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HIGHLIGHTS

« Temperature evolution within early-age pavements containing PCMs was simulated.

« Simulations were supported by experimental calorimetry data.

« Including PCM in the pavement reduces the hydration-induced temperature rise.

« PCMs with larger thermal conductivities are more attractive due to their ability to reduce temperature gradients.
« A design rule for selecting a PCM’s melting temperature was proposed.
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Afﬁflf-’ history: This study examined the benefits of adding microencapsulated phase change materials (PCMs) to con-
Received 6 January 2017 ] crete pavement sections so as to limit temperature rise and the development of temperature gradients
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Accepted 15 April 2017 calorimetry measurements of the heat generation rate associated with cement hydration as a function

of time and temperature were carried out. A transient 1D thermal model of a pavement section was
developed to simulate the temporal evolution of temperature within PCM-containing pavement sections
exposed to realistic climate conditions. The results highlight that while the low thermal conductivity of
Early-age concrete typical organic PCMs may be undesirable, the PCM’s latent heat capacity ensures substantial reductions
Cementitious composites in early-age temperature rise and the spatial temperature gradients developed within the pavement. In
Crack-resistant pavements addition, a selection criterion is proposed to choose a PCM’s phase change temperature based on its melt-
Thermal modeling ing temperature window and the concrete temperature at the time of placement. It is noted that choosing
a PCM with a phase change temperature equal to the concrete’s placement temperature plus one-half of

the melting temperature window provides the largest reduction in peak pavement temperature. The

results provide original insights that are needed to design crack-resistant pavements containing PCMs.
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1. Introduction and the development of temperature gradients in concrete pave-
ments. Such temperature rise and the subsequent cooling that
The exothermic nature of cement hydration and exposure to occurs over the following days can result in thermal cracking in

environmental heat results in semi-adiabatic temperature rise restrained concrete pavements [1,2]. The development of spatial

temperature gradients within the pavement (e.g., due to a cooler
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Nomenclature

B hydration rate parameter, unitless
C. cement content, kg/m>

Cp specific heat, J/kg K

Eq activation energy, J/mol

AH heat of hydration, J/kg

h convective heat transfer coefficient, W/m? K
hg latent heat of fusion, J/kg

k thermal conductivity, W/m K

L pavement thickness, m

Lg soil section thickness, m

Nu Nusselt number, unitless

q’ heat flux, W/m?

qr incident solar radiation flux, W/m?
q heat generation rate, W/m?>

R universal gas constant, J/mol K

Re Reynolds number, unitless

t time, s or h

teq equivalent age, s or h

Tp(x,t) pavement temperature, °C

Tgy(x,t) soil temperature, °C

Tsa(t) sol-air temperature, °C

Too(t) outdoor air temperature, °C

Tpe phase change temperature of the PCM, °C

X distance from pavement surface, m
w/c water-to-cement ratio, mass basis
Greek symbols

Ols total hemispherical solar absorptivity
ATpc PCM melting temperature window, °C
€ total hemispherical emissivity

i volume fraction of material i in composite
0 density, kg/m?>

o Stefan-Boltzmann constant, W/m? K*
T hydration time constant, s or h

0 degree of hydration, fraction

0o ultimate degree of hydration, fraction
Subscripts

a refers to air

c refers to core material in composite
c+s refers to core-shell microcapsule

eff refers to effective properties

l refers to liquid phase

m refers to matrix material in composite
S refers to solid phase or shell material in composite
sl refers to soil

minimizing the temperature and strain gradients (i.e., by ensuring
a more uniform internal temperature through the depth of the
pavement) would be an important direction toward reducing the
risk of thermal cracking. The risk of such early-age thermal crack-
ing is expectedly the highest over the first 7 days when the con-
crete pavement experiences the most substantial variations in its
internal temperature.

In addition to the established, but passive approaches of ice and
liquid-N, additions that aim to reduce the concrete’s temperature
at the time of placement [3-5], phase change materials (PCMs)
have recently been proposed as a means to mitigate the risk of
thermal cracking of concrete [6,7]. PCMs are temperature pro-
grammable thermal energy storage devices that can store large
amounts of latent heat that is associated with melting and solidifi-
cation processes [8,9]. Specifically, the latent heat offered by PCMs
can be used to capture heat released during cement hydration
reactions and/or entering the pavement from the environment;
thereby reducing the peak temperature attained within the pave-
ment [7]. Furthermore, as the ambient temperature decreases,
PCMs can desorb their stored heat, thereby helping to reduce the
severity of temperature gradients developed in concrete pave-
ments. Importantly, both of these actions can be designed to occur
at and around specific phase change temperatures; as a result of
which, PCM-containing cementitious composites can be designed
for optimal performance across a range of material compositions
and climate locations.

While a promising approach, the thermal behavior of PCM-
containing pavements exposed to realistic climatic conditions has
not yet been rigorously examined, or modeled. Therefore, the pre-
sent study aims to: (i) develop a transient one-dimensional (1D)
thermal model of a realistic early-age (concrete) pavement section
containing microencapsulated PCMs whose input parameters are
informed by isothermal calorimetry measurements of heat release
within hydrating PCM-cement paste specimens, and (ii) to deter-
mine whether the addition of PCMs can reduce the maximum tem-
perature and the temperature gradients developed within the first
few days of casting, thereby reducing the thermal cracking risk.
The outcomes provide new insights that are needed to ascertain

the optimal PCM characteristics that mitigate the risk of thermal
cracking in restrained concrete pavements.

