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Abstract Temperature rises are definitely one of the most important driving forces
for thermal cracking in mass concrete, together with the restraint to deformation.
Therefore, amongst the most widespread measures that can be taken to minimize
the risks of thermal cracking, the temperature control of concrete since its pro-
duction and throughout construction is of utmost significance. Following Chap. 5
where temperature control of concrete by limiting the heat generation potential of
the binder in the mixture was already addressed, this chapter is dedicated to a
review on measures that can be taken to control concrete temperature at several
levels, mainly focused in limiting temperature rises due to cement hydration heat:
(i) pre-cooling of mix constituents; (ii) cooling concrete during the mixing proce-
dures; (iii) controlling temperature during transport and placement; (iv) selecting
and designing suitable surface measures for temperature control; (v) post-cooling
with water or air; (vi) scheduling of construction stages.
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6.1 Introduction

6.1.1 General Considerations

Curing in mass concrete is mostly related to three issues:

i. ensuring adequate moisture conditions for concrete hydration, through form-
work selection for formed surfaces or proper evaporation hindering (or even
watering) of freely exposed (unformed) surfaces. Wet/moisture curing, in
addition to promoting hydration and reducing early shrinkage cracking, also
reduces the coefficient of thermal expansion considerably, therefore reducing
the risk of thermal cracking;

ii. controlling temperature differentials below a maximum level as to avoid
excessive temperature gradients, either cross sectional or along time, which
can potentially result in thermal cracking (Bamforth 2007);

iii. limiting maximum temperature in concrete, which is also critical in order to
mitigate long-term cracking due to the delayed ettringite formation (DEF) and
avoid hydration at higher temperatures that leads to the production of a poorer
quality of hydrate that can compromise long-term strength capacity.

While issue (i) can normally be handled by good practices of application/
workmanship and quality control, including direct application of suitable formwork
materials (ACI 2014), such as controlled permeability formwork (CPF), physical
curing membranes or even anti-evaporating agents/curing compounds or liquid
membranes (ACI 2011; Buenfeld and Yang 2001; Concrete Society 2014; Vicroads
2000), issues (ii) and (iii) are more complex to tackle. In fact, maintaining maxi-
mum levels of temperature and temperature differentials within concrete are con-
sidered to be challenging to control, in view of the multiplicity of climatological
factors that contribute to the temperature development (e.g. cold or hot weather
concreting, relative humidity, wind velocity, solar radiation), as well as the influ-
ence of the initial temperature of concrete (fresh concrete temperature), the heat
generation potential of the hydrating binder in the concrete mix, the effectiveness of
curing and post-cooling measures and also the size of the structural element itself
(often dictated by the adopted construction phasing strategy), as well as the
anticipated construction stages (new concrete on previously constructed elements).

The present chapter is targeted to issues related to approaches that may be
adopted during the construction phase of a concrete project in order to control
temperature, comprising the set of influencing factors mentioned above. As mass
concrete temperature issues are normally related to cooling necessities or mini-
mization of peak temperature and associated temperature gradients, the present
chapter is mainly focused on such aspects.
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6.1.2 Outline of Strategies for Temperature Control

The selection of appropriate constituent materials for the concrete mix production
targeting the reduction of heat generation potential has been discussed in detail in
Chapter 5 and will not be further discussed. Apart from this method, different
strategies or combination of strategies for temperature control can be followed and
they are summarized in the list below, linking to sections where they are discussed:

1. Pre-cooling methods, including cooling of ingredients and cooling during the
mixing procedures, to reduce the concrete temperature at the time of delivery
(Sects. 6.2 and 6.3);

2. Post-casting measures to control heat fluxes from concrete and thus limit the
temperature rise and associated differentials (Sects. 6.4 and 6.5);

3. Construction management, including scheduling of construction stages and
procedures to achieve lower temperatures and associated differentials (Sect. 6.6).

6.1.3 Regulatory and Non-regulatory Frameworks
of Temperature Control

In Europe, the general purpose specification for normal concrete, EN 206:2013
(CEN 2013), solely establishes a minimum temperature of 5°C for concrete upon
delivery. According to EN 206:2013, if a different minimum temperature is nec-
essary or a maximum temperature needs to be established, such limits should be
specified (together with permitted tolerances), and any requisites for the artificial
heating or cooling of concrete constituents and/or concrete mix should be agreed
amongst the producer and the user.

The ACI 301-16 specification (ACI 2016) for structural concrete sets minimum
temperature immediately after placement that varies between 4.4 °C (40 °F) and
12.8 °C (55 °F), depending on ambient conditions to be encountered on site and size
of structural element (least dimension), along with a permitted tolerance. Amaximum
temperature of the delivered concrete is also specified, as 35 °C (95 °F).

The recommendations of the Japanese Society for Civil Engineers for concrete
(JSCE 2010a, b) point to a minimum placement temperature of 10 °C (that may be
further reduced to 5 °C inmass concrete) and amaximumcasting temperature of 35 °C.

In the scope of recommendations for concrete temperature upon placement in
mass concrete, the following documents and guidelines can be highlighted as
examples, which though cover a great range of areas on a worldwide scale:

• ACI 207.2R-07 (ACI 2007) provides recommendations for maximum temper-
ature limits according to several factors, such as the properties of concrete and
the type of restraint to deformation.

• ACI 301-16 (ACI 2016) sets maximum limits both for concrete temperature
after placement and for temperature differentials between the centre and surface
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of placement. Specifically, the maximum temperature should not exceed 158 °F
(57 °C) and the temperature differential should not exceed 35 °F (19 °C).

• The Florida Department of Transportation Specifications (FDOT 2010) establish
a maximum allowable temperature for concrete of 82 °C, while ensuring that the
temperature differential between the concrete core and the exterior surface does
not exceed 20 °C.

• The JSCE guidelines for Dam Concrete (JSCE 2010a) recommend minimum
and maximum placing temperatures of 5 °C and 25 °C, respectively.

• The Japanese Concrete Institute Guidelines (JCI 2012) are based on stress
computations to evaluate the risk of cracking, rather than providing specific
recommendations on temperature placement/variation limits. It is nonetheless
quite relevant to address the temperature-based criterion for formwork removal.
In fact, it is recommended that formwork can only be removed when the tem-
perature difference between the inside of concrete and the ambient air is less
than approximately 15–20 °C.

• CIRIA C660 (Bamforth 2007) acknowledges the ‘rule of thumb’ of limiting
temperature rises in concrete to 20 °C and explains the limitations of such
approach. It provides an integrated methodology for cracking calculation based
mainly on mix parameters, heat of hydration and exposure and restraint conditions.

