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Abstract This chapter is dedicated to relevant thermal properties in the scope of
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massive concrete structures. The initial part of the chapter (Sect. 3.1) pertains to
properties that affect internal temperature developments in concrete, namely the
thermal conductivity, the heat capacity and the heat exchanges between concrete
and the surrounding media. The final part of the chapter (Sect. 3.2) is devoted to the
thermal expansion coefficient, which is of fundamental importance to understand
and predict the actual volume changes that take place in massive structures due to

temperature variations.
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3.1 Heat Transport and Temperature Change

In this section, properties governing the transfer of heat and the corresponding
changes of temperature in concrete are discussed. In order to analyse these prop-
erties, a brief discussion of the mechanisms of heat transport is necessary, together
with a commonly applied description of heat transport. Temperature evolution and
heat transport in hydrating concrete can be described at the macroscale level by
means of the following equation, e.g. Coussy (2005); Ulm and Coussy (2001);
Klemczak (2011); Gawin et al. (2006); Azenha et al. (2011):
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(3.1)
where p is the concrete density, C, is the specific heat capacity (pC, is the volu-
metric heat capacity), T is the temperature, ¢ is the time, A,y is the effective thermal
conductivity and Q is the volumetric heat produced due to hydration of binder (see
Chap. 2). C,, p and Ay are dependent on degree of hydration, moisture content and
temperature. In some cases, due to anisotropy of the material, 4,4 may be expressed
as a tensor instead of a scalar (Eq. (3.1) remains valid in this case). The boundary
conditions for Eq. 3.1 are described in Sect. 3.1.3, while the initial conditions refer
to fresh concrete temperature corresponding to the start of the analysis.

After simple transformations of Eq. 3.1, the temperature change in time is
described with the following equation:
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where « is the degree of hydration (see Chap. 2) and Qs is the total volumetric heat
of hydration, with 9Q/dt = 90/3t - Qoo (see Eq. 3.2). The last term in Eq. 3.2
represents the adiabatic temperature rise in concrete, and it is often used as a
reasonable and safe estimation of the maximum temperature rise that might be
expected in a massive structure, as shown, e.g., by Ulm and Coussy (2001). After
assuming that the thermal conductivity does not depend on temperature for the
temperatures normally encountered in massive structures (see Sect. 3.1.1) (Gawin
et al. 1999), the problem becomes linear, and the term A / (pCp) can be conve-
niently used as thermal diffusion coefficient, e.g. Klemczak (2011); Ulm and
Coussy (2001).

Equation 3.2 demonstrates that the most basic description of temperature
changes due to heat transfer in concrete requires two parameters: effective heat
conductivity and heat capacity. It needs to be mentioned here that such description
is necessarily simplified since it does not take into account the heat transport related
to migration of water in early-age concrete. In this case, migration of water in the
pores towards the drying surfaces (or, from the wetted surfaces to the
self-desiccated bulk) and the possible phase changes of water will cause associated



3 Thermal Properties 49

heat transport. In order to describe this process, the heat transport equation needs to
be coupled with an appropriate mass balance equation of water, e.g. Gawin et al.
(2006); Azenha et al. (2011). Optionally, an additional transport term may be added
to Eq. 3.1 or Eq. 3.2 due to water transport, with a thermohygral thermal diffusion
coefficient, see, e.g., Klemczak (2011). It can be expected that the thermohygral
heat transport is more important for the surface temperature (in particular at the
removal of formworks and evaporative cooling) than for the temperature evolution
in the bulk (McCarter and Ben-Saleh 2001). Kovler (1995) reported about an
experimental programme on the shock of evaporative cooling of concrete in hot dry
climate. The importance of evaporative cooling in thin specimens was later con-
firmed in experiments and simulations by Azenha (2009).

The thermal properties of concrete depend strongly on the thermal properties of
its components. Initially, this is reflected as a dependence upon mix composition.
Further, hardening of concrete is related to, and accompanied by, various phe-
nomena of chemo-physical nature that are due to the ongoing reaction of the cement
and to interactions of the concrete with the environment. These processes cause an
evolution of thermal properties of mainly the cement paste, and as a consequence,
of the concrete (as evidenced, e.g., based on measurements of thermal expansion
coefficient in Wyrzykowski and Lura (2013a). The thermal properties of concrete
change during hardening due to (a) changes of moisture state (water content in
pores) resulting from hydration (as water is consumed in the reaction) and inter-
action with the environment (drying/wetting), and (b) degree of hydration since
cement hydration leads also to changes in volumes of unhydrated cement, hydrates
and porosity in addition to changes of moisture state. As it will be shown later in the
chapter, the first-order effect is due to changes of moisture state, while hydration
can be in many cases neglected.

