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Abstract

For several days after concrete is poured, atmospheric conditions influence the hydration reactions of concrete’s binder components and
so may influence its long-term durability. Accurate concrete temperature and moisture forecasts would help engineers determine an optimal
pour time. Some existing curing concrete models include complicated chemistry and/or microstructure development parameterizations or do
not allow for mix design changes. A bimolecular heat generation expression that is simple but sufficiently detailed to account for mix design
changes was improved for Class HP concrete. Analysis of published calorimetry data and those determined in this study indicated that a
second-order formulation adequately describes the heat generation. Class HP binder has an activation energy of ~ 35 kJ mol ~'. After 72 h,
Class HP pastes evolved 250—280 kJ kg ~ '. A method to account for the effect of retarders on Stage IT length and Stage III hydration rates
was developed. A curing concrete bridge model with the bimolecular expression predicted concrete temperatures to within 2 °C of observed

temperatures and reasonable 72-h hydration fractions (~ 0.6). © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Ambient atmospheric conditions influence the thermal
and moisture state of freshly poured, curing concrete. The
long-term durability and strength of the resulting concrete
mass may be compromised by excessive concrete tempera-
tures and temperature gradients or insufficient moisture
during the first few days after the concrete is placed [1—4].
These durability problems contributed to the need to replace
an average of 12 bridge decks per year at an annual cost
of US$20 million in New York State from 1995 to 1999
(K. McCarty, 1999, personal communication).

We developed a model to determine how ambient
atmospheric conditions influence the thermal and moist-
ure state of curing concrete on bridge decks during the
first few days after placement. The model is simple
enough for use in a field setting so the field engineer
may determine an optimal time to pour based on weather
forecasts, and is flexible enough to accurately account for
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the heat and mass transfer which occur in any atmo-
spheric conditions. In addition, the model’s heat genera-
tion expression, the focus of this paper, is simple and
flexible enough to be applied if a field engineer decides
to augment the water-mass-to-binder-mass ratio (w/b) of
the concrete mix.

Proper boundary conditions for the model were deter-
mined from four field campaigns in which the energy
balances of four curing concrete bridge decks in eastern
and central New York were estimated from atmospheric and
bridge environment measurements [5]. At the top surfaces,
heat was transferred by evaporation, convection, radiation
and runoff spray water. Because the magnitude of each
transfer term varied depending on the atmospheric condi-
tions, all terms must be included as boundary conditions in a
realistic model of curing concrete bridge decks. From these
energy balances, heat and mass exchange coefficients for
convection and evaporation were found to be a function of
an easily determined atmospheric stability parameter. Heat
transfer at the bottom of the bridge was less than 30% of that
at the top and was dominated by conduction through steel
support beams, which produced large concrete temperature
gradients above the beams.

0008-8846/01/$ — see front matter © 2001 Elsevier Science Ltd. All rights reserved.
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This paper describes the development of the hydration
heat generation expression for the curing concrete model.
For its bridge decks, New York State Department of
Transportation (NYSDOT) now specifies the use of Class
HP concrete whose binder component is composed of 74%
cement, 20% flyash and 6% microsilica by weight, a
variation of Class H concrete which uses 85% cement and
15% flyash. The NYSDOT has determined the physical
properties of Class HP concrete such as a 28-day strength of
6350 psi [6]. The thermal conductivity, density, specific heat
capacity and the 24-h hydration heat of Class HP concrete
are 2.7-3.0 Wm 'K ', 2230 kgm > and 1380 J kg
K~ ' and ~190 kJ kg ', respectively [5]. However, no
detailed rate information about the hydration reactions of
Class HP concrete is available.

The NYSDOT also requires the use of an acceptable set-
retarding/water-reducing admixture. For the 1998 and 1999
bridges, the set-retarding/water-reducing admixtures used
were hydroxycarboxylic acids: W.R. Grace’s Daratard 17
and Sika’s Plastiment, respectively. We do not know what
types of retarders were used for the 1995 or the 1996 bridges.
By adsorbing onto the hydration products, these retarders
limit the movement of water toward the unhydrated binder [1]
and slow the hydration reactions. Retarders have been studied
extensively [7,8] but because of the complexity of the in-
teraction of retarders with different binder compositions, no
detailed mechanisms that describe their effect on the hydra-
tion reactions are available. In a technical bulletin for Dar-
atard 17, Grace provides information of dosage rate versus set
time for several concrete temperatures. For example, for
concrete at 21 °C and a dosage rate of 4 0z (100 1b binder) ~ ',
the set delay (increase in the length of Stage II) is about 4 h.
However, manufacturers generally recommend that the retar-
ders be tested with samples of the exact materials to be used in
the concrete. NYSDOT has not conducted any experiments to
determine the action of these retarders. We have conducted
experiments to determine the effect of the retarders on the
heat evolution of the hydrating Class HP binder.

To meet the intended purposes of our model, the heat
generation expression for Class HP concrete must be simple
but also flexible enough to allow for mix design changes.
Some existing hydration parameterizations contain detailed
chemical reactions for several compounds consumed or
formed during the hydration process [9,10]. Such parame-
terizations are too complex for our stated goals.

Another common approach to calculating the heat gen-
eration rate is the chemoplasticity approach, which was first
suggested by Acker et al. [11], and has been described in the
thermodynamic framework of a reactive, porous media by
Ulm and Coussy [12,13] and Ulm et al. [14]. In the
chemoplasticity approach, the heat generation rate at any
given time is dependent upon temperature and the fraction
of the binder that has hydrated up to that point, o. To predict
the heat generation for a particular mix under any condi-
tions, all that is needed is temperature and heat data from
one calorimetry experiment for that mix. While very simple,

this approach cannot handle changes in mix design (since a
different calorimetry experiment would be needed)—an
important feature of our expression.

