significantly.

3. For elements with a simple geometry, eg wall on a rigid foundation, methods are available for
estimating restraint based on the relative stiffness of the new element and the (old) element
against which it is cast. A comparison with in situ measurements has indicated that such
methods provide an estimate of restraint which is adequate for design purposes.

When the geometry is complex, restraint may be difficult to determine without complex
analysis. In such cases, it would be prudent to adopt a conservatively high value.

5. The strain developed in structures during the early-age thermal cycle is rarely measured. While
more complex (and expensive) than measuring temperature, the data obtained is of far greater
value in relation to the impact that it may have on our understanding of early-age behaviour in
concrete and hence the opportunity to optimise future design and construction procedures.
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A6  Tensile strain capacity

A6.1 Deriving values of tensile strain capacity

The tensile strain capacity, &, is the maximum strain that the concrete can withstand without a
continuous crack forming. Values of ¢, are normally obtained by testing the concrete in flexure (Houk et
al, 1970), in direct tension (Hughes et al, 1980, Dunstan, 1981) or by producing conditions of internal
restraint which give tensile forces in the surface zones. However, flexural tests produce significantly
higher values of ¢, than tests with more uniform tensile loading (Hunt, 1971), possibly because of the
“weakest link” theory.

Care has to be taken when interpreting values of ¢, as the value will depend on the nature of the test, in
particular the rate of loading. In the last version of CIRIA 91 values were presented from tests under slow
rates of loading as shown in Table A6.1, with recommendation that for rapid cooling, these values should
be halved. Values presented in ICT Technical Note No2 (Bamforth, 1982) and subsequently adopted by
BS8110: Part 2 are also presented in Table A6.1. These represent values under short term loading and
with the exception of the lightweight concrete are, in general, equal to about 50 per cent of the values for
long-term loading.

Table A6.1 Estimated values of concrete tensile strain capacity for slow rates of straining
CIRIA R91, 1992 ICT TN/2, 1982 and BS 8110:Part 2, 1985
Aggregate used Tensile strain capacity  Aggregate used in Tensile strain capacity
in the concrete under slow loading the concrete under rapid loading
Gravel 130 x 10 Gravel 70 x 107
Crushed rock 180 x 10° Granite 80x 107°
Limestone 90x 10°
Lightweight 400 x 10°° Lightweight (Lytag 110x 1076

with natural sand)

The tensile strain capacity may also be derived from measurements of the tensile strength and the elastic
modulus of the concrete. In a comprehensive review of data (Tasdemir et al, 1996) developed a simple
linear relationship between ¢, and the ratio of the tensile strength f.,, to elastic modulus E.,, as follows:

ey = 1.01( fom/Ecn) x 1 0° + 8.4 microstrain (A6.1)

The data from which this relationship was derived are illustrated in Figure A6.1, together with the best fit
relationship and a line representing direct proportionality beween &, and f.,,/E.,, . It is apparent that the
line of proportionality represents a lower bound value for the data presented and may therefore be used to
provide a basis for design.

A6.2 The influence of strength class and aggregate type

Tensile strain capacity ¢, depends on the concrete mix proportions, in particular on the shape, type and
size of the aggregate. The differences are due to both the elastic modulus of the aggregate and the
aggregate/cement paste bond. It is recognised, for example that crushed rock aggregates give a higher
value than rounded aggregates. Concrete made with crushed quartzite has a reported tensile strain
capacity of 120 microstrain compared to 75 microstrain for a similar mix with quartzite gravel
(Houghton, 1976). Lightweight aggregate concretes have higher tensile strain capacities than normal
concretes (Bamforth, 1982, Tasdemir et al, 1996). Concrete made with all Lytag aggregate has a tensile
strain capacity (Hunt's method) of about 200 microstrain (Brooks et a/, 1987). This value is higher than
any concretes made with normal weight aggregates when tested under similar conditions.
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Figure A6.1 The relationship between tensile strain capacity and the ratio of tensile
strength to elastic modulus (Tasdemir et al, 1996)

If it is accepted that ¢, may be derived from values of tensile strength and elastic modulus, values may
be derived from values provided in EN1992-1-1 for different strength classes. Results obtained assuming
Eetu = feum /Ecm are shown in Figure A6.2, which indicates that €., changes not only with aggregate type but
also with strength class. This is consistent with the findings of Tasdemir ez a/, (1996) in Figure A6.1,
which shows higher values of ¢, for the high strength concrete.
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Figure A6.2 Values of tensile strain capacity at 28 days derived using concrete
property estimates from EN1992-1-1

The values shown in Figure A6.2 were derived from 28 day property estimates but early-age thermal
cracking generally occurs much earlier. It is necessary, therefore, to determine ¢, as it varies with age.
This may be achieved using the age functions for tensile strength and elastic modulus provided in
equations 3.4 and 3.5 of EN1992-1-1 for tensile strength and elastic modulus respectively. Using this
approach the development of &.,, may be estimated and some results are shown in Figure A6.3.
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Figure A6.3 The development of tensile strain capacity with time derived using
the age functions for tensile strength and elastic modulus given in
EN1992-1-1 for concrete using quartzite aggregate

In each case the properties are related back to the mean compressive strength, hence, when using this
approach the relative rate of development of ¢, is independent of the strength class and a general curve
may be used as shown in Figure A6.4 which illustrates the rate of development of ¢, in relation to the
value at 28 days. It can be seen that the three-day value is about 70 per cent of the 28-day value. The
three-day values are shown in Figure A6.5.
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Figure A6.4 The development of tensile strain capacity with time relative to the 28-day

value, derived using the age functions for tensile strength and elastic modulus
given in EN1992-1-1

The information provided in EN1992-1-1 relates to standard properties at 20 °C and takes no account of
the effect of the early-age heat cycle in accelerating the early strength and stiffness and using these
relationships would, therefore, provide a safe, lower bound estimate for design purposes.

A study on the effects of silica fume on sensitivity to cracking (Kanstad et a/, 2001) included
measurements of both tensile strength and elastic modulus subject to simulated early heat cycle. The
properties are related to maturity (equivalent time at 20 °C) as shown in Figure A6.6.
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Figure A6.6 Measured development of elastic modulus and tensile strength with maturity
(Kanstad et al, 2001) and the estimated development of strain capacity for
concrete using CEM I cement and a w/b = 0.4
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The estimated strain capacity at 28 days is about 120 microstrain for concrete with a compressive strength
of 75 MPa. This is broadly consistent with the range of values estimated using EN1992-1-1 for high
strength concrete shown in Figure A6.2. The results indicate that &, increases by about 20 per cent
between 1 day and 28 days and that the increase is approximately log-linear. At 3 days ¢, is about 87 per
cent of the 28 day value.

Studies in the US have also demonstrated the effect of age on ¢, (USACE, 1997). Under rapid loading
conditions, &, at seven days was reported to be in the range 40-105 microstrain, increasing to a range
from 73-139 microstrain at 90 days, an average increase of about 50 per cent. These results are broadly
consistent with the results derived from EN1992-1-1 (Figure A6.2) with the seven day range representing
concrete with strength in the order of 20-30 MPa and the 90 day range being consistent with a strength of
about 50 MPa.