3.1.1 Thermal Conductivity

Effective thermal conductivity of concrete, 4., describes the ability of concrete to
conduct heat at the macroscopic level. In Eq. 3.1, heat flux is conveniently
described at the macroscopic level as heat conduction with Fourier’s law, whereby
heat fluxes, g, perpendicular to a given surface (with unit area) can be described by:
q = —AeygradT. It needs to be noted that such description corresponds in fact to an
effective conductivity that accounts for the coupled effect of different heat transfer
mechanisms occurring at the microstructural scale due to convection and radiation
in the desaturated pores in addition to conduction within different concrete com-
ponents (i.e. hydration products, aggregates, cement, water) (Litovsky and Shapiro
1992).

Thermal conductivity can be determined for concrete using a variety of methods
that are generally based on the principle of generating a temperature gradient in a
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sample and measuring the corresponding temperature distribution either after
establishing equilibrium conditions and a constant temperature gradient
(steady-state methods) or in a relatively short time during or following heating
(transient methods). Depending on the technique, the temperature gradient can be
obtained by heating the sample at one point and/or cooling the sample at a distant
point, while measuring the temperature at a given point of the sample or directly on
the heating/cooling element (Campbell-Allen and Thorne 1963; Mounanga et al.
2004). One of the commonly used standard methods based on heating and mea-
suring the temperature at the same point in a sample is the so-called transient hot
wire method (ASTM 1113), where a wire is placed in the sample and heated by
means of electrical current. The wire works as a resistive thermometer at the same
time—the rate at which the temperature of the wire increases can be then correlated
with the heat transfer (heat conductivity) within the sample. Other commonly used
methods are based on placing a planar sample between a heated and a cooled plate
(e.g. the so-called guarded hot plate method) (Hammerschmidt 2002) or placing a
heater and a thermometer in distant holes in the sample (e.g.
two-linear-parallel-probe method) (Morabito 1989).

The most relevant factors affecting thermal conductivity of concrete are aggre-
gate volume fraction, air content and moisture state of concrete, e.g. Kim et al.
(2003). Furthermore, it was also found that the age itself has a negligible net effect
on the thermal conductivity of concrete, except for very early ages, i.e. below about
2 days (Kim et al. 2003, Bentz 2008, Gibbon and Ballim 1998). According to Bentz
(2008) this is because the thermal conductivity of cement paste components (water:
0.604 W/(mK) and cement: 1.55 W/(mK)) and hydrated cement paste are close
enough so that the percolation of solids or depercolation of porosity can have only a
limited impact on this property (about +10%). The thermal conductivity of the
main hydration products, i.e. C—S—H and CH, has been reported as 0.978 W/(mK)
and 1.32 W(mK), respectively (Abdolhosseini Qomi et al. 2015), see also
Table 3.1. The thermal conductivity of cement paste is consequently around 1.0 W/
(mK). From this point of view, admixtures can have only negligible effect on the
thermal conductivity.

Moist concrete has higher thermal conductivity than dry concrete since water
contained in pores is more conductive than air. Consequently, ordinary concretes
have conductivity about 1.0 W/(mK) higher in moist condition compared to dry
condition (Tatro 2006), see Table 3.2. Guo et al. (2011) determined thermal con-
ductivity of concrete mixtures at 20 °C with aggregate volume ratio of 70% as
equal to 1.96 and 2.47 W/(mK) for dry conditions and wet conditions, respectively.

With increasing air content, the thermal conductivity of concrete decreases. This
is especially pronounced for insulating concrete, where high air content is obtained
by means of aerating or using lightweight aggregates. Values below 0.3 W/(mK)
for aerated concrete were reported in Tatro (2006).

A comprehensive list of thermal conductivity values for concrete mixtures pro-
duced with different types of aggregates measured at various temperatures is avail-
able in ACI 207.1 (2005). The presented values range from 1.84 to 3.70 W/(mK).



3 Thermal Properties

51

Table 3.1 Thermal properties: results for temperatures ranging from 10 to 30 °C (adapted from
Honorio 2015; Honorio et al. 2018)

Compound

Specific heat [J/(gK)]

Thermal conductivity
[W/(mK)]

(Free) Water

4.183 (Holman 2009)

0.608 (Vargaftik 1993)