A bimolecular parameterization with published reaction
rate constants to predict heat generation rates was used in a
finite element model of curing concrete pavements [15] and
bridge decks [16]. Concrete temperature predictions were
within about £2-5 °C of field observations. The model
also predicted the location of maximum temperatures near
the bottom of the deck and the localized temperature
minima above the support beams (Fig. 1a), as seen in the
observed data. However, subsequent analysis revealed that
the expression produced too much heat over a longer period
than indicated by the observations and could not simulate
any part of Stage II, which was extended by the addition of
retarders into the concrete mix (Fig. 1b).

To formulate the heat generation expression for Class
HP concrete, we used a bimolecular formulation in which
the hydration rate of the binder components, g (molg
m~ > s "), is a function of the binder components and
water concentrations:

rg = —kR"B" (1)

where k is the effective rate constant (m®> molg ~' s~ ")
and is dependent on temperature, given with an Arrhenius
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Fig. 1. (a) Predicted concrete temperatures for a cross-section of a curing
concrete bridge deck in Saratoga, NY, in June 1998. The thicker concrete
areas are supported from below by steel support beams. (b) Observed and
predicted temperatures near the bottom of the concrete slab.
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term Aexp(— E/R* Ty,): where 4 is the pre-exponential
factor, E, is the activation energy (J mol ~ '), R* is the
universal gas constant (J mol ' K~ ') and Tys 1s the
reaction temperature in Kelvin; R and B are the available
water (molg m ~°) and binder (molg m ~*) concentrations
in the concrete, respectively; and m and n are exponents
providing the overall order of the reaction, m+n. The
cement, flyash and microsilica are lumped into B as we
treat them as a single material.

In our model, we explicitly compute the binder and
available water concentrations:

dB E,

e R"B" 2
dt p( R* Sys) ( )
dR  dB

dr _ 4B 3
ar - Vdr (3)

where 1) is the number of moles of water consumed per mole
of binder consumed and includes the chemically combined
water and that adsorbed on the hydration products [17]. 1 in
relation to R may also be interpreted as an indication of the
decrease in the water concentration in the capillary pores
before they become segmented [18]. See Wojcik [19] for a
more complete discussion of 1, which can range from 3 to
12 [1,9,18,20,21].

A heat generation expression can be formulated from
Eq. (1):

% = k(—AH)R"B" 4)

where dg/df (J m ~ > s~ ') is the time derivative of hydration
heat per unit volume of concrete and — AH (J molg ~ ') is
the specific hydration heat of Class HP concrete.

A bimolecular formulation for the hydration reactions is
plausible because the hydration reactions are similar to the
bimolecular nucleophilic substitution reactions in the sol—
gel process for producing ceramics. Since the sol—gel
process is first order in both reactant concentrations, we
assumed m =1 in Egs. (1), (2) and (4) [22,23]. We recognize
that the hydration process in concrete or cement paste is
controlled by the chemical reactions during the early stages
of hydration (up to o~ 0.5), but after this time may be
limited by the transport of water through the bulk material
and the hydration products themselves [17,23]. Because we
explicitly compute the binder and available water concen-
trations, the predicted reaction rates will gradually decrease
as the concentrations of both these variables decline,
mimicking the transition from a kinetically controlled state
to a diffusion-controlled state.

Is the simplest bimolecular parameterization (m=n=1)
reasonable? Support for assuming n=1 in Egs. (1), (2) and
(4) can be found by creating a dimensionless expression
from Eq. (2) and by comparing its solutions with calorime-
try data (Fig. 2). We used the hydration heat as an indication
of the extent of the hydration reactions as is commonly done
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Fig. 2. (a) Time series plots of observed and fitted dimensionless heat
evolution rates (¢, heat evolution rates scaled by the peak rate) beginning at
the time of the peak rate. Sample A is for a paste with CCRL cement 133 at
25 °C for w/b=0.3; B is for a paste with CCRL cement 133 at 25 °C for
w/b=0.45; and C is for a paste of 80% cement and 20% flyash at 20.5 °C
for w/b=0.5. CCRL cement 133 contains 70% CsS, 13% C,S, 8% C;A,
8% C4A and 5.4% gypsum by volume. The 7 (h) indicated in the legend is
the characteristic time of the evolution rates determined by minimizing the
RMSE between the observed and exponential fitted times series. (b)
Similarity plots of dimensionless heat evolution rates vs. dimensionless
time, 7. Values for n indicate powers for the binder concentration in Eq. (1).

[24,25] (see Section 2.2). With m=1 and if n=1, Eq. (2)
can be recast and solved to yield a simple exponential in
dimensionless terms (Eq. (5)):

q = exp(—i) (5)
where (Eq. (6))

i1

7= (6)

where (Eq. (7))

i=L (7)

T
and where (Eq. (8))

1
T= TR (8)

The peak heat generation rate is given by gy and T is the
length of time (h) after the time of the peak rate (¢,) at which
q drops to 1/e of g,.

If n#1, the dimensionless expression is (Eq. (9)):

g={1-[(1-n)t]}= 9)

To make these dimensionless forms, we have assumed
that k£ and R show little variation with time from the time of
the peak rate to about 20 h after the peak. To validate these
assumptions, we used calorimetry data for the hydration of
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the Cement and Concrete Reference Laboratory (CCRL)
cement 133 at a temperature of 25 °C and w/b=0.45 [26].
For these conditions, £ varied <1% over the course of the
reaction due to small changes in the reaction temperature.
By using the hydration heat as an indication of the extent
of the reaction and by assuming n~ 7 (implying that 6 mol
of water are chemically combined per mole of binder
reacted and that the gel porosity is 19% for a binder
system with silica fume [1,20,21,27]) in Eq. (3), we
estimate that R decreased by ~35% over this period for
this CCRL cement. Though R is not constant, these
changes in R are tolerable for our purposes as will be seen
in the following.

