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HIGHLIGHTS

o Case studies on thermal cracking of massive structures are analysed.

« Recommendations from forensic investigations on thermal cracking are given.

« Massive foundations, dams and columns are considered.

« The enhanced index can be used as pre-design assessment for thermal cracking.

« The method can be useful to designers/contractors dealing with massive structures.
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intrinsic load on massive concrete structures. Whenever such stresses attain the concrete tensile
strength, cracking occurs, which may in turn impair the serviceability and durability of the structure.
This study is an output of Working Group 7 of RILEM Technical Committee 254-CMS: Thermal cracking
in massive concrete structures and is presenting case studies of early-age thermal cracking in massive con-
crete structures where internal restraining conditions often prevail, such as thick blocks, armour units,
footings, dams and spillways, and large-sized columns. It covers the analysis of causes of this type of
cracking together with the lessons learned from the collected evidence along with best mitigation prac-
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Cracking risk evidence retrieved from the analysed case studies, the concept of massivity used to indicate potential

Foundation blocks thermal crack proneness in massive concrete structures is significantly improved to account for binder

Armour units type and content as well as casting and fresh concrete temperature, in addition to the geometrical char-

gootings acteristics of the element under investigation. The use of such an indicator may lead to a more robust pre-
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design assessment of the likelihood for thermal cracking occurrence in massive concrete elements, advis-
ing designers and contractors dealing with such structures whether more complex analyses should be
performed already at the design stage.
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1. Introduction
1.1. Scope of study

Serviceability limit state (SLS) of cracking in concrete structures
due to imposed deformations, resulting from restrained thermal
and shrinkage effects due to concrete hydration, hereinafter
referred to as early-age cracking, has been a topic of ongoing con-
cern and investigations for both designers and contractors and,
consequently, researchers [1-8]. Apart from the negative effect
on aesthetics, such cracks may also promote corrosion of the
embedded reinforcing steel and ultimately impair the durability
of a concrete structure [9] or may even be responsible for section
load capacity reduction, as it will be discussed in this study. In
specific types of concrete structures cracking can also considerably
impair functionality. For example, early-age through-section
cracking may be one of the primary causes of apparent leakage
in liquid-retaining concrete structures [10,11], whilst in safety-
critical nuclear structures air tightness and, hence, radiation resis-
tance, are largely controlled through crack characteristics [12]. By
this, additional and usually unexpected expenses to identify cracks,
analyse the causes and for possibly required repair works are
incurred [13], while the risk of high dispute costs and/or reputa-
tional damage to the parties involved in the design and construc-
tion can be substantial [14].

The types of massive concrete structures often impaired by
early-age thermal cracking include, but are not limited to, massive
foundation blocks and rafts, armour (breakwater) units, hydraulic
structures such as sluices, dams and spillways and large-sized
beams and columns (see Fig. 1). Due to the nature of the problem
and the sensitive and often confidential information associated
with it which restricts dissemination capability, the task to identify
relevant examples in literature, also with adequate background
information is challenging.

As part of the tasks of Working Group 7 of RILEM Technical
Committee 254-CMS: Thermal cracking in massive concrete struc-
tures, case studies on early-age cracking in massive concrete struc-
tures have been collated following an extensive literature review
and empirical methods for the characterisation of a massive con-
crete structure in terms of thermal cracking propensity have been
reviewed and improved accordingly.

The study presented in this paper was based on a comparative
analysis of a number of representative case studies of massive con-
crete structures, where mix compositions, casting and curing
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methods, environmental conditions and some fundamental mate-
rial parameters were known. This overview also included studies
where forensic analyses were conducted in order to identify or
add confidence on the causes of cracking. The considered case
studies were presented in detail in the Appendix to this paper with
references to source material given to the reader wherever
possible.

The main aim of the study, elaborated in Section 2, was critical
evaluation of currently used tools for quantitative assessment of
the structure’s proneness to early-age thermal cracking followed
by the proposal of an enhanced approach. The massivity concept
- a simplistic approach for assessing the thermal cracking prone-
ness of a massive concrete structure based on its geometry, - and
its weaknesses were identified, discussed and analysed. This was
then followed by proposed improvements to more representa-
tively account for relevant phenomena and influencing factors,
such as binder type/content and ambient temperature, with sub-
stantiation arising from the evidence collected from the case stud-
ies. The associated theoretical background and corresponding
improvements were then presented in detail (Section 3). The last
section of the paper (Section 4) includes major conclusions and
key recommendations for best practice regarding design process
of massive concrete structures.

1.2. Remarks on thermal cracking in massive concrete structures

While thermal cracking can be relevant to relatively thin sec-
tions in which rapid heat dissipation occurs and the risk of associ-
ated cracking is increased by simultaneous shrinkage effects, as
discussed elsewhere [15-17], it is normally deemed more impor-
tant for large concrete pours, due to the high, nearly adiabatic tem-
peratures developed which can be also sustained for longer periods
of time [15-25]. Unless the surfaces are well-insulated to restrict
quicker cool-down than in the core, temperature differentials
may create high thermal gradients (depending on element size
and thermal properties of the mix, such as conductivity and heat
transfer coefficient) and induce thermal stresses. This phenomenon
is known in the literature as internal restraint and is mostly appli-
cable to dimensionally significant structures, where also the effects
of external restraint can be near-negligible.

Surface cracking due to internal restraint in massive concrete
arises from the fact that, over the so-called heating period, the
temperature in the core is greater than at the surfaces, leading to
compressive stresses in the hot core and tensile stresses at the

"

Fig. 1. Examples of concrete structures that often exhibit hardening-induced cracking: a) ground slabs, b) concrete dams, c) silos/containment structures, d) cooling towers,
e) wind turbine foundations, f) piles, g) precast segments (top: immersed tunnel, bottom: bridge deck), h) armour units, i) bridge piers and (j) retaining walls [15].
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cooler surfaces [10,11,22,24]. During the period of cooling to ambi-
ent temperature, an inversion of the stress distribution may occur,
with compressive stresses at the surface and tensile stresses in the
core. But the simple distinction between the surface and core must
not be sufficient in very massive structures. As a result of thermal
contraction of a surface-near region in between core and surface,
which occurs before the actual cooling of the core, the previously
formed surface cracks may reduce in width while cracks may prop-
agate in the direction of the core of the section. These cracks are
often deemed more detrimental to concrete durability [9]. In mas-
sive dam structures, cooling to ambient temperature may take sev-
eral years and cracks may appear even years after construction. For
example, in the case of Orlik dam construction in Czech Republic,
40 surface cracks up to width of 3 mm appeared after one year
from casting with core and surface temperature being 40°C and
close to zero, respectively, and a 3 m crack depth was reported
[25]. If structures are large enough to generate thermal gradients
due to hydration, but still as small so that external restraining
effects cannot be ignored, such internally-restraining conditions
can be combined with external restraint from stiff boundaries,
such as the ground or adjacent concrete elements, and
shrinkage-related effects, which can further exacerbate the magni-
tude of the generated stresses [10,11,16,17]. Nevertheless, such
conditions are not in the scope of this study where focus is given
to cases in which internal restraining conditions are dominant.
The present study, therefore, pertains to self-equilibrated temper-
ature differentials and stresses within the cross-section of an ele-
ment which may result in surface cracking. This intentionally
disregards any externally restraining conditions which might
induce additional stresses and require a different analysis
approach to that presented herein.

This investigation naturally excludes the effects of autogenous
shrinkage and drying shrinkage as: a) concretes used in massive
pours are usually medium to low strength and such concretes exhi-
bit relatively low autogenous shrinkage - besides, this shrinkage
mechanism is relevant when externally-restraining conditions pre-
vail and b) drying shrinkage in massive concrete structures occurs
very slowly and its effects are typically not significant and if signif-
icant, they may cause some superficial cracking due to moisture
gradients.