2. Background
2.1. Modeling heat generation in concrete pavements at early-ages

Several studies have developed thermal models to predict tran-
sient temperature evolutions in pavement sections exposed to the
outdoor environment [10-21]. These models have been developed
for both mature concrete sections [10-17] as well as for early-age
concrete, for time periods following concrete placement until
seven days [18-21], when heat generation resulting from cement
hydration reactions is a significant contributor to thermal behav-
ior. Since the subgrade can serve as a heat-sink, such models
describe transient temperature evolutions both within the pave-
ment section, and within an underlying soil layer [16].

To assess the effects of cement hydration on early-age temper-
ature evolutions, it is crucial to account for the degree of hydration
(i.e., extent of reaction) of the cement [22,23]. In general, this
quantity depends on both time and the temperature history at a
given location, since the reaction rate increases with temperature
[5]. Hansen and Pederson [24] proposed that the effects of both
time and temperature can be accounted for via an “equivalent age”
teq(x, t) defined as,

t
teq(X, 1) :/0 exp

& (e ) "

where E, is the activation energy, R = 8.314 J/mol K is the ideal gas
constant, and T, is the reference temperature. The equivalent age
concept, based on the Arrhenius formalism of assuming reaction
rate has an exponential relationship with temperature, has been
widely applied to predict the degree of hydration and strength
development in concrete [19-21,25-29]. The degree of hydration
0(teq) can be approximated as a function of the equivalent age as
[21,29],
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O(teq) = O €XP {— (&) B} (2)

where the parameters 0,.,B, and 7 are assessed by fitting Eq. (2) to
experimental data of 0(teq).

2.2. Thermal modeling of PCM-containing cementitious composites

The thermal behavior of composites consisting of spherical
inclusions embedded in a continuous matrix (i.e., analogous to
the composite “PCM + concrete” pavement section considered
herein) was shown to be accurately predicted by simulating an
equivalent homogeneous material with appropriate effective ther-
mal properties [30,31]. Based on robust thermodynamic argu-
ments, the effective volumetric heat capacity of the composite
was computed as a volume-weighted average of the different heat
capacities [31],

(0Cp) o (T) = be(pCp)c(T) + b5(pCp)s + (1 = be = bs) (PCp) 3)

where ¢, and ¢, are the volume fractions of the core and shell com-
ponents of the microencapsulated PCM, respectively. The effective
thermal conductivity of the composite was computed using Felske’s
model as [32],

k(1= — ¢s) {6+4;ﬁ—§+2$§—’;§] +(142¢.+2¢;) [3 +(%jkc+2%k5]

(24 b+ ) [3+28+ 2]+ (1= g — )| (3+2) e+ 258

(4)

To accurately capture the effect of phase change on temperature
development in PCM-concrete composites, the effective heat
capacity method [33] can be used to describe the PCM’s specific
heat c,((T) as a rectangular step function of temperature, i.e.,

kegr =

Cpes for T<Tp —ATyc/2
pelT) =4 Cpes+xie fOr Tpe—ATpe/2 <T<Tpe+ATpe/2  (5)
Cpel for T>Tp+ ATy /2

where ¢, and ¢, are the specific heats (in J/kg K) of the PCM in
the solid and liquid states, respectively, hy is its latent heat of fusion
(inJ/kg), Ty is the PCM’s melting temperature, and AT, is the melt-
ing temperature window over which phase change occurs. It should
be noted that the use of a step function or Gaussian function to
describe phase change behavior results in little, if any difference
in terms of simulated thermal behavior [34]. The effective heat
capacity method allows one to easily parameterize and examine
the influences of different PCM properties including: hg, Tp, or
AT). This method was previously validated against an exact solu-
tion for the 1D Stefan problem of heat conduction in a paraffin slab
undergoing phase change [31,34].

3. Materials and methods
3.1. Material synthesis

A microencapsulated phase change material (MPCM24D, Micro-
tek Laboratories Inc.) consisting of a paraffinous core encapsulated
within a melamine-formaldehyde (MF) shell was used. The PCM
featured a melting temperature around 24 °C. An ASTM C150 [35]
compliant Type I/Il ordinary portland cement (OPC) was used. The
OPC featured a nominal composition of: 57.8% CsS, 18.2% (.S,
5.5% C3A and 9.1% C4AF as determined by X-ray fluorescence
(XRF). The cementitious composites were mixed in accordance with
ASTM C305 [36]. First, cement pastes were prepared by mixing OPC
with deionized (DI) water at water-to-cement ratios (w/c, mass
basis) of 0.45 and 0.55. Microencapsulated PCM was added to the

anhydrous OPC and mixed by hand prior to the addition of DI water.
The cementitious composites containing PCM were prepared for
microencapsulated PCM volume fractions ¢.,, = 0.05 and 0.10.
The desired microencapsulated PCM volume fraction ¢, was
achieved by adding the required mass of microencapsulated PCM
to the mixture based on its density p_,, = 900 kg/m? [37].