An exponential parameterization (n=1) of heat genera-
tion after the time of the peak rate predicts the observed heat
generation rates from the time of the peak up to about 20 h
after the peak rate to within 12% as given by calorimetry
data for CCRL cement 133 at 25 °C for w/b=0.3 and 0.45
[26] and by Meland [28] for a sample of 80% Type I
cement and 20% flyash cured at 20.5 °C in a conduction
calorimeter (Fig. 2). The characteristic time T of the 25 °C
reactions was 7—8 h, while that for the 20.5 °C reactions
was about 22 h, as determined by fitting an exponential
curve to the observed data and minimizing the root mean
square error (RMSE) of heat generation rates given by
each value of T selected. Because this calorimetry data can
be fit with an exponential expression, our assumption that
n=1 is reasonable. Note that since the bimolecular and
exponential expressions indicate a decreasing heat genera-
tion rate with time from the peak rate, the overall inte-
grated heat will be lower than observed. By beginning the
calculation of the heat generation rates by at most 3 h
earlier, the parameterization does predict the observed
integrated heat.

Our formulation for Class HP heat generation can be
written as follows:

d E.
€4 _ gexp| - —
dt R Tyys

<(-amrg{ 1=y (32 -an) "}

where R, and B, are the initial water and binder
concentrations in the concrete. Eq. (10) expresses the heat
generation rate as a function of o and temperature, as is
done with the chemoplasticity approach. Our formulation,
however, is also dependent on the water and binder
concentrations (through «, m, Ry and By). If a field engineer
decides to change the w/b of the concrete mix, our
formulation can be implemented.

Because of the large number of reactions (both from the
cement and the flyash and microsilica) that occur during the
hydration, £, in the rate constant expression should be
considered an “apparent” activation energy [9,24]. E, for

(10)

pozzolan materials (microsilica and flyash in the case of
Class HP concrete) is much larger (~ 80 kJ mol ~ ' [29,30])
than that for cement (35—41 kJ mol ~ ' [9] and 32.0—45.7 kJ
mol ~! [24]). Moreover, while it is often assumed that £, is
constant throughout the hydration process, Kada-Benameur
et al. [24] suggest that this is true only up to a hydration
fraction of a=0.5. Beyond a=0.5, the hydration process
increasingly becomes controlled by diffusion of water
through the hydration products to the unreacted binder as
opposed to being controlled by the chemical reactions.
During such stages of the hydration process, the Arrhenius
expression may not be valid. However, we will show that
our model formulation can simulate the transition from the
reaction rate-controlled stage to the mass transfer rate-
controlled stage of the concrete hydration process.

With different compositions and E,, the binder compo-
nents react at different times and under different conditions.
For example, microsilica reacts when Ca(OH), produced by
the hydrating cement saturates the pore solutions and up to
50% of the silica may react within 24 h [31]. For Class F
flyash, the reactions may not begin until a week or more
after mixing when the pore solution attains a pH=13.2 or
greater [32]. With a hydration heat of 780 kJ kg ~ ' [33], the
microsilica may contribute more heat evolution during the
critical first day of curing than would be the case with no
cement ( ~ 420 kJ kg ") replacement [34—36].

To refine the bimolecular heat generation parameteriza-
tion first implemented by Kapila et al. [15] and Plawsky
and Kapila [16], we performed laboratory calorimetry
experiments. Because we were not able to determine
directly the mass changes of the binder components during
the hydration reactions, we used the hydration heat as an
indication of the extent of the hydration reactions. Binder
components taken from the stock used at bridges in 1998
and 1999 [5] were mixed with excess water to find
appropriate rate constants and the order of the Class HP
hydration reactions. We examined the effect of Daratard 17
and Plastiment on the heat evolution by comparing sam-
ples with retarder to those without retarder. In addition, we
modeled several of our calorimetry experiments to deter-
mine appropriate chemistry parameters in Eq. (2). We also
modeled the heat generation and temperature development
of a curing concrete bridge deck to further validate our
approach. To determine a bulk bimolecular expression in
which the cement, flyash and microsilica are lumped
together as one species, we necessarily had to avoid the
specific details of the reactions of the individual species as
discussed above.

In the following, the methodology used to determine the
components of the heat generation expression, including the
overall hydration heat, reaction order and rate parameters
such E, and A, is described in Section 2. The results of the
laboratory experiments along with a comparison of these
results to other published values are discussed in Section 3.
Our conclusions and their implications are presented in
Section 4.
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2. Methods
2.1. Determining —AH

To determine — AH in Eq. (4), calorimetry experiments
were performed with samples of cement, flyash and micro-
silica taken from the stock used for the concrete at the 1998
and 1999 bridges we studied in the field (Table 1) [5].
— AH is the amount of heat that is evolved when all the
binder has hydrated. In our experiments, we could only
accurately determine heat evolution up to ~ 72 h when the
decreasing heat evolution rate could no longer be detected
with our calorimeter. To estimate the ultimate value of
— AH, we assumed that about 65% of the binder hydrates
by 72 h [37,38] and extrapolated this value to the value at
complete hydration.

Binder pastes were produced in the laboratory with w/b
of 0.37 and 0.38 and with air entrainers and retarders as
specified by NYSDOT for Class HP concrete (Tables 1
and 2). The calorimetry setup consisted of a reaction
chamber (~ 535 ml) created out of 3 in. diameter copper
tubing and end caps, placed inside a water-filled 2-1 Dewar
flask, all enclosed in a R11 foamboard box packed with R38
fiberglass insulation (Fig. 3). With copper-constantan ther-
mocouples and a Campbell Scientific 23X datalogger, con-
crete, water and insulation temperatures at 5-s intervals were
measured as the sample hydrated for at least 72 h. The data
were saved as 5-min averages. For these experiments, no
attempt was made to maintain the hydration temperature at a
constant value.