Apart from thermal cracking due to internal or external
restraint, high temperatures due to cement hydration also pose a
significant risk of expansion and cracking due to delayed ettringite
formation (DEF) [26]. DEF is a form of internal sulfate attack which
is caused by the delayed formation of the mineral ettringite, regu-
larly produced during hydration, when concrete temperature
exceeds 65-80°C (it should be noted that this range is very much
dependent on cement composition and cementitious materials
used [26-28]). DEF is a consequence of high temperatures within
concrete [29] related to expansive chemical reactions and in gen-
eral, the stress generation due to restraining of herewith imposed
deformations is subject to the same mechanical background. Any-
how, DEF was not in the scope of this study on cracking due to
internal restraint and as such, although DEF is mentioned herein,
it will not be examined thoroughly in the next sections. Further
information can be found elsewhere, e.g. [30].

2. Evaluation of structure’s proneness to thermal cracking

The considerations discussed in this paper are based on the evi-
dence collected by the members of the RILEM TC 254-CMS and
relate to 7 distinct, representative large-volume concrete struc-
tures in which hardening-induced cracking was reported. The
structures in question are described in detail in subsequent section
of the Appendix to this paper. For all considered case studies the
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observed cracking was predominately attributed to hardening-
induced thermal stresses reaching the tensile capacity of concrete.
These thermal stresses were formed in the volume of the elements
due to temperature differentials caused by dissipation of heat that
is generated by hydration of cement during hardening of these ele-
ments. High magnitude of thermal gradients was mainly caused by
the combination of large dimensions of the structural elements and
the material characteristics.

The risk of thermal cracking can be mitigated if appropriate
measures are applied at the construction stage, which in turn
may require that a detailed thermo-mechanical analysis (e.g.,
FEM-based) is performed early in the design process. Such analysis
is not performed very often, it is, however, encouraging that it is
gradually being adopted for big infrastructure projects, especially
of higher significance [31]. One of the reasons for the limited appli-
cation is the lack of clarity in guidelines regarding the classification
of massive concrete structures. For example, ACI 116R [32] defines
mass concrete as “any volume of concrete with dimensions large
enough to require that measures be taken to cope with generation of
heat from hydration of the cement and attendant volume change to
minimize cracking”. It is evident that the designer has to make a dif-
ficult, yet responsible decision about the potential risk of early-age
thermal cracking in any large volume of concrete and the need of
performing thermal analysis. This decision can be potentially aided
through the concept of quantifying proneness to cracking using
massivity indexes. Different approaches in evaluating the massiv-
ity that can be used to support this decision process are described
in the following sections.

2.1. Characteristic length approach

One of the most complete approaches for evaluating the mas-
sivity of a structure is that proposed by Ulm and Coussy [33], which
considers both the dimensions of the element and its thermo-
physical properties. The concept of a “characteristic length of hydra-
tion heat diffusion”, I, [m], is introduced to determine the minimum
dimensions above which, for a given material, a structure should
be considered as massive, i.e. in which the heat of hydration is
expected to significantly affect the overall thermo-chemo-mechan
ical behaviour. For Neumann boundary conditions and a semi-
infinite domain the characteristic length, I, [m], is defined as:

D E,
w00 v

where:

D - thermal diffusivity, ratio between thermal conductivity and
volumetric heat capacity;

A(a) - affinity function of the degree of hydration;

E, - activation energy of binder;

R - universal gas constant;

T - absolute temperature.

Then for I being the maximum distance of any point within the
structure to the nearest external surface:

Ih =

e if [ > I, the structure is classified as massive as heat dissipation
from the structure is very limited and non-negligible thermal
stresses may arise,

o if | < I structure is classified as non-massive quick heat dissi-
pation is permitted and

e if | ~ I, the occurrence of thermal gradients in the structure is
probable.

This approach has three major implications. Firstly, detailed
information about the thermo-physical properties of concrete are
required prior to analysis to determine the value of the
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characteristic length. Secondly, the formulation assumes that the
characteristic length varies with the degree of hydration and with
temperature. Then, in a range of structures, boundary conditions
cannot be represented as Neumann-type and the approach may
exhibit limited applicability [34].

2.2. Surface area approach

Other approaches exist that relate solely to the geometry of the
element. It is generally established that the massivity of the ele-
ment can be evaluated by relating its volume to the area of sur-
faces. The former impacts the magnitude of core temperature,
whereas the latter impacts the temperature difference. Such an
approach for the evaluation of massivity is proposed by ACI
207.2R [35]:

1%

M= )

where:

@ the volume V (m?) is determined by summing the volume of
concrete and additional concrete volume equivalent to the vol-
ume of insulation. It is suggested that the effect of steel forms is
neglected as steel is a poor insulator while the thickness of
wood forms or insulation in the direction of principal heat flow
should be considered in terms of their affecting the rate of heat
dissipation.

@ the area S (m?) represents the total area of surfaces through
which heat dissipates. The expression “total area of exposed sur-
faces” can be also found in relevant literature (see e.g. [36])
which generates a degree of debate regarding the interpretation
of this parameter. ACI 207.2 [35] specifies that any faces further
apart than 20 times the thickness of the member can be ignored
as contributing to heat flow, which applies easily to the ele-
ments of relatively small thickness with respect to the other
two dimensions, such as walls. However, the question about
the heat flow through the bottom surface of the element to
the ground, which is very important in massive concrete ele-
ments such as foundation blocks or slabs, remains open.

2.3. Equivalent thickness approach

De Schutter and Taerwe [36] elaborated on the ACI concept of
massivity and concluded that there is not always a unique relation-
ship between the massivity and the maximum temperature / tem-
perature gradient in the concrete element, especially for elements
with complex geometry. Therefore, they proposed to use the equiv-
alent thickness, deq, as a measure of massivity of the element,
defined as a product of massivity calculated acc. to Eq. (2) and
the shape factor of the heat flow area, y,:

eq =7, M 3)
where the shape factor is a measure for the distance of the most
inner point to the exposed surface relative to the distance of the
centre of gravity to the exposed surface. Unfortunately, no bound-

ary values are given based on which the structure can be classified
as massive.

2.4. Surface modulus approach

In an alternative approach, recommendations are given by Flaga
[37] who uses the so-called surface modulus defined as:

ms =~ (4)
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The surface modulus can be regarded as a reciprocal of the mas-
sivity defined by Eq. (2), however, a different approach is used to
determine the values of the volume and area of surfaces. For the
latter one, it is recommended to refer to the exposed surfaces only,
although is not explicitly specified which surfaces should be
regarded as exposed. In the referred work it is generally assumed
that for block elements (i.e. the elements with all three dimensions
of comparative values) all surfaces are treated as contributing to
the heat flow while for the wall elements the total area is limited
to the area of the wall faces. For the volume, only the volume of
concrete is taken into consideration (no remarks on the effect of
insulation are made). Following these assumptions concrete struc-
tures are divided into three groups, based on the surface modulus:

@ for m; < 2m~'structures are classified as massive with a pre-
dominant impact of thermal strains and close-to-adiabatic con-
ditions in the core;

® for 2m~! < ms; < 15m~! structures are classified as semi-
massive with a comparable impact of thermal and drying
shrinkage strains;

@ for m; > 15m~! structures are classified as thin-walled concrete
structures with negligible impact of thermal strains.

2.5. Comparison of different approaches

Although the concept of defining the massivity of concrete
structures is generally established, there are discrepancies among
the above-mentioned methods when defining relevant geometrical
characteristics. Therefore, in this paper the following measures are
indicated for each case:

1. Basic Massivity My, calculated as a ratio between the volume
of concrete and total area of surfaces (not code-based):
Mbasic = Yegmemte, [m].

2. Massivity M calculated as a ratio between substitute volume
(volume of concrete + volume representing insulation layers)
and total area of exposed surfaces (after ACI 207.2 [35]):

M= V;me = V“’“%;*V‘"S, [m]. Heat flow to the ground is neglected

(as contributing to the overall heat flow on much smaller mag-
nitude than to the air).

