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Abstract

This paper describes the development and operation of a finite difference heat model for predicting the time-based temperature
profiles in mass concrete elements. The model represents a two-dimensional solution to the Fourier heat flow equation and runs on a
commercially available spreadsheet package.

An important problem facing heat modelling of concrete is that the rate of heat evolution at any point in the concrete element
depends on concrete mixture parameters, time and position within the element. The present model resolves much of this complexity
by using, as input, the results of a heat rate determination using a low-cost adiabatic calorimeter together with the Arrhenius
maturity function to indicate the rate and extent of hydration at any time and position within the structure, based on the time-
temperature history at that point.

The paper presents a discussion of the structure of the finite difference model and its application to spreadsheet architecture. A
brief description of the calorimeter is also presented together with the results of a verification exercise that was carried out to assess
the accuracy of the model using a block of concrete instrumented with thermal probes. The results show that the model is able to

predict the temperature at any point in the concrete block to within 2 °C of the measured values.

© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

This paper discusses the development of a finite dif-
ference (FD) numerical model for predicting the tem-
perature at varying times and locations in a mass
concrete element. The model is applicable to rectangular
concrete elements, which is typical of the construction of
large concrete structures such as dams and foundations.
The model is a 2-dimensional solution of the Fourier
equation for heat flow in solid bodies and, as presently
structured, is also simple enough to be programmed into
a commercially available spreadsheet software.

In normal concrete construction, the heat developed
by the hydrating cementitious materials is quickly dis-
sipated to the environment and this usually poses no
serious problems. However, in large or mass concrete
elements, thermally induced early-age cracking is a
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problem requiring special attention at the design and
construction stages. During the early stages of hydra-
tion, when the internal temperature of the immature
concrete is increasing, the cooler surface zone is sub-
jected to tensile stresses and surface cracks, usually fairly
shallow, may occur within a few days after casting. At
later ages, after the peak temperature has been reached
and the internal concrete enters the cooling phase, the
increased stiffness of the surface zone now acts as a re-
straint to the thermal shrinkage of the internal concrete.
Internal sections are, therefore, subjected to tensile
stresses and significant internal cracking is possible.

A number of models have been proposed to predict
the heat evolution and resulting temperature develop-
ment characteristics in concrete during the early stages
of hydration. These models are either developed at the
micro-level for the study of physico-chemical processes
associated with the hydration of cement [1], or they are
developed at the macro-level for predicting the temper-
ature development in (usually mass) concrete structures.
These macro-level models are in the from of graphical
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methods [2], manual step-wise calculations [3] or fairly
sophisticated finite element methods [4]. The macro
models are aimed at providing a tool in the design and
construction of mass concrete elements to determine
aspects such as suitable cooling systems to be used in the
structure, construction sequencing, joint grouting times
and the potential for thermally induced concrete
cracking. In this sense, the model proposed in this paper
is also a macro model since its primary aim is to predict
the time-temperature profiles in mass concrete struc-
tures.

The potential for concrete to crack depends on a wide
range of inter-connected intrinsic and extrinsic factors
[5]. Of these, a fundamental factor is the time-based
temperature profiles in the concrete structure. An ac-
curate and thorough understanding of the temperature
differences occurring in the concrete at different times (as
the physical properties change and evolve) is essential
for a proper analysis of cracking potential.

An important problem facing heat modelling of
concrete is that the rate of heat evolution at any point in
the concrete element is dependent on the specific ce-
mentitious binder, aggregate type and mixture propor-
tions used in the concrete as well as the extent and rate
of hydration at each point in the concrete element at a
particular time under consideration. Furthermore, the
extent and rate of hydration at any time depends on the
historical time and temperature conditions at the par-
ticular point in the structure under consideration. The
model presented resolves much of this complexity by
incorporating the results of a rate of heat evolution
determination using a low-cost adiabatic calorimeter. A
small sample of the actual concrete to be used is placed
in the calorimeter and the temperature rise is monitