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A maturity approach to the rate of heat

evolution in concrete

Y. Ballim™ and P. C. Graham™

University of Witwatersrand

This paper discusses the use of the concept of maturity as a means of combining the effects of time and temperature
in describing the rate of heat evolution from hydrating cement in concrete. The proposed maturity approach allows
the rate of heat evolution determined from an adiabatic test to be expressed in a form which is independent of the
starting temperature of the test. This relationship can then be directly used in a time—temperature prediction model
that requires a solution of the Fourier equation for heat flow.

The results of an experimental study aimed at assessing the suitability of both the Arrhenius and Nurse—Saul
maturity relationships is also presented. Three adiabatic calorimeter tests were conducted on each of two concrete
mixtures but starting at different temperatures. The results confirm the suitability of this approach and indicate that,
of the two maturity relationships assessed, the Arrhenius maturity relationship is the more suitable in this

application.

Introduction

Early-age cracking as a result of temperature induced
stress can be a serious problem in mass concrete struc-
tures or in concrete structural elements in which a high
cement-content concrete is used. Such stress is induced
by temperature differences in the concrete resulting
from the heat liberated during cement hydration. A
strategy to control or limit such cracking must include
a reliable determination of the space—time distribution
of temperature throughout the concrete element under
consideration.

The temperature distribution across a concrete sec-
tion is determined by solution of the Fourier equation
which, in its three-dimensional and transient form for
concrete, is given as'

oT T T T .
p'CP'E:k<W+8_y2+W>+q' (D)
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where p is the density of the concrete; C, is the
specific heat capacity of the concrete; 7 is temperature;
t is time; k is the thermal conductivity of the concrete;
X, y, z are the coordinates at a particular point in the
structure; and ¢, is the rate of heat evolution from the
hydrating cement.

Cement hydration is an exothermic reaction which,
for a Portland cement under normal environmental con-
ditions, produces approximately 350 kJ/kg of heat after
seven days of hydration.2 In equation (1), this is re-
flected in the heat generation rate term (¢q,), which is
time based and usually has units of power per unit
volume (J/s/m?> or W/m?). At normal hydration tem-
peratures, ¢, varies with time in a series of distinct
phasesz’3

(a) Phase 1: Within the first few minutes following
water addition, a brief but rapid rate of heat release
occurs as the early hydration of the aluminate
phases occurs. Gypsum’s restrictive properties then
manifest and the rate of heat evolution drops
rapidly and becomes dormant for a period of ap-
proximately two hours after mixing.

(b) Phase 2: After initial setting, the rate of heat evolu-
tion rises sharply as the (mainly) C5S phases are
hydrated. This process continues until a peak heat
rate is achieved at 6 to 8 h after mixing.
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(c¢) Phase 3: After this peak is reached, the heat rate
drops rapidly until approximately 20 h after mix-
ing. This occurs as the amount of C3S available for
hydration decreases, the accessibility of such unhy-
drated C3S to water is progressively reduced and
the hydration of C,S, with a lower rate of heat
output, starts to become significant in the process.
Hereafter, the heat rate drops steadily as hydration
proceeds so that, by seven days after mixing, the
rate of heat evolution under adiabatic conditions is
less than 0-2 W/kg of cement.

For the purposes of temperature modelling in large
concrete elements at early ages the heat evolved during
the Phase 1 reactions is usually neglected as it is
assumed that: these reactions take place some time
before the concrete is cast into the formwork; and the
amount of heat evolved during this phase is small and
has the effect of causing only a small change in the
placing temperature of the concrete.