Clinker, clinker Clinker 0.750 (Bentz 2007) 1.55 (Bentz 2007)
phases, gypsum CsS 0.745 (Lothenbach et al. | 3.35 (Abdolhosseini
2008) Qomi et al. 2015)*
0.710 (Abdolhosseini
Qomi et al. 2015)*
0.710 (Matschei et al.
2007)
0.750 (Todd 1951)
C,S 0.741 (Lothenbach et al. 3.45 (Abdolhosseini
2008) Qomi et al. 2015)*
0.720 (Abdolhosseini
Qomi et al. 2015)*
0.720 (Matschei et al.
2007)
0.750 (Todd 1951)
C3A 0.768 (Lothenbach et al. -
2008)
C4AF 0.813 (Lothenbach et al. -
2008) 20 °C
Gypsum 1.080 (Bentz and Prasad | 0.66 (Cerny and
2007) Rovnanikova 2002)
1.26 (Coté and Konrad
2005)
Hydration products C-S-H 0.950 (Cerny and 0.978 (Abdolhosseini
Rovnanikova 2002) Qomi et al. 2015)*
722 (Lothenbach et al.
2008)
CH 1.140 (Abdolhosseini 1.32 (Abdolhosseini
Qomi et al. 2015)* Qomi et al. 2015)*
1.150 (Matschei et al.
2007)
AFt 1.502 (Lothenbach et al. -
2008)
AFm 0.888-1.115 (Baquerizo -
et al. 2015)
Hydrogarnet | 0.666-1.121 (Matschei -
et al. 2007)
Cement-based Cement 1.100-1.800 (Bentz 0.53-1.16 (Bentz 2007)
composite materials paste 2007)
Mortar 0.642 (Xu and Chung 0.9-1.5 (Cerny and
2000) Rovnanikova 2002)
1.37-2.65 (Khan 2002)
Concrete 1.109-1.590 1.2-2.0 (Cerny and

Rovnanikova 2002)
1.60-4.18 (Khan 2002)

(continued)
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Compound

Specific heat [J/(gK)]

Thermal conductivity
[W/(mK)]

Aggregates

Limestone
aggregates

0.845 (Marshall 1972)

3.15-3.23 (Cerny and
Rovnanikova 2002)
3.22 (Marshall 1972)
2.65-3.22 (Kim et al.
2003)

Siliceous
aggregates

2.90-5.18 (Cerny and
Rovnanikova 2002)
5.16 (Kim et al. 2003)

Basalt

0.766 (Marshall 1972)

4.03-4.30 (Khan 2002)
2.86 (Kim et al. 2003)
1.70 (Marshall 1972)

“Molecular simulations

Table 3.2 Effect of different aggregates and moisture conditions on thermal conductivity of
concrete (Tatro 2006)

Aggregate Thermal conductivity Thermal conductivity Thermal conductivity
type —wet state [W/mK] —50% RH [W/mK] —dry state [W/mK]
Limestone 2.2 1.7 1.4

Sandstone 2.9 2.2 1.4

Quartz 3.3 2.7 2.3

Basalt 1.9-2.0 - 1.7

Expanded 0.85 0.79 0.62

shale

Considering that the conductivity of concrete depends strongly on the type and
amount of aggregates, and it is further affected by the air content, it can be con-
sidered as dependent on the concrete density.

Although the unit mass and moisture conditions of concrete, which are con-
sidered a key factor affecting conductivity (Neville 1997; Mehta and Monteiro
2005), are not reported in ACI 207.1 (2005), the range of values is also within the
limits presented in Neville (1997). Another comprehensive list is presented in Tatro
(2006).

Table 3.1 summarizes thermal conductivities of concrete components and
exemplary concretes, while Table 3.2 summarizes the effect of aggregate types and
moisture conditions on thermal conductivity.

Different authors proposed numerous analytical approaches for simulating the
development of the thermal conductivity. The simplest approach consists of
lumping the overall effect of concrete microstructure development and pores
desaturation and describing the temperature evolution as a linear function of degree
of hydration, e.g., Reinhardt et al. (1982); de Borst and van den Boogaard (1994);
Ruiz et al. (2001):
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/lgﬁt = i()(al —ay - OC([)) (33)

where A represents the final value of thermal conductivity and a;, a, are empirical
constants. For example, Ruiz et al. 2001 proposed a; = 1.33 and a, = 0.33. It needs
to be noted, however, that many authors obtained good numerical predictions by
neglecting the change of the values of thermal conductivity and using average
values based only on mix composition (de Schutter 2002; Faria et al. 2006; Craeye
et al. 2009; Zreiki et al. 2010; Briffaut et al. 2012). It was shown by Azenha (2009)
and Briffaut et al. (2012) that the assumption of constant values of thermal
parameters of concrete yields conservative predictions (expected temperatures are
overestimated).

More complex approaches allow to account for different effects influencing the
development of thermal conductivity. An empirical equation obtained based on a
comprehensive experimental study developed by Kim et al. (2003) reads:

Der = 2rer(0.293 + 1.014)(0.2RH +0.8(1.62 — 1.54w/c))

x (1.05 — 0.0025T)(0.86 + 0.0036F%) (3.4)
where Ar and Fy correspond to the total and fine aggregate volumetric ratios,
respectively, w/c is the water-to-cement ratio, RH is the relative humidity and A, is
the reference value of thermal conductivity. The latter is obtained from experi-
mental measurements of reference concrete with A = 0.70, w/c = 0.40, T = 20 °C
and RH = 100%.