• The Qatar Construction Specifications (QCS 2014) limit fresh concrete tem-
perature at placing to a maximum of 21 °C to minimize thermal cracking, but
allowing for a temperature up to 27 °C, subject to demonstrating a satisfactory
performance of concrete, including mock-up and thermal calculations.
Furthermore, a maximum differential temperature between the interior and the
exterior of the mass concrete element is specified as 20 °C. Finally, the drop in
concrete surface temperature during, and at the conclusion of the specified
curing period, is not allowed to exceed 11 °C in any 24 h period.

As stated in the beginning of the current subsection, the decisions about req-
uisites should be agreed amongst the contractor and the owner. It is indeed frequent
to observe the existence of specific demands on behalf of owners of mass concrete
structures (such as electricity companies that own massive structures such as dams
or nuclear containments). These demands tend to vary in value and type of
restriction amongst different countries and companies.

6.2 Pre-cooling of Mix Constituents and Cooling
During Mixing

6.2.1 General Considerations

An important factor in temperature control of mass concrete is the initial temperature
of the concrete mix. Due to the temperature increase during hydration, the difference
between the temperature of the concrete element and the ambient temperature
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increases. That is why it is advised to cool the concrete mix before placement in order
to reduce both the maximum temperature in the core and the thermal gradients (along
space and time), and thus mitigate the risk of thermal cracking.

Pre-cooling can be achieved by one of two methods (or, as a combination of the
two): pre-cooling the components of concrete before the actual mixing, or by
cooling the freshly mixed concrete before placing. The choice of the method for
pre-cooling depends on the local conditions, on the capacity, competence and
experience of the concrete supplier and contractor, but also on other project-related
parameters, such as acceptable levels for cracking, extent of repairs.

Even though the effectiveness of pre-cooling of concrete depends on the mix
design (e.g. cement quantity, binder type and content, total aggregate volume, etc.)
and on several other parameters that are related to further heat exchange with the
environment, such as the thickness of the concrete element, the climatological
conditions and the activation energy, some rules of thumb of expectable benefits of
reducing the initial temperature can be established. It is normally considered that a
reduction of 1 °C in the placing temperature decreases the peak concrete temper-
ature by approximately 1 °C (Gajda and Vangeem 2002).

6.2.2 Prediction of Mix Temperature

In order to make decisions in regard to the most desirable measures to take for
pre-cooling (or preheating) concrete before/while mixing, it is desirable to have a
predictive tool that assists on the evaluation of the expectable temperature of the
mix based on the temperatures of the constituents. Based on such predictive tools,
contractors can take sustained decisions on the constituent that should be cooled/
heated and the best method to apply for such purpose, always taking into account
both technical and economic feasibilities.

Several predictive models exist to allow the estimation of the temperature of the
concrete mix and they are mostly based on weighted averages of the temperature of
the individual constituents, with the critical factor being the specific heat of each
constituent (ACI 2010; JCI 2012; Bofang 2013).

By using the model suggested by ACI 305R-10 (ACI 2010), the initial tem-
perature of the concrete mix can be then estimated as follows:

T =
0:22 � TaWa + TcWcð Þ + TwWw + TaWwa

0:22 � Wa + Wcð Þ + Ww + Wwa
ð6:1Þ

where W is mass (kg/m3) and T is temperature (°C) of the mix components,
denoting by subscripts a—aggregate, c—cement, w—water added to the mixture
(excluding ice and absorbed water in aggregates) and wa—free and absorbed water
by the aggregates. This expression underlies that the relation between the specific
heat of cement and aggregate with respect to water can be assumed as 0.22. If the
actual situation deviates from such a typical relationship, the equation needs to be

6 Temperature Control 157



revised. It is additionally remarked that, in the absence of solar shielding or cooling
measures, the temperature of aggregates to be considered in the equation is nor-
mally higher than the average daily temperature. For example, Bofang (2013)
recommends adding 5 °C to the temperature of the aggregates used in middle China
over the summer period.

The above-described method for predicting the temperature of the mix does not
take into account that, typically, the initial temperature of a concrete mix is slightly
higher than the ambient temperature (1–2 °C in accordance with JCI 2012) because
of the mechanical work made during the process of the concrete mix preparation. It is
therefore advised that such a correction is made at the end of the calculation process.
It should also be noted that Bofang (2013) recommends an additional term to the
predictive equation that takes into account the power of the motor of the concrete
mixer, the time of mixing and the effective volume of concrete in the mixer.

Based on the predictive equation, and the usual proportion of the components of
concrete mixes, it is possible to infer that the most influential factors in the final
temperature of the mix are:

• the aggregates, because of their large mass contribution within the mix;
• the liquid components of the mix (i.e. mixing water and other liquid additions,

such as superplasticizers) because of the fact that their heat capacity is practi-
cally five times higher than that of solid components.

When the cooling of the concrete mix is performed by addition of chipped ice,
the prediction of temperature of the mix needs to take into account the energy
absorbed during the process of phase change that further enhances the capacity of
ice to decrease concrete temperature (ACI 2010) and Eq. (6.1) is amended as
follows:

T ¼ 0:22 � TaWa þ TcWcð Þþ TwWw þ TaWwa � 79:6 � Wi

0:22 � Wa þWcð ÞþWw þWi þWwa
ð6:2Þ

where Wi corresponds to the mass of added ice (kg/m3). The above expression
makes the simplifying assumption that ice is at its melting temperature. If more
accurate predictions are desirable, ACI 305R-10 (ACI 2010) provides alternative
predictive equations. In concern to alternative ways of estimating concrete mix
temperatures, it is also worth mentioning the nomogram suggested by CIRIA
Report 135 (Bamforth and Price 1995).

The introduction of liquid nitrogen for cooling concrete mixtures, which is
further discussed in Sect. 6.2.7, is usually done after the mixing process, when
concrete is already in a truck. The quantity of liquid nitrogen varies according to the
proportion and the extent of concrete temperature reduction that is intended.
Normally, the use of 10 kg of liquid per m3 of concrete allows reducing its tem-
perature by approximately 1 °C.

If phase-change materials (Bentz and Turpin 2007; Choi et al. 2014) are being
added to the mix, their melting temperature is usually higher than mixing tem-
peratures, so their latent heat does not need to be taken into account in computations
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of Eqs. (6.1) or (6.2). However, due account should be taken in regard to the mass
of phase-change materials added, as well as their initial temperature and specific
heat (outside the range of phase change).