A numerical solution of equation (1) requires an
accurate assessment of the rate of heat evolution from
the hydrating cement over time if such a solution is to
be useful to the design engineer. A number of ap-
proaches have been used in the past to provide gui-
dance on the rate of heat evolution for use as input in a
numerical temperature modelling exercise. These have
taken the form of rough, generalised values of total
heat released over the early period of hydration for
different binder types4 or cement components,5 guide
equations6 for the rate of heat evolution in Phases 2
and 3 (as described above) or fairly sophisticated mod-
els based on the chemistry and crystallography of the
cement.” More recently, it has been recognised that a
laboratory-based measurement is the more reliable
measure of the rate of heat evolution and researchers
have used techniques such as isothermal methods,*’
conduction calorimetry,lo’11 adiabatic calorimetlrylH4
and semi-adiabatic calorimetry.14

All these approaches are aimed at developing a sin-
gle relationship, either mathematical or numerical, that
expresses the variation in the rate of heat evolution
with time or, in many cases, maturity as a measure of
the advance of the hydration process. Such an expres-
sion then forms the basis for the term ¢, in equation
(1). An important problem with this approach is that, in
this form, the rate of heat release relates to a unique
temperature regime and time—temperature history un-
der which the hydration process takes place. In this
context, the circular problem presented by hydrating
cement is that the hydration process releases heat that
changes the temperature of the environment, thus influ-
encing the rate of hydration and heat evolution. The
nature of this problem is recognised by van Breugel15
and he proposes the use of a ‘process curve’ for the
total heat evolved, which deviates from the adiabatic
(or semi-adiabatic) curve in response to the temperature
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regime of the actual structure being modelled, as dis-
tinct from the temperature regime of the test.

However, in a real concrete structure under normal
construction conditions, the temperature varies at dif-
ferent positions across the structure. This means that, at
any time after placing the concrete, different points in
the structure will have been subjected to different
time—temperature histories and, as a consequence, the
extent of hydration and the rate of heat evolution will
be different at these different points. This means that a
each point in the structure experiences a unique
g = f(1) relationship, in response to the unique time—
temperature history at that point. The form of the heat
rate input curve in a temperature prediction model
must, therefore, be such that it allows for variations in
the time—temperature history at different points in the
structure.

This paper proposes a maturity form of the rate of
heat evolution relationship in order to normalise the
heat rate curve determined from a laboratory-based
adiabatic temperature test. The proposed form of the
relationship allows a single heat rate relationship to be
used as input in a temperature simulation model. Using
appropriate maturity parameters, this relationship is
then adjusted in response to the different time—
temperature histories at different locations in the
structure.

In order to assess the suitability of the proposed
maturity approach to the development of heat rate over
time, samples of two concretes, using two binder types
were tested in an adiabatic calorimeter with three dif-
ferent starting temperatures for each concrete. The heat
rates were then determined and expressed in terms of
maturity. These results were also used to assess the
suitability of the Arrhenius and Nurse—Saul maturity
relationships in this application.

Determining ¢, from an adiabatic test

Adiabatic testing is a convenient, reproducible and
practical means of determining the amount of heat
released by hydrating cement. It has the added ad-
vantage that the test can be conducted on a sample
of the actual concrete used in the structure. The test
is usually conducted for a period of up to 7 days,
by which time, depending on the accuracy of the
temperature measuring instruments, the rate of heat
evolution of the concrete is so low that no signifi-
cant increase in temperature of the sample is noted.
The output from the test is a measure of the varia-
tion of temperature of the concrete sample with
time, or 7(?). The total heat per unit mass of binder
(q/) generated at any time (f) during the test can
then be determined from

myg
qt:Cp‘(Tt_To)'m_ (2)

c
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where C, is the specific heat capacity of the concrete,
determined as the mass weighted average of the speci-
fic heat capacities of the concrete components and is
assumed to be constant throughout the test'?; T, is the
temperature of the concrete sample at time # during the
adiabatic test and T, is the sample temperature at the
beginning of the test; my is the mass of the concrete
test sample; and m, is the mass of binder in the sam-
ple.

The rate of heat evolution is determined by differen-
tiating equation (2), so that

_ 44
dt

This then gives a relationship between the rate of heat
evolution and time for the adiabatic test. In order to
account for time—temperature histories in the actual
structure, which will be different from the adiabatic test
conditions, the time component of this relationship is
converted to maturity in order to account for the com-
bined effect of time and temperature on the extent and
rate of hydration.é’15 Maturity, M, is here defined as

q: 3)

M= J £(T).dt (4)
0

The Nurse—Saul and Arrhenius expressions16 (dis-
cussed later) are most commonly used as the tempera-
ture functions ( /(7)) in equation (4).