3.2. Experimental procedures

An isothermal calorimeter (Tam Air, TA Instruments) was used
to measure the thermal power (i.e., heat flow in W) and the heat of
hydration of cementitious composites for different w/c and PCM
volume fractions. The measurements were performed as described
in ASTM C1702 [25] for 7 days. The testing temperature of the
isothermal calorimeter was set to 15, 30, or 45 °C in order to
observe different reaction rates and states of the PCM (i.e., solid
or liquid). Reference specimens of DI water were prepared with
equivalent thermal mass to the cementitious composites and used
to measure the baseline heat flow signal. The baseline signal was
subtracted from the measured heat flow of the cementitious com-
posites. All mixture ingredients were conditioned to the relevant
test temperature (15, 30, or 45 °C) before mixing. Immediately
after mixing, approximately 10 g of each cementitious specimen
was loaded into a 20 mL glass ampoule, sealed, and then placed
into the calorimeter block.

4. Analysis
4.1. Schematic and assumptions

Fig. 1 illustrates the simulated pavement section of thickness
L =0.25 m similar to that of a typical U.S. highway pavement [38]
and soil section of thickness Ly = 2 m along with the associated
coordinate system. The pavement section had effective properties
key and (pcp),;(Tp) and experienced a local rate of heat generation

per unit volume ¢(x,t). The soil layer had a thermal conductivity
kg and volumetric heat capacity (pc,),. The upper surface of the
pavement (x = 0) was exposed to convection with the ambient air
at temperature T,, with convective heat transfer coefficient h. It
was also exposed to solar radiation flux gq/(t) (in W/m?), and
exchanged thermal radiation with the sky at temperature Tg.
The pavement surface had a total hemispherical solar absorptivity
o and a total hemispherical emissivity €. The bottom of the soil sec-
tion (x = L + L) was assumed to be at a constant temperature T,.

To make the problem mathematically tractable, it was assumed
that: (i) one-dimensional (1D) heat conduction in the x-direction
prevailed, (ii) all the material properties were constant and isotro-
pic except for the temperature-dependent specific heat of the PCM,
(iii) the PCM’s specific heat was the same in the solid and liquid
states, i.e., Cpcs = Cpcur (iv) the convective heat transfer coefficient
h at the pavement surface remained constant, (v) radiation
exchange between the pavement and the sky was unobstructed
and from a small surface to large surroundings, and, (vi) evapora-
tive cooling at the pavement surface was negligible.

4.2. Governing equations

The temperature in the pavement section T,(x, t) was governed
by the 1D transient heat diffusion equation with heat generation
[39],

aT >’T, .
(/’Cp)eff(Tp)aftp = ke]fasz +q(x,t) (6)

where ((x, t) is the local rate of heat generation per unit volume (in
W/m?). Similarly, the soil temperature T(x, t) was also governed by



B.A. Young et al./Construction and Building Materials 147 (2017) 466-477 469

T.(t),h

A

0 N N N N N N N N N W N W m— w— w—

Pavement, T(x.t)
keff- (pcp)eff(Tp)- Q(X,t)

X Tl +Ls,t) =Ty

Fig. 1. A schematic of simulated pavement and soil sections of thickness L = 0.25 m, corresponding to a typical highway pavement in the U.S. [38], and Ls = 2 m, respectively.
The upper surface of the pavement (x = 0) was exposed to convective heat transfer and thermal radiation exchanges with the outdoor environment, while the bottom of the

soil section (x = L + L) was held at a constant temperature Tj.

the transient heat diffusion equation but without heat generation,
ie,

Ty O*Ty
(pCP)sla_ts = kS’ 8X25 . (7)

Additionally, the pavement equivalent age t.(x,t) can be
expressed in differential form as,

(e 7)) ®

4.3. Initial and boundary conditions

At time t = 0, the temperature in the pavement section was
taken to be uniform and equal to an initial temperature Ty, i.e.,

Tp (X, O) = T,‘m‘p (9)

Additionally, the soil section was assumed to have a uniform
initial temperature equal to the ground temperature T,

Tq(x,0) = T, (10)

To account for the fact that some hydration had taken place
before the concrete was placed, the pavement was assumed to be
at an initial equivalent age te(x,0) = 0.5 h though in practice,
due to the time elapsed during transportation, this number may
be slightly higher. A heat flux boundary condition was imposed
at the upper pavement surface (x = 0) to include the effects of con-
vective heat transfer, absorption of incident solar radiation, and
thermal emission. Both convection and incident solar radiation
can be accounted for by introducing the sol-air temperature
Tao(t) as [40],

orsqs (£)

h
where o is the pavement’s total hemispherical solar absorptivity,
q!(t) is the incident solar radiation flux, and h is the convective heat
transfer coefficient between the pavement surface and the outdoor
air at T... Then, the heat flux at x = 0 can be expressed as,

Tsa(t) = Too () +

(11)

oT
7keffaixp = h[T(t)

—T,(0,0)] - £0[T,(0,0)* — Ty, (12)
where ¢ is the total hemispherical emissivity of the pavement sur-
face, 0 = 5.67 x 10°® W/m? - K* is the Stefan-Boltzmann constant,
and Ty, is the average sky temperature, taken as 2 °C [39]. The bot-
tom surface of the soil section (x = L + L;) remained at Ty, i.e.,