Each sample’s hourly hydration heat generation rate, Oy
(Js 1), was determined from the paste and water tempera-
ture changes and by estimating the heat capacity of the
calorimeter and the heat loss from the calorimeter (Eq. (11)):

t+1__ it
TCp — TCp

Ot = CL(wa_Tins) + Cop Az

Tt~ Thw
+Ctw ( At

(11)

where T, is the insulation temperature (K) and T4, is the
temperature inside the flask (K); 7, is the temperature of
the paste sample (K); cy, is the heat capacity of the flask—

Table 1
Information about the concrete mixes from which were taken the binder
solids used in the calorimetry experiments

1998 1999
Cement type Type 11 Type /11
Flyash type Class F (low calcium) Class F

(low calcium)
w/b 0.37 0.38
Retarder 5 4
[(0z) 100 Ib cement solids ~']  Daratard 17 Plastiment

Air entrainer 5 1.7

[(02) 100 Ib cement solids ~ ']

Table 2
Information about and results from the variable temperature calorimetry
experiments used to determine — AH in Eq. (4)

Starting Peak

temperature temperature
Experiment  (°C) (°C) w/b  Paste mix AE RET
98a 22 44 037 HP Y N
98b 23 38 0.37 HP Y N
98¢ 21 38 037 HP Y N
98d 23 47 0.37 Type Il Y N
98e 23 39 037 HP Y Y
99a 25 43 0.38 HP Y N
99b 24 43 0.38 HP N N
99¢ 27 45 0.38 HP Y N
99d 27 45 0.38 HP Y Y
99e 24 49 038 TypelIl Y N
99f 24 42 0.38 HP Y N
99¢g 29 46 038 H Y Y

The binder components were taken from the stock used at the 1998 and
1999 bridges. The “starting temperature” refers to the temperature inside
the flask when the reaction chamber was inserted. “Peak temperature”
refers to the maximum temperature experienced by each cement paste
sample. “AE” and “RET” represent whether air entrainer and retarder were
used by “Y” for yes and “N” for no. The “paste mix” indicates the mix of
binder solids used in each experiment. “HP” uses cement, flyash and
microsilica; “H” uses cement and flyash.

water system (J K~ '); cep is the heat capacity of the
reaction chamber and paste sample (J K ~'); Cy is the rate
of heat transfer per hour from the flask per unit temperature
difference between the flask and the surrounding insulation
(W K1), ie., the thermal resistance of the system; 7 is
time; and Af=3600 s is the time difference between
averaged temperature data.

The heat capacity of the calorimeter (flask, water and
reaction chamber), ¢, 1S the result of the addition of two
COmMpONENts: Ciot = Cep Cry. The difference of cior and cyy
gives c,. To determine ¢y, and cg,, two methods were used.
First, a known mass of KNO;3, whose heat of dissolution in
water at 298 K is 34.89 kJ mol ~ !, was dissolved in 298 K
water. With a prescribed KNO; mass, the amount of heat
consumed in the dissolution was known and with the

R11 Foam Board Box (60 cm x 60 cm x 60 cm)

%
R38 Fiberglass Thermocouple?
Insulation
R11 Foam Board Cap
4

Water Il

Dewar Thermocouples

Flask
2L

Copper
IC{ action
amber
H:11.5cm
D: 7.6cm

Datalogger

Fig. 3. Schematic diagram of the calorimetry setup for the variable
temperature calorimetry experiments used to determine — AH. Note that in
regard to the reaction chamber, H is the height and D is the diameter.
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temperature change of the calorimeter components, ¢, and
crw Were determined.

The second method to determine ¢, and cg, involved
heating copper slugs (specific heat capacity of 385.11 Jkg '
K ~ ') to a known temperature and then placing them in the
water-filled flask. With the temperature change of copper
slugs (the initial copper temperature — the final temperature
inside the flask) the amount of heat transferred to the
calorimeter was determined. With this heat and the tem-
perature change of the flask and water, ¢ and cg, were
calculated. The values determined with the copper were
within 5% of those determined with the KNOj3, suggesting
that the estimated heat capacities were reasonable values.

Cp was found by placing a previously hydrated paste
sample inside the water-filled flask at a temperature of 328
K and tracking the temperature inside the flask and in the
surrounding insulation as the flask and its contents cooled.
With ¢, and the temperature changes inside the flask, the
rate of heat loss from the flask was determined. Linear
regression provided the expression relating heat loss to the
temperature difference between the inside of the flask and
the surrounding insulation. Heat loss rates were generally
<005 WK~

2.2. Determining k, n, E, and A

The other parameters in Eq. (2) were determined with
constant temperature calorimetry experiments through the
method of excess [39]. In practice, for the hydration reac-
tions, the only component of the system that can be used in
excess is water. We assumed that the heat generation
reactions were first order in R, i.e., m=1 in Eq. (2) as is
the case with the sol—gel process, and forced the system to
be independent of R by using a large excess of water so that
R was not a function of time.

To maintain the reaction temperature at a constant
value, antifreeze at a fixed temperature was circulated with
a Polyscience Model 910 circulator through a copper coil
placed inside the flask of the calorimeter. An RZR1 mixer
made by Heidolph Instruments (Cinnaminson, NJ) was
used continuously to mix the water and binder components
in the flask. Temperatures of the antifreeze entering and
leaving the flask, the mixture and the insulation were taken
every 5 s and saved as 5-min averages. The experiments
were allowed to continue uninterrupted for up to 96 h, and
were run for w/b=1.9, 2.4 and 3.5 at temperatures of 20,
30 and 40 °C (Table 3).