3. Equivalent thickness d.q calculated as a product of massivity M
determined as per (2) above and shape factor after [36]:
deg =74 M.

4. Surface modulus m; calculated as a ratio of the total area of
exposed surfaces and volume of concrete after [37]:
ms = Vmiim, [m~1]. For the cases analysed in this paper all sur-

faces are treated as exposed surfaces S, = Sotal.

3. Applicability & recommendations on massivity concept
3.1. Application of current massivity indexes to case studies

The corresponding values of the proposed indexes of massivity
were determined for all the cases discussed in the paper and are
collectively presented in Table 1.

It can be concluded that almost all of the analysed structures
were characterised with the surface modulus m; < 2 m~', and
should therefore - according the proposal of [37] - be classified
as massive. There was one case of concrete lifts characterised with
the surface modulus of 2.2 m~!, however, the overall surface mod-
ulus for the whole structure was < 1 m~'. The only case which did
not follow this rule was a concrete armour unit for which the sur-
face modulus was ranging between 2 and 2.8 m~!, depending on
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Table 1
Measures of massivities of the structures discussed in cases studies calculated based on different methods.

Structure type Section No. Dimensions [m] Mpasic[m] M[m] [35] deq[m] [36] ms[m~"] [37]

Massive blocks, rafts and footings A1.1. 5x5x 46 0.81 0.98 3.07 1.02

A1.2. 1.8 x 1.8 x 1.8 030 0.36 1.20 2.78

22 x22x16 0.33 0.41 1.07 244

22 x22x22 0.37 0.44 147 2.27

25x25x%x25 0.42 0.50 1.67 2.00

A1.3. 18.5 x 6.1 x 1.83 0.65 1.02 1.22 0.98

12.8 x 8.3 x 1.83 0.67 1.06 1.22 0.94

28.4 x 18.6 x 4.5 1.61 2.50 3.00 0.40

215 x 7.8 x 2.7 0.92 1.39 1.80 0.72

6.0 x 7.0 x 2.5 0.70 0.98 1.67 1.02

Dams and spillways A2.1. 40 x 8 x 2.5 0.91 1.43 1.67 0.70

A2.2. 35 x 15 x 0.5 (lifts 1,2 & 3) 0.24 0.46 0.33 2.19

35 x 15 x 2 (lifts 4, 5, 6) 0.84 145 133 0.69

35 x 15 x 7.5 (whole structure) 2.19 3.09 5.00 0.32

A2.3. 17 x 36 x 85 (approx.) 3.96 3.96 56.67 0.25

Massive columns and piers A31 3.5 (d: diameter) x 8 0.60 0.65 2.63 1.54

3.5(d) x 10 0.64 0.81 2.63 1.23

4.5 (d) x 7.5 0.71 0.98 3.38 1.02

45(d) = 9 0.76 1.18 338 0.85

the geometry of the block. The upper boundary value of the surface
modulus m; = 2 m~! corresponds to the lower boundary value of
basic massivity Mpasic = 0.5 m, which is confirmed by the compar-
ison (except for the limited number of cases discussed above), i.e.
all structures characterised with Mpasc > 0.5 m can be regarded
as massive structures.

When analysing the massivity M determined according to rec-
ommendations of [35] considering an increased volume represent-
ing insulation and reduced heat flow to the ground, the limit value
of massivity raises to the value of approximately 1, however, for
some cases, which would otherwise be classified as massive (e.g.
piers), this value is lower. Given the disputable assumption of
neglecting the base surface as contributing to the overall heat flow
it seems rational to assume also the lower boundary value of the
massivity M = 0.5 m as a safe estimator of the massivity of concrete
structures.

Having in mind the above, it seems obsolete to use the equiva-
lent thickness as an engineering measure of massivity of concrete
structures. Although a conclusion can be drawn from the presented
comparative study that the equivalent thickness d.q of at least 1 m
should classify the structure as massive, determination of this
value requires surplus work to be done in addition to determining
sole massivity of the structure (since shape factor must be known).
Therefore, given that the estimator of massivity should be a quick-
to-obtain orientational value it seems more reasonable to refer to
the massivity/surface modulus.

3.2. Proposed modifications and enhancements to the current
massivity index

Currently, the massivity concept is a simple and relatively quick
calculation of a thermal cracking potential of an element based
solely on its geometrical characteristics. Nonetheless, it is well
recognised that, although the geometry of the element governs
heat dissipation, there are multiple other factors that play an
important role in determination of risk of thermal cracking in mas-
sive concrete structures. Amidst the most influential of such factors
may be considered the binder type and content and casting and
ambient temperature throughout curing.

The incapability of the traditional massivity indexes to account
for the previously mentioned factors reflects its incompleteness as
a concept and implies that any thermal cracking risk approxima-
tion using this method may be relatively inaccurate. This section,
therefore, aims to address these deficiencies of the massivity index

through deriving correction factors which can be used to account
for the aforementioned influential phenomena. It is the intention
for the correction factors concept to maintain an engineering
approach, thus upon their derivation, they can be simply applied
to a massivity concept in order to obtain the enhanced massivity.
It is suggested that the concept of surface modulus, m;, i.e. section
2.4, is used and corrected since it also provides boundaries. As
mentioned earlier, the proposed massivity modifications encom-
pass the effects of binder type and content, casting and ambient
temperature and temperature drop. As such, the enhanced massiv-
ity index can be obtained from:

ms

Meor = Ky % kpxKar

()

where kg, k, and kar are dimensionless correction factors accounting
for cement type, binder content and temperature differential,
respectively.

It is hoped that the corrections will, ultimately, enable the mas-
sivity index to be used reliably and reasonably conservatively by
engineers during pre-design stages in order to determine the like-
lihood for thermal cracking and take better informed decisions on
the depth of analysis required. The reasoning, justification and
derivation of each correction factor individually is outlined in the
subsections below. It should be mentioned that any effect rein-
forcement has in crack development, e.g. controlling the crack
width and spacing, is not accounted for in the massivity concepts,
which deal with cracking risk rather than crack characteristics.
Furthermore, the present approach does not recourse to tensile
strength as an influencing factor explicitly. This lack of considera-
tion of tensile strength, which was already a feature of the origi-
nally proposed massivity index, ends up being somewhat
compensated by the fact that the cracking risk is quantified within
a range of massivity indexes, rather than on a deterministic value.
It is also noted that tensile strength is sometimes harder to come
by, or estimate, and it tends to lie within a relatively small range
in typical massive concrete mixtures, hence further contributing
to the reasoning of not being considered in this proposal

3.2.1. Relative heat correction factor, kf

The first factor to be considered is that of the potential heat of
hydration of the binder used. Currently, the massivity index does
not consider the cement/binder type used or may implicitly
assume that neat Portland cement - CEM I is used in all cases.
Nonetheless, it is well recognised that binder type substantially
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influences the rate and maximum heat generation. Although this
can be a complicated task to incorporate from an engineering point
of view, a correction factor for cement type may be applied to the
massivity concept to allow for addition of blended cements. Such
correction factor should offer a reduction on the calculated massiv-
ity and cracking proneness with use of cements other than CEM I. It
is proposed that the factorised heat reduction when blended
cements are used should occur relatively to a CEM I reference
value. Therefore, this relative heat factor may be expressed as
the ratio of heat output of blended cement with supplementary
cementitious materials (SCMs) to that of neat Portland cement -
CEM 1. This pertains the assumption that the reduction in adiabatic
temperature rise is roughly linear with the temperature rise, and
so is the cracking proneness. Exemplar heat correction factor val-
ues have been calculated with semi-adiabatic data obtained from
[38] for different cement types, considered typical in construction,
as shown in Table 2. It is also recognised at this point that: a) the
relative heat factor, k; may vary based on different calorimeter
results and different cement types used and b) for very massive
structures where near-adiabatic conditions are observed, heat
evolved beyond 72 h during an adiabatic test might provide a more
accurate indication of heat evolution to be used in calculating the
relative heat correction factor. Such adaptation might also account
for the observation that hydration of cementitious binders contain-
ing very high proportions of cement replacement materials is sig-
nificantly decelerated, but, for the purposes of such study, the
adapted approach is deemed adequate.