6.2.3 Cooling Mixing Water

Most of the times, water is the easiest constituent of concrete to cool (Juenger et al.
2010; ACI 2005a, b). Moreover, its impact on the final temperature of the mix is
quite efficient in view of the high heat capacity of water. Lowering water tem-
perature by 2 * 2.2 °C usually allows reducing the mix temperature by approxi-
mately 0.5 °C. Nonetheless, as water usually represents a relatively small mass
fraction in concrete, it is hard to lower the overall concrete temperature by more
than 4.5 °C through the use of water cooling alone. The technology behind the
industrial water coolers falls beyond the scope of this chapter. However, it can be
mentioned that this technology is mostly based on combination of several other
technologies (depending on the manufacturer), such as heat exchangers, compres-
sors and evaporators. It is nonetheless relevant to remark that nowadays commercial
products can assist the production of a few tens of cubic metres of concrete per day
up to more than 3000 m3 of concrete with one single piece of equipment. The
cooling capacity of these systems allows them to cool water from the environmental
temperature to values as low as 4 °C or even 1 °C. It is nonetheless remarked that,
even when the refrigerating unit is installed within the concrete plant, thermal gains
occurring between the outlet of the cooling system and the entrance of the concrete
mixer are normally responsible for an increase of approximately 1 °C in water
temperature.

6.2.4 Introduction of Ice in the Mix

As an alternative to the use of liquid water alone, it is possible to partially replace it
by ice in the form of shaved, chipped or flaked ice. These forms of ice are more
attractive than crushed ice because of their high slenderness and specific surface
that facilitate the melting process within the concrete mixer. The partial substitution
of liquid water with the recommended forms of ice offers additional cooling
capacity, not only due to its lower temperature as compared to liquid water, but
mainly because of the energy (enthalpy *333 J/g) involved in the phase-change
process from the solid state to the liquid state (endothermic). In effect, ice can
substitute up to about 75% of the mix water to reduce the concrete temperature by
up to 20 °C (Neville 2011; ACI 2005a, b). For reference, it is usually considered
that each 7.5 kg of added ice (per m3) allows reducing the temperature of fresh
concrete by 1 °C. Taking into account that the normal range of ice added to con-
crete for cooling is within 35–100 kg/m3, temperature reductions from *5
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to *14 °C may be expected (ICOLD 1990; Vallarino 1998). It should, however,
be taken into account that the times for mixing can increase due to the necessity of
liquefying the ice. From a practical point of view, this can represent losses in the
efficiency of the concrete plant by up to approximately 20%. Care should, however,
be taken in ensuring that the mixing process effectively melts all the ice, which
would otherwise cause problems in casting or even generate voids if large pieces of
ice remain intact until setting. That is why the ice to be introduced in the mix should
always have a high surface area (such as thin chips, flakes) to allow its quick
melting upon contact with other concrete constituents within the mixer.

The manufacturers of cooling systems for water are normally also suppliers of
systems to produce ice in several forms suitable for adding in concrete mixers.
Currently existing ice plants vary in size and capacity, but they are able to produce
daily outputs of as much as 150 tons of ice per unit. Specific information about ice
replacement in the mixture, with particular focus on construction site requirements
(e.g. machinery, energy) can be found in Oliveira (2015). It is further remarked that
be aforementioned reference also provides practical information for other pre- and
post-cooling techniques relevant to the present chapter.

6.2.5 Cooling Aggregates

Aggregates have a pronounced effect on the final temperature of the concrete mix
because of the fact that they usually represent a large proportion (up to 70–85%) of
the overall concrete mass. As a rule of thumb, in order to lower the temperature of
the mix by *0.5 °C, it is usually necessary to cool the aggregates by between 0.8
and 1.1 °C. Aggregates can be cooled using different methods, such as processing
and stockpiling of aggregates during colder seasons (when applicable), shading
aggregate stockpiles from the direct solar radiation, processing in chilled water
during final classification, controlled misting or water sprinkling of coarse aggre-
gate stockpiles, immersion cooling of coarser aggregates, chilled water spraying
when on the belt conveyor, vacuum cooling/cold air circulation or use of liquid
nitrogen (Bamforth 2007; ACI 2005a, b, 2010).

Some of the aforementioned methods, such as retaining aggregates in shadowed
zones, and regularly sprinkling them with water to promote evaporative cooling, are
fairly simple and cost efficient. The evaporation of water from the aggregates
removes heat from them because of the enthalpy of the phase-change process. This
process is especially effective when the environmental relative humidity is low.

The use of air circulation cooling systems is another alternative. However, it
requires dedicated equipment. Even though this is a relatively economic system,
and it does not require the consumption of resources such as water, it has a limited
cooling capacity associated to the low heat capacity of air (Andriolo and
Skwarczynski 1988).

It is also possible to submerge aggregates in silos, in which cool water is cir-
culated. This technique allows very fast cooling of the aggregates due to the high
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heat capacity of water. However, the cost is relatively high, it involves significant
water consumption and is, therefore, a less sustainable solution. Furthermore, after
the cooling process, some drying is usually necessary to reduce the humidity of
aggregates. This drying process can reduce the effectiveness of cooling due to
exposure to the environmental temperature, particularly in fine aggregates. The
design of silo-based cooling systems can be performed with the method proposed
by ACI 207.2R-07 (ACI 2007). Significant applied information, based on extensive
application of aggregate cooling methodologies of several types, can be found in
the report of Andriolo and Skwarczynski (1988).

6.2.6 Cooling Other Constituents

The volumetric content of cement in concrete is relatively low, and the heat
capacity of cement is also low when compared with that of water. Therefore,
cooling cement has a low impact on the overall temperature of the mix. In fact, a
reduction of 5 °C in the temperature of cement usually only allows a reduction of
approximately 0.5 °C in the mix. For similar reasons, there is usually no use in
cooling other binders (e.g. fly ash, slag), or minor constituents such as admixtures.