To determine the hydration heat, the temperature differ-
ence between the antifreeze as it entered and left the flask,
the antifreeze heat capacity and flow rate were used. The
flow rate was measured with an HGMI-RRP oval gear
flowmeter from Venture Measurements (Buffalo, NY). To
account for heat transfer to and from the flask from its
environment, a steady-state temperature difference of the
circulating antifreeze (when the hydration reactions were
generating little heat) was determined. This factor was

Table 3
Information about and results from the excess water experiments performed
with the 1999 binder samples

24-h 24-h
cumulative cumulative
Peak heat heat heat
Temperature generation rate generation generation
Experiment (°C) wh Jkg's™") (kIkg™ ") uncertainty (%)
El 20 19 1.9 95 10
E2 20 19 1.8 95 10
E3 20 24 1.8 110 10
E4 20 35 14 75 20
ES5 20 35 1.5 80 15
E6 30 1.9 3.1 120 29
E7 30 24 34 130 24
E8 30 35 32 140 18
E9 40 19 64 120 50
E10 40 24 72 85 65
Ell 40 35 57 120 50

subtracted from the raw antifreeze temperature difference
to give the desired hydration heat signal.

The regression of the natural logarithm of the hydration
heat rate with the natural logarithm of B at a given
temperature produces a line of slope n and an intercept of
k from Eq. (1). A more detailed k with the form of an
Arrhenius expression was determined with the regression of
the natural logarithm of hydration heat with 1/7 at a set w/b,
which gives a line whose slope is — E,/R* with an intercept
of ARy"By"(— AH). With values for the other terms in this
intercept expression, 4 was calculated.

We also modeled the temperatures of a variable tempera-
ture calorimetry experiment to determine 4 and to validate
our bimolecular formulation. The temperature equation is:
dTys dB

T —NE + CL(Toys—Tenv) (12)

where the second term on the right-hand side of Eq. (12)
is a source term which accounts for boundary heat
transfer; N (K m® molg ' s~ ') converts the reacted
binder concentration to heat and is equal to AH * vol/cy,
where vol is the volume of the flask and ¢~ 6000 J K ~ !
is the heat capacity of the system; Ty, is the overall
temperature of the calorimeter considering the water and
the reaction chamber; and Ty, is the measured temperature
of the insulation surrounding the flask. Egs. (2) and (3)
complete the equations for this simple model.

3. Results
3.1. Variable temperature calorimetry: (—AH)

Several calorimetry experiments were performed on the
binder solid pastes, with different starting temperatures and
components (Table 2). The resulting heat evolution rates
exhibited the expected dormant period, rapid heat evolution
period and declining heat rate period (Fig. 4). Note that the
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Fig. 4. Heat evolution rates (J kg ~ ' s ~ ") for Class HP and Class H binder
pastes for (a) the 1998 bridge and (b) the 1999 bridge. These rates were
determined with the calorimeter as given in Fig. 3. Table 2 provides mix
and temperature information about these experiments.

initial surface reactions upon mixing the binder compo-
nents with water occurred during mixing of the pastes
and do not show up on these plots. The dormant period
was extended for those samples that contained retarder
(Experiments 98e, 99d and 99g). Those samples for
which some cement was substituted with microsilica and
flyash had lower peak heat generation rates than those
samples for which there was no substitution (Experiments
98d and 99¢). With more cement, these two samples
produced more heat and experienced higher temperatures
than the blended samples.

Evolution rates for Experiments 98d and 99e have a
secondary peak at 17 h. This secondary peak was due to the
appearance of free aluminates within the paste as the
gypsum in the mix was exhausted [1], suggesting that our
calorimeter setup was sensitive enough to capture features
as minor as this secondary peak.

The Type I/II cement from the 1999 samples produced
about 3% more heat on average than the Type II cement
from the 1998 samples after 72 h—301 kJ kg~ ' binder
solids vs. 292 kJ kg ~ ! (Fig. 5). The 1999 HP samples with
no retarder produced up to 9% more heat than those from
the 1998 samples (277 vs. 255 kJ kg~ '). This difference
was most likely the result of higher starting temperatures for
the 1999 samples (Table 2) and different binder composi-
tions. The cumulative heat values for the cement and the HP
pastes ranged from 250 to 301 kJ kg ~ ! after 72 h, reason-
able estimates compared to published 72 h values by
Verbeck and Foster [38] (Type II: 200 kJ kg~ '; Type I:
260 kJ kg ~ ') and the Bureau of Reclamation [40] (Type II:
272 kJ kg~ "). Therefore, for the 1998 Class HP samples,

—AH=395 kJ kg ' and, for the 1999 samples, — AH=
430 kJ kg ~ ', assuming that 65% of the binder was hydrated
by 72 h. We do not know the actual hydrated fraction, but
expect that it was between 0.5 and 0.75 [37,38], giving an
uncertainty in — AH of about +15%.

The two retarders tested produced different features in
the hydration reaction. For 98e in which Daratard 17 was
used, Stage II was extended from about 2 h for 98a—c with
no retarder to about 10 h (a set delay of 8 h). Such set delays
are slightly longer than those suggested in the Daratard 17
technical bulletin (about 6 h). The Plastiment in 99d
extended Stage II from about 1 h to about 9 h (a set delay
of 8 h) in comparison to 99a—c. No manufacturer data on set
delays are available for this admixture. The average Stage Il
hydration rates for these retarders were about 1/10 of the
average value during Stage III.

The peak heat evolution rate with the Daratard 17 was
reduced from ~6 to ~5 J kg~ ' s~ '. However, the
Plastiment did not significantly affect the Stage III hydration
rates in comparison to the Stage III reactions of 99a—c. The
total heat evolved by 98e by 72 h was within 1% of that
evolved by 98a—c. The heat evolved by 99d was 5% less
than that from 99a—c.