Another approach to account for the moisture content has been applied by Gawin
et al. (2006):

(3.5)

4.9 -
he = ;vdry(l n —PS)

(l - (I))ps

where A4y is thermal conductivity of dry concrete, @ is porosity (incorporating the
effect of changes due to ongoing hydration), p,, and p, are the densities of water and
solid skeleton (dry concrete), respectively, and S,, is the saturation degree of pores
with water.

The thermal conductivity of concrete based on its composition can be predicted
using Mori-Tanaka scheme (Bohm and Nogales 2008) by homogenizing the ther-
mal conductivities of the components: cement paste and aggregates, assuming the
latter all have the same thermal conductivity:

3f;4gg)“paste (;Lagg - )vPaste)
3/1paste +f1>aste (/Lagg - ;Lpaste)

)Veﬂ = )Vpaste + (36)

where f is the volumetric fraction. In particular, the Mori-Tanaka scheme in this
form assumes concrete as a macro-isotropic composite material that is composed of
a continuous morphologically prevailing matrix (cement paste) and reinforced by
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isotropic spherical inclusions distributed homogeneously in the matrix. These
inclusions correspond to, e.g., aggregates. It should be considered that the defects,
e.g. microcracks or regions of increased porosity, are not accounted for; they may
play an important role in the thermal conductivity of solids (e.g. Litovsky and
Shapiro (1992); Honorio et al. (2018)). Moreover, specific transfer effects in pores
(namely, fluid conductivity, thermal radiation, convection and surface heteroge-
neous phenomena (Litovsky and Shapiro 1992)) are in general neglected in mul-
tiscale estimation of thermal conductivity.

A further, simpler approximation can be obtained by mass averaging of thermal
conductivities of concrete components (Zreiki et al. 2010; Jendele et al. 2014):

where m; is the weight ratio of subsequent components. Such formulation is only a
very rough approximation, since it assumes that the constituents are arranged in
parallel.

Thermal conductivities of concrete mix components are listed in Table 3.1.

Gawin et al. (1999) stated that the dependence of the thermal conductivity upon
temperature can be neglected for the temperature ranges encountered in hardening
concrete. For example, an empirical relation used by Gawin et al. (1999) for their
simulations of concrete at fire assumes a change of 4 of +0.0005 W/(mK) per +1 K
of temperature change. The effect of temperature in the range 21-54 °C on the
thermal conductivity was also neglected by van Breugel (1980).

In simulations of concrete structures, Briffaut et al. (2012) observed that the
computed stresses were only slightly affected by temperature and age dependence
of thermal conductivity.

3.1.2 Heat Capacity

Specific heat capacity C, is the amount of energy in [J], necessary to raise 1 unit
mass, [g], of a given material by a unit of temperature, [K].

Experimental measurements of heat capacity in concrete involve the same
principle as the measurements of thermal conductivity, see Sect. 3.1.1, with
dynamic thermal (transient) measurements, e.g. Pomianowski et al. (2014), or a
combination of transient and steady-state measurements, where the heat capacity is
calculated based on the thermal diffusion coefficient (obtained from the transient
method) and the heat conductivity (obtained from the steady-state method), e.g.
Luca and Mrawira (2005).

Similarly to thermal conductivity, the heat capacity of concrete depends strongly
on thermal capacities of the different components i. Its value can be estimated
through the rule of mixtures (Bentz 2007) based on mass fractions of the
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components, m;, as long as the specific heat capacity of each independent phase, C;,
is known. This way, the specific heat capacity of concrete is computed as follows:

Cp = Zmi-C[ (38)

The heat capacity of the aggregates depends on their mineralogical character-
istics. Reference values of specific heat capacity for different aggregates are
reported in Choktaweekarn and Tangtermsirikul (2010), Hamzah et al. (2010),
Honorio (2015) and collected in Table 3.1.

The evolution of heat capacity during hardening is driven, similarly to the
thermal conductivity, mainly by changes in water content and microstructural
evolution due to hydration. The specific heat capacity of cement powder is typically
equal to about 0.75 J/(gK) (Bentz 2008; Bentz et al. 2011), while the specific heat
capacity of water is equal to 4.18 J/(gK). Nonetheless, as water becomes incor-
porated into hydration products, its effective heat capacity is considerably reduced
to 2.20 J/(gK), as suggested by (Bentz 2007). Molecular simulations confirm that
the heat capacity of confined water in C—S—H is reduced with respect to bulk (or
free) water (Abdolhosseini Qomi et al. 2015). Since volume (or mass) and energy
are extensive thermodynamic quantities, upscaling heat capacity can be done by the
rule of mixtures (assuming that surface effects are negligible). As shown by Bentz
(2007, 2008), the heat capacity of cement paste can be also approximated as a
function of its degree of hydration «. In particular, Eq. 3.9 is suggested to compute
the evolution of heat capacity in sealed conditions (Bentz 2007):