Other researchers have reported that &, is independent of both strength and age. In a study using granite
aggregate in concretes with strengths ranging from 20 to 70MPa and tested at ages from 1 to 28 days
(Swaddiwudhipong ef al, 2001) it was concluded that “the tensile strains at failure and at 90 per cent
failure load are insignificantly affected by mix proportions, curing age and compressive strength”. A wide
range of values were reported, however, from 80 to 140 u&. The range of values was therefore consistent
with the range of values shown in Figure A6.2.

The balance of evidence appears to support the conclusion that ¢, is related to strength and is hence age
dependent. Hence the values derived from EN1992-1-1 may be applied with a reduction factor when
estimating the crack risk at ages less than 28 days. Based on the results of Kandstad et a/ (2001) a
reduction of 13 per cent seems appropriate when cracking occurs within the first three days. On this basis,
values for &, ., early-age have been estimated and are given in Figure A6.7.
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Figure A6.7 Values of tensile strain capacity at three days for concrete subjected
to an early thermal cycle

The values given in Figure A6.7 are broadly consistent with previously published results give in Table
A6.1 for rapid loading.

The aggregate modulus is a predominant factor in the determination of the tensile strain capacity. The
curves shown in Figure A6.7 have been for the limited number of aggregate types for which EN1992-1-1
provides information, ie quartzite, basalt, limestone and sandstone. Published data on the elastic modulus
of various aggregate types are given in Table A6.2 (Davidson, 1987, Aulia and Deutschmann, 1999).

CIRIA C660 5



Appendix A6 Tensile strain capacity

Table A6.2 The elastic modulus of aggregates

Elastic modulus of aggregate
Aggregate type (GPa)
Davidson Aulia &
(1987) Deutschmann,
(1999)

Basalt 82 90

Diabase - 72

Flint gravel 69 -

Serpentine - 62

Quartzite gravel 59 57

Gabbro - 56

Granite 48 -

Dolomite 48 -
<
nd Limestone 55 39
O Natural river gravel 42 -
© Sandstone 21 -
é Sintered pfa (lightweight) 8 -
8 Using mean values, the relationship between the &, at 3 days (for concrete with a mean cube strength of
8 45 MPa) and the aggregate modulus is shown in Figure A6.5. There appears to be a simple linear
— relationship as follows:
©
— Emp3=118-0.66 E, (A6.2)
c
8 Using equation A6.2, values of &, for concretes containing other aggregate types have been derived and
5 the results are given in Table A6.3. Having established the three days value for concrete with a mean

strength of 45 MPa (C30/37) values for other strength classes may be determined by generating a curve
though this point in Figure A6.4.

120

100
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Figure A6.5 The relationship between the tensile strain capacity at 3 days and
the elastic modulus of the aggregate for concrete with a mean 28 day
cube strength of 45 MPa
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A6.3 Period of loading

In addition to being influenced by age, the period of loading also has an impact on the strain at failure due
to creep. In the US study (USACE, 1997) on mass concrete cooling over a very long period, specimens
loaded at seven days and failing at about 90 days exhibited strain capacities in the range from 88-237 u¢.
Corresponding values obtained under rapid loading at seven days were in the range from 40 to 105 u¢,
while specimens loaded rapidly at 90 days achieved values in the range 73-136 u&. The increase of more
than 100 per cent due to slow loading may therefore be assumed to be a combination of the change in
concrete properties between seven and 90 days and the effects of creep. The former would appear to have
contributed about 50 per cent to the increase and it may be inferred therefore that the remaining 50 per
cent was due creep which occurs under the sustained load. This provides additional validation for the use
of the creep factor K; = 0.65 (= 1/1.5) used in the estimation of crack inducing strain.

A6.4 Other factors

The effects of admixtures on the concrete tensile strain capacity are variable. Hunt (1971) showed that air-
entraining agents have little effect on the tensile strain capacity. Research into the effects of ggbs and fly
ash on the tensile strain capacity is very limited. There are some field data (Bamforth, 1980) which
indicate that the concrete tensile strain capacity with 70 per cent ggbs is lower than that of equivalent
CEM I or CEM 1 /fly ash concretes. With sections over 2.5 m deep, Bamforth (1980) estimated that the
reduced tensile strain capacity of the ggbs concrete may cancel out the benefit of the reduced temperature
rise. However, in sections under 2.5 m deep the reduction in thermal contraction is greater than the
reduction in tensile strain capacity.

The higher the cement content of the concrete, the higher the tensile strain capacity (Carlson et al, 1979).
Unfortunately, higher cement contents also result in higher temperature rises and larger potential thermal
contractions, so the benefit of increased tensile strain capacity is more than cancelled out by the increase
in thermal contraction.

A6.5 Values for use in design

For a particular concrete, the tensile strain capacity used to assess the risk of cracking should be a value
appropriate to the rate of straining and the thermal and moisture conditions obtaining during the period of
cooling on site. All the normal methods of measuring the tensile strain capacity are at relatively rapid
rates of straining compared with the straining rate produced during the period of the concrete cooling. As
the body of evidence (Houk et al, 1970, Carlson et al, 1979, USACE, 1997) indicates that the rate of
straining significantly affects the tensile strain capacity this has, therefore, to be taken into account in the
design process.

Sustained loading has two effects on &, .

. as creep occurs, the strain capacity increases by a factor of 1/K; where K; = 0.65 (see
Section 4.9.1 of the main guide)
. under sustained loading the tensile strength, and hence the strain at failure, is reduced .The

coefficient for sustained loading K, = 0.8 (see of Section 4.9.2 of main guide).

The net effect is to increase €., by a factor of K,/K; = 1.23. The values derived using EN1992-1-1 have
therefore been increased by 23 per cent to account for the effects of sustained loading and the resulting
values for strength class C30/37 are given in Table A6.3. The values presented for concretes using
aggregate types that are not covered specifically by EN1992-1-1 have been interpolated on the basis of
the elastic modulus of the aggregate as shown in Table A6.2 and Figure A6.5.

To estimate the strain capacity for other strength classes, the value obtained for class C30/37 should be
multiplied by 0.63 + (4. cupe/ 100) for £ c.pe in the range from 30 to 60 MPa. For high strength concrete the
value obtained for C50/60 should be used. A comparison of 3-day values calculated on this basis with
values derived from f.,,, /E,,, is shown in Figure A6.6.
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Table A6.3 Estimated values of ., for strength class C30/37under sustained loading using

different aggregate types

Estimated &, under sustained loading
for strength class C30/37
Aggregate type Early-age Long-term
3 days 28 days
Basalt 63 90
Flint gravel 65 93
Quartzite 76 108
Granite, gabbro, 75 108
Limestone, dolomite 85 122
Sandstone 108 155
Lightweight aggregate (sintered 115 165
fly ash) with natural sand
180 ‘
160 3 day values
% 140
I 1 Sandstone
8 .
L i
E 120 '
> 'L|mestone
k3) 100 - Quartzite
®© o r
o
8 80 a Basalt
=
S 60 ¥FO_ =0
[
‘@ 40
c
(]
'_
20
O T T T
20 30 40 50 60 70 80
Strength class - ¢y cupe (MPa)
Figure A6.6 Values of €., under sustained loading at 3 days. The symbols represent

values estimated using property data derived form EN1992-1-1. The lines
represent values obtained by factoring the values for C30/37 concrete

It is recognised that the approach of EN1992-1-1 is based on property development at 20 °C and that the
effect of the early heart cycle will increase the rate of strength development at early-age. However, to

incorporate this effect into the design process would be complex as different concretes in different sizes
of element would behave differently. Values based on data from EN1002-1-1 should be used, therefore,
recognising that they may include an indeterminate factor of safety.