To model the reduced hydration rates during Stage II, we
make the Stage II reaction rate constant 1/10 of the value of
the Stage III rate constant, by reducing 4 in Eq. (2) by a
factor of 10 as indicated by the calorimetry data. After this
time, 4 is increased to the value determined for Stage III
(see Section 3.2). The length of Stage II for the 1998 bridge
will be determined with the set delay data given in the
Daratard 17 technical bulletin and our calorimetry data. We
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Fig. 5. Cumulative hydration heat evolution (kJ kg ~ ') for Class HP and
Class H binder pastes for (a) the 1998 and (b) 1999 bridges. Table 2
provides mix and temperature information about these experiments.
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Fig. 6. Heat evolution rates from the excess water experiments (J kg~ '
s ") with the 1999 binder samples. Information about the experiments is
given in Table 3.

will use the set delay of 8 h for the 1999 bridge, as
determined with 99d.

The reaction rate changes due to the Daratard 17 were
implemented in the heat generation expression. With linear
regression of the fractional difference in heat generation
rates for 98e (with retarder) in comparison to 98a (no
retarder) vs. time, we found that while the experiment time,
tox (h), was greater than 9 h and less than or equal to 15 h

(Eq. (13)):
d¢: d

d
= 7, Ynr .02 x —Y.d ) 7~ {nr 1
e g+ [(0.0250-03) g (13)

where ¢, is the heat generation (Eq. (4)) with retarder
effects and ¢, is the heat generation with no retarder
effects. After 15 h, the 98e rates are negligibly higher than
those from 98a.

3.2. Excess water experiments (constant temperature
calorimetry): k, E,, A and n

For the excess water experiments with the 1999 binder
samples, w/b was varied from 1.9 to 3.5, and reaction
temperatures were set at 20, 30 and 40 °C (Table 3). The
heat evolution rates from these experiments clearly show the
temperature dependence of the reactions as the binder
hydrated sooner and at a higher rate as the reaction tem-
perature was increased (Fig. 6 and Table 3). The peak rate
increased roughly by a factor of 2 for each increase in
reaction temperature of 10 °C. The peak rates at 40 °C
ranged from 5.7 to 7 T kg~ ' s~ ! in reasonable agreement
with the variable temperature calorimetry results presented
above (Fig. 4b, 99a—d,f—g).

While we believed that correcting the antifreeze tem-
perature differences with the steady-state antifreeze tem-
perature difference beyond 48 h would account for all heat
transfers to or from the system (see Section 2.2), this proved
not to be the case at 30 and 40 °C, temperatures much above

the ambient laboratory temperatures. The effects of this heat
transfer can be seen in the 24-h cumulative heat evolved
(Table 3). At 40 °C, ~ 120 kJ kg ~ ' was liberated by 24 h,
while the variable temperature Experiment 99c (Table 2),
whose average reaction temperature was 39 °C, resulted in
~240 kI kg ~ ' by 24 h (Fig. 5b), a 50% error. If we assume
E,=35kImol ~ " and n=1 for Class HP binder (see below),
the 24-h 20 °C heat is 95 kI kg ~ ! (see below), and the 40 °C
heat is 240 kJ kg ~ ', then the 24-h heat generation at 30 °C
would be 170 kJ kg ~', suggesting that our 30 °C heat
values were too low by 18—29%. Because the steady-state
antifreeze temperature differences were of the same order of
magnitude as the heat generation signal (e.g., E9: 0.11 vs.
0.21 °C), heat transfer overwhelmed the hydration heat
signal, resulting in considerable errors in the calculated heat
values at 30 and 40 °C.

Because the ambient laboratory temperature averaged
about 22 °C, heat transfer during the 20 °C experiments
was small. The 24-h cumulative heat values at 20 °C for
w/b=1.9 and 2.4 (95—110 kJ kg ~ '; Table 3) are reasonable
in comparison to those given by Meland [28] for a mix of
80% Type I cement and 20% flyash at 24 hof ~ 115kJ kg ~ '
For w/b=3.5, the heat signal from the hydrating binder was
smaller than for the lower w/b and was more difficult to
detect, resulting in 24-h hydration heat values about 15% less
than those for the smaller water-to-binder ratios.

Heat evolution rates after the peak rate from the excess
water experiments can be approximated by an exponential
curve to within about 10% for the 20 °C experiments.
Characteristic times (1) were about 20 h for the 20 °C
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Fig. 7. (a) Time series plots of observed and fitted dimensionless heat
evolution rates (g, heat evolution rates scaled by the peak rate) beginning at
the time of the peak rate for the 20 °C excess water experiments. The T (h)
indicated in the legend is the characteristic time of the evolution rates
determined by minimizing the RMSE between the observed and
exponential fitted times series. (b) Similarity plots of dimensionless heat
evolution rates vs. dimensionless time (7) for the 20 °C excess water
experiments. Values for » indicate powers for the binder concentration in
Eq. (1). See Table 3 for information on these experiments.
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experiments (Fig. 7), in reasonable agreement with those
obtained from the Meland [28] data (see Section 1). The
assumption that n=1 is valid for Class HP binder.