6.2.7 Cooling by Injection of Liquid Nitrogen

One of the methods of pre-cooling concrete before placement consists of cooling
either the fresh concrete or its constituents with liquid nitrogen (LN), also referred
to as cryogenic cooling of concrete (Beaver 2004; Gajda and Vangeem 2002).
Liquid nitrogen is a cryogenic fluid with boiling temperature of −196 °C obtained
industrially from cryogenic fractional distillation of liquefied air or by liquefying
the nitrogen obtained from separation of gaseous air. The low boiling temperature
together with its non-reactivity makes LN a commonly used refrigerating agent in
industrial and laboratory applications. Using LN for cooling concrete has been
proposed as early as in the 1970s (Koudelka and Kelly 1971). Nevertheless, the
widespread application of the method has been initially limited, mainly due to
safety concerns regarding operating the cryogenic gas at the construction sites and
the high costs. Since recently, specialized companies offer LN cooling technologies
aimed at pre-cooling concrete directly at the construction site, allowing for
reduction of costs and relieving safety-related issues, thus increasing the dissemi-
nated use of LN (Beaver 2004). A typical example of application of LN cooling in
site can be seen in Fig. 6.1.

In fact, LN cooling may be in some regions cheaper than chilled water or ice
cooling (Beaver 2004; Luff and Bhasin 1983). Cooling by LN is also recognized by
ACI 305R-10 (ACI 2010). In practice, cooling by means of LN may be realized in
one of the following ways (or as combination of them): cooling of mixing water
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before mixing, cooling of dry cement in a truck or a silo (Luff and Bhasin 1983),
cooling aggregates (Kurita et al. 1990) or cooling the mixed concrete in a central
mixer or in a truck drum (Beaver 2004). The latter method seems practically most
feasible for adjusting appropriate placing temperature and is obtained by placing a
lance into the mixer/drum and spraying the LN directly on concrete surface for a
required time while mixing. Relatively short cooling times are required, e.g. as
reported by Beaver (2004): 8 min LN spraying was needed to cool down 6 m3 of
concrete from initial 35 °C–24 °C and reach the placing temperature after trans-
portation equal to 26 °C (15 min from batching). The quantity of LN varies
according to the mixture proportions and the targeted temperature reduction.
Normally, 10–12 kg of LN per m3 of concrete allows reducing its temperature by
1 °C (Bamforth and Price 1995). Regarding the injection of LN into mixing water,
it has been suggested (ACI 2005b) that, in most cases, a placing temperature of less
than 18 °C can be normally achieved.

It has been reported by Juenger et al. (2010) that cooling can take place even up
to 1 h from the end of mixing which allows applying it directly before placement
(e.g. in the mixing drum of a concrete truck) and compensate for the prolonged
transportation time.

It is important that the LN is not sprayed on the equipment (mixer walls) since
thermal shock can cause cracks as cooled metal loses its ductility (Juenger et al.
2010).

Fig. 6.1 Photograph of typical in-site application of LN cooling in concrete truck (courtesy of O.
Kunc, TBG Metrostav)
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Even though LN is an inert gas, and therefore its influence per se on concrete
properties should not be an issue, the influence of cryogenic cooling should be
considered. This may in particular regard performance of admixtures if local
temperature of concrete during cooling is lower than specified by the manufacturer.
Further, too intense cooling may lead to partial freezing of the mixture and cause its
inhomogeneity or problems with pumping, compaction, etc. A comprehensive
study on the effects of LN cooling in laboratory conditions and at the site on the
properties of concrete, both at early age and hardened, can be found in Juenger et al.
(2010). In the study, it has been shown that LN cooling shows no significant
negative influence on the properties and performance of concrete. In particular, no
negative influence on hydration and microstructure evolution, workability, setting
time, yield (volume loss due to cooling), strength, chloride penetration. Some
reduction of air content for LN-cooled concretes was, however, a case.

6.3 Transport and Placement

6.3.1 Temperature Issues During Transport

The transport of concrete from the mixer to the placement point can sometimes be a
relatively lengthy process in terms of duration. This is particularly the case when
the concrete plant is not directly located in the same place as the construction site
itself. In such cases, the transport is usually made by trucks. In cases where the
ambient temperatures are high, and particularly during the day in sunny conditions,
concrete temperatures are bound to rise. Under such conditions, it is then recom-
mended to minimize transport distances and to use light-coloured vehicles, or place
reflective aluminium insulation in the concrete drums (low absorptivity that reduces
the effects of solar radiation), or favour night time for transport and casting (when
feasible). To avoid rejection of batches, suitable on-site measures may be taken,
such as the provision for a liquid nitrogen injection system, as mentioned
in Sect. 6.2.7.

According to ICOLD (1990), it is possible to obtain an estimate of the tem-
perature increase per hour (ΔT), based on a formula that depends on the ambient
(Ta), the initial temperature of concrete (T) and a coefficient K that varies between
0.1 and 0.2 (empirical nature):

DT ¼ K � T � Tað Þ ð6:3Þ

An alternative more complex prediction model for concrete temperature has
been proposed by Bofang (2013), which specifically takes into account the solar
radiation, the conductance of the transporting vessel, and a variable number of
empiric coefficients related to episodes of loading/unloading and change of trans-
porter and duration of the transport process.
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6.3.2 Temperature Issues During Placement

There are two fundamental temperature issues that can be brought about when
concrete placement is under discussion: (i) the thermal exchanges that occur when
concrete is moved from the transporting container (e.g. truck drum, blondin bucket)
or the concrete plant itself to the placement spot; (ii) the thermal exchanges that
occur during the placement itself, which tends to span through several hours in
mass concrete castings.

Regarding issue (i), one has to take into account the possible means of moving
concrete from the transporting container or the concrete plant itself to the placement
spot. Indeed, several techniques exist, such as pumped concrete, transfer belts/
conveyors, buckets and hoppers, buggies, (drop) chutes (ACI 2000). Regardless of
the adopted moving technique, the basic intent is normally to keep concrete within
the same temperature as it was inside the transporting container. Therefore, it is
advisable to minimize distances, speed up the process (e.g. by preferring bucket
transport to belt transport) and ensure thermal insulation and solar shielding
throughout the process (e.g. insulation material around the transportation belt,
which could also include active cooling measures ACI 2005a, b). In some cases, the
pipes through which concrete is pumped may be surrounded by ice, as to minimize
heating effects, or even ensure some degree of cooling during transport. Transport
of concrete in refrigerated boxes has also been reported (Schrader and Swiger 1988;
Schleiss 2011).

Of course, when concrete heating is to be avoided, it is advised to commence
concreting at night, especially in summer, both due to the lowest diurnal temper-
ature and solar action (Riding et al. 2009; Klemczak and Knoppik-Wróbel 2012;
Witakowski 2001; JCI 2012).