When there is no knowledge of the aggregate the values for concrete using quartzite aggregate should be

used as these are the base values for EN1992-1-1.
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AG6.7

Conclusions

The tensile strain capacity of concrete £, is dependent on a number of factors including the
strength class, the elastic modulus of the concrete (as affected by aggregate type) and the age.
Values for €., may be obtained from the ratio of the tensile strength of the concrete to the elastic
modulus and this approach has been used to derive values for a range of concrete mixes based on
property data provided by EN1992-1-1. These values represent £, under rapid loading.

The strain capacity is affected by sustained loading and it has been estimated that when the
effect of both creep and the reduction in tensile strength are taken into account &, is increased
by 23 per cent.

It is estimated that €., measured at 28 days and beyond is about 45 per cent higher than the three
day value.

The combined effect of age and sustained loading is to increase €., by about 75 per cent
compared to the three day value under rapid loading.

The effect of strength class is to increase €., by about 50 per cent from C16/20 to C50/60.
Above strength class C50/60 there is a relatively small increase in €., and for such mixes it is
proposed that the value for C50/60 be applied.
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A7 Using probabilistic analysis

A7.1 Description of the method

Concrete is recognised as a variable material and to accommodate this in the structural design process
partial safety factors are applied to minimise the risk of failure.

In the process of estimating the risk of cracking, there are many factors, all of which are subject to both
variability and uncertainty. However, the design method of CIRIA R91, (Harrison, 1992) and the approach
adopted in this revised version is deterministic, with single values in and a single result out, although
modification factors have been selected to provide “safe” solutions. However, without being able to
quantify the variability of the input parameters it is impossible to determine the risk that is being accepted
(ie the reliability) when adopting such an approach. Coupled with the fact that situations have arisen in
which performance has not matched the design (eg when crack widths have exceeded design values) a
more rigorous approach using probabilistic analysis had been adopted to determine the level of risk
associated with the design method proposed.

Probabilistic analysis can be applied to each of the phases of the design process including the assessment of
the risk of cracking; the risk of the steel ratio falling below the critical level; and the risk of exceeding the
specified crack width.

Essentially, the probabilistic approach is very simple. The same basic equations are used to model the
processes but instead of the input data for the various parameters being deterministic (ie single values) they
are expressed as distributions that represent the range of values that may occur. Commercial software, in
this case @RISK (although others are available, eg Crystal Ball) is then used to run a simulation of the
range of possible outcomes when the input parameters are combined in different ways. To do this, @RISK
uses Monte Carlo simulation and each simulation may involve up to 10 000 iterations.

A simple example of probabilistic analysis is shown in Figure A7.1 applied to the risk of cracking. Both
the estimated restrained-strain and the assumed tensile strain capacity are represented by a distribution of
values. In the example shown, the distributions begin to overlap and the degree of overlap is an indication
of the risk of cracking. In this case, probabilistic analysis would consider the risk of cracking by
determination of the likelihood of the ratio of the restrained strain to the tensile strain capacity exceeding 1.

Tensile strain capacity

—

Overlap indicates [ |
risk of cracking

Strain

Restrained tensile strain

Time

Figure A7.1 A representation of probabilistic analysis applied to early-age thermal cracking

The way in which this approach has been applied to the three design stages is described in the following
sections.
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A7.2 Estimating the restrained strain

A7.2.1 The equation for estimating the risk of cracking

The risk of cracking is determined by comparing the restrained strain, &,, with the tensile strain capacity &,
of the concrete under sustained loading. The restrained strain is estimated using the equation:

8r:KI{[ac T, +8ca]R1 + (222 T2R2+gcdR3} (A7.1)

Early thermal andAnnual temperature Drying shrinkage Autogenous shrinkage
T, is the peak temperature, T, - mean ambient temperature 7,

a. is the coefficient of thermal expansion of concrete

&, 1s autogenous shrinkage

&4 1s drying shrinkage

R is the restraint factor (which may vary with age)

K; 1is a coefficient for creep effects.

The risk of cracking is determined using the ratio of ¢, /€., where €., is the tensile strain capacity under
sustained loading. This is equal to the strain capacity under rapid loading multiplied by the factor K,/K;
(see Appendix A6).

where: K is a coefficient for the effect of sustained loading on the tensile strength.

To undertake the probabilistic analysis, each of the parameters in equation A7.1 should be expressed as a
distribution.

A7.2.2 Temperature drop, T,

The likely variation in the temperature rise has been derived both by an evaluation of the results from
standard semi-adiabatic tests and by comparing in-situ results with predicted results. Based on the results
for a range of CEM I cements given in Table A7.1, it is apparent that the variation is about + 10 per cent
from the mean value, based on the standard 41hour value. A similar variation might, therefore, be expected
in the T values. However, other factors also affect the reliability of predictions, most notably the ambient
conditions which are difficult to predict. To estimate the errors associated with such uncertainties an
analysis has been carried out in which predicted and measured values have been compared (see Appendix
A2). The results are shown Figure A7.2.

It is apparent that while, on average, the model predicts the observed temperature rise reasonably well,
there is considerable scatter of the results. Furthermore, the difference between the predicted and measured
temperature does not appear to increase in proportion to the temperature rise, indicating that the errors are
unlikely to be due solely to variation in the heat generating capacity of the cement.
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Table A7.1 Examples of heat of hydration for seven CEM I (W F Price, 2006) obtained using the
semi-adiabatic method of EN197-9:2001

Time Total heat of hydration (kJ/kg)
12h 244.2 235.1 251.5 250.9 302.1 281.4 302.7
24 h 309.9 302.1 318.5 325.4 366.2 357.8 382.7
41 h 321.1 341.0 339.7 339.6 374.6 375.7 395.5
48 h 323.7 348.5 342.5 342.0 375.3 374.4 396.5
72 h 329.8 356.5 344.5 349.9 377.8 380.0 307.3
120 h 347.0 347.0 351.1 356.2 378.0 381.2 401.2
60 —
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Figure A7.2 Comparison between measured temperature rise and values predicted using

the adiabatic model described in Appendix A2

An analysis of the difference between the measured and the predicted values shown in Figure A7.2
indicates that, on average, the predicted temperature rise is marginally higher than the measured
temperature rise (by 0.7 °C) but that the difference may vary between -7 °C to +9 °C. The estimated SD on
the difference between measured and predicted temperature rise is 3.41 °C. Using this data in conjunction
with the results of the cement tests, it will be assumed that the likely variation in 77 is independent of the
temperature rise and may be calculated using the equation

T1:T1p+AT1 (A72)

where AT, has a mean value of -0.7 and a SD of 3.4.
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Figure A7.3 The distribution of the difference between measured and predicted
values of temperature rise using data shown in Figure A7.2

A7.2.3 Coefficient of thermal expansion, a.