Our excess water data gave uncertainties as small as 10%
for the 20 °C results (based on the range of values at all w/b)
and as large as a 65% in the 24-h heat values at 40 °C. The
errors resulted in determined chemistry parameter values
(n, A, k and E,) that were either unrealistic or were uncertain
(Table 4). We believe that the most appropriate analysis
consists of averaging the heat data over the first 24 h
(“average to end” in Table 4). Over this period, £, ranged
from 0.65 to 16.6 kI mol ~ ', while other published data range
from 35.3 to 41.3 kJ mol ~ ' [9] and from 32.0 to 45.7 kJ
mol ~ ' [24]. From our experiments, n ranged from 0.75 to
1.25, which is consistent with our arguments (Section 1 and
above) that n ~ 1. However, since n is an exponent, small
deviations from n=1 produce large differences in reaction
rates. For example, the reaction rate (Eq. (1)) for n=1.25 with
w/b=1.9 is 6.8 times larger than that for n=1. We conclude
that heat transfer during the 30 and 40 °C excess water
experiments compromised the utility of the measured data in
determining accurate values for 4, E,, k and n.

However, we were able to make an estimate of E, with
the 20 °C results for w/b=1.9 (24-h heat ~95 kJ kg ')
and with Experiment 99a—c data, which provided an esti-
mate of 24-h heat generation near 40 °C. Based on these
data, £, ~ 35 kJ mol !, in good agreement with previously
published data [9,24]. Note that Kapila et al. [15] and
Plawsky and Kapila [16] used E,=48.0 kJ mol ~'.

Since E, was determined as a slope when heat genera-
tion rates were appropriately plotted vs. the inverse of
temperature, the determined E, is highly sensitive to the
difference between the 24-h heat at 20 °C and the 40 °C
values. If the 40 °C value was 10% higher than that given
by 99a—c (~264 kJ kg~ "), E,=39 kJ mol ~'. If, how-
ever, the 20 °C heat was 110 kJ kg ' as is seen with
Experiment E3 (Table 3) and with the 99a—c values of
240 kJ kg~ ', E,=30 kJ mol ~ .

We completed our chemistry parameterization by esti-
mating 4 with the 1999 variable temperature calorimetry
Experiment 99c (Table 3). To do this, we modeled the
simple system as discussed in Section 2.2. We focused on
the temperature predictions and heat generation since these
quantities were determined directly in the laboratory. We

Table 4
Parameters of the bimolecular rate expression (Eqs. (1) and (2)) determined
from the excess water experiments

Average to end

n 0.75-1.25
Order (n+m) 1.75-2.25
E, (k] mol 1) 0.65-16.6
A 10" °t055%x10 8

k [m? (molg s) '] 80x10 "% to13x10 1

The parameters were determined with the hydration heat data averaged
from the end of Stage II to the end of Stage III (average to end)
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Fig. 8. (a) Time series of observed and predicted temperatures of the cement
paste system in 99¢ (see Tables 2 and 5). (b) Time series of the observed
and predicted heat generation rates of the cement paste system in 99c.

optimized the RMSE of temperature predictions by varying
A in Eq. (2) systematically (we assumed m~ 7). The value
of 4, which produced the lowest temperature RMSE and
also gave a 72-h heat prediction within 10% of the observed
value (~ 280 kJ kg ~ "), was taken as the optimal value for
A for these experiments. We assumed in these experiments
that there was no water transport to or from the reaction
chamber since it was sealed.

For 99¢, the RMSE of temperature predictions was 1 °C
with 4=0.0019 and the 72-h heat generation was 260 kJ
kg ' (Fig. 8a). For the hydration rates (Fig. 8b), we feel
that the broad representation given by our bimolecular
expression provides a reasonable approximation of the
observed rate.

The optimal values for 4 obtained for the 1999 Class HP
samples ranged from 0.0016 to 0.0019 and — AH ranged
from 260 to 268 kJ kg ~ ' (Table 5). For 99¢, whose binder
consisted of 100% cement, 4=0.0031, implying a higher
reaction rate in comparison to the Class HP samples, as
would be expected. The RMSE of temperature predictions
ranged from 0.9 to 1.4 °C. Note that temperature predic-

Table 5
Chemistry variables and model performance statistics determined from the
bulk model of the 1999 variable temperature calorimetry experiments

Experiment 4 (m® molg ~'s ') RMSE Ty (°C) —AH,,, (kg ')

99a 0.0016 0.9 261
99b 0.0018 1.1 260
99¢ 0.0019 1.0 268
99d 0.0016 1.4 260
99e 0.0031 1.0 296
99f 0.0016 1.2 265

A is the pre-exponential factor of the Arrhenius expression; RMSE is the root
mean squared error of the predicted system temperature (7y); and — AHyq
is the 72-h predicted hydration heat.
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tions within ~2 °C of the observed were obtained with a
range of A from 0.0015 to 0.0033. Because we feel our
estimated heat transfer (the only boundary condition in this
model) was reasonable, these RMSEs show that the
bimolecular parameterization can be used to predict con-
crete temperatures to within ~2 °C and 72-h hydration
heat within about 10%.

For binder pastes with 10% silica fume and a w/b=0.35
(0.45), capillary pores become segmented at a hydration
fraction of around 0.47 (0.66) [18], resulting in a transition
from a state controlled by chemical kinetics to one con-
trolled by the diffusion of water through the bulk material
and the hydration products. Since we expect that the
hydration fraction for the variable temperature calorimetry
reached between 0.5 and 0.75 by 72 h [37,38], this transition
most likely occurred in our samples. We do not model the
concrete microstructure and so we cannot track the move-
ment of water through the hydration products to unreacted
binder. Instead, as our simulations of the hydration process
proceed, the available water and binder concentrations
decrease, which slows the hydration rate and the heat
generation as would be expected in the mass transfer stage.
Therefore, our accurate predictions of temperatures suggest
that the model adequately accounts for both the chemical
reaction and the mass transfer stages.