Cp(2) = Cp() - [1.0 — 0.26 - (1 — ™2%%)] (3.9)

where C,(0tg) = Cy,(0t0) - my(ot0) + Ce(at) - me(0) is the heat capacity of cement
paste at initial degree of hydration g, calculated as a weighted average (with
m being mass fractions of constituents w and c). The subscripts w and ¢ correspond
to water and cement. Based on the C,, and C, values recommended by Bentz et al.
(2011), C,, at ayp reads:

C,,(OC()) = 4.18mw(OC()) +075(O€0) (310)

As an example, Egs. 3.8-3.10 were used by Lura and van Breugel (2001) to
estimate values of concrete heat capacity for concrete mixtures containing 47% of
granite and 34% of quartz sand by mass of dry materials. The heat capacity of sand
and coarse aggregates was set at 0.80 and 0.61 J/(gK) (Choktaweekarn and
Tangtermsirikul 2010; Hamzah et al. 2010). The results from this example are
shown in Fig. 3.1.

The values in Fig. 3.1 are within the common range of heat capacity for ordinary
concrete, i.e. from 0.84 to 1.17 J/(gK) (Neville 1997). The variable aspect of heat
capacity is reported to impact significantly the mechanical response of concrete
structures at early age. Lura and van Breugel (2001) found that a given percentage
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Fig. 3.1 Heat capacity for
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of variation of the heat capacity may lead to a percentage of variation in the same
order of magnitude in the computed stresses. Briffaut et al. (2012), in simulations
with varying heat capacity, found stresses roughly 20% inferior to the stresses
computed in a scenario with constant heat capacity.

The specific heat increases with temperature. In Tatro (2006), specific heat
values of 0.92 and 1.04 J/(gK) were reported for temperatures of 10 °C and 66 °C,
respectively.

3.1.3 Exchange of Heat with the Environment

Heat transport in concrete and the resulting temperature evolution are affected by
heat exchange with the environment at the boundaries. For describing this process,
boundary conditions of the III type (a linear combination of the value of a variable,
i.e. temperature, and of its derivative at the boundary, i.e. heat transfer coefficient)
are usually applied, e.g. Gawin et al. (2006). A heat transfer coefficient (also
referred to as the heat exchange coefficient) is in general dependent upon both the
characteristics of the concrete surface and the environment. Comprehensive studies
on heat exchange of concrete with the environment have been presented, e.g., in
Jonasson (1994) or Wojcik (2001); Wojcik et al. (2003).

Heat exchange at the open boundaries of concrete can take place due to thermal
radiation and convection (Kusuda 1977). Thermal radiation occurs as energy is
emitted in the form of electromagnetic waves. In convection, heat is exchanged due
to movement (natural or forced) of fluids, in this case, of air in contact with the
concrete surface. The heat exchange due to convection is approximately propor-
tional to the temperature difference (7' — Too) between the concrete surface T and
the surroundings T according to Newton’s law of cooling, while heat exchange
due to radiation is proportional to differences of temperatures in absolute scale to
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the power of four, i.e. (74 - Tﬁo) according to the Stefan—Boltzmann law (Modest
2013).

Usually, the two phenomena are considered together by means of one coefficient
that accounts for both convection, £, and radiation, A, (Faria et al. 2006):

hpr = hy + hy (3.11)

The coefficient of heat exchange by radiation, &, can be approximated by
simplifying the 4th power radiative heat exchange law, for a given ambient tem-
perature, T, > 5 °C, and the emissivity of concrete, e, as follows (Branco et al.
1992):

hy = e[4.8+0.075(T, — 5)] (3.12)

In addition to radiative heating of concrete surfaces by the sun, radiative heat
exchange can be especially important for mass concrete with regard to the night
cooling effect, leading to significant daily temperature amplitudes. As estimated by
Michell and Biggs (1979), a black body exposed to the clear sky at night may be
cooled even 10-12 °C below ambient temperature. No indications for concrete are
known, but a similar temperature difference of 10 °C has been measured for metal
roof on a clear night by Hollick (2012).