Ta(L + L, t) = T, (13)

Finally, the temperature and heat flux were continuous across
the pavement-soil interface such that
dTy

ar
Ty(L.t) = Ta(L.t) and kg T2 (L,0) = ka2 (L.D). (14)

4.4. Heat generation rate

The total heat released per unit volume of the concrete from
exothermic cement-water reactions at a given location can be writ-
ten in terms of the degree of hydration 6(t.;) and equivalent age
teq(x,t) as [21],

Q(teq) = CCAHe(teq) (15)

where AH is enthalpy of reaction (in J/kg) and C. is the cement con-
tent, i.e., the mass of cement per unit volume of the concrete (in kg/
m?>). The enthalpy of reaction of cement can be calculated as the
mass-averaged enthalpy of reaction (with water) of each miner-
alogical phase,

AH = mc,sAHc,s + Mc,sAHe,s + Me,aAHc,n + Me,ar AHe, (16)

where m; and AH; are the mass fraction and enthalpy of reaction,
respectively, of each constituent in cement, namely C3S, C,S, C3A,
and C4AF [41,42]. The mass fraction of each constituent was
obtained by X-ray fluorescence measurements. The resulting AH
was calculated as 475 kJ/kg for the cement used in this study.
Then, by combining Eqs. (1) and (2) along with Eq. (15) the
instantaneous rate of heat generation ¢(x,t) (in W/m?®) can be
expressed as [21],
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4.5. Constitutive relationships

Table 1 summarizes the thermal conductivity k, density p, and
specific heat ¢, of concrete, melamine-formaldehyde shell (MF),
PCM core, and soil used in the simulations. The PCM’s latent heat
of fusion was taken as hy = 180 kJ/kg [43]. The effective volumetric
heat capacity of the pavement section was calculated using a volume
average as in Eq. (3), while the effective thermal conductivity was
determined using Eq. (4) [32]. The effective heat capacity method
outlined by Eq. (5) was used to determine the PCM’s specific heat
¢pc(T) as a function of its temperature. The cement content C. was
taken as 586 kg/m?> corresponding to laboratory formulated mortars
with a total inclusion (fine aggregate) volume fraction of 55%. Note
that in a typical concrete, the inclusion volume fraction can be as
high as 75% [3], which would result in a lower cement content.

Convective heat transfer at the upper pavement surface was
modeled as laminar forced convection over a flat plate using the
correlation for the surfaced-averaged Nusselt number [39],

Nu, = % = 0.664Re;*Pr'”? (18)
where Re, =u.L./v is the Reynolds number based on the wind
velocity u,, and Pr is the fluid Prandtl number. The thermal conduc-
tivity k,, kinematic viscosity v,, and Prandtl number Pr, of air at
27°C were taken as 0.03W/mK, 1.58 x 107> m?/s, and 0.707
respectively [39]. Here, the characteristic length L. was taken as
1.5 m to represent the area-to-perimeter ratio [14] for a pavement
section of “infinite” length and typical width of 3 m [44], while the
average wind speed u,, was taken as 2.5 m/s [45]. The resulting con-
vective heat transfer coefficient h obtained from Eq. (18) was 5 W/
m? K. Note that this value is close to that of 3.6 W/m? K predicted by
the correlation suggested by Wolfe et al. [46] based on experimen-
tal measurements of the convective heat transfer coefficient at a
pavement surface.

The sol-air temperature T, (t) imposed in Eq. (12) was obtained
from Climate Consultant for California Climate Zone 9 (Los Angeles,
CA) [45]. Fig. 2 plots the outdoor air temperature T, (t) and the sol-
air temperature T (t) corresponding to: (a) September 24th and
(b) March 2nd in Los Angeles, CA. These days were selected
because they were the hottest and coldest days, respectively, based
on historically averaged weather data. The ground temperature T,
was imposed as 19 °C [45]. The initial temperature of the pavement
section was Ty, = 40 °C. Finally, the total hemispherical solar
absorptivity of the pavement o was taken as 0.6, while its total
hemispherical emissivity was 0.9, as reported in the literature for
plain concrete [39].

4.6. Method of solution

The transient 1D governing Eqgs. (6)-(8) were solved along with
the corresponding boundary and initial conditions using a

September 24t
a 'l | 'l | 'l | 'l
(@) 160 Air temperature T (t)
- 7 Sol-air temperature T_,(t)
&)
2 120 — L
= - X
S 80 -
B I
o
3
S 40— —
[
0 L] l L] l L] l v
0 6 12 18 24

Time, t (hours)

March 2nd
(b) 160 1 | - 1 | 1 | 1
Air temperature T _(t)
—_ ] Sol-air temperature T_,(t)f
o
2120 — .
= - A
)
§ 80 — -
o
e 4 L
3
S 40+ -
[
0 L] l L] l L] l L]
0 6 12 18 24

Time, t (hours)

Fig. 2. The outdoor air temperature T, (t) and sol-air temperature Ts,(t) corre-
sponding to (a) September 24th and (b) March 2nd in Los Angeles, CA.

semi-implicit finite difference method [39]. The solution was con-
sidered to be numerically converged when the resulting pavement
temperature (i.e., at any time or spatial location) differed by no
more than 1% after reducing the nodal spacing Ax or the time step
At by a factor of 2. A nodal spacing Ax =5.8 mm and time step
At = 300 s were sufficient to provide a converged solution.