Another important issue raised above (ii) pertains to the fact that casting mass
concrete is usually a relatively lengthy process, mostly due to the relevant thickness
of the concrete layers that may easily span from 1 to 3 m. Therefore, the casting of
a given layer is normally done in sequential sub-layers of approximately 15–30 cm
height that are cumulatively placed and vibrated. During this process, the top
surface of each sub-layer is normally relatively large and subject to thermal
exchanges with the surrounding environment before the placement of the subse-
quent layer commences. These heat exchanges can be minimized by: (a) prioritizing
night castings, thus avoiding solar energy intakes and the higher temperatures
during daytime; (b) using solar shielding panels when diurnal times of casting are
involved; (c) accelerating construction by increasing casting rates and multiple
casting points (by deploying additional workforce and equipment). In regard to the
potential prediction of temperature rises of concrete during this placement process,
Bofang (2013) proposes a predictive equation, with a set of empirical coefficients,
that depend on the air temperature, the solar radiation, as well as the time to spread
the layer.
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6.4 Surface Measures for Temperature Control

After placement, the boundaries between concrete surfaces and the surrounding
environment tend to be regularly cooler than the interior regions of mass concrete
elements, in which near-adiabatic conditions are normally endured in mass con-
crete. Therefore, when the temperature of near-surface regions is significantly lower
than that of the inner core, the thermal gradients induce differential volumetric
changes between surface and core that can generate thermal stresses. These
surface-induced thermal stresses are naturally more significant in cold weather
conditions that maximize the thermal gradients. The typical approach to this
problem is to provide surface insulation to concrete, which limits thermal
exchanges and thus keeps the surface temperatures higher (Bofang 2013; ACI
2005a, b; ICOLD 1990). As a consequence of the insulation, the peak temperature
of concrete in its inner core is retained for a longer period, and the duration of the
hydration heat dissipation is prolonged. As the insulation measures are preferably
taken in cold weather conditions, the increase in peak temperature and the extended
cooling period are not usually considered problematic.

The insulation issue is also relevant in formed surfaces, which need to ensure
adequate thermal resistance as to hinder excessive thermal fluxes. Furthermore,
surface concrete may be susceptible to thermal shocks upon formwork removal
(e.g. at ordinary stripping ages, that often vary between 1 and 3 days of age). Such
thermal shocks may also be responsible for potential cracking and thus the appli-
cation of surface insulation immediately after formwork removal, or, alternatively, a
delay in formwork removal is advisable (Huo and Wong 2006; Lawrence et al.
2014; Klemczak and Knoppik-Wróbel 2011). The formwork removal issue can also
bring about added thermal shock hazard associated to the intense evaporation that
occurs from the wet concrete surface to the surrounding environment. In hot and
dry climates, this evaporation induces significant rapid cooling of concrete (several
°C) and may provoke relevant stresses, thus contributing to cracking. This phe-
nomenon has been documented as the shock of evaporative cooling (Kovler 1995)
and should be carefully taken into account in hot and dry climates through adequate
curing measures immediately after formwork removal.

For insulation, in most cases concrete insulating blankets are used; however, any
insulating material is usually acceptable; cracking risk decreases with lowering the
value of thermal conductivity of the covering material (Liu et al. 2014a, b). The
important issue is that insulation should be kept in place until the hottest portion of
concrete cools to the ambient temperature (Klemczak and Knoppik-Wróbel 2011).
The effectiveness of the insulation on the reduction of the temperature difference
and thermal stresses depends on the thickness of the insulation layer but also on the
size of the insulated element: it was observed that the effectiveness of the increase
of the insulation thickness is greater in thicker elements (Lawrence et al. 2014). The
same research team (Tu et al. 2014) has further performed a numerical sensitivity
analysis that led them to the proposal of recommendable insulation thicknesses
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(using expanded polysterene products) for temperature control in concrete footings,
based on the ratio between volume and surface area of the concrete element.

An important point to take into account when selecting the system (material,
thickness, etc.) for providing adequate thermal protection is its thermal resistance, R.
The R-value is normally addressed in building physics to express the thermal resis-
tance of a given element to heat fluxes. It is calculated by dividing the thickness of the
material (measured perpendicularly to the heat flux) [m] by the thermal conductivity
[W/(mK)]. According to (ACI 2005a, b), a minimum R-value of 0.70 m2 K/W has
been found to be adequate for surface thermal insulation in the context of mass
concrete in moderate climate countries, whereas in severe climates, a minimum
R-value of 1.76 m2 K/W is recommended. These values are clearly not achievable by
typical plywood formwork solutions: for example, a 21 mm thick plywood board
(with thermal conductivity 0.15 W/mK) has a R-value of only 0.14 m2 K/W.
Therefore, even formed surfaces usually need to deploy specialized insulation mate-
rials such as (Bofang 2013): foamed polystyrene boards, namely expanded poly-
styrene (EPS) and extruded polystyrene (XPS) with typical conductivity ranging 0.03–
0.04 W/mK; foamed polythene wadded quilt; polyurethane foamed coating
(k * 0.02 W/mK). Formwork removal should be done carefully, preferably during
the hottest time of the day to reduce the thermal shock. If inner temperatures of
concrete are still elevated, the formerly formed surface should be immediately insu-
lated with an adequate system (usually boards or blankets) (ACI 2005a, b).

Additional challenges are placed in the case of horizontal surfaces of fresh
concrete that are not formed, and that are supposed to support the upcoming stages
of construction. In these cases, applying insulation is more challenging and typical
approaches involve the use of straw bags or blankets (mineral/glass wool blankets
or batting in thicknesses up to 50 * 100 mm, or roll-on rubber-type materials)
(ACI 2005a, b; Bofang 2013). These alternatives demand more than one layer of
bags/blankets to be applied in order to achieve the desirable insulation. This mul-
tiple layer approach is considered by ACI (2005a, b) as an interesting feature in the
sense that it allows mismatching the joints between adjacent bags/blankets in
consecutive layers and also allows a progressive removal of the bags/blankets, thus
minimizing the thermal shock of a sudden/instant removal. The application of these
insulations should be made immediately after walking over the fresh concrete is
possible and should allow easy removal/re-collocation for the preparative works of
the next lift. The lightweight character of typical insulation materials can often
induce the necessity of measures to avoid uplift by wind, such as anchors (ICOLD
1990). As an alternative to bags/blankets, sand can be used for thermal insulation.
However, this method demands more workmanship for removal, even if a geo-
textile membrane is used below the soil. It is therefore usually only recommended
when a relatively long pause in the construction is foreseen (ACI 2005a, b). Other
less conventional techniques of ensuring adequate temperature at the surface of
mass concrete can involve hot fog spraying or even actively heated insulation
materials (ICOLD 1990; Bofang 2013).