3.2.2. Binder content correction factor, kj,

Following the derivation of the relative heat correction factor,
the significance of the total cementitious materials (binder) con-
tent may not be ignored. It has been well established that the bin-
der content has a decisive influence on the potential temperature
evolution within a section; the temperature effectively increases
with binder content [39,40]. As a general quantification, it is
accepted that cement hydration will generate a concrete tempera-
ture rise of approximately 4.7°C to 7.0°C per 50 kg of Portland
cement per m> of concrete under adiabatic conditions [41,42],
Under this context, assuming: a) an average temperature rise of
6.0°C per 50 kg of Portland cement and b) an average binder con-
tent of modern concrete in massive structures of 300 kg/m?>, a cor-
rection factor (k,) based on binder content can be derived as the
ratio of binder content in the mix to 300 kg/m? ie.

ky — bindercontentinkg/m3
b = 300kg/m3

with binder content, also with relevance to temperature rise whilst
the upper boundaries for all parameters have accounted for practi-
cality and demonstrated experience, e.g. is not particularly com-
mon to get temperature rises of 70°C and above or binder
content of 600 kg/m> and above, especially in massive concrete
applications. Aiming simplicity, the variation of the correction fac-

. Fig. 2 demonstrates how this factor may vary

Table 2
Exemplar relative heat factors that can apply to massivity indexes depending on
cementitious binder considered (heat evolution data from [38]).

Cement Type/ Heat evolved at 72 h Relative heat factor

Combination [1/gl (Q), (kf _ gm)
semi-adiabatic test o
CEM 142.5 366 1.00
CEM 142.5 + 10% FA 325 0.89
CEM 1 42.5 + 30% FA 200 0.55
CEM 1 42.5 + 50% FA 112 0.31
CEM 142.5 + 10% GGBS 334 0.91
CEM 142.5 + 30% GGBS 255 0.70
CEM 142.5 + 50% GGBS 232 0.63
CEM 142.5 + 70% GGBS 157 0.43
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tor kj is linear, following also that the temperature rise under adi-
abatic conditions (e.g. in very massive concrete elements) is
approximately linear. This implies that if the concrete is not under
adiabatic conditions (e.g., in a thin element, thus more affected by
environmental temperature), this correction factor yields even
more conservative estimates, which is acceptable at this stage. It
is, nevertheless, recognised that with the intention being to derive
a code-like approach to the problem, the solution will be some-
what inherently imperfect. The relationship illustrated in Fig. 2
could be potentially extended for binder contents greater than
600 kg/m>, e.g., for very high strength concrete applications, but
it should be anticipated that the estimated adiabatic temperature
rise is likely to constitute a significant overestimation of reality
in these cases (more important as the element under analysis is
thinner).

3.2.3. Correction factor for temperature differential, kar

The third and final massivity correction factor suggested and
examined herein is representing the temperature differential in
the member resulting from the interplay between fresh concrete
temperature, peak concrete temperature and ambient tempera-
ture. This is aiming to account for the occurring temperature differ-
ential between core and surface and the herewith caused self-
equilibrated stresses, respectively, the risk of surface cracking. This
shall enable a targeted consideration of any measures of reducing
the fresh concrete temperature at the time of placement below
the average ambient temperature during curing as well as addi-
tional curing measures for thermal cracking mitigation due to
the temperature differential.

Dealing with mass concrete, it will further be presumed that the
core temperature will increase due to hydration according to adia-
batic conditions, whereas the temperature at the surface is similar
to the ambient temperature. It shall be noted that the assumption
of adiabatic conditions in the interior is also in agreement with the
rule of thumb for mass concrete according to [43,44], that a
decrease of the fresh concrete temperature at the time of casting
by 1°C decreases the peak concrete temperature in mass concrete
by approximately 1°C. On the contrary, the assumption of a surface
temperature similar to the ambient temperature is on the safe side
and could be modified in case of targeted thermal curing measures.
Nevertheless, defining the reference case with a fresh concrete
temperature similar to the ambient temperature at the expected
time of maximum temperature, the correction factor k., for any
different case can basically be determined through:

kAT _ Tfresh - Tambient + Tadi,rise (6)
Tadi,rise

where:

Ttresh — fresh concrete temperature;

T.dirise — temperature increase due to hydration under adiabatic
conditions (e.g., Fig. 2);

Tambient— €Xpected ambient temperature at time of maximum
concrete temperature

It is recognised that for surface cracking to occur, the imposed
strains (in this case the self-equilibrated thermal strains induced
by Tgirr) are dependent on the evolution of the elastic modulus,
creep relaxation and the shape of eigen stresses according to the
shape of the temperature distribution. From engineering perspec-
tive, however, these influencing factors are cancelled out by deriv-
ing the correction factor in relation to the reference case. It should
be noted that since this is a pre-design approach and absence of
temperature monitoring data on site is very much probable,
expected average ambient temperatures at the anticipated time
of placement can be obtained based on nearby weather stations
and on climatological normal [45].
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Fig. 2. Relationship between binder content and approximated temperature rise in concrete and k;, correction factor.

3.3. Validation of the enhanced massivity index

For validation purposes, the massivity concept by Flaga [37]
(surface modulus approach) is enhanced using the above correc-
tion factors, i.e. the relative heat factor (k¢), binder content factor
(kp), and the temperature drop factor (kar), as shown below in
Table 3. As mentioned earlier, in this case, the surface modulus is
divided by the product of the three factors whilst Flaga’s limits
for massive (ms;<2m~') and semi-massive structures
(2m~' < mg < 15m~') may be assumed to still apply. As all the case
studies examined herein experienced cracking, few examples of
uncracked massive concrete structures were collected from the lit-
erature and the correction factors were applied in their calculated
surface modulus, i.e. enhanced massivity, in order to provide an
additional preliminary validation of the updated massivity concept
(also shown in Table 3).

The fact that in all the case studies SCMs were incorporated in
the concrete, surface moduli, m;, of the elements under investiga-
tion increased through the application of a correction factor for
cementitious material’s heat output, essentially decreasing the
massivity of the structures containing SCMs after correction to a
more semi-massive configuration. Nevertheless, the surface modu-
lus of the investigated cases somewhat decreased with the applica-
tion of the correction factor for binder content with the exception
of the Itaipu dam, which was the only case in which the binder
content was lower than the reference of 300 kg/m>. The tempera-
ture differential factor, for the cases where the required informa-
tion was known, further indicated an exacerbation in thermal
cracking risk through decreasing the surface modulus with the
exception of the Itaipu dam due to this structure’s relatively low
temperature development observed on site. Despite this increase
in the surface modulus, the size of these structures is so substantial