This process establishes a relationship between the
rate of heat evolution and maturity. As an example of
this form of the relationship, Wang and Dilger6 propose
the following equation for determining the rate of heat
evolution (in W/kg of cement) to be used in equation

(1
g: = 0-5+0-54M" for M < 10 hours

g, = 2-2exp[—0-0286(M — 10)] for M = 10 hours (5)

where M is the maturity of the concrete relative to that
of concrete cured at 20°C.

An important weakness in this method of determin-
ing the heat input curve for equation (1) is that it
ignores the temperature at which the adiabatic test was
conducted. Equation (2) is concerned only with the
difference in temperature and not the absolute tempera-
ture at which the test was commenced. The starting
temperature of the test will have a significant influence
on the rate of hydration and equation (5) is clearly not
able to account for this phenomenon. In fact, the upper
limit of 2-2 W/kg set by equation (5) for the rate of
heat evolution must be considered as arbitrary since the
magnitude and time of occurrence of the maximum
hydration rate will depend on the absolute temperature
conditions of the hydration process.

A further criticism of rate of heat evolution functions
similar to that proposed in equation (5) is that, if at
some stage after placing, the temperature of the con-
crete is reduced to —10°C (when hydration is deemed
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to ceasel6), the rate of heat evolution will reduce to
zero. However, since the cumulative maturity remains
constant, equation (5) will yield a finite and positive
heat rate, despite this reduction in temperature.

In order to address this problem, it is necessary to
express the heat evolved, as measured by the adiabatic
test in terms of the a ‘maturity heat rate’, as a function
of the cumulative maturity, rather than a time rate. The
maturity heat rate (g,,) is expressed as

_da,
~aMm
and the time-based heat rate, as required in equation
(1), is then determined using the chain rule as follows

. . dM

q: = 4qm a 7
Hence, in the operation of temperature prediction mod-
els for concrete, it is necessary to maintain a record of
both the development and the time based rate of change
of maturity at each point under consideration. The form
of the heat rate expression as presented in equations (6)
and (7) also addresses the problem above, where the
temperature of the concrete is suddenly reduced to —
10°C. In this case, the time-rate of change of maturity
is zero and equation (7) correctly yields a ¢, value of
Zero.

qm (6)

Experimental assessment of the proposed
heat rate relationship

Materials and concrete mixtures

In order to assess the suitability of the heat rate
expressions proposed in equations (6) and (7), adiabatic
tests were conducted using two concrete mixtures, each
with three different starting temperatures. Table 1
shows the composition of the concretes tested while
Table 2 shows the chemical composition of the Portland
cement (CEM I) and the ground granulated blast fur-
nace slag (GGBS) as determined from an X-ray fluor-
escence analysis. The aggregate used is a clean, washed
quartz sand and stone with a chunky to rounded parti-
cle shape. The grading of the sand was controlled by
recombining the different size fractions in the required
proportions for each mixture.

The mixtures were designed to produce lean con-
cretes with a relatively high w/c ratio. This was consid-

Table 1. Composition of the concrete mixtures used in the
adiabatic tests

MIX A MIX B
Portland cement (CEM 1) 350 kg/m? 210 kg/m?
GGBS - 140 kg/m?
9-5 mm quartz stone 850 kg/m? 850 kg/m?
Graded quartz sand 885 kg/m? 885 kg/m?
Water 233 I/m? 233 I/m?
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Table 2. XRF analysis of the cement and GGBS used in the

concretes
Composition (%)

Cement GGBS
CaO 65-52 34-76
SiO, 21-80 37-18
Fe, 05 221 0-59
Aly Os 4-04 13-35
MgO 1-46 10-98
TiO, 0-32 066
Mn; 05 0-15 0-81
K,0 0-18 0-70
Na, O 0-00 -
SO, 2:00 1-03
P205 0-00 -
Free Lime 0-00 -
LOI 2:30 -
TOTAL 99-98 100-06

ered to be typical of mixtures used in mass concrete
construction. Furthermore, the mixtures were selected
to assess the applicability of the proposed heat rate
expressions to concretes with different binder types.