The convective heat exchange coefficient at the concrete surface is influenced by
geometric and aerodynamic parameters (Kim et al. 2003; Bentz 2008; Lee et al.
2009). The coefficient of heat exchange by free convection for concrete can be
assumed as equal to i, = 6.0 W/(mzK) in stagnant air conditions (Branco et al.
1992). The heat exchange coefficient varies with the wind speed (Kwak et al. 2006;
Briffaut et al. 2012). To account for forced convection due to wind action, the heat
exchange coefficient is defined as a function of wind speed, v [m/s], according to
different authors as follows:

e Branco et al. (1992):
h, =3.Tv (3.13)

e Jonasson (1994):
hy=5.6+3.95v ifv<5_
S
hy = 7.6 if v > 57 (3.14)
S

e Briffaut et al. (2012), as a function of the wind speed, dimensions of the
structure, ambient temperature:
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ul r 1/3 )“ u
h, =0.13 (M(Tl - Ta)> <i> for natural convection

UfD, lc,Cr
. NN (3.13)
h, = 0.664 ZZeRe el flu for forced convection
Ly Dt lc‘Re

where g gravitational acceleration, arg, coefficient of thermal expansion
(CTE) of the fluid, /. ¢, characteristic length of the natural convection [m], D,
thermal diffusivity; vy fluid kinematic viscosity; I g, characteristic length of the
forced convective flux, v wind velocity; and g, thermal conductivity of the
fluid.

Lee et al. (2009) reported convective heat transfer coefficient of concrete
exposed to air from 9.0 to 13.0 W/(m?K) for wind velocities ranging from 2.0 to
3.0 m/s.

When concrete surface is covered with layers of other materials (arranged in
series), such as formwork, insulation sheets or ground, the heat transfer coefficient
due to the additional layers is expressed as follows:

"1 1 b t;
o2l 3.16
P P N (3.16)

i=1

where h; is the heat exchange coefficient of each layer, with #; as the thickness of a
layer, and 4; is the corresponding thermal conductivity. A list of thermal conduc-
tivities of commonly used insulating materials can be found, e.g., in Jonasson
(1994).

For the cases in which the boundary element is thick, or the concrete is merely in
contact with soil, an older foundation or adjacent elements, significant heat can be
accumulated in such an adjoining element. Therefore, the assumption at the basis of
Eq. 3.16 ceases to be valid and such boundary or adjacent elements need to be
explicitly considered in the models. When the adjacent member has
well-determined geometry/size (e.g. a thick formwork with insulation panel), it can
be modelled in full. When such element is geometrically indeterminate, such as a
foundation terrain, it is necessary to introduce simplifications. Normally, the
underlying terrain may be modelled to such an extent that temperature variations
due to the environmental changes and the self-heating concrete cannot significantly
affect the initial temperature of the most distant points of the underlying terrain
included in the model (Azenha 2009).

A further heat exchange mechanism, in addition to convection or radiation at the
surface, takes place on wet surfaces of fresh concrete exposed to evaporation, in
particular horizontal concrete surfaces covered with bleeding water (which may
accumulate on the top of fresh concrete) or covered with curing water (Hasanain
et al. 1989). The phase change due to evaporation of water and the associated
consumption of energy (heat of evaporation) together lead to evaporative cooling of
concrete surfaces. By using a combination of experiments and simulations, Azenha
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et al. (2007a, b) have demonstrated the importance of evaporative cooling in hot
and dry environments, which enforced near-surface temperature drops of up to 7 °C
when insulation was removed from previously sealed cement paste specimens
(temperature of 36 °C and relative humidity of 30%). They have further shown that
this effect is strongly diminished and becomes almost negligible when non-extreme
environments are considered, e.g. temperature of 20 °C and relative humidity of
60%.

A rapid decrease of the surface temperature, as opposed to the self-heating bulk,
may lead to the formation of high temperature gradient and cracking (Kovler 1995).
To avoid this effect, limiting of early-age evaporation can be applied by means of
covering the surface with, e.g., plastic sheets (McCarter and Ben-Saleh 2001). On
the other hand, this effect was reported to be only very limited in time in the
situations where bleeding water evaporates fast, especially with high ambient
temperature and high wind speed (Hasanain et al. 1989).

To estimate the effect of heat exchange due to evaporative cooling, the mass
exchange with the environment needs to be considered explicitly. In Azenha et al.
(2007a), several numerical simulations with the DuCOM simulation framework
were performed, and the near-surface temperature variations associated with
evaporative cooling could be predicted by combining a hygrothermal analysis with
a simple coupling term regarding the enthalpy of water evaporation.

3.2 Coefficient of Thermal Expansion (CTE)

In order to quantify the vulnerability of concrete to the restrained thermal defor-
mations and therefore to the cracking risk, a coefficient expressing the tendency of
concrete to deform due to temperature changes is used. Even though the term
coefficient of thermal expansion (CTE) formally refers to the volume or length
increase (expansion) upon heating only, it is often used in the literature to describe
volume/length changes acting in both directions, due to both heating and cooling.
The more general term coefficient of thermal dilation (CTD) is sometimes used and
is formally more appropriate. Here, similarly as in most of the literature, the term
CTE will be used to describe deformations in either direction and therefore will be
considered as the equivalent of CTD. The CTE described thereafter, unless other-
wise specified, refers to the linear coefficient expressing length change (contraction
or expansion) at unit change of temperature (cooling or heating, respectively)
(ARMY-COE 1981).