Values of thermal expansion coefficient will vary according to the aggregate type and will typically be in
the range from 8 to 14 u&/°C, as shown in Table A7.2. If no information is available then it will be assumed
that the most likely value is 10.5 u&/°C with a SD of 1 ue/°C. The distribution associated with these
parameters is shown in Figure A7.4

Table A7.2 Coefficients of thermal expansion

Coarse aggregate/rock _Thermal expansion coefficient (X 10°%/°C (microstrain/°C))

group Rock Saturated concrete Design value
Chert or flint 7.4-13.0 114-12.2 12
Quartzite 7.0-13.2 11.7 - 14.6 14
Sandstone 43-12.1 9.2-133 12.5
Marble 22-16.0 44-74 7
Siliceous limestone 3.6-97 8.1-11.0 10.5
Granite 1.8-11.9 8.1-10.3 10
Dolerite 45-8.5 Average 9.2 9.5
Basalt 4.0-9.7 79-10.4 10
Limestone 1.8-11.7 43-10.3 8
Glacial gravel - 9.0-13.7 13
Lytag (coarse and fine) - 5.6 7
Lytag coarse and natural - 85-95 9

aggregate fines
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Figure A7.4 Probability distribution of coefficient of thermal expansion

A7.3.4 Autogenous shrinkage

Insufficient data are available to enable the distribution of values to be evaluated. It is therefore proposed
that the same coefficient of variation be applied to autogenous shrinkage as applied by EN1992-1-1 to

drying shrinkage, ie 30 per cent. Hence the SD = 0.3 X Mean, resulting in 5 and 95 per cent limits of Mean
(1£(0.3x1.64)) =0.5 X Mean and 1.5 X Mean respectively.

A7.3.5 Restraint

Data on the variability of restraint is limited. However, an estimate may be obtained by consideration of the
way that restraint is calculated. Consider the case of a wall on a rigid foundation. In this case the restraint
at the joint R; is estimated using the equation

1
Ri = S A73
’ An En (A73)
I+——
AO EO
where:
A, = cross sectional area (c.s.a) of the new (restrained) pour
A, = c.s.a. of the old (restraining) concrete
E, = modulus of elasticity of the new pour concrete
E, = modulus of elasticity of the old concrete.

While the size and geometry remain constant for both new and old concrete, the same does not apply to the
elastic modulus. For the “old” concrete it is unlikely that the modulus E, will change significantly during
the period of an early-age heat cycle of concrete cast against it and it is reasonable, therefore, to assume
that £, remains constant in any calculations. However, the elastic modulus of the new section will be
changing rapidly over the first few days and this will influence the degree to which deformation is
restrained by the older and stiffer concrete.

Figure A7.5 illustrates the influence of the change in elastic modulus during an early-age heat cycle
(Browne and Blundell, 1973) and it influence on the ratio E,/E, and the restraint.
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8 Figure A7.5 The variation in elastic modulus at early-age and the influence on the ratio
- of E,/E, and the restraint derived using equation A5.1 (4,/4, = 1)
(¢}
- Recognising the change in restraint with time it is appropriate that this is taken into account when
o undertaking calculations of the risk of early thermal cracking. Predictive models that use estimated, time-
= dependent properties for the new and old concrete will automatically take this into account. The assumed
g distribution of E, /E, and its effect on the distribution of R; are shown in Figure A7.6a) and b) respectively.
o In this example (for 4, /4, = 1) the effect of the change in E,, /E, is relatively small, resulting in a mean
5 value of 0.59 with a 90 per cent probability of the results falling within the range from 0.56 to 0.62. A

change in the ratio of areas A4, /4, is much more significant, as shown in Figure A7.7. However, the ratio 4,
/A, is determined by the designer and is therefore a deterministic value.
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Figure A7.6 The assumed probability distribution of E,,/ E, and the resulting distribution of R;
(assuming that A,,/A, =1)
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Figure A7.7 The relationship between An/Ao and the estimated restraint at the joint
A7.2.6 Coefficient for creep K;

The creep factor K; has been estimated from limited tests undertaken to measure both the load-deformation
behaviour of concrete at very early-age (Bamforth, 1982) and the relaxation that occurs under sustained
load (Vitherana et al, 1995). Reported values typically fall within the range from 0.5 to about 0.65. It is
assumed that K is the same in relation to early-age and long-term stresses. During the early thermal cycle
the concrete is relatively immature and at elevated temperature, with both factors contributing to higher
creep. In the long-term relaxation may occur over a very long period in the order of months or years, rather
than days.

The assumed distribution of K is shown in Figure A7.8. It is represented by a PERT distribution with
minimum, mean and maximum values of 0.5, 0.6 and 0.7. The upper 95 per cent value using this
distribution is 0.66.

Pert(0.50000, 0.60000, 0.70000)

© © © ©
o IS} IS IS}
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o o
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0.5379 0.6621

Figure A7.8 The probability distribution for the creep coefficient, K
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A7.3.7 The coefficient for sustained loading K;

Concrete that is maintained under a sustained tensile stress will fail at a load that is significantly lower than
the load that may be sustained in a rapid load test. Under testing at constant load it has been demonstrated
that when the stress exceeds about 80 per cent of the short term tensile strength, failure will almost
certainly occur (Domone, 1974, Reinhardt and Rinder, 1998 van Breugel and Lokhorst, 2001) and some
risk of failure is demonstrable at lower stress/strength ratios. Altoubat and Lange (2001) achieved failure in
normal concretes at stress/strength ratios between 0.75 and 0.81 and Reinhardt and Rinder (1998) have
reported data that shows failure at a stress/strength ratio of as low as 0.6. In probabilistic terms the risk of
cracking in relation to the stress/strength ratio may be expressed as a PERT distribution with 0.6, 0.7 and
0.8 as minimum, mean and maximum values, shown in Figure A7.9. This represents no chance of cracking
if the stress/strength ratio is below 0.6, a 50 per cent chance of cracking when the stress/strength ratio
exceeds 0.7 and certainty of cracking if the stress/strength ratio exceeds 0.8.

Pert(0.60000, 0.70000, 0.80000)

ar
o219}

0.55

5.0% 90.0% 5.0%
0.6379 0.7621

Figure A7.9 The probability of cracking in relation to the stress/strength ratio in tension

A7.3.8 Tensile strain capacity &,

The tensile strain capacity ¢, varies with the aggregate type, the strength grade and the age. At the design
stage only the strength class may be known. Variations due to aggregate type and age (with the first six
days) should be taken into account in the probabilistic analysis.