Table 3
Application of the correction factors on the surface modulus of massive structures.
Structure type Section No. Dimensions [m] ms[m~'] [62] ke ky, kar ,vi:iikﬂ[m"]
Massive blocks, rafts and footings A1.1. 5x5x46 1.02 0.70 1.47 N/A 0.84
A1.2. 1.8 x 1.8 x 1.8 2.78 0.70-0.43 1.08 N/A 3.07-5.95
22 x22x16 2.44 0.70-0.43 1.08 N/A 2.83-5.24
22 x22x22 2.27 0.70-0.43 1.08 N/A 2.52-4.87
25 x25%x25 2.00 0.70-0.43 1.08 N/A 2.21-4.29
A1.3. 185 x 6.1 x 1.83 0.98 0.55 1.37 1.10* 117
12.8 x 8.3 x 1.83 0.94 0.55 1.37 1.10* 1.12
28.4 x 18.6 x 4.5 0.40 0.55 1.37 1.10* 0.47
215 x 7.8 x 2.7 0.72 0.55 1.37 1.10* 0.86
6.0 x 7.0 x 2.5 1.02 0.55 1.37 1.10* 1.23
Dams and spillways A2.1. 40 x 8 x 2.5 0.70 N/A N/A N/A N/A
A2.2. 35 x 15 x 0.5 (lifts 1,2 & 3) 2.19 0.87 1.17 N/A 3.58
35 x 15 x 2 (lifts 4,5,6) 0.69 0.87 117 N/A 1.01
35 x 15 x 7.5 (whole structure) 0.32 0.87 1.17 N/A 0.39
A2.3. 17 x 36 x 85 (approx.) 0.25 0.89 0.40-0.66 0.37* 1.91-1.26
Massive columns and piers A3.1 3.5(d) x 8 1.54 0.72 1.10 1.05 1.84
3.5(d) x 10 1.23 0.72 1.10 1.20 1.29
45(d) x 7.5 1.02 0.72 1.10 1.05 1.22
45(d) x 9 0.85 0.72 1.10 1.10 0.97
Examples of crack-free* structures of significant size
Type Reference Dimensions [m] ms[m~"] [62] ke ky kar W[m"]
Massive walls [46] 12 x12x24 3.75 0.72 1.24 N/A 4.20
Massive walls [46] 1.2 x 3.6 x 3.6 2.50 0.72 1.24 N/A 2.80
Wind turbine base [47] 16.5 (d) x 2 (approx.) 0.93 0.55 1.08 1.07 1.46
Massive slab [48] 143 x 41 x 0.35 291 1.00 0.95 1.20 2.55

*Average ambient temperature obtained from historical data
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that the surface modulus remained below the upper limit of 2 m™!
indicating a significant risk for thermal cracking.

In general, the relative heat factor was apparently the most
influential in the final values of surface moduli (or enhanced mas-
sivity) amidst the three derived correction factors. This is probably
associated with the precautions for thermal cracking mitigation
reflected in the variables in the other two factors not having been
taken into consideration effectively during design. In any case, for
the cracked structures, the combined factors kf x kj, x kar were not
able to increase the surface modulus above 2 m~!, indicating that
all of these cases would require further thermal cracking risk anal-
ysis. The exception was the case of the armour units in the Nether-
lands, where their surface modulus was exceeding 2 m~! even
before the application of the correction factors. This may slightly
increase the ambiguity regarding the origin of the cracks in this
case, as already mentioned in Section A.1.2 in relevance to thermal
cracks and/or DEF/ASR cracks.

The three correction factors were also applied to the surface
modulus of few uncracked massive concrete elements (where
applicable). The uncracked cases considered were: (a) few massive
walls (544 kg/m> binder content containing 15% fly ash) [46], (b) a
wind turbine foundation (220 kg/m>® of CEM II/A-L 42.5R and
105 kg/m? of fly ash) [47] and (c) a massive slab (285 kg/m> binder
content with assumed CEM I cement used) [48]. For the majority of
the examples, the calculated surface modulus was above the 2 m™!
limit for massive concrete structures; however, there was still an
apparent influence of the factors in the enhanced massivity
towards a decrease on thermal cracking proneness. Nevertheless,
for the particular case of the uncracked wind turbine base in
[47], the surface modulus increased considerably towards the limit
for massive structure with the application of the three correction
factors as it increased from 0.93 to 1.46 m~! (an increase of 50%).
It is believed that for this case in particular, the corrected surface
modulus could have exceeded the upper limit if a less conservative
relative heat factor would have been used (actual mix in this case
contained a ternary binder), which is promising regarding the fea-
sibility of these modifications. Moreover, for the case of the wind
turbine foundation, the geometrical significance of such structure
should prompt the designer to analyse thermal cracking proneness
further, e.g., though FEM, regardless of the temperature control
techniques employed.

Nevertheless, it is recognised that this enhanced massivity
index is subject to further refinement to account for the effect of
fresh concrete temperature and curing temperature on the heat
generation which is also known to be different for concretes with
SCMs [5,49-51] under non-adiabatic conditions and even for insu-
lation characteristics, in order to incorporate the contributions of
such influential factors, as well as to further validation considering
cracked and uncracked massive concrete structures. Such initiative
is covered by the future activities of the successor of RILEM TC 254-
CMS (TC CCS: Early-age and long-term crack width analysis in RC
structures).

3.4. Flowchart of processes for best practice

The processes involved with evaluating a potentially massive
concrete structure in terms of the risk of thermal-related crack
occurrence depend on several factors and may cause confusion to
designers and contractors. While some massive (or mostly, semi-
massive) concrete structures may be approached with
simple/empirical solutions for thermal cracking mitigation, others
require a more meticulous consideration of the influential phe-
nomena, such as boundary conditions, heat of hydration or even
shrinkage. The massivity concept may serve as a guiding element
in determining the depth of analysis a structure might require
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for mitigating/controlling thermal cracks and provide an indication
as to whether thermo-mechanical FEA should be considered, as
depicted in the flowchart of Fig. 3. If a concrete element is not
deemed massive enough, which corresponds to the right branch
of the flowchart, then the designer can employ simple ready-to-
use models to gain confidence with respect to thermal crack avoid-
ance, e.g. models in the form of spreadsheets as those of CIRIA
C766 [11]. It is not necessarily recommended that the engineer cre-
ates a 1D model himself to simulate structural behaviour as this
can be as laborious as creating a finite element model. Instead,
for simpler applications, already existing user-friendly spread-
sheets may be employed, e.g. CIRIA C766 [11], Concrete Works
[52] or suchlike.

It shall be the case, nevertheless, that the approach is agreed
between the involved parties at early stages of the project, so that
costs and sustainability of crack repair and crack avoidance/control
(through FEM or mock-ups and monitoring) are compared; yet,
experience dictates that the former is usually more cost
demanding.

4. Summary and outlook

In this paper an investigation on massive concrete structures
which experienced hardening-induced thermal cracking was con-
ducted. The types of structures examined were massive foundation
blocks and rafts, armour units, dams and spillways as well as mas-
sive columns as these types of structures are often impaired by
thermal stresses. Based on the information gathered and analysis
performed, the following conclusive remarks can be given:

o In the majority of the case studies, cracking probably occurred
due to insufficient consideration of the associated relevant phe-
nomena and boundary conditions whilst workmanship influ-
ences cannot be ruled out. Nevertheless, collaboration
between the involved parties, e.g. designers, contractors and/
or concrete producers, at early stages of the project becomes
an important factor in deciding best approach for controlling
defects due to thermal cracking. In many cases, crack repair
could be more expensive than adequately designing a structure
for thermal crack control or than applying temperature control
techniques (pre-/post-cooling).

In the analysed cases finite element analysis (FEA) was used as a
tool for forensic engineering purposes. However, such analysis
usually comprises of the same techniques as pre-analysing the
structure for cracking. It is, therefore, recommended that FEA
is undertaken in all relevant cases as part of the design. As such,
indications for the necessity of pre/post-cooling techniques or
alterations in mix design and curing methods will be given.
Moreover, that allows to predict stresses and design appropriate
reinforcement as in some cases insufficient reinforcement was
found to be the reason of extensive cracking.

The concept of massivity can be potentially used to indicate
whether a concrete structure will be susceptible to hardening-
induced cracking caused by internal restraint of thermal strains
(considering that external restraint is near-negligible in massive
concrete applications) and consequently, whether more
advanced approaches, such as numerical simulations, would
be required for mitigating associated defects. One of the pri-
mary aims of this study was to enhance the application of the
massivity indexes. The modified surface modulus was
recommended as a geometrical measure of massivity and ther-
mal cracking risk in which correction factors were derived and
proposed to account for cumulative hydration heat depending
on the type of the binder, binder content and influence of ambi-
ent temperature and temperature differentials. It was demon-
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Obtain project details
and geometrical
characteristics of
critical sections

Calculate the
enhanced/corrected
massivity index of
critical element(s)

Conduct 2D or 3D FE
themo-mechanical
analysis

Known material
properties?