Different methods exist for the determination of the CTE based on the same
principle: determining deformations and relating the deformation to the known
temperature history, either applied as a part of a test, or self-induced by the
hydrating material (Boulay 2003). The methods can be in general divided into
linear and volumetric. It is normally assumed that the volumetric thermal expansion
is isotropic; thus, the linear CTE can be approximated as one-third of the volumetric
one. In the linear method, elongation and shortening of a sample exposed to
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changing temperature are followed by either measurements of the sample length
change with, e.g., LVDTs or optical systems or by strain measurements on the
sample with, e.g., length comparators, strain gauges or vibrating wire extensometer,
e.g. Kada et al. (2002); Buch and Jahangirnejad (2008); Maruyama and Teramoto
(2011); ASTM (2012); AASHTO (2011); Azenha and Granja (2015). Linear
techniques are often applied for in situ measurements of the CTE in the field, e.g.
Yeon et al. (2013).

In the volumetric method, the sample is immersed in a bath containing a liquid
of known density, see, e.g., Loser et al. (2010). By suspending the sample from a
scale, the volume changes can be followed by measuring the apparent mass changes
of the immersed sample. A systematic study of different factors influencing the
volumetric method has been presented in Loser et al. (2010), where it was also
shown that linear and volumetric methods give comparable results when all main
artefacts are eliminated with care.

When thermal deformations are measured at early ages, they are often (espe-
cially for concretes with lower w/c) occurring simultaneously with autogenous
shrinkage. Therefore, assuming the validity of the superposition principle, auto-
genous shrinkage needs to be subtracted from the total deformation to separate the
thermal component (Bjeontegaard and Sellevold 2001; Loser et al. 2010;
Wyrzykowski and Lura 2013a; Cusson and Hoogeveen 2007). Such assumption of
superposition of thermal and autogenous components is valid when small tem-
perature changes are considered (i.e. up to couple degrees) and the temperature
steps are short (i.e. up to about 1-2 h) considering the ongoing hydration process.
For larger temperature changes lasting longer, the dependence of the autogenous
shrinkage upon temperature needs to be taken into account as well (Jensen and
Hansen 1999; Bjentegaard and Sellevold 2001; Maruyama and Teramoto 2011); in
such case, the CTE is subject to possible bias due to an inaccurate estimation of
autogenous shrinkage. General recommendations on testing procedures for CTE
and autogenous shrinkage prepared based on the round robin test campaign of
RILEM TC195-DTD are presented in Hammer and Bjentegaard (2006).

It has long been observed that the CTE changes considerably during setting and
hardening of concrete, e.g. Sellevold and Bjentegaard (2006); Yeon et al. (2013).
Similarly to other thermal properties (i.e. conductivity, heat capacity), since aggre-
gates are inert, the evolution of the CTE is due to hardening and moisture state
changes in the cement paste. Sellevold and Bjentegaard (2006) have shown that
hydration has only a negligible net effect on the evolution of the CTE, since concrete
rewetted at the age of a couple of weeks had similar CTE as wet concrete shortly after
setting time. Numerous studies have shown that the CTE of cement paste (and
therefore also of concrete) changes considerably with the moisture state of the
material (Kovler and Zhutovsky 2006; Sellevold and Bjentegaard 2006;Grasley and
Lange 2007; Maruyama and Teramoto 2012; Wyrzykowski and Lura 2013a, b).
A general trend of the CTE evolution in cement paste is shown in Fig. 3.2.

It can be seen that the very high initial CTE is due to the contribution of water
when concrete or cement paste is still in the plastic state. Shortly after setting time, a
sudden decrease is observed. The value at this point corresponds to the CTE of the
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solid skeleton, and, as already mentioned, should not change considerably due to
hydration. An increase of the CTE is, however, further observed due to desaturation
of the pores in the cement paste. In low w/c cement paste, an increase of more than
100% respect to the value at setting was observed in (Sellevold and Bjentegaard
2006; Loser et al. 2010; Wyrzykowski and Lura 2013a, b). The moisture depen-
dence of the CTE has been shown to be due to the temperature dependence of
sorption. With increasing temperature, the RH in the pores increases, causing hygral
swelling acting in addition to the thermal dilation of the solids. This effect becomes
higher at RH decreasing from 100% to approximately 50%, see Sellevold and
Bjontegaard (2006); Radjy et al. (2003). The increase of the CTE is particularly
important in low w/c pastes, in which the internal RH decreases considerably due to
self-desiccation. Nevertheless, a considerable increase in CTE was observed in
Wyrzykowski and Lura (2013b) for cement pastes with w/c as high as 0.45. In any
case, desaturation of pores of concrete due to external drying will also result in a
CTE increase (Sellevold and Bjentegaard 2006).