The estimated values of f.,, and E,, from which ¢, under rapid loading is derived are based on the use of
quartzite aggregate. The aggregate type affects E,,, and where no knowledge of the aggregate is available
this should be taken into account in the analysis. EN1992-1-1 indicates that stiffer aggregate (basalt) may
exhibit an elastic modulus that is 10 per cent higher, while less stiff aggregate (sandstone) may exhibit a
value that is 20 per cent lower. As ¢, is estimated from f,,,/E,,, the variation in E,,, may result in values of
& that vary from 1/1.1 =0.91 to 1/0.8 = 1.25 times the value for quartzite aggregate. This may be
represented by the PERT distribution shown in Figure A7.10.
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Pert(0.90909, 1.0000, 1.2500)
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5.0% 90.0% 5.0%
0.9373 1.1372

Figure A7.10 The distribution of the relative magnitude of €., due to
differences in aggregate type

In addition, it is the value under sustained loading that is used in the assessment of crack risk and crack
width. While the effect of creep K is to increase &, the effect of the sustained loading K is to reduce the
tensile stress, and hence strain, at which failure occurs. Under sustained loading ¢, is increased by the
factor K,/K;. As both K; and K, are themselves subject to variability. The combined effect is shown in
Figure A7.11.

Distribution for K2/K1/F5

Figure A7.11  The distribution of the ratio Ky/K; applied €., for sustained laoding

The tensile strain capacity increases with age as shown in Figure A7.12. Relative to the three day value
used in the design &.,, which is about 70 per cent of the 28-day value, the range from one to six days is 0.5
to 0.8. Taking the three day value as unity, the 1 day and 6 day values are 0.7 to 1.15. This can be
represented by a PERT distribution with relative minimum, mean and maximum values of 0.65, 1 and 1.20.
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Figure A7.12  The development of tensile strain capacity with time relative to the 28-day value

A7.3.9 Probabilistic analysis to estimate the risk of early thermal cracking

<
x At this stage the risk of the restrained strain being sufficient to cause cracking may be estimated. Consider
O a 3 m high, 500 mm thick retaining wall cast onto a 750 mm X 2000 mm base (4,/ 4, = 1). A C30/37
© concrete is used with CEM I cement. The estimated binder content is 340 kg/m’. The input parameters are
A given in Table A7.3 together with estimated values of free strain and restrained strain in the short and long-
> term. Probability curves for early-age and long-term crack-inducing strains are shown in Figures A7.13 and
§- A7.14.
Distribution for Early-age crack-inducing

o strain/J27
e 1.000 —
— ' Nean=83.4601/
© 0.800}
S
c 0.600f
(@)
o
c 0.400f
)

0.200f

0.000 — 1 1 ]

50 0 50 100 150 200 250
5% |

49.2013 119.6911

Figure A7.13  Probability distribution for early-age crack-inducing strain

Distribution for Total crack-inducing strain/J46
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Figure A7.14  Probability distribution for total crack-inducing strain over the long-term
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Table A7.3 Input data and results from a probabilistic analysis to determine the magnitude of crack-
inducing strain and the risk of cracking

Input for probabilistic analysis
Input parameters Symbol Unit | Distribution

Min Most Max SD

likely

Strength class S ckcuve MPa C30/37
Age at cracking t days 3
Tensile strength (calculated EN1992-1-1) Sem (@ 1.73
Elastic modulus (calculated EN1992-1-1) E., GPa 28.1
Early-age strains
Temperature drop T, °C 25.4 32 36.5
Model uncertainty in temperature drop °C NORMAL -0.7 34
Coefficient of thermal expansion o. ue/°C NORMAL 8.9 10.5 12.1 1
Autogenous shrinkage (calculated EN1992-1-1) € a ue NORMAL 1 4
Free contraction € free pe 347
Restrained early-age strain
E,/E, NORMAL 0.62 0.70 0.78 0.05
A,/4, Deterministic 1.00
Restraint R 0.56 0.59 0.62
Coefficient for creep K ; K, PERT 0.50 0.60 0.70
Restrained contraction (short term) &, ne 122
Crack-inducing early-age strain
Tensile strain capacity, €, (rapid loading) € ctu ne 62 11.3
Effect of aggregate type PERT 0.91 1.00 1.25
Effect of sustained loading K, NORMAL 0.60 0.70 0.80 0.06
Effect of age PERT 0.70 1.00 1.15
Tensile strain capacity, € ., (sustained loading) € ctu 72
Crack-inducing strain (short term) Eer 153 87
Risk of cracking &,/ € 2.84
Long term strain
Long term temperature change T, °C PERT 10 15 20
Residual autogenous shrinkage (3-28days) Eea ne NORMAL 18 5
Drying shrinkage € ne NORMAL 73 143 213 43
Free contraction (long term) ne 319
Restrained long term strain
E,/E, Deterministic 1
Restraint to long term strains R, 0.50
Restraint to drying shrinkage R; 0.50
Restrained strain (long term) &, ne 96
Crack-inducing long term strain
Tensile strain capacity (28 day) € et ne 103
Residual tensile strain capacity € et ue 31
Crack-inducing strain (long term) & ne 80
Total strains
Free contraction & free 153 665
Restrained contraction &, ne 218
Crack-inducing strain Eer pne 167

The crack-inducing strain is the restrained strain minus the residual tensile strain in the concrete. Hence
any value greater than zero indicates a risk of cracking. The results of this analysis demonstrate that there is
very little chance of cracking being avoided.

The values of crack-inducing strain at early-age and in the long-term estimated using the full design
method with conservative default assumptions were 157 ue and 294 ue indicating a significant margin of
safety. Comparative values calculated using CIRIA R91 (Harrison, 1992) werel66 ue and 293 ue. While
the values are similar, the input assumptions differed. CIR1A R91 predicted lower values of free
contraction with a larger proportion of this contraction generating crack-inducing strain.
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A7.3 Estimating the minimum area of reinforcement, As min
A7.3.1 The equation for Ag min

Achieving the critical steel ratio is essential if cracking is to be controlled. To prevent yielding of the
reinforcement at the location of cracks the steel should be able to accommodate the full load transferred
from the concrete. To calculate the minimum reinforcement area A ,,,;,, EN1992-1-1 uses the expression

As,min 05 = kc kﬁ't,effAcl (A74)

where:
Agmin 18 the minimum area of reinforcing steel within the tensile zone (previously defined by the
critical steel ratio p.;)

A is the area of concrete within the tensile zone. The tensile zone is that part of the section which is
calculated to be in tension just before formation of the first crack

o is the absolute value of the maximum stress permitted in the reinforcement after formation of a
crack (usually taken as the yield strength of the steel £)

Jeer  1s the mean value of the tensile strength of the concrete effective at the time when the cracks
may first be expected to occur

k is a coefficient which allows for “the effect of non-uniform self-equilibrating stresses, which
lead to a reduction in restraint forces”

k. is a coefficient which takes account of the stress distribution within the section immediately
prior to cracking and the change of the level arm.