Request testing unless
substantiated
assumptions can be
made

Proceed with
simulation

Does maximum
tempreature and stress
comply?

Demonstrated
compliance through
simulation

Modify mix and/or
curing parameters

Element deemed
massive?

Assume mix
characteristics and use
simple 1D models to
calculate heat
generation if needed

Does maximum
temperature comply?

Alter material
properties, e.g. through
addition of GGBS or fly

Assume compliance is
demonstrated with
current assumptions ash

Fig. 3. Flowchart with recommended processes involved for assessing the risk of thermal cracking of massive and semi-massive structures.

strated that the enhanced massivity index proposed can provide
designers and contractors with a more robust pre-design
assessment of likelihood of thermal cracking occurrence. Never-
theless, they are subject to further refinement and validation. As
a next step, it would be helpful to conduct numerical analysis to
further improve the validity of the factors for a range of struc-
tures and boundary conditions.

In addition to FEM, construction of mock-ups and derivation of
monitoring programmes are also recommended, in applications
with high cracking risk, as they will further increase confidence
on the validity of the decided approach.

This study focused on quantifying the likelihood of crack in
massive concrete structures due to self-equilibrated temperature
differentials and stresses which may result in surface cracking.

Work is continuing within RILEM TC CCS, the successor of TC
254-CMS, to quantify the risk of through cracking or bending
cracking from the presence of external restraint which is relevant
to thinner, than those investigated, elements and require assess-
ment of the restraining condition with regard to the types of mem-
bers involved.
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Appendix

A number of representative case studies from the literature,
elaborated by own experience/involvement from the authors, are
presented and discussed in this section for a range of typical mas-
sive concrete structures.

A.1. Massive blocks, rafts and footings

A.1.1. Massive abutment block in Czech Republic

Surface cracking occurred in a massive abutment/anchorage
block in Czech Republic, approximately one year after casting.
The block measured 5 x 5 x 4.57 m (length x width x height)
and was cast in summer 2009. The concrete strength class was
C35/45 with an exposure class XC1. The concrete composed of a
binder, b, incorporating 400 kg/m> of a low-strength slag-based
cement, CEM II/B-S 32.5 R (21-35% of ground granulated blast-
furnace slag), and 40 kg/m?> of fly ash, resulting in a low-heat tern-
ary blend, 175 kg/m? of water, w (w/b of 0.4), 1809 kg/m> of com-

10
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bined fine and coarse aggregates and 7 kg/m°> of admixtures (3 kg
of plasticiser and 4 kg of superplasticiser).

The massive block was vertically reinforced with three layers of
bars with a diameter of 32 mm located up to 500 mm away from
the external surface. With a total of 248 rebars, as shown in
Fig. A.1a,b, the vertical reinforcement ratio was 0.8%. Horizontally,
10 and 12 mm diameter stirrups were installed in two layers, with
a vertical spacing of 200 mm, resulting in a reinforcement ratio in
the longitudinal direction of only 0.019%.

After approximately 1 year from concrete casting, vertical
cracks with a width ranging from 0.1 to 0.5 mm were detected,
as shown in Fig. A.1c,d. Some 600 mm deep core samples revealed
that the cracks were running into the block surpassing reinforce-
ment layers. The assumption at the time was that the crack likely
runs through the block, although this was never experimentally
confirmed. A thermo-mechanical simulation has confirmed that
the cause of cracking was excessive hydration heat and the
observed crack widths are compliant with the small amounts of
horizontal reinforcement [53].

A blind, a-posteriori simulation in the same study resulted in a
temperature rise prediction from a starting temperature of 20°C
to a maximum of 61°C at 9 days, see Fig. A.2a, whilst the block
cooled down to ambient temperature after approximately
100 days.

The thermo-mechanical analysis using finite elements
accounted for concrete creep and shrinkage, as well as fracture
mechanics. The literature model used for creep and shrinkage
[54,55] takes into account temperature strains and autogenous
shrinkage, while it neglects drying shrinkage due to the massive
size of the element. It was calculated that the average predicted
crack width was approximately 0.23 mm which falls within the
range of measured crack widths on the concrete surface (0.1-
0.5 mm), see Fig. A.2b. It is recognised, however, that including
drying shrinkage in the simulation would have resulted in
increased predicted surface crack widths, even by 0.3 mm.

After 720 days, when the cracks had fully developed, the col-
umns supported by the massive anchorage/abutment block were
loaded in the model up to 100% of the design load and then loaded
further up to failure in order to evaluate their ultimate strength. It
is noted that the block was designed for axial force of 168 MN,
reaction moments up to 25 MNm and horizontal forces up to 6.2
MN. The analysis confirmed that the columns had a sufficient
load-carrying capacity, i.e. the overloading factor was approxi-
mately 2, as compared to a global safety factor of 1.27 in accor-
dance with EN 1992-1-1 [56]. However, due to the initial
cracking, the block strength and loading capacity were reported
by the same study to have been reduced by almost 30%. Insufficient
horizontal reinforcement, as compared to minimum reinforcement
requirements, could not contribute to the mitigation of vertical
cracking. The blocks were later post-tensioned, in order to com-
pensate for the missing horizontal reinforcement.

A detailed thermo-mechanical analysis on a similar structure in
the same study revealed that minimum vertical reinforcement
ratio effective in preventing crack localization into a few splitting
macrocracks is 0.3% when reinforcement is more concentrated
around perimeter than in the core (all vertical steel is divided to
total cross section concrete area). A reinforcement ratio of 0.4%
was able to keep crack under 0.25 mm width both at surface and
core. However, the actual reinforcement ratio was much lower
than what was required, leading to insufficient crack control.

A.1.2. Concrete armour unit in [jmuiden, the Netherlands

Significant damage and excessive cracking on four massive (un-
reinforced) concrete armour units was observed in the Ijmuiden
breakwaters in the Netherlands, see Fig. A.3 [57,58].

The armour units varied on dimensions and weight, i.e. 1.8 x 1.
8x1.8m,22x22x16m,22x22x22mand2.5x 25 x 2.
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a)

¢)

d)

Fig. A.1. a) reinforcement of the massive abutment block, b) detail of reinforced surface area, note sub-marginal horizontal reinforcement in the block, c) cracked block after
1 year with vertical macro-cracks, d) detailed view of a drilled core through a 0.4 mm wide vertical crack (Courtesy of CEZ, a.s).

5 m and 17, 22, 30 and 45 tonnes respectively. Their construction
took place between 1972 and 1987 whilst further blocks were
added in 1995. The composition of the concrete used included
cement replacement with GGBS at a percentage of 30 but mostly
70%, whilst the binder content varied between approximately
300 and 350 kg/m>. It should be noted that the mix used had
higher than normal density of about 2800 kg/m>.

The wooden formwork was removed at 1 day after casting and
transportation of the units commenced at 3 days after casting
whilst it was suggested that the selection of timber forms con-
tributed to twice as high cracking risk when compared to the use
of steel formwork [35,36]. Defects and cracks of different patterns
were observed at various locations and included circular, vertical
and horizontal cracks on the concrete surfaces, as well as dislodg-
ing of pieces of concrete. Orthogonal cracks were predominately
observed on the upper side of the elements due to this surface
being directly exposed to variations of environmental conditions
and subjected to potentially poorer compaction whilst the white

11

efflorescence emerging from the cracks was probably related to
the reaction between free lime and sea water. Based on the analy-
sis performed in [57,58], it was suggested that the cracks were
formed mainly due to thermal stresses caused by internal restraint
and have probably initiated from the core towards the surface of
the unit once the concrete had cooled down to ambient tempera-
ture at an age of 28 days after casting (Fig. A.3). It is worth noting
that a similar study on deteriorated armour units in the UK [59]
has shown that thermal stresses were not critical and has identi-
fied alkali-silica reaction (ASR) as the main cause of deterioration
and cracking.