4.7. Data processing

Two criteria were defined to evaluate the thermal performance
of the pavement section. First, the maximum pavement tempera-
ture Thmax(t) was defined for each instant as,

Table 1

Thermal conductivity k, density p, and specific heat c, of concrete, melamine-formaldehyde (MF), PCM, and soil.
Material Subscript k (W/m K) p (kg/m?) ¢p (J/kg K) Ref.
Concrete m 14 2330 880 [39]
MF-shell s 0.49 930 2250 [56]
PCM-core c 0.21 860 2590 [43,57]
Soil sl 0.52 2050 1840 [39]
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Tmax(£) = max(Tp(x, £)]- (19)

Second, the maximum temperature gradient Tyma(t) was
defined for each instant as,

Tx,maX(t) = rnvgx |:(Z_];f (X, t)j| . (20)

Finally, the overall maximum (peak) temperature and tempera-
ture gradient attained within the pavement section during the 24-
h simulation period were also recorded and defined as,

Tpeak = %?X[Tnmx(t)] and Tx.peak = rI33)(['1N)<.max(t)]- (21)

5. Results and discussion
5.1. Isothermal calorimetry

Fig. 3a displays heat flow as a function of time from the time of
initial mixing of cement and water measured at different temper-
atures, namely 15, 30, and 45 °C, and with PCM volume fraction
¢.,s equal to 0 or 10%. Expectedly, increasing the temperature

(a) 20 ! | 1 | 1 | ! | 1
T=45°C wic= 0.55
I Solid: g.., =0.00 [
< 164 Dashed: g, = 0.10 [~
o
S
E
3
K]
=
®
Q
T
0 T I T I T I T I T
0 4 8 12 16 20
Time, t (hours)
(b) 60 ' R T R ST R
1Solid: wic = 0.45 T=45°C [
g 50 JDashed: w/c = 0.55 / F
<) E C
£ 40 ] -
S NT=30°C -
S 30 -
2] \T =15°C [
S 203 o
- Bers =0.00
2 103 . =005F
a — s =010 F
uf n
0 T I T I T I T I T I T I T

0 24 48 72 96 120 144 168
Time, t (hours)
Fig. 3. Representative heat flow profiles for cement pastes (w/c = 0.55) with and

without PCM cured at different temperatures, and, (b) the degree of hydration
(reaction) of the cementitious specimens as a function of time.

accelerated cement hydration, manifesting as a shortened induc-
tion period and elevated maximum heat flow. The addition of
PCMs was observed to have no influence on the kinetics of reac-
tions [7]. This indicates that the PCM microcapsules induced no
acceleratory filler effect on cement hydration; either on account
of their small specific surface area or on account of featuring sur-
face properties unfavorable for C-S-H nucleation [47]. To further
evaluate the effects of PCM on the degree of hydration, Fig. 3b plots
the time-dependent degree of hydration 0(t) for cementitious spec-
imens with w/c = 0.45 or 0.55 and PCM volume fraction ¢, of 0, 5,
or 10%. At a fixed temperature (i.e., T=30 °C), 6(t) did not show sig-
nificant dependence on either w/c or ¢.,,. It should be noted that
the lack of dependence on w/c is expected when sufficient space
for the formation of hydration products, and water are available,
i.e., for w/c>0.42 [42].

The activation energy of cement hydration was calculated using
an Arrhenius approach via the equivalent age concept expressed in
Eq.(1)and assuming a uniform temperature in the sample. The acti-
vation energy E, was estimated from the slope of the degree of
hydration 0 versus 1000/T plot, for reaction times corresponding
to 6, 12, 18, 24 h at 30 °C. Particular attention was paid to the first
24 equivalent hours of hydration when reactions are most sensitive

_~
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o

E,= 31.9 kJ/mol

H w/ic=045[
® w/c=0.55]|
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e e A L
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Activation energy, E, (kJ/mol)
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— Master curve [Eq. (2)]
T I T I T I T
0 100 200 300 400
Equivalent time, ¢, (hours)

Fig. 4. (a) The activation energy of cement hydration as a function of PCM volume
fraction, and, (b) the degree of cement hydration 0(t.;) as a function of equivalent
age tq. The master curve applies to all mixtures regardless of PCM dosage and w/c.
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to the effects of temperature. For example, Fig. 4a shows the activa-
tion energy as a function of PCM dosage for mixtures at both w/
c=0.45 and 0.55. It indicates that the activation energy had little
dependence on ¢.,,. The average activation energy for cement
hydration was therefore taken as 31.9 kJ/mol.