.Rearranging equation (A7.1) and substituting f,, for 0, gives

A -
smin___ fct,eff (= pcrit) (A75)
k. kA, S

A7.3.2 The strength of the reinforcement

The value of f,; has historically been assumed to have a characteristic value of 460 MPa. However, in a
national survey (CARES, 2006) it was reported that the mean strength of reinforcement used in the UK
was 530 MPa with a Standard Deviation (SD) of 32.1 MPa. This would yield a distribution as shown in
Figure A7.15a with a range from below 440 MPa to above 620 MPa. However, the reported upper and
lower limits were 474 MPa and 623 MPa. This indicates a skewed distribution with the mean being closer
to the lower end. A better representation may be achieved, therefore, by the use of a PERT distribution
with upper and lower bounds as reported and a mean value of 530 MPa. This results in a characteristic
value of 493 MPa as shown in Figure A7.15b. This is close to the revised characteristic value of 500 MPa
specified in EN1992-1-1:2004. The PERT distribution will therefore be used in the analysis.
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Pert(474, 530, 623)
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Figure A7.15  The distribution of the tensile strength of reinforcement expressed as
a) Normal and b) Pert distributions, both using data from CARES (2005)

A7.3.3 Tensile strength of the concrete according to EN1992-1-1

In the evaluation of A;,;, EN1992-1-1 recommends the use of the mean tensile strength effective at the
time at which cracking occurs. However, it is the in situ tensile strength at the time of cracking that will
determine the stress transferred to the steel. A detailed assessment of the in situ tensile strength is given in
Appendix A10 and the estimated distributions at early-age and long-term for C30/37 concrete are given in
Figures A7.16 and A7.17 respectively.

Distribution for Early-age tensile strength/K10
1.600
1.4001
1.2001
1.0001
0.8001
0.600
0.4001
0.200
0000

Figure A7.16  Distribution of early-age in situ tensile strength for C30/37 concrete
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Distribution for Long term tensile strength/K12
1.000
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Figure A7.17  Distribution of long-term in situ tensile strength for C30/37 concrete

A7.3.4 The ratio of fem(t)/fy

Probability distributions for f.,..(¢)/ f,x have been estimated taking into account the variability in the tensile
strength of both the steel and the concrete. Early-age and long-term values are show in Figures A7.18 and
A7.19 respectively for C30/37 concrete.

Using the method of EN1992-1-1 f.,,,(3) = 1.73 MPa; f.,,(28) = 2.9 MPa; and f,, = 500MPa.
Using these values f.,.(?) / fx = 0.0035 at early-age and 0.0058 in the long-term.

Based on the probabilistic analysis, the likelihood of higher values being required to control cracking are
0.04 and 0.11 per cent. This indicates that there may be some scope for reducing f...(?) / f,x and hence the
minimum area of reinforcement A; ,,;,, compared with that derived directly from EN1992-1-1. However, in
view of the criticality of A;,,,;, and the fact that the steel ratio 4; would normally be expected to be
significantly higher than 4, to ensure that the crack widths are acceptable, the safety factor inherent
within the EN1992-1-1 approach should be maintained.

Distribution for fctm(3)/fyk/K14

Values in 10A-3

94.41% 7
1.208 35

Figure A7.18  The probability distribution of fo..(3)/f, at early-age
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Distribution for fctm(28)/fyk/K15
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500+
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Figure A7.19  The probability distribution of fom(28)/fy in the long-term

A7.4 Estimating the crack width
A7.4.1The predictive equations

The steel ratio determines the maximum crack spacing S, ... according to the expression

k
Sr.max = 3.4c + 0. 425i (A7.6)
P pey
where:
c is the cover to reinforcement
ki is a coefficient which takes account of the bond properties of the reinforcement
0 is the bar diameter
Prei 18 the effect area of reinforcement 4,/ 4. ;(see Appendix A8, Section A8.5.2).
From this, the crack width is calculated using the equation:
Wk = Sr, max Rax Efree (A77)

Ry €4ee 18 the restrained strain ¢, estimated using equation (A7.1). It can be seen that equation A7.7 take no
account of the fact that after cracking has occurred, there is a residual tensile strain in the concrete which
does not contribute to the crack width. This is assumed to be half the tensile strain capacity of the concrete
Equ (see Appendix A8)

Wk = Sy, max (Rax Efiree - 0. 56'”“ ) (A78)

To undertake the probabilistic analysis, each of the parameters in equations A7.6 and A7.8 should be
expressed as a distribution. The coefficients 3.4 and 0.425 are NDP’s and will therefore be assumed to be
deterministic. In addition the bar diameter is unlikely to vary to the extent that it has a significant. Three
factors, ¢, k; and p, .5 will therefore be considered.
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A7.4.2 Cover c and the steel ratio Pe off

EN1992-1-1 requires that the nominal cover c,,, be calculated by adding an allowance Acy,, to the
minimum cover ¢ for deviation in practice. The recommended value of Ac,,, is 10 mm.

Within the revised equation for S,.,,,, cover has a significant impact in two respects. Firstly, there is the
direct addition of 3.4 x cover through the additional term. The second term is also influence by cover,
although this is not immediately apparent. This term includes p, . which is calculated as A/h, ,;where /o
is equal to /2 or 2.5(c+@/2) whichever is smaller. Hence p. o= A, //2.5(c+@/2)].

The effect of cover on the crack spacing is shown in Figure A7.20 based on a 5S00mm thick section with
20mm bars at 200mm centres on each face. The crack spacing increases by 500mm for every 25mm
increase in cover. The impacts on the early-age and long-term crack widths are shown in Figure A7.21 for
the same example.

Within the probabilistic analysis it will be assumed that the mean cover ¢ + 10 mm and that the cover may
vary by * 10mm about the mean.

2000

1500 -

1000 -

500 C

Crack spcing (mm)

20 30 40 50 60 70 80
Cover (mm)

Figure A7.20  The effect of cover on crack spacing

Long term

Early-age

Crack width (mm)

30 40 50 60 70 80
Cover (mm)

Figure A7.21  The effect of cover on crack width

A7.4.3 The ratio of tensile strength to bond strength, k;

The coefficient k; represents both the ratio between the tensile strength and the bond strength of the
reinforcement (0.6) and the ratio of the mean to the minimum crack spacing (1.33) and in combination lead
to a value of 0.6 x 1.33 = 0.8 (see Appendix A8, Section A8.5.4). In BS8007 this was expressed as f.,/ f, =
0.67 for high bond bars, As this term has an almost proportional effect on the crack spacing and width it is
important that appropriate values are used.
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In considering the development of the design equations in EN1992-1-1 further consideration was given to
the k; factor used in EN1992-1-1. The general assumption is that good bond is achieved around the whole
bar perimeter. In addition, the data used in generating the expression for crack spacing have been derived
from laboratory tests where this can be achieved. /n situ, the achievement of good bond around horizontal
bars may be more difficult, even with accepted good practice in placing the concrete. A common
occurrence is for bleed water to accumulate below reinforcement resulting in a weak layer, and sometimes
forming an air gap when the bleed water is reabsorbed into the concrete. In such cases EN1992-1-1 applies
a factor of 0.7 and it has been recommended that this value be applied until experience with the use of
EN1992-1-1 indicates that if may be omitted or revised. This increased &; for 0.8 to 1.14.

For probabilistic analysis it will be assumed that k; follows a PERT distribution with values between 0.8
and 1.14.

A7.4.4 Probabilistic analysis to estimate the crack width

The example started in Section A7.3 has been followed through to estimate early-age and long-term crack
widths. The design data is used in conjunction with the estimated strains to derive the crack width. The
input data are shown in Table A7.8 and probability distributions for early-age and long-term crack widths
are shown in Figures A7.22 and A7.23.

The analysis has been carried out assuming 25 mm bars at 150 mm centres.