A.1.3. Massive concrete footings on bridges in the USA

An intensive inspection schedule described in [60,61] revealed
excessive cracking in massive concrete bridge footings in coastal
environments in North Carolina (NC), USA. Bridges inspected
included the Oak Island Bridge (OIB), the Sunset Beach Bridge
(SBB) and the US 17 Wilmington Bypass Bridge (WBB). The inspec-
tions were conducted approximately 3, 3, and 9 years after the con-
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b)

Simulation of the foundation block: a) temperature evolution in the core and b) crack state at 720 days after casting [31].
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Fig. A.3. a-c) Examples of cracking observed in the mass concrete armour units in [jmuiden and d, e) numerical simulation of residual stresses and cracking after 672 days

[57,58].

struction of the footing of OIB, SBB and WBB, respectively, with the
main aim being the assessment of the structural condition and
cracking occurrence.

The bridge footings were designed accounting also for thermal
control plans according to North Carolina Department of Trans-
portation (NCDOT) recommendations, e.g. take special provisions
for concrete masses above 1.5 m?, limit temperature differential
between concrete surface and concrete to 19.4°C, limit maximum
fresh concrete temperature to 23.9°C. Similar requirements are
found in ACI 301-10 [62], however, NCDOT further limits binder
content to 410 kg/m> and suggests temperature monitoring. Mate-

12

rial properties and recorded temperature were made available to
complement the inspections findings, as shown in Table A.1. In
most of the occasions, additional thermal control measures were
taken during construction, such as the application of thermal blan-
kets and use of steel formwork which was left in place for up to 1
or 2 weeks. However, regardless of these measures, excessive
cracking did occur in both the vertical and horizontal directions
and in the case of WBB map cracking was also reported. Crack
repairs were realised before the time of the inspections, however,
there were still: a) unrepaired cracks present and b) repaired
cracks re-opened.
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Table A.1
Information associated with cracked bridge footings in [60,61].
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Parameter

Structure’s footings investigated

OIB

SBB WBB

Dimensions [m]
Binder composition

18.5 x 6.1 x 1.83
65% CEM 1, 30% FA, 5%

12.8 x 83 x 1.83
65% CEM 1, 30% FA, 5%

28.4 x 18.6 x 4.521.5 x 7.8 x 2.76.0 x 7.0 x 2.5
75% CEM 1, 25% FA

SF SF
Total binder content [kg/m3] 410 410 410
Water-to-binder ratio, w/b 0.34 0.32 0.34
Air content 6% 6% 6%
Design | Delivered 28-day cylinder strength [MPa] 34 /42 34 /41 34 /41
Placing temperature [°C] 20 18 20
Maximum concrete temperature [°C] 71 - -
Time at which max temperature was developed [hours] 40 - -
Maximum temperature differential [°C] 23 - -
Time at which maximum temperature differential was 84 - -
developed [hours]
Crack widths [mm] 0.12-0.25 0.25-0.63 -
A forensic investigation involving viscoelastic thermo- tion and supply of heated air from the underground power station),

mechanical FE analysis is also presented in the referenced studies,
with the main aim being the calculation of the thermal cracking
index, i.e. the ratio of tensile strength to tensile stress, at various
time instances, i.e. see Fig. A.4. As temperature monitoring were
only available for OIB, the indication of maximum temperature rise
and differential was relying on the FEA results, which are shown in
Table A.2. It was demonstrated that the likelihood of cracking was
relatively high for all footings investigated, but most notably for
WBB, which also experienced the most intensive cracking com-
pared to OIB and SBB, since the calculated temperature differential
exceeded 50°C. This was attributed to the size of the footing and to
early formwork removal whilst, it was shown that from a mix
design perspective, solely a 25-30% fly ash as a replacement might
not have been adequate for controlling the hydration to a satisfac-
tory extent so that thermal cracking is mitigated.

A.2. Concrete dams and spillways

A.2.1. Concrete buttress dam in Sweden

Extensive cracking was observed in a massive concrete buttress
dam at Storfinnforsen, a major hydropower dam in northern Swe-
den, as reported in [63,64]. Buttress dams consist of tall concrete
monoliths, each with a front-plate facing the water and supported
by buttresses, as shown in Fig. A.5. The Storfinnforsen hydropower
buttress dam consisted of some 100 monoliths with an approxi-
mate maximum height of 40 m, 8 m wide front-plates with
2.5 m base thickness and 1-1.5 m crest thickness. Two layers of
?18 rebars were placed in the vertical and horizontal direction
every 400 mm through the monoliths, whilst the concrete cover
to reinforcement was 50 mm. More detailed information regarding
mix composition was not made available. The total length of the
dam was approximately 1.2 km and its construction was com-
pleted in 1954.

Upon completion of construction, horizontal cracks were
detected in the lower part of the front-plates which led to water
leakage from the reservoir. The cracks, which most possibly
occurred during the concrete cooling phase due to thermal stresses
from high maximum temperatures and profound thermal shock
effect [65], were categorised in four different types (not to be con-
fused with fracture mechanics’ mode of crack propagation) as
shown in Fig. A.5: 1) horizontal cracks on both faces of the front-
plates, 2) inclined cracks initiating from the front-plate and
extending towards the foundation through the buttress, 3) inclined
cracks that had propagated from the internal passage of inspection
and 4) vertical cracks emerging from the foundation.

In an inspection of the condition of the dam publicised in 1991,
it was noted that type 1 and 2 cracks were observed prior to the
scheduled installation of an insulating wall (for ice-growth preven-
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whilst type 3 and 4 cracks appeared few years after the installation
of the wall. Further analysis of the structural behaviour of the dam
in [63] indicated that cracking has most likely occurred due to sea-
sonal temperature variation with type 1 cracks occurring during
summer and type 2 cracks during winter. Surprisingly enough,
the insulating wall installed in the dam at a later instant was
claimed as responsible for causing type 3 and 4 cracks which
appeared during winter seasons due to the restrained contraction
of concrete.

In this case, a non-linear finite element model was created as
described in [63], and it was shown that apart from the internal
restraining conditions resulting from the massive geometry of
the dam, the external restraint of concrete’s volumetric changes
was also significant and led to generation of high tensile stresses
and was deemed responsible for type 4 cracks. In addition, the con-
dition of the thermally-induced cracks at early ages was exacer-
bated or even new cracks were formed from volumetric changes
due to seasonal temperature variation, whilst it was shown that
it may even take years for a stabilised cracking pattern to be
maintained.

A.2.2. Hydropower plant spillway in South America

Numerous cracks appeared on the lateral surface of a spillway
block of a relatively small hydropower plant in South America dur-
ing its construction, as described in [66].

The dimensions of the spillway block were 35 x 15 m, cast in
three lifts of 0.5 m and three of 2 m cast a day each, with a resul-
tant total height of 7.5 m. The concrete mix contained 350 kg/m> of
an equivalent to the EN 197 CEM II/A cement with a w/c of 0.52.
The ambient temperature during placement was approximately
32°C, very much near the upper limit set by guidance documents
on hot weather concreting, such as [67,68]. It is worth noting that
no instrumentation/monitoring programme was implemented
during construction and no pre-cooling or post-cooling measures
were taken.

The resultant vertical cracks, see Fig. A.6, immediately raised
concerns with respect to the integrity and serviceability of the
spillway, as they were of considerable width, ranging from 0.2 to
1.2 mm. To assess the significance of the lateral cracks, water
under pressure was injected only to ultimately demonstrate that
the cracks were propagating through the whole section thickness.
The cracks were repaired using epoxy grout.

A forensic investigation using numerical simulations revealed
that the formation of the cracks was due to generated thermal
stresses in the spillway block. It was computed through FEA that
temperatures up to 62.5°C were reached within the core of the
block, while the thermal shock from formwork striking at 3 days
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Fig. A4. a) View of IOB footing. Some repaired cracks are visible at the middle of the footing, b) IOB footing FEA cracking index at 116 h after casting, c) SBB footing FEA
cracking index at 86 h after casting and d) WBB footing FEA cracking index at 156 h after casting [60,61] (reprinted with permission of ASCE).