Fig. 4 displays the measured degree of hydration 0(t.q) as a func-
tion of equivalent age t., for varying w/c and ¢, for a reference
temperature T,; = 30°C (chosen arbitrarily). Also shown is the
resulting degree of hydration “master curve” obtained by fitting
Eq. (2) to all experimental data. The curve fit parameters that pro-
duced the best fit were 0, = 0.495, B=0.9, and 7 =11.4 h. The
small variation of experimental measurements from the master
curve indicates that the PCM microcapsules do not influence degree
of hydration, and broadly function as inert inclusions. Overall, these
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results indicate that the master curve can be used to describe 0(t.q)
for any PCM volume fraction ¢, between 0 and 10% and w/c
between 0.45 and 0.55, so long as the activation energy is known.
Thus, the values of 6, =0.495, B=0.9, and T =11.4h as deter-
mined from fitting the experimentally measured isothermal
calorimetry data were used in Eq. (17) to determine the instanta-
neous rate of heat generation in the numerical model.

5.2. Pavement temperature evolutions

Fig. 5 plots the predicted maximum temperature Tmax(t) and
maximum local temperature gradient Tyma.x(t) developed within
a pavement section exposed to the sol-air temperature corre-
sponding to September 24th in Los Angeles, CA, for a placement
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(%) 350 J Plain concrete |
300 4 $css = 01 -
1---- =01,k =k, i
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Fig. 5. The maximum temperature Tpax(t) and local temperature gradient Ty max (t) developed within pavement sections exposed to outdoor temperature and solar irradiation
corresponding to September 24th in Los Angeles, CA placed at either (a-b) 12 pm or (c-d) 6 pm. The results shown are for a plain concrete pavement section and sections with
10 vol.% microencapsulated PCM. The PCM’s melting temperature T,. was 45 °C and the melting temperature window AT, was 8 °C. The initial pavement temperature was

taken as Tiy; = 40°C.

Table 2

The peak temperature T and temperature gradient Ty yeqc developed within the first 24 h after placement for plain concrete or PCM-composite pavement sections exposed to
outdoor temperature and solar irradiation corresponding to September 24th or March 2nd in Los Angeles, CA.

Day Placement time Tpear (°C) Ty peak (°C/m)
Plain concrete ¢eys =0.1 Plain concrete ¢eys =0.1

September 24th 12 am 60 57 190 174
6am 66 61 230 198

12 pm 61 55 234 197

6 pm 55 53 181 162

March 2nd 12 am 47 45 196 185

6 am 52 48 203 185

12 pm 50 47 205 186

6 pm 47 45 194 180
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time of either 12 pm (a-b) or 6 pm (c-d) for: (i) a plain concrete
pavement or (ii) a pavement with 10 vol.% microencapsulated
PCM. The PCM melting temperature T,. was fixed at 45 °C, and
the melting temperature window AT, was fixed at 8 °C, i.e., PCM
melting/freezing took place between 41 °C and 49 °C. The choice
of PCM melting temperature was made such that the entire phase
change temperature window fell between the initial pavement
temperature Tj,; = 40 °C and the maximum temperature attained
by the plain concrete section, which was around 55-60 °C. Fig. 5a
shows that for a placement time of 12 pm, a single large peak in
the pavement temperature was observed around 6 h after place-
ment. This can be attributed to the peak of heat generation from
hydration occurring near the same time as the peak outdoor tem-
perature and solar irradiation. By contrast, for a placement time of
6 pm (Fig. 5c), there were two separate peaks in Tna(t) corre-
sponding to (i) the peak of heat generation, and (ii) the peak out-
door temperature and solar irradiation of the following day -
wherein the subsequent peak was in fact more substantial than
the hydration heat peak. In each case, both the maximum temper-
ature and maximum local temperature gradient reached their peak
values within the first 24 h of placement.

Fig. 5 indicates that for both placement times considered, the
peak temperature was around 5 °C lower for the PCM-containing
pavement section as compared to the plain concrete section. How-
ever, the addition of 10 vol.% PCM adversely affected the maximum
temperature gradient (Fig. 5b and d), compared with the plain con-
crete section. This is because the PCM microcapsules, on account of
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their low thermal conductivity, acted as thermal insulators,
thereby preventing the dissipation of heat through the pavement
surface and the subgrade. Indeed, the inclusion of 10 vol.% PCM
with thermal conductivity k. = 0.21 W/m K reduced the thermal
conductivity of the pavement section from k, =1.4W/mK to
key =1.2W/mK, i.e,, a reduction of around 15%.

To distinguish the effects of the PCM’s latent heat capacity from
that of the reduced thermal conductivity, Fig. 5 also shows the
maximum temperature Tm.x(t) and temperature gradient Ty max(t)
obtained from simulating a pavement section with 10 vol.% PCM,
but with an effective thermal conductivity equal to that of the
plain concrete k. In this case, the maximum temperature gradient
was reduced by up to 16% or 11% compared with that of the plain
concrete section for placement times of 12 pm and 6 pm, respec-
tively. To continue examining the benefits of PCM latent heat
and given the limited effect of the thermal conductivity difference
on the maximum temperature within the section (see Fig. 5a), the
PCM-composite pavement section was treated as having an effec-
tive thermal conductivity ks equal to the plain concrete value of
kn =1.4W/mK for the remainder of this study. In practice, this
could be achieved by: (i) selecting a PCM with a larger thermal
conductivity, (ii) selecting a PCM encapsulated within a higher
thermal conductivity shell structure [48,49], (iii) impregnating
PCM directly into porous aggregates [50], and/or, (iv) adding
inclusions with large(r) thermal conductivity, such as quartz sand
or graphite, to compensate for the loss in thermal conductivity
caused by the addition of PCM microcapsules. These results also
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Fig. 6. The effect of PCM melting temperature T,. and melting temperature window AT, on the peak temperature Tp.q and the local temperature gradient Ty peq attained
within a composite pavement section placed at 6 am on (a-b) September 24 or (c-d) March 2", The PCM volume fraction was ¢, = 0.1 and its latent heat of fusion was

hy =180 k] /kg.
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suggest that inorganic PCMs, which tend to have larger thermal
conductivities than organic PCMs [51] - only if chemical passivity
can be ensured - may be better suited for use in pavement
sections.