Table A7.7 Input data and results from a probabilistic analysis to determine the magnitude of early-
age and long-term crack width

Input for probabilistic analysis
Input parameters Symbol Unit | Distribution Most
Min . Max SD

likely
Reinforcement and crack spacing
Section thickness h mm 500
Bar diameter 7] mm 25
Bar spacing N mm 150
Area of steel per face As mm?2 3272
Coefficient k. 0.90
Coefficient k 1
Surface zone for estimating 4  ,,;, R g min 225
Strength of reinforcement fky MPa 500
Critical steel ratio P erit 0.0035
Minimum area of steel per face/m A in 780
Cover c mm PERT 40 50 60
Effective surface zone for estimating pp,eff he,ef 156.25
Steel ratio for estimating crack spacing Popeff 0.02094
Coefficient for bond characteristics k; PERT 0.8 0.97 1.14
Crack spacing S, mm PERT 662
Early age crack width mm mm 0.06
Long term crack width Wy mm 0.11

The values of early-age and long-term crack width estimated using the full design method with
conservative default assumptions were 0.11 mm and 0.22 mm indicating a significant margin of safety.
Comparative values calculated using CIRIA R91 (Harrison, 1992) were 0.12 mm and 0.19 mm. While the
values are similar, the input assumptions differed. CIR1A R91 (Harrison, 1992) predicted lower values of
free contraction with a larger proportion of this contraction generating crack-inducing strain.
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Figure A7.22  Probability distribution for early-age crack width

Distribution for Long term crack width/J63
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Figure A7.23  Probability distribution for long-term crack width

A7.5 Conclusions

Probabilistic analysis has been undertaken using a commercial software package, @RISK, which operates
in Microsoft Excel. This approach has been used as follows:

. to derive safe values for the critical steel ratio
to provide a method for estimating the risk of cracking
. to provide a basis for establishing safe levels of reinforcement in relation to crack widths.

The results indicate, assuming that the basic theory behind the calculation of crack widths is correct, that
there is a significant margin of safety, in the order or 1.5, in the proposed method for design.
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A8  Controlling crack widths with reinforcement

A8.1 Specifying acceptable crack widths

The calculated crack widths using the equations to follow, represents the characteristic “average” crack
width. This is the crack width that would occur if the cracks were uniformly distributed at the
characteristic crack spacing and of equal width. However, recognising the in-situ variability of concrete,
there is a probability that some individual cracks will be greater than the calculated value. EN1992-1-1
recognises the design crack widths as characteristic values and hence it is recommended that
conformance be established on be basis of an analysis taken over the full length of a particular pour and
an estimated characteristic crack width at the 95 per cent level. Individual cracks that exceed this value
need not be considered as non-compliant in relation to either design or construction practice but should,
nevertheless be repaired if considered detrimental to the performance of the structure.

A8.2 General principles of reinforcement design according to EN1992-1-
1 and EN1992-3

To achieve a state of controlled cracking requires that there is sufficient reinforcement to accommodate
the stress transferred to it from the concrete when a crack develops. To define this value, EN1992-1-1
uses the minimum area of steel A ,,;,- This is equivalent to the critical steel ratio p,,;, previously used by
BS8007. Ay i 1s estimated from equilibrium between the tensile forces in the concrete just before
cracking and the tensile force in the steel at yielding.

While achieving A ,.;; will ensure that cracking occurs in a controlled manner it does not guarantee that
the maximum acceptable crack width will be achieved and neither does it guarantee that crack widths will
be small. With an area of steel ratio marginally higher than A4 ,,;, the stress in the steel when a crack
occurs will be, by definition, close to the yield strength, ie approaching 500 MPa. At this level of stress,
the strain in the steel at the crack will be about 2500 & (assuming that the steel has an elastic modulus of
200 GPa). This will reduce to a level close to the tensile strength of the concrete (< 100 u€) over a length
which may be in the order of 1m (see Section A8.5.3). Over this length the mean strain will be about
1300 we. This is equivalent to a crack width of 1.3mm. In this case, to achieve a crack width of 0.3 mm
would require that A, is 4-5 times Aj ;.

It should be appreciated that achieving a state of controlled cracking does not automatically
mean achieving small cracks. This is likely to require an area of reinforcement 4, that is
substantially higher than 4 ,;, -

While EN1992-1-1 provides general design guidance (replacing BS8110:1985), EN1992-3 deals
specifically with the design of liquid retaining and containment structures (replacing BS8007:1987) and
Informative Annex M considers two specific cases of restraint:

1 M.2 (a) Restraint of a member at its end.
2 M.2 (b) A long wall restrained along one edge.

The latter is the more common form of restraint. In each case, the crack width, wy, is calculated using
Expression 7.8 in EN1992-1-1. This states, very simply, that the crack width wy is equal to the maximum
crack spacing S, . multiplied by the restrained component of strain (&, . .,,) according to the equation:

Crack width Wk = Sr, max (Ssm = gcm) (A8 1)

where:

&sm 18 the mean strain in the reinforcement
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&.m 18 the mean strain in the concrete between cracks.

EN1992-3 deals with the calculation of crack width for these two cases (of end restraint and edge
restraint) differently in relation to the method for estimating the term (e, _&.,) (see Section A8.6.2 and
A8.6.3).

° for the condition of continuous edge restraint (g, _&.,) is assumed to be determined by the
magnitude of the restrained strain. In this case the restraint itself contributes to the control
of cracking by limiting the extent to which strain relief occurs in relation to the crack
location

° for the condition of end restraint (&g, _&.,) is determined by the tensile strength of the
concrete at the time at which the crack occurs. In this case the magnitude of restrained
strain has no effect on individual crack widths, but may affect the number of cracks that
occur.

An important difference between EN1992-1-1 and BS8007 is in the calculation of the area of steel. The
approach of BS8007:1987 uses the same surface zone (half the thickness or 250 mm, whichever is
smaller) to estimate values of both A ,,;, and A, The approach of EN1992-1-1 uses different values as
follows:

. Ag min Which is used to determine the minimum area of reinforcement is estimated using the
area of concrete in the tensile zone, 4., . In sections greater than about 800 mm, EN1992-1-
1 leads to higher values of A4,

. A which is used in the calculation of crack spacing and crack width is estimated using A, .
the effective area of concrete in tension surrounding the reinforcement. This is assumed to
be 2.5 times the distance to the centroid of the steel. For sections thicker than about, with
normal cover and bar sizes, this leads to a significantly smaller surface zone when using
EN1992-1-1 and hence the requirement for less reinforcement compared with BS8007.

In each case, the reinforcement requirement derived using EN1992-1-1 differs from the value derived
using BS8007. The impacts of these differences are discussed in Section A8.4 and A8.5.

EN1992-2 deals with the design of bridges and refers to EN1992-1-1 for crack width design. The only
additional requirement is that when estimating the crack width due to shrinkage, the tensile strength
should not be assumed to be less than 2.9 MPa. This value is achieved by a C30/37 concrete after 28
days. As shrinkage occurs over the long term, and concrete used in bridge construction will generally be
at least strength class C30/37, this requirement should be met without modification to the general
approach of EN1992-1-1.