Description of the adiabatic calorimeter

A schematic arrangement of the calorimeter used in
this investigation is presented in Fig. 1. In principle,
the test involved the placement of a one litre sample of
concrete in a water bath, such that a stationary pocket
of air separated the concrete sample from the water.
The signal from a thermal probe placed in the sample
is monitored by computer and, via an input—output
analogue to digital conversion card, a heater in the
water bath is turned on and off so as to maintain the
water at the same temperature as the concrete. This
ensures that there is no exchange of heat between the
concrete sample and the surrounding environment. The
air pocket around the sample is important to dampen
out any harmonic response between the sample and
water temperature as a result of the measurement sensi-
tivity of the thermal probes. The test is usually run over

Signal conditioning

a period of between 5 and 7 days, by which time the
rate of heat evolution of the sample is too low to be
detected as a temperature difference by the thermal
probes — given that the thermal probes are accurate to
approximately 0-5°C. Further details of the construction
and operation principles of the calorimeter are provided
by Gibbon et al.'?

The calorimeter is calibrated via slope and offset
calibration parameters built into the operational soft-
ware. The system is calibrated after every 10 adiabatic
tests or when a temperature probe is replaced, to ensure
that

(a) the difference in temperature readings between the
sample and the water temperature probes is less
than 0-05°C over a temperature range of
5-65°C

(b) the difference between the probe temperature read-
ings and that of a calibrating glass thermometer is
less than 0-5°C over a temperature range of 5—
65°C

(¢) the measured heat rates on successive tests of the
same concrete mixture, using materials from the
same batch and under the same starting tempera-
ture conditions, do not differ by more than 7% at
any time during the test.

Before the adiabatic test was conducted, the tempera-
ture in the test room was adjusted to the intended test
start temperature. The calorimeter and all the compo-
nents of the concrete were stored in this room for at
least 24 h before commencement. A one litre sample of
concrete was used in all the tests and, after assembly of
the sample in the calorimeter, concrete temperature
measurement was started within 15 min after the water
addition.

Maturity functions

Both the Arrhenius and the Nurse—Saul maturity
functions were assessed for appropriateness in this ap-
plication. These functions are more often used to pre-
dict the hardened properties of concrete such as
s‘tre:ng'[h16’17 and, in this context, Naik'® has raised
questions regarding the accuracy and appropriateness

PC with
conversion

Fig. 1. Schematic arrangement of the adiabatic calorimeter
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of the Nurse—Saul function, particularly at low tem-
peratures. The functions were used in their relative
form with respect to concrete cured at 20°C. In this
form, the maturity of concrete cured at any temperature
is expressed as the equivalent maturity time (#y) of a
concrete cured at 20°C. If the test concrete is continu-
ously cured at 20°C, the maturity time is equal to the
clock time.

In order to analyse the results from an adiabatic
calorimeter test, in which temperature was measured
over n, unequally spaced time intervals, the functions
were used in the following forms.

Arrhenius function.
i=n
o = E exp
i=1

(%) (ﬁ 273+ 0'5(1T1~ m Ti—]))] St — ti)

®)

Nurse—Saul function.

by — Z_;(o.s(Ti +£71) + 10) (it ©)

In equations (8) and (9), #, is the equivalent matur-
ity time (in hours); £ is the activation energy para-
meter; R is the universal gas constant (8314 J/
mol/°C); T; is the temperature (°C) at the end of the i
time interval, ¢;. The value of £ was taken as a constant
(= 335 klJ/mol) as suggested by Bamford and Tipper.19
Broda et al.*® have shown that £ varies with tempera-
ture during hydration but note that the variation is fairly
small and that a single value would suffice. In an
assessment of blended cements using isothermal calori-
metry, Xiong and van Blreugel21 show similar variations
in the apparent activation energy with the progress
of hydration. However, they also conclude that this
variation ‘may be less important in real engineering
practice’.