The protection of the insulation system from solar radiation can be a relevant
issue. In fact, the point of the insulation is avoiding strong heat dissipation, and not
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necessarily feeding concrete with additional heat. Therefore, solar shielding through
reflective or light-coloured materials might be desirable in critical cases (ACI
2005a, b).

6.5 Post-cooling of Mass Concrete

6.5.1 Strategic Background of Post-cooling

Post-cooling of concrete with embedded pipes has been applied since the 1930s
(ACI 2005a, b). The point is to control the internal temperature of concrete within
specified limits by actively circulating water (or another cooling fluid) through the
embedded pipes, as to mitigate the risk of thermal cracking. It is usually oriented
towards the reduction of the peak temperatures of concrete during the hydration
period, thus minimizing the volumetric variations associated to the corresponding
temperature variations. The design of post-cooling systems comprises the opti-
mization of pipework properties (geometrical layout, heat transfer, fluid flow rate,
inflow/outflow temperatures) to achieve the desired peak temperature reduction
with the minimum possible energy consumption. Examples of structures and their
corresponding typical piping layouts can be seen in Fig. 6.2. The output of this
design can then be directly provided to suppliers for sizing of cooling pipe systems
and procurement of suitable generators (Sfikas et al. 2016).

The technique is quite effective, but it has relevant costs of effective design,
material procurement, installation and operation. For that reason, its area of
application is generally limited to bigger structures, such as arch dams that require
internal cooling before joint filling/sealing (ICOLD 1990); the cooling system can
be activated during the early days/weeks after casting, thus allowing thermal control
of concrete. Other applications of post-cooling include, but are not limited to,
production of concrete segments for immersed tunnels, retaining walls and slabs
(Baber et al. 1998; Kim et al. 2001; Lunniss and Baber 2013), which are nowadays
commonly analysed and designed using dedicated finite-element analysis
(FEA) software. An extended review of the current state-of-the-art for the use of

outletinlet

inlet

outlet

(a) (b) (d)(c)

Fig. 6.2 Examples of embedded concrete pipe systems layouts for a tunnel segment, b gallery
wall (linear set-up), c retaining wall (staggered set-up) and d slab. (Sfikas et al. 2016)
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FEA for thermal dynamics and a briefing paper have been recently published by
Sfikas et al. (2016, 2017).

6.5.2 Post-cooling with Water Circulation

The control capacity that the embedded pipes permit can provide interesting
alternative insights into construction phasing that would be unthinkable with
pre-cooling techniques alone. A good example of such situation is the application of
embedded pipes in the walls of a reservoir in Germany, with 1.2 m thick walls and
12 m tall (Bamforth 2007). Through judicious placement and activation of the
embedded pipes, it was possible to cast the entire wall simultaneously with its
foundation slab (2 m � 27.4 m � 28.2 m), in a total of 1100 m3 of concrete
applied within 32 h.

Most applications reported in the literature for post-cooling with water use 1″
(2.54 cm) diameter steel pipes with wall thickness of 1.5 mm. According to ACI
207.4R-05 (ACI 2005a, b), the alternative of using aluminium pipes is only rec-
ommendable for cooling applications with durations of less than 3 months, as these
may tend to degrade due to reaction with the alkalis from cement. It is further
possible to apply PVC, polyethylene or other plastic-based pipes (Zhu 1999), but it
is recommended to take special care in respect to the mechanical strength of the
piping system to apply, in order to avoid unwanted damages. Apart from being
cheaper than steel pipes, the plastic pipes have lower thermal conductivity, thus
minimizing the heat absorption of the flowing fluid along the embedded path of the
pipe. This advantage allows to apply longer piping systems (i.e. less inlets/outlets),
but it also carries the drawback of limiting the cooling capacity in comparative
terms to that of steel pipes. The plastic-based pipes usually have the advantage of
being flexible thus allowing a much easier and fast placement than that of steel
pipes (that require ‘knees’, ‘turns’, etc.) but may be more vulnerable to unintended
movements during casting.

In mass concrete structures, where layered casting is made, cooling pipes are
usually placed on the top level of each casting phase, corresponding to the bottom
plane of the subsequent casting phase. This option is mostly related to the ease of
application of the pipes, and the potential added difficulties that would be faced in
holding the pipes at an intermediate level, as mass concrete structures do not usually
have enough inner reinforcement for such kind of support (thus demanding for
dedicated supports). Typical layouts of pipes can be seen in Fig. 6.3. The efficiency
is related to the layout of the pipes and number of individual pipe networks. In
effect, several independent piping systems, both in terms of their layout in plan and
their distribution over the depth of the element, can be used within the body of mass
concrete.

The horizontal spacing between adjacent pipes varies according to the thermal
design. However, according to CIRIA C660 (Bamforth 2007), spacings of 1.0 m
are usual in large castings of low-heat cement, as opposed to smaller spacings of
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approximately 0.5 m when concrete with high quantities of rich cement is used. The
reason for these relatively small spacings is related to the low thermal diffusivity of
concrete, which makes the influence zone of each pipe to be small in the context of
the early ages of concrete. In fact, if the placement of pipes were solely related to
the cooling of a dam for joint sealing purposes, the spacing could easily be enlarged
to 2–3 m as the cooling can be much slower in such cases (there is no competition
with the pace of hydration heat development).

Under optimum conditions, the horizontal and vertical spacing of pipes should
be identical, with quincunx arrangement as shown in Fig. 6.4. This is however not
always possible due to restraints to the height of lifts.

The total embedded length of a water cooling pipe should avoid significant
heating of the circulating water. In spite of that, pipes as long as 180–350 m can be
applied without relevant heating problems (ACI 2005a, b). The flow rate of water is
usually fixed amongst 15–17 L/min. The water that circulates in the pipes is nor-
mally originated in a natural source such as a river (quite easy in the particular case
of dam construction), with adequate filtering measures as to avoid clogging of the
pumping/piping system. When river water is used, the natural water temperature is
normally adequate for the purposes of concrete cooling (Bamforth 2007). If water

Fig. 6.3 Examples of cooling pipe layout

Fig. 6.4 Quincunx
arrangement of adjacent
cooling pipes for optimized
performance
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cooling is necessary, it is required to ensure a water chilling system with enough
capacity for the flow rates of the several pipes that might need to be active
simultaneously. Even though it is known that the capacity of cooling may be
increased by increasing pipe diameter, using higher water velocity and diminishing
the temperature of water, it is necessary to take into account that excessive coolness
can induce thermal shock to the concrete surrounding the cooling pipes and induce
thermal cracking around the pipes. The recommendations of JCI (2012) point to a
maximum admissible difference of 20 °C between the temperature of the circulating
water and its surrounding concrete.