A8.3 Minimum reinforcement area

In order that cracking is controlled, the minimum area of reinforcement 4 ,;, is required. Informative
Annex M of EN1992-3 deals with “Calculation of crack widths due to restraint of imposed
deformations” and refers to Clause 7.3.2 of EN1992-1-1 for estimation of A4;,,;,. The equation for
calculating A, ,,;, is as follows:

Ax,min O = kc kﬁ't.c{ﬁ"Act (A82)
where:
Agmin 18 the minimum area of reinforcing steel within the tensile zone

A, is the area of concrete within the tensile zone. The tensile zone is that part of the section
which is calculated to be in tension just before formation of the first crack

o is the absolute value of the maximum stress permitted in the reinforcement after formation
of a crack (usually taken as the yield strength of the steel f;,)
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fere 18 the mean value of the tensile strength of the concrete effective at the time when the
cracks may first be expected to occur, f;,,(?). For early-age thermal cracking the mean 3-
day value f.,,(3) is used and for long term cracking the mean 28-day value is used, These
are derived using the relationship with compressive strength age the age function provided
in Section 3.1.2 of EN1992-1-1 and have been shown to be acceptable safe for estimating
Agmin (see Appendix A10). Estimated values are as follows:

Strength class | C20/25 | C25/30 | C30/37 | C35/45 | C40/50 | C45/55 | C50/60 | C55/67 | C60/75

fom(3)(MPa) | 132 | 153 | 1.73 | 192 | 2.10 | 227 | 244 | 252 | 2.6l

fem(28)(MPa) | 2.21 2.56 | 2.90 3.21 3.51 3.80 | 4.07 | 4.21 4.35

k is a coefficient which allows for “the effect of non-uniform self-equilibrating stresses,
which lead to a reduction in restraint forces”

=1.0 for webs with h < 300mm or flanges with widths less than 300mm
=0.65 for webs with h > 800mm or flanges with widths greater than 800mm
intermediate values may be interpolated

k. is a coefficient which takes account of the stress distribution within the section immediately
prior to cracking and the change of the level arm. For pure tension k. = 1.0.

For sections less than 300 mm thick which are in direct tension both & and k. = 1 and equation AS8.2
reduces to:

As, min = ﬁl‘ il Act (A83)

ky

where A, is the gross section area. The ratio f .,/ fi, is what was referred to in BS8007 as 0. .

A8.4  Surface zones for estimating As min

A8.4.1 Background to UK practice (BS8007)

BS8007 is very specific in the definition of the surface zone used to determine the minimum area of
reinforcement (previously defined as p.,;;) and the steel ratio used in the calculation of crack spacing. For
walls < 500 mm thick, the gross section is used and for thicker sections a 250 mm surface zone is
assumed. For ground slabs the same applies to the top face but the bottom face steel is reduced to 100
mm except in slabs < 300mm thick, where it is omitted. These values were used both in the estimation of
the critical steel ratio p,; associated with A, ,,;, and in the design of reinforcement to control crack
widths. The argument for this approach was that practice had shown that taking the gross-cross sectional
area of sections thicker than 500 mm was both uneconomic and unnecessary for the control of surface
crack widths. However, the author has witnessed cracking in thick sections (500-1000 mm) in which
crack widths have been in excess of those predicted using the 250 mm zone of influence, even though the
concrete has performed predictably in terms of temperature rise and thermal strain. This cracking
behaviour was consistent either with insufficient steel or with the steel provided not acting effectively;
and no specific reasons could be found for the latter.

A review of the background to the development of the approach of BS8007 was undertaken, therefore, to
understand the basis for the zones of influence in relation to the way in which cracking develops during

the early thermal cycle.

It is made very clear in BS8007 that when calculating p,,;, the concrete section 4. is based on, “the gross
concrete section required to distribute the cracking, “concrete section” being the surface zones
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given....etc (eg h/2 or 250 mm whichever is smaller).” The intent of using zones of influence is to avoid
wasteful reinforcement in areas that are not in tension. When an element is subjected to bending, or
where the thermal stresses are caused by temperature differentials which generate tension at the surface
and compression in the core, this approach is rational. Indeed, the handbook to BS5337 (the forerunner to
BS8007 and the code within which the surface zones were proposed) states that “The development of
cracking in thick walls, however, is progressive from the surface and this fact can be utilized to effect
economies in reinforcement” ie when cracking is caused by thermal gradients or bending (Anchor,1979)
The handbook adds further that “Once the cracks have developed in the surface they can extend into the
core, as the latter cools, without the need for additional distribution reinforcement”. (Note that the
principal applies to both walls and slabs. The handbook states that “The Code extends the surface zone
concept to ground slabs of all thicknesses”).

These statements make it very clear that the surface zone concept is applicable only when
cracking is initiated at the surface and when only that part of the concrete is in tension. It
may not be applicable to members or parts of members that are externally restrained to the
extent that the whole of the section is in tension.

The confusion may be due, at least in part, to the fact that BS8007 is concerned primarily with control of
cracking which occurs as a result of external restraint to cooling, while tension in the surface develops
due to internal restraint during the heating phase of the temperature cycle. Furthermore, one of the design
assumptions in BS8007 is that the compressive stresses generated during heating are fully relieved by
creep. If this were the case then the tensile stresses at the surface associated with the compressive stresses
generated in the centre would also be relieved. And finally, because the centre of a section achieves the
higher temperature it will be subjected to greater contraction than the surface. During cool down cracking
is therefore most likely to be initiated at the centre where the tensile stresses are greatest as shown in
Figure A8.1 and not at the surface, as assumed by BS8007.

’ Development of surface cracks with time ‘

[ HEATING d COOLING >
' \

e e e e

L S\ \/

’ Tension during heating } ! \y V V

\
Tension
> > > during
cooling

Development of internal
cracks with time

’ Tension during heating } _ //: / /
: !

[ 7

/
Maximum End of cool

temperature down period
differential

Figure A8.1 Section through a thick wall close to the joint where external restraint is high

A8.4.2 The approach of EN1992-1-1

In the calculation of 4;,,;,, EN1992-1-1 uses the coefficients k. and k applied to the area of concrete in
tension. This has been described in Section A8.3 and equation A8.2 may be rearranged as follows;
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As, min = kck Act fCt’ 7 = (kck Act pcrit) (A84)
S

A, represents the area of concrete in tension and the coefficients k. and & are described in Section AS8.3.
For concrete in pure tension k. = 1 and & varies with section thickness. To enable comparison with
BS8007, the coefficients k. and k£ may be considered as “area reduction factors”. When applied to 4., this
is equivalent to defining surface zones which are close to those required by BS 8007 up to a section
thickness of about 800 mm, as shown in Figure A8.2, However, EN1992-1-1 requires significantly higher
values for thicker sections. The difference is such that in a 1000 mm section the surface zone is about 25
per cent greater than that required by BS8007 and the difference increases in thicker sections. This leads
to a higher value of 4 ,,;, being required by EN1992-1-1 in sections thicker than 800mm and subjected to
external restraint. If the approach of BS8007 is correct, then design to EN1992-1-1 could result in a
significant waste of steel. However, if the converse is true, the use of BS8007 may have resulted in
under-design and subsequent uncontrolled cracking. This may be an explanation for cracking observed
by the author in thick sections, subject to external restraint, that was in excess of that specified and
predicted by the design process of BS8007.
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Figure A8.2 Surfac