When the updated bimolecular parameterization was
implemented for the 1998 bridge (4=0.003), the RMSE
of temperature predictions was about 2 °C, while those from
the original Kapila et al. [15] and Plawsky and Kapila [16]
formulation were 4 °C (Fig. 1). The updated hydration
fraction predictions were about 0.6 by 72 h as might be
expected [37,38] in comparison to 0.88 from the original
predictions. We conclude that the updated bimolecular
expression is an effective tool to predict concrete tempera-
tures and hydration fractions during the first several days
after the pour. Unfortunately, no observed data of the
hydration fraction or available water concentrations of Class
HP concrete exist for comparison with the model predic-
tions during these early stages of hydration.

We note the overpredictions of bridge temperatures in
particular following the peak temperatures (Fig. 1). This
feature could be the result of inappropriate treatment of the
water available for reaction (n) in Eq. (3)) in the model or
of the fact that during these later times, the microsilica
reactions have slowed, lowering the hydration heat evolu-
tion. These possibilities are explored in greater detail in
Wojcik [19].

4. Conclusions and discussion
4.1. Findings
We have improved and shown the utility of a bimolecular

approach for computing heat generation rates for curing
concrete at early ages (within about 3 days after the pour).

We performed calorimetry experiments on samples of
cement, flyash and microsilica, analyzed some published
calorimetry data and implemented the approach in a model
of a curing concrete bridge deck. We make the following
conclusions.

(1) With the bimolecular approach, the RMSE of tem-
perature predictions from models of our laboratory calori-
metry experiments and of a curing concrete bridge deck are
at most 2 °C. These simulations also resulted in 72-h heat
evolution within 10% of observed values.

(2) The binder heat generation rates from the time of the
peak rate until about 20 h after the peak can be approxi-
mated by an exponential function within about 15% of
observed values, validating our assumption that n=1 in
Eq. (1).

(3) The total heat evolved by Class HP pastes up to 72 h,
estimated from variable temperature calorimetry, was
between 250 and 280 kJ kg ~ .

(4) By substituting 20% flyash and 6% microsilica by
weight for 26% of the cement, the evolved hydration heat at
72 h was lowered by between 7% and 15%.

(5) In the 20 °C excess water experiments, the hydra-
tion reactions produced roughly 100 kJ kg~ ' by 24 h,
in good agreement with published values. Heat transfer
and a comparatively weak hydration heat signal in the
excess water experiments produced errors in the 24-h
cumulative heat generation at 30 °C of ~25% and at
40 °C of ~50%.

(6) The activation energy for the 1999 binder compo-
nents is ~ 35 kJ mol ~ .

(7) The set retarder/water reducer Daratard 17 increases
the set delay and affects the hydration rates, whereas
Plastiment seems only to influence the set delay. A simple
parameterization is offered in which the set delay is modeled
by reducing the reaction rate by a factor of 10 for a specified
length of time, based on the particular admixture, admixture
dosage and concrete temperature, as determined from our
laboratory work and manufacturer technical data where
available. The rate effects of Daratard 17 are modeled by
adjusting the rate with no admixture by a time-dependent
factor (ranging from 0.9 to 1.1) up to about 15 h after the
peak rate.

4.2. Discussion

To develop a model to predict the thermal and moisture
state of curing concrete on bridge decks to be used in a
field setting, the heat generation expression used must be
simple and flexible enough to allow for mix design
changes at the field engineers’ discretion. We have
improved a bimolecular expression for the hydration pro-
cess in which the cement, flyash and microsilica are
lumped together as the binder components. This heat
expression is similar to that from the chemoplasticity
approach in that it is dependent on temperature and the
degree of hydration of the binder components at a given
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instance. However, our approach allows for changes in w/
b, while the chemoplasticity approach does not. Charting
both water and binder concentrations also allows us to
predict the moisture content, degree of hydration and
uniformity of hydration within a concrete mass.

In a concrete or a binder paste system, the hydration
process must be seen as both a kinetic and diffusive
process. In the first 2 days after mixing, especially if a
sample is wet-cured, available water for reaction is abun-
dant as the pore system of the concrete allows for the
efficient uptake and transport of water as recently sug-
gested by Bentz and Hansen [41]. After this time, the
capillary pores become segmented and the hydration pro-
cess increasingly is controlled by diffusion of water
through the bulk material and through the hydration
products. As such, for our purposes of predicting the
moisture and thermal states of concrete in its early ages,
it is not sufficient to consider just the kinetics or just the
microstructure to adequately predict concrete temperatures.
Our modeling system accounts for both aspects. In this
paper, we have focused on the heat generation expression
to simulate the heat released mainly during the stage
dominated by the binder kinetics. We address the transport
of water in concrete in Wojcik [19].

Further development of the bimolecular parameterization
may include the modeling of three separate binder species
(cement, microsilica and flyash) to have a better representa-
tion of the actual chemistry occurring during hydration.
Because the hydration of the microsilica and flyash occurs
at different time scales and under different conditions [34—
36], this added detail could provide a more realistic predic-
tion of the evolution of heat for concrete containing blended
binder pastes. However, in its present form, the bimolecular
expression provides a very useful approximation of the heat
evolution for our stated goals.

Since the use of set retarders/water reducers is common-
place, future work must include determining the effects of
these admixtures on the hydration heat evolution if accurate
forecasts of concrete temperatures are to be obtained. While
much is known about the general effect of the many
available retarders/water reducers, we offer the first para-
meterization that can account for both the effects of the
admixtures on set delay and the hydration rates. The utility
of our parameterization can be expanded by conducting
calorimetry experiments with various admixtures, admixture
dosages and binder compositions.

With proper boundary conditions for the model deter-
mined from field measurement campaigns [5], this bimo-
lecular heat expression will be used in the model to
determine how atmospheric conditions during the first
few critical days after pouring influence the thermal and
moisture state of the concrete [19]. We will determine
conditions under which a pour should and should not be
allowed, information that potentially could save the NYS-
DOT and other similar agencies millions of dollars each
year in repair costs.
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