Table 2 shows the peak temperature Tp.q and temperature gra-
dient Ty peq attained within the first 24 h of placement for plain
concrete or PCM-composite pavement sections exposed to outdoor
weather conditions corresponding to either September 24th or
March 2nd in Los Angeles, CA. Four different placement times
(12 am, 6 am, 12 pm, and 6 pm) were investigated. Table 2 indi-
cates that the inclusion of 10 vol.% PCM reduced the peak temper-
ature Tpeq in all cases. In particular, the inclusion of PCM reduced
the peak temperature the most on September 24th for placement
times of 6 am and 12 pm. The peak temperature gradient attained
within the pavement was also lower for the PCM-composite pave-
ment section in all cases considered. Here again, the addition of
PCM was most beneficial in the September 24th case for placement
times of 6 am and 12 pm, reducing the peak temperature gradient
by 14% and 16%, respectively. Overall, these results establish that
including PCM in pavement sections poured in climates such as
that of Los Angeles, CA can provide a noticeable benefit in reducing
the peak temperature and temperature gradient developed within
the pavement at early-ages; so long as the effective thermal con-
ductivity of the pavement is not substantially reduced.

5.3. Parametric study
The following section presents a parametric study aimed at elu-
cidating the effects of various material and mixture parameters on

the thermal performance of a PCM-composite pavement section,
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namely (i) PCM melting temperature T, and melting temperature
window AT, (ii) PCM volume fraction ¢, (iii) PCM latent heat of
fusion hy, and (iv) the initial placement temperature of the con-
crete T,;;. Here, the effective thermal conductivity k. of the com-
posite pavement section was again assumed to be equal to 1.4 W/
m K corresponding to that of a plain concrete section.

5.3.1. Effect of PCM melting temperature and melting temperature
window

Fig. 6 plots the peak pavement temperature T, and peak tem-
perature gradient Ty peqx Within a PCM-composite pavement section
for PCM volume fraction ¢.,; = 0.1 as a function of the PCM’s melt-
ing temperature T, ranging from 40°C to 50 °C. The outdoor
weather conditions corresponded either to (a-b) September 24th
or (c-d) March 2nd in Los Angeles, CA. The placement time was
6 am in both cases. Different values of PCM melting temperature
window AT, ranging from 2 °C to 8 °C were also considered. For
reference, the peak temperature and peak temperature gradient
attained within a plain concrete pavement section exposed to the
same climate conditions are also shown. Fig. 6 shows that Tpeq
and Ty eq did not show a significant dependence on the width of
the melting temperature window AT, provided that the window
is fully encompassed. Fig. 6a and c also show that for both cases
considered, the peak temperature was reduced the most when
the lower bound of the PCM phase change window was near the
pavement’s initial temperature Tj,; = 40 °C. In other words, the
optimal PCM melting temperature was,

AT,
Tpc.opt = Tinit + Tpc (22)
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Fig. 7. The effect of (a-b) microencapsulated PCM volume fraction ¢.,; and PCM latent heat of fusion hy as well as (c-d) the product ¢, hs on the peak temperature and
temperature gradient attained within a composite pavement section placed on September 24" at 6 am. Here, the PCM's melting temperature was Ty =45 °C and the melting

temperature window was AT, = 8 °C.
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Fig. 6b and d indicate that selection of the PCM melting temper-
ature near this optimum also provides the largest possible reduc-
tion in peak temperature gradient.

5.3.2. Effect of PCM volume fraction and latent heat of fusion

Fig. 7 plots (a) the peak temperature Tp.q and (b) the peak
temperature gradient Type attained within a PCM-composite
pavement section as a function of the PCM volume fraction
¢.s and its latent heat of fusion hg. Fig. 7a establishes that the
peak temperature decreased with increasing PCM volume frac-
tion, and decreased more sharply with increasing PCM latent
heat. Fig. 7b shows that the peak temperature gradient also
decreased with increasing PCM volume fraction when hy was
between 100 and 200 kJ/kg. However, for hy =300 or 450 k]/kg,
Typeak Was no longer reduced by further increases in the PCM
dosage once ¢, reached 0.2, suggesting that there is a limit to
which the temperature gradient can be reduced by latent heat
storage alone.