The operation of cooling pipe systems demands for a watertightness test to be
made before casting, with the corresponding repairs being made before pouring
operations. The pressure inside the pipes should be monitored as to ensure that the
intended flow rates are met during operation. The measurement of water temperature
at the inlets and outlets, as well as several points of the cooled concrete is desirable
for assessment of the operational conformity. Particularly for the cases in which the
cooling water suffers relevant heating along its embedded path, it is recommendable
to invert the direction of the circulation flow according to intervals around 12–24 h,
as to avoid inducing significant thermal imbalances in concrete (JCI 2012).

The activation of water circulation can be made simultaneously with the casting
operations (Korol 1968). The adequate fixation of the pipes together with the
relatively small internal flow rate can ensure that no damaging vibrations are
transmitted to the fresh concrete. However, as the heat generation of concrete is
quite low before the setting point, it is possible to await for such threshold in order
to activate the circulation of water. The water circulation should be kept at least
until the peak temperature of concrete is reached. After the core concrete reaches
thermal equilibrium with either the outer environment or the water in the pipes
(similar temperature), there is no point in continuing the water circulation.
However, care should be taken of avoiding that the internal cooling causes
excessive rates of temperature drop in concrete, which could be potential causes for
thermal cracking. According to recommendations of ICOLD (1990), during the first
3–4 weeks after placement, the cooling rate of concrete should not exceed 0.5 °C/
day as to prevent thermal cracking. In case the water circulation is stopped when the
peak temperature is reached in concrete, it may be re-activated if the peak tem-
perature is reached again (ACI 2005a, b; Korol 1968).

Even though there are simplified design methods for water pipe cooling systems,
they are mostly targeted to the cooling period that precedes the sealing of joints in
dams. The simplified solutions that have been proposed for the context of concrete
at early ages (Yang et al. 2012) still have very limited applicability due to their
subjacent simplifications. The most precise way to design and optimize
post-cooling systems is definitely the explicit spatial simulation of temperature
development, which is most frequently achieved through the finite-element method.
The numerical simulation tools that are nowadays available to the practising
community allow for the explicit simulation of thermal fluxes occurring between
concrete and the embedded pipes, which inclusively allow to calculate the increases
in water temperature along the cooling pipe.
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An example of such computation capacity is shown in Fig. 6.5, where a cutaway
view of the temperature map of a mass concrete element through the plane of the
cooling pipes is shown. The effect of the cooling pipes on concrete temperature is
easily identifiable in the figure, as well as the inlet and the outlet of the cooling
pipes through observation of the increasing temperature along the pipe.

A typical design for an immersed tunnel gallery wall design is shown in Fig. 6.6.
It is evident that the incorporation of a cooling pipe system in the wall, with
carefully designed geometrical and operation parameters using dedicated FEA
software, can mitigate the risk of cracking by reducing the developed out-of-plane
stresses over the curing period below the design tensile strength (ultimate tensile
strength, usually factored by 50–70%). Another recent application of cooling pipes
was reported by Du (2016).

The use of cooling pipes is frequently adopted as to allow thicker casting lifts
and therefore accelerate construction cycles. An example of the advantages that can
be obtained can be supported in a recent study conducted for a contractor on behalf
of the University of Minho in Portugal. The study evaluated the possibility of
increasing the thickness of casting lifts of a massive concrete element (spillway
wall) from the originally planned value of 1.5 m, to a larger value of 2.4 m without
increasing the associated cracking risk. The study allowed concluding that it was
possible to increase the thickness of the lift by applying a single layer of
high-density polyethylene (HDPE) pipes located at mid-height of the lift (1″
diameter and flow rate of 0.5 m/s), fed directly with river water and horizontally
spaced by approximately 0.8 m. The computed temperature maps for the instant of
peak temperature are shown in Fig. 6.7 for both the reference case (1.5 m thick lift
without cooling measures) and the alternative scenario of 2.4 m lift thickness with
active cooling. It can be confirmed that both the peak temperatures and the spatial
thermal gradients in concrete are quite similar, thus confirming feasibility of the
proposed alternative with cooling.

Fig. 6.5 Temperature map of
a mass concrete element at the
age of 30 h after casting:
cutaway view through the
place of the cooling pipes
[Units: °C]—study made at
the University of Minho
(unpublished)
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Amongst water circulation techniques, it is relevant to pinpoint the possibility of
increasing the cooling effectiveness by using a water suspension of ‘phase-change
materials’ (PCM) circulating in the cooling pipes. The principle is relatively simple,
as the PCMs absorb and release heat upon passing through their phase-change
temperature, which is selected to be somewhat above the casting/environmental
temperature. If cooled PCMs (solid) are circulated within cooling pipes, the heat of
the surrounding concrete tends to melt them and induces a significant heat
absorption by the PCM because of the phase change, thus enhancing the heat
exchange. The PCM should then be cooled down outside concrete and the cycle can
be repeated. Such technique has been applied by Qian et al. (2015), who used a
PCM with phase-change range 16–24 °C, and compared the performance of this
method with the classic water circulation technique in two prototypes. The cooling
with PCMs has shown a slightly better capacity of reducing the peak temperature in

Fig. 6.6 Typical linear arrangement of cooling pipes in immersed tunnel gallery wall and
assessment of the risk of cracking due to developed out-of-plane stresses (Sfikas et al. 2016)

Fig. 6.7 Calculated
temperatures for the instant of
peak temperature (t = 24 h):
a 1.5 m lift thickness without
cooling pipes; 2.4 m lift
thickness with cooling pipes
[Units: °C]—study made at
the University of Minho
(unpublished)
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concrete. Even though the benefits were not outstandingly good, the technique has a
good potential because the PCMs can be re-used in several cycles of circulation.

Qian et al. (2015) have also attempted the use of closed cylindrical cavities
within concrete (without any kind of circulation), containing the PCM for tem-
perature control in mass concrete. However, this approach has two major down-
sides: (i) the PCM only operates a single time upon its phase change; (ii) the
quantity of PCM necessary to induce relevant effects on temperature ended up
being very large and this impracticable.