Table A.2
Thermal results from simulations in [60,61].

Simulation result Structure’s

footings

investigated

OIB SBB WBB
Maximum concrete temperature [°C] 71 67 78
Time at which max temperature was developed [hours] 40 51 120
Maximum temperature differential [°C] 25 21 55
Time at which maximum temperature differential was 116 86 156

developed [hours]

contributed to temperature differentials as high as 42°C. It was
estimated that cracks could have initiated from 10 to 100 days
after casting due to the increased size of the structure.

A.2.3. Itaipu hydropower plant and buttress dam in Brazil/
Paraguay

Itaipu hydroelectric power plant is the largest producer of elec-
tric energy in the world, it has produced around 100 MWh of
annual generation and 2.5 billion of MWh since it started operating
[69]. The Itaipu dam is composed of structures made of concrete
(about 13,000,000 m?), rock and earthfill that serve to harness
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the water and obtain the difference in levels of 120 m, which
allows the operation of the turbines. The buttress dam constitutes
the right bank dam, and the connection dams on the left and right
sides of the main dam. In total, there are 83 buttress blocks with
17 m of width and height varying from 35 m to 85 m, see
Fig. A.7. The upstream face has a slope of 0.58H: 1.00 V and the
downstream face side of 0.46H: 1.00 V [48].

The construction of the first buttresses blocks, which were
located in the right bank dam, was initiated in November 1978.
The design fresh concrete temperature was 7°C. In order to obtain
such fresh concrete temperature, some pre-cooling measures were
taken, such as cooling of coarse aggregates, by aspersion on belt
and cool air supply and replacing part of the mixture water with
ice. The average temperature achieved at batch plants was 6°C
[71] whilst the maximum temperatures reached in the core of
the blocks were 36°C in the head and 34°C in the buttress at
90 days. It should be noted that it took about 4 to 5 years for tem-
perature equalisation to occur [70].

The first cracks were noticed by visual inspection in August
1980 [72]. There were cracks in 34 of the 47 blocks built beyond
El. 190 m in the right bank dam, which were located mainly in
the buttress, and sometimes in the head of the blocks. The cracks



F. Kanavaris, A. Jedrzejewska, LP. Sfikas et al.

Construction and Building Materials 271 (2021) 121570

Buttress wall

Downstream side

Inspection gangway

Insulating wall

(1) horizontal cracks in the frontplate

(2) inclined cracks from the frontplate
to the foundation

(3) inclined crack from the inspection
gallery to the frontplate

(4) vertical cracks from the foundation

%(4)\

a)

P el X

b)

Fig. A.5. a) Buttress dam layout and b) cracking observed on-site of the Storfinnforsen hydropower dam [63,64].
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Fig. A.6. a) View of the spillway under construction, b, c) resultant thermal cracks and d, e) results from numerical simulations (bottom) [66].

were vertical, began on the foundation and were located at the
upstream or at the downstream thirds of the base [72]. They were
shallow, had an opening varying between 0.3 and 0.9 mm and the
most significant ones were 10 m to 20 m long, as shown in Fig. A.7
[72,23].

The assessment of the concrete was made by Itaipu Laboratory,
where technological studies took place, such as adiabatic temper-
ature rise, thermal properties, tensile strength, creep, autogenous
shrinkage and tensile strain capacity [71]. This extensive labora-
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tory investigation in combination with the traditionally consider-
able experience of Brazil in dam construction was used to
determine the mix design of the concretes. For the buttresses
dams, there were two types of concrete used to build the first
blocks. The first type, used for the first 6 layers, had a cement con-
tent of 169 kg/m?>, fly-ash content of 20 kg/m> and water content of
108 kg/m>, which gave a w/b of 0.54. The maximum aggregate
diameter of this concrete was 76 mm and the design compressive
strength was 21 MPa at 360 days. The second type had a Portland
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b)

d)

Fig. A.7. a) Typical buttress block [72,23], b) crack schematic of the buttress block [50,23], ¢) temperature distribution results from FEA at 365 days after casting [73] and d)
cracking index (tensile stress / tensile strength) greater than 1 at 365 days after casting [73].

cement content of 108 kg/m>, fly ash content of 13 kg/m? and
water content of 85 kg/m?, which gave a w/b of 0.67. The maxi-
mum aggregate diameter of this second type of concrete was
152 mm and its design compressive strength was 14 MPa at
360 days [71].

A performance evaluation and control programme were devel-
oped and conducted in parallel with the construction of the dam,
which included mapping, extraction of cores and other monitoring
tests [72]. These cracks were repaired using epoxy material and
some measures were taken to prevent the formation of new cracks,
such as: addition of a contraction joint parallel to the upstream
face between the head and the buttress, adoption of a smaller
cement content in concrete used in the first layers, modification
of the pour sizes of first 3 layers, incorporation of a different steel
mesh type. These measures appeared to be sufficient to keep cracks
stabilised, and safety and durability of the structures were consid-
ered to be ensured.

A 2D simplified FEM analysis conducted with computer code
DAMTHE [74,75] which uses a thermo-chemo-mechanical model
was carried out for a typical block. Fig. A.7c and 7d show the tem-
perature fields and regions with cracking indexes greater than 1 for
365 days after casting. The analysis resulted in a maximum tem-
perature of 33°C in the core and 22°C in the surface at 85 days
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whilst in the simulation the cracks were noticed at 38 days. The
cracking indexes (tensile stress/tensile strength as a function of
degree of hydration) calculated confirm the tendency for thermal
cracking with a pattern similar to the one verified in the field [73].

A.3. Massive columns and piers

A.3.1. Massive concrete piers under a viaduct in Italy

Another case of significant damage from thermal effects is that
of several massive concrete columns/piers in a viaduct in Italy, as
reported in [76].

The piers supporting the viaduct have a varying height of 7.50
to 10 m, a diameter of either 3.5 or 4.5 m and are sitting on 2 m
(average) thick foundations. It should be noted that a few of the
3.5-m diameter piers were designed as hollow, yet the majority
of them are solid. The concrete mix used had 0.43 w/c ratio and
contained 330 kg/m3 CEM IV/A, as a measure to reduce the heat
of hydration. Concrete was cast during low-temperature months
whilst the formwork was removed 1 day after casting. Information
regarding casting time, removal of formwork, casting temperature
and crack appearance is shown in Table A.3. After the first few
days from formwork removal cracking was observed on a consid-
erable number of piers in both vertical and horizontal directions,
with a crack width varying from 0.05 to 0.3 mm as shown in
Fig. A.8.
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Table A.3
Information associated with cracked bridge solid piers in [54] (NR: Not reported).

Construction and Building Materials 271 (2021) 121570

Diameter [m] Days (after casting) Temperature [°C]
Formwork removal Crack reporting Ambient Concrete at casting

3.5 1 1 14 14
3.5 2 5 NR NR
4.5 2 5 16 18
4.5 3 7 NR NR
3.5 2 10 20 22
3.5 2 5 4 12
4.5 2 6 8 12

The size of the elements dictated the need of precautions to be
taken to mitigate the thermal cracking risk. Although a lower heat
of hydration cement (268 k]/kg) was considered compared to CEM
I, this proved to be insufficient for mitigating thermal cracking.
Further analysis revealed that temperatures in the core of the solid
piers would have probably reached 65°C, yielding significant ther-
mal gradients that were deemed to be responsible for cracking.
Further measures should have been taken to enhance the thermal
cracking resistance of the piers, as described in [54], such as con-
sideration of construction stages, insulated formwork kept for sev-
eral days, incorporating a cooling pipe system in the piers (a rather
not so viable option) or hollow piers instead of predominantly solid
ones. Nonetheless, with respect to the former, there was no clarifi-
cation as to whether the hollow piers experienced less cracking,
but it can be naturally assumed that they would have experienced
lower peak temperatures.
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