Fig. 7 also plots (c) Tpeqk and (d) Typeak as functions of the pro-
duct ¢, hy, which represents the total latent heat storage capacity
of the composite. It establishes that the reduction in temperature
and temperature gradient afforded by PCM additions depended
on this product, rather than ¢, or hy individually. Note that this
would not be the case if the effective thermal conductivity of the
pavement was allowed to change with PCM dosage. Also, since
the addition of PCMs can negatively impact the mechanical proper-
ties (e.g. compressive strength and elastic modulus) of cementi-
tious composites [52,53] - it is beneficial to increase the amount
of latent heat storage capacity in the composite by increasing hy
rather than ¢, as also noted by Savija and Schlangen [54].

5.3.3. Effect of the concrete’s placement temperature

Fig. 8 plots (a) the peak pavement temperature Tpeq and (b) the
peak temperature gradient Ty attained within a plain concrete
or PCM-composite pavement section as a function of the initial
placement temperature Ti;; ranging from 20 °C to 40 °C. Here,
the PCM melting temperature varied along with the initial temper-
ature such that the criterion in Eq. (22) was satisfied. As would be
expected, the peak temperature decreased linearly with decreasing
initial temperature of the concrete. The difference in Tpeq between
the plain concrete and PCM-containing pavements remained simi-
lar for each placement temperature considered, indicating that the
peak temperature reduction afforded by PCM additions is indepen-
dent of the concrete’s initial temperature. On the other hand, the
peak temperature gradient was lowest for an initial temperature
Tinie = 24°C and the difference in Ty, between plain concrete
and PCM-containing sections decreased with decreasing Tiy;.

Taken together, these results suggest that in conjunction with
adding PCM, cooling the mixture prior to placement would be
the most effective means to mitigate thermal cracking. A simple
(and well-known) method of this nature is to add ice to the con-
crete mixture; whose effectiveness is ensured by the large latent
heat associated with melting the ice as well as the large sensible
heat capacity of water [3,5]. It should be noted that the optimal
choice of the PCM’'s melting temperature corresponding to
Tinie = 24 °C, according to Eq. (22), is T, = 28 °C. Importantly, a
PCM with this melting temperature may also inhibit temperature
cycling at later ages, where the pavement temperature evolution
is largely dictated by the outdoor air temperature. Therefore, the
benefit of lowering the initial pavement temperature is twofold:
(i) it reduces the maximum temperature and temperature gradient
developed within the pavement at early-ages, and (ii) it allows the
use of a PCM with a lower melting temperature that could offer
benefits associated with reducing thermal fatigue damage.
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Fig. 8. (a) Peak temperature Ty and (b) peak temperature gradient Ty peq Within a
plain concrete or PCM-dosed pavement section as a function of the initial
temperature Ti,;. Here, the PCM volume fraction was ¢, = 0.1, the latent heat
of fusion was hy =180KkJ/kg, and the melting temperature window was
AT, = 8°C. The melting temperature T, was chosen in each case such that
Tpe = Tinie + ATpc/2.

5.4. Comparison of PCM with high thermal conductivity inclusions

Based on the results presented earlier in Section 5.2, it may be
speculated if adding inclusions with a high thermal conductivity
(i.e., in an effort to dissipate heat at a higher rate) would be more
beneficial to early-age performance than the inclusion of microen-
capsulated PCM. To investigate this possibility, Fig. 9 plots the
maximum temperature Tma(t) within pavement sections made
of (i) plain concrete, (ii) concrete with 10 vol.% graphite aggregates,
or (iii) concrete with 10 vol.% PCM. Here, the density p and specific
heat ¢, of the graphite used were 2210 kg/m?® and 709]/kgK,
respectively [39]. The thermal conductivity of the graphite was
taken as 20 W/m K [55]. Fig. 9 shows that the peak temperature
was reduced only slightly by the inclusion of graphite inclusions,
whereas the inclusion of PCM reduced the peak temperature by
nearly 5 °C. Therefore, while high thermal conductivity inclusions
may increase heat dissipation and/or reduce temperature gradients
within the section, they do not show the benefit afforded by the
PCM'’s latent heat storage i.e., in limiting the hydration heat
induced temperature rise at early-ages.
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Fig. 9. Maximum temperature Tyax(t) developed within pavement sections made of
plain concrete, concrete with graphite inclusions, or concrete with microencapsu-
lated PCM exposed to outdoor temperature and solar irradiation corresponding to
September 24" in Los Angeles, CA and placed at 6 am.

6. Summary and conclusions

This study developed a transient thermal model to predict
early-age temperature evolutions within (concrete) pavement sec-
tions containing microencapsulated PCMs. Experimental calorime-
try data was used to describe the degree of hydration of the
cementitious matrix as a function of temperature and time. The
degree of hydration data was then used to determine the local rate
of heat generation and its influence on pavement temperature evo-
lutions. The inclusion of 10 vol.% microencapsulated PCM within
the pavement was shown to induce noticeable reductions in the
temperature developed within the first 24 h of placement. Addi-
tionally, the addition of PCM also reduced local temperature gradi-
ents developed within the pavement section so long as the
effective thermal conductivity of the pavement was not reduced.
Finally, a parametric study was carried out to assess the effects
of different parameters including: melting temperature, latent heat
of fusion, and initial pavement temperature, and to suggest a
selection criterion for the appropriate choice of PCM melting
temperature. These results inform the design and proportioning
of PCM-dosed concrete (pavement) mixtures that feature
improved resistance to thermal cracking.
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