6.5.3 Post-cooling with Air Circulation

The use of air as cooling fluid for hardening concrete has been initially proposed by
Hedlund and Groth (1998). In such initial proposal, the authors proved the viability
of the system with both laboratory and in situ applications. The use of air instead of
water can be quite interesting in several applications because of the ease of
application and lower cost. The piping itself can be quite cheap due to the possi-
bility of using prestressing ducts, which have the interesting characteristic of having
a well-proven long-term behaviour when embedded into concrete (both in terms of
mechanical strength and tightness, as well as in terms of compatibility and dura-
bility). However, as air is a fluid with a much lower specific heat capacity as
compared to water, it is necessary to use much higher circulation speeds (around
8 m/s for example) and larger diameter piping (8 cm diameter or more) to ensure
similar cooling capacity. Based on the mentioned limitations, this type of cooling
fluid becomes quite attractive for extremely massive constructions, such as dams.
However, in the particular case of thick laminar concrete elements such as foun-
dation slabs, tunnel or spillway walls, this type of cooling fluid can reveal an
interesting attractiveness. An example of a successful application in a foundation
slab in Qatar was reported by Ishikawa et al. (2007).

More recently, a more comprehensive application has been applied in Portugal,
in the scope of the dam spillway (Azenha et al. 2014). The central wall of the
spillway had a maximum thickness of approximately 2.7 m and longitudinal length
of *27.5 m. One of the lifts of this wall required internal heating to ensure the
safety to thermal cracking of its 2.5 m height. The option for a air-based
post-cooling system was based on the low cost of the system and the easy avail-
ability of the necessary material: (i) prestressing ducts used as cooling pipes;
(ii) industrial fans that had been used in the construction of a nearby tunnel. The
cooling system consisted of six ducts with 90 mm diameter spaced by 80 cm from
each other (at the thickest section of the wall)—see layout in Fig. 6.8.

The air intake was made through the downstream extremity of the wall, and the
air outlet was placed in the upper surface of concrete, in the vicinity of the upstream
extremity. The industrial fan had a diameter of 60 cm, and a ventilation capacity of
1200 m3/h. In order to avoid unwanted vibrations in the fresh concrete, the ven-
tilation system was only activated 14 h after the beginning of casting operations.

6 Temperature Control 173



The ventilation was turned off at the age of 8.6 days, in correspondence to the
thermal equilibrium between core concrete and the surrounding environment.
Before the placement of concrete in the subsequent casting phase, the prestressing
ducts were filled with mortar with the same type of procedures that are normally
applied to post-tensioning cables.

Through numerical simulation based on the finite-element method (duly vali-
dated by comparison with in situ temperature measurements), it was possible to
confirm that the peak temperature of concrete at its hottest point was roughly 5 °C
lower than that which would have occurred if pipe cooling had not been applied.
Such difference can be appreciated along time in the comparison of both scenarios
shown in Fig. 6.9. Additionally, Fig. 6.10 shows the same comparison in the shape
of a temperature map plotted for the instant of peak temperature for both studied
scenarios.

The field application that has just been reported allowed to confirm the viability
of the air cooling technique, but it also allowed identifying another drawback in
addition to the ones presented before: there is a significant heat gain in air along the
cooling duct. Therefore, for optimized cooling efficiency, it is recommendable that
the embedded path of each independent pipe should not be larger than approxi-
mately 10 m. In spite of the reported limitations, the low cost and ease of

Fig. 6.8 Layout of the cooling ducts in the spillway wall. Adapted from Azenha et al. (2014)

Fig. 6.9 Temperature
evolution in the hottest point
of the wall for the case in
which the cooling pipes were
used, and for the hypothetical
case of absence of such pipes
(simulation) Adapted from
Azenha et al. (2014)
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application inherent to this cooling technique based on ventilated prestressing ducts
make this an attractive solution in several situations for which the costs associated
to water-based systems are not bearable.

6.6 Construction Phasing

Regardless of the temperature control measures taken in the production, transport,
and placement, or even through the use of post-cooling, the thermal cracking risk is
broadly affected by the strategies adopted for construction, especially in regard to
the height of lifts and the waiting interval (dormant period) between consecutive/
adjacent casting blocks. Indeed, these two factors have a major impact on tem-
perature development of mass concrete structures. However, unlike previous factors
that have been analysed in an almost-individual manner throughout the document,
in the sense that their impact could be assessed in a relatively easy manner, the only
way of truly understanding the consequences of construction phasing on cracking
risk (lift height and casting frequency) before the actual construction itself, is to
conduct numerical simulations of temperature and stress fields. These simulation
should aim at evaluating the merits and comparing the risks of each possible
alternative scenario. In the end, it is always a matter of establishing a trade-off
between the desirable tall lift heights combined with small waiting periods for
casting, and the undesirable elevated cracking risk, when such bold construction
measures are taken. Naturally, the simulation of construction scenarios demands
that all variables are taken into account, including the relevant effects of initial
concrete temperature, and the potential use of post-cooling measures. The number
of potentially involved variables in a process of optimization of mass concrete
construction could prove to be next-to-infinite, and therefore practitioners normally
tend to rely on their intuition to set up a small group of potential scenarios of
construction (as small as 2, 3 or 4). The subject of optimization of construction

Fig. 6.10 Temperature maps for the longitudinal symmetry plane of the 2.5 tall casting phase for
the two scenarios under study: with cooling pipes; without cooling pipes. [Units: °C]
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phasing in mass concrete has been tackled very few times in the literature. The most
extensive work done on the subject was made by Fairbairn et al. (2004) through the
application of genetic algorithms for the optimization of mass concrete construc-
tion. They have set up a group of variables for optimization aiming of minimization
of costs, while keeping adequate cracking risk for construction: cost of the raw
material and the construction costs associated to placing, cooling, formwork, lift
height and time intervals between consecutive lifts. They have used a genetic
algorithm to optimize global costs and applied their proposed framework to the 2D
simulation of the cross-sectional thermo-mechanical behaviour of a small concrete
gravity dam, reaching a set of recommended construction parameters, including the
lift height and waiting periods. The example cannot be directly extrapolated for
other situations worldwide because of its inherent specificities (e.g. types of con-
crete, climatic conditions). In spite of the encouraging results, this practice was not
found in any work of the literature (practical or research) meanwhile.

In spite of the absence of works specifically targeted to the optimization of
construction phasing of mass concrete structures, it is relevant to highlight the
recent works of Klemczak and Knoppik-Wróbel (2015), Knoppik-Wróbel (2015)
and Hónorio et al. (2016), who present insights into the relative relevance of
construction parameters in the scope of mass concrete analyses through sensitivity
analyses through numerical simulations.
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