Considering that the aggregates commonly used in concrete have lower CTE
than the cement paste (see Table 3.3), due to the restraining effect of aggregates, the
effect of the desaturation of the cement paste on the overall CTE of concrete is
naturally lower than in cement paste or mortar (Sellevold and Bjentegaard 2006;
Wyrzykowski and Lura 2013b; Yeon et al. 2013). However, as reported by
Sellevold and Bjentegaard (2006), an increase from about 7 um/m/°C at the time of
setting to about 11 um/m/°C after drying was observed in concrete with 72% vol.
of aggregates. Furthermore, experimental results starting at the initial set are
reported in Delsaute and Staquet (2017). It was found that the CTE increases from a
minimum value varying between 7 and 9 um/m/°C to a value varying between 10
and 12 pm/m/°C for concretes with w/c ranging from 0.4 to 0.6 during the
hydration process, when the concrete is kept in sealed condition. Also, as shown by
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Table 3.3 CTE of concrete and different types of aggregates as reported in the literature.
Whenever the evolution of the CTE was followed, values after setting are reported here

Material/condition CTE [um/m/°C] References

Concrete w/c 0.40, 72% vol. aggregates, 5% silica fume | 7-11 (100-88% Sellevold and
saturation degree) | Bjontegaard

(2006)

Concrete w/c 0.45, ~74% vol. aggregates, limestone 5-7 Yeon et al. (2013)

coarse aggregate

Concrete w/c 0.45, ~71% vol. aggregates, river gravel 8-9 Yeon et al. (2013)

coarse aggregate

Concretes w/c 0.30-0.45, ~66% vol. aggregates, 6.5-7.6 Kada et al. (2002)

metamorphic limestone-based coarse aggregate

Concretes: normal (w/c 0.45) and high strength 10-11 Cook et al. (1993)

(w/c 0.25 and w/c 0.31), ~70% vol. aggregates

(limestone)

Concrete (recommendation) 11 ACI (2001)

Concrete, ~70% vol. aggregates, gravel coarse aggregate | 9.7-10.7 Naik et al. (2010)

(6 different sources), w/b 0.40 (saturated, 28 d)

Concrete, ~67% vol. aggregates, basalt coarse aggregate, | 9.3
w/b 0.40 (saturated, 28 d)

Naik et al. (2010)

Concrete (typical value) 10-12 Bentz (2008)
Aggregate: granite 7-9 Mindess et al.
(2003)
Aggregate: basalt 6-8 Mindess et al.
(2003)
Aggregate: limestone 6 Mindess et al.
(2003)
Aggregate: dolomite 7-10 Mindess et al.
(2003)
Aggregate: sandstone 11-12 Mindess et al.
(2003)
Aggregate: quartzite 11-13 Mindess et al.
(2003)

the numerical study by Yeon et al. (2013), the evolution of CTE due to desaturation
in concrete can considerably affect the early-age thermal stresses.

As an efficient way for reducing the increase of CTE during hardening, internal
curing has been proposed. It has been shown that the CTE can be reduced to values
occurring shortly after setting, both using lightweight aggregates (Maruyama and
Teramoto 2012) and superabsorbent polymers (Wyrzykowski and Lura 2013b).

It has been observed that, above the freezing point of water in the pores, the CTE
increases slightly with temperature (Kodur 2014). However, for the temperature
range normally encountered in massive structures, this effect is usually neglected
(Briffaut et al. 2012; de Schutter 2002; Faria et al. 2006; Liu et al. 2014; Yuan and
Wan 2002; Zreiki et al. 2010; ACI 2001).

The coefficient of thermal expansion of concrete varies strongly with concrete
mix constituents (particularly aggregate type and amount) (CEB-FIP 2013;
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Bangash 2001). A comprehensive study on the effect of different aggregates can be
found in Buch and Jahangirnejad (2008). Some CTE values for concrete, either
measured directly or assumed in calculations, are reported in Table 3.3.

As shown by Wyrzykowski and Lura (2013b), the dependence of the CTE upon
the mix composition can be estimated with a good accuracy based on effective
medium approaches, e.g. the Hobbs model (Hobbs 1971) or the Rosen—Hashin
bounds (Rosen and Hashin 1970), when the CTE of the mix constituents is known,
see Table 3.3. Zhutovsky and Kovler (2017) proposed a poromechanical model for
the estimation of the CTE of concrete using the evolution of elastic properties
obtained from ultrasonic measurements as input.
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