Results and discussion

Through application of equation (2), the tempera-
tures measured in the adiabatic calorimeter tests were
used to determine the heat output for Mixes A and B
when tested at different starting temperatures. These
results are shown in Fig. 2(a) and (b), together with the
starting temperatures used for each of the tests. Fig.
2(a) shows that, for the CEM I concrete, after approxi-
mately 60 h under adiabatic conditions, the sample
started at 13°C produces more total heat than the sam-
ples started at the higher temperatures. This is consis-
tent with earlier experience regarding compressive
strength of concretes in that concretes cured at lower
initial temperatures show higher strengths at later
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Fig. 2. Calculated heat output for the three adiabatic tests
conducted on each concrete mixture

ages.22 This is also evident for the GGBS concrete
(Fig. 2(b)) but only in that, after 50 h, the sample
started at 12°C produces more heat than the sample
started at 17°C. Unlike the CEM I concrete, the low
temperature GGBS sample does not produce more heat
than the high temperature GGBS sample and this may
be a reflection of the improved hydration characteristics
of GGBS concretes as the temperature increases.”

Figure 3 shows the heat curves of Fig. 2 converted to
heat rate curves (g, = f(¢)) using equation (3). It is
clear that this form of the heat rate curve is inappropri-
ate as the input curve for a concrete temperature pre-
diction model since both the magnitude and time
distribution of the heat rate depend on the starting tem-
perature of the adiabatic calorimeter test.

Start temp: °C
- = = 13

21

— ) O

Heat rate: W/kg

80 100

4
2 5 Start temp: °C
E = = o= 12
= Mix B
5 2] <, (GGBS) 17
-— L4
S 1 —— 25
T ------------._

0 T T T T

0 20 40 60 80 100
Time: h
(b)

Fig. 3. Variation of the time-based heat rates determined from
the adiabatic tests
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Figures 4 (a) and (b) shows the maturity heat rates
plotted against the cumulative maturity of the concretes
over the duration of testing, based on the Arrhenius
maturity function (equation (8)). In both these figures,
the maturity heat rate is ¢, as defined in equation (6)
and is expressed in units of kl/t,¢s/kg of cement.

Figure 4 shows that when the heat rate is expressed
as the Arrhenius maturity heat rate (as defined in equa-
tion (6)), with respect to the cumulative Arrhenius
maturity, the heat rate curves of Fig. 3 are normalised
both in magnitude and maturity distribution. This oc-
curs both for the plain CEM 1 concrete and for the
GGBS blended concrete. The curves for both concretes
show a brief spike of heat rate for the tests started at
the high temperature. This feature was confirmed on
repeat testing and it appears to be a characteristic of
the cements and concretes tested. However, the rela-
tively short duration of this spike probably means that
it is not significant for modelling of temperatures in
mass concrete structures.

Figure 5 shows the results of the tests on the CEM I
concrete expressed in a similar manner to Fig. 4 but

(0] 3 o
© Start temp: °C
< = = = 13

2
3 Mix A
z (CEM 1) 21
5 —_—2
©
= 0

50 100 150 200 250 300
Arrhenius maturity: t,; h
(@)

3 s
% Start temp: °C
£, - == 12
2 Mix B 17
= (GGBS)
c 1 — 25
g

0 T T T T T

50 100 150 200 250

Arrhenius maturity: t,, h

(b)

Fig. 4. Heat rates expressed in terms of maturity using the
Arrhenius maturity function for the two concretes assessed

4
Q@
2 a4 Start temp: °C
=
s ) - = = 13
< 9 Mix A 21
z \  (CEM))
©
=

0 T T T U

0 50 100 150 200

Nurse—Saul maturity: t,, h

Fig. 5. Heat rates of the CEM I concrete expressed in terms
of maturity using the Nurse-Saul maturity function
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using the Nurse—Saul maturity expression. It is clear
that the Nurse—Saul relationship normalises the curves
to the extent that the peak heat rates occur at approxi-
mately the same maturity time. However, while there is
reasonable agreement in the heat rate curves for the
tests started at 13°C and 21°C, the 29°C curve is not
normalised to the same curve, especially in the range
of the peak heat rate. This appears to reinforce Naik’s
observation'® that the Nurse—Saul function is reliable
only over a limited temperature range. Nevertheless, it
appears that, of the two functions assessed, the Arrhe-
nius function is the preferred function for developing a
normalised heat rate curve as input into a temperature
prediction model based on a solution of equation (1).

The weakness of approaches such as that proposed in
equation (5) is demonstrated in Fig. 6, where the time-
based heat rate (¢,) for each of the three adiabatic tests
conducted on the CEM 1 concrete is presented as a
function of the Arrhenius maturity. This figure clearly
shows the dependence of the heat rate on the tempera-
ture conditions under which the adiabatic test was con-
ducted. This form of expression of the heat rate is
therefore not suitable as input into a temperature pre-
diction model.

Using the normalised maturity heat rate
curve in a temperature prediction model

Temperature prediction models for concrete are nor-
mally finite element or finite difference models which
involve a numerical, stepwise solution of equation (1)
and a value of ¢, is required at each time interval of
the analysis. The input curve for this analysis, derived
from an adiabatic (or semi-adiabatic) test, should be
constructed as a ¢, = f(M) curve as shown in Fig. 4.
In this form, an appropriate and different time-based
heat rate curve can be determined for each point
in the structure that is subjected to a different time—
temperature history. This is achieved by structuring the
heat model so as to maintain a continuous calculation
of the cumulative maturity as well as the time rate of
change of maturity at each location of analysis in the
concrete element. At each time interval in the analysis,
the maturity heat rate is then determined from the input

261 o
= Start temp: °C
= .
o 41 Mix A === 13
© (CEM 1) 21
® 24
o — 00

0 T T T " p—

0 50 100 150 200 250 300

Arrhenius maturity: t,q h

Fig. 6. Relationship between the time-based heat rate (q,) of
the CEM I concrete samples and the corresponding Arrhenius
maturity
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curve, based on the cumulative maturity at the particu-
lar point. The time-based heat rate is then determined
by multiplication with the rate of change of maturity,
as indicated in equation (7). As an example of the form
in which this calculation should be maintained, Fig. 7
shows the variation of Arrhenius maturity with time for
the three adiabatic tests conducted on the CEM 1 con-
crete. As a reference, Fig. 7 also shows the maturity
development of a concrete continuously cured at 20°C,
for which the maturity time is equal to the clock time.

In a concrete temperature prediction model, maturity
curves similar to those shown in Fig. 7 should be devel-
oped for each location (or node) of analysis in the
actual structure, based on the time—temperature history
at that location. In this form, both the maturity, M, and
the rate of change of maturity, dM/dt, can easily be
determined at each time-step in the analysis. This will
result in a more accurate prediction of the likely tem-
perature profiles in mass concrete structures, allowing
engineers and concrete technologists to better manage
issues such as

(a) selecting appropriate cements and cement blends
in order to minimise the temperature development
in the structure

(b) designing pre-cooling and in situ cooling systems
to reduce the maximum temperature in the con-
crete structure

(c) estimating the appropriate time for joint grouting
in mass concrete structures.

400

Start temp: °C
300 |- ---13
21

Mix A Concrete cured
(CEM 1)

100

Arrhenius maturity: t,q h
N
o
o

o
L

o
N
=]
N
o
o
=]
@
S

100
Time: h

Fig. 7. Variation in cumulative maturity of the CEM I con-

crete in the three adiabatic tests

Conclusion

(a) In order to account for variations in the early-age
rate of hydration (and, hence, heat evolution) of
cement and cement blends as a result of different
time—temperature conditions, the rate of heat evo-
lution must be normalised by being expressed as a
maturity heat rate in the form dg,/dM. Further-
more, the heat rate input curve for a concrete tem-
perature prediction model involving a solution of
the Fourier equation should be expressed as
dq,/dM = f(M), where g, is the heat produced by
hydrating cement (J/kg of cement) and M is the
maturity.

Magazine of Concrete Research, 2003, 55, No. 3

(b) Numerical temperature prediction models for con-
crete must be constructed so as to maintain a
cumulative calculation of maturity and the rate of
change of maturity at each location or node of
analysis in the concrete element under considera-
tion.

(¢) In this context, the Arrhenius maturity function
provides a good basis for normalising the heat rate
curves and this function should be used in prefer-
ence to the Nurse—Saul maturity function.

(d) The experimental verification presented in this in-
vestigation shows that the proposed maturity form
of the heat rate curve is appropriate for use with
concretes containing CEM I or GGBS blended ce-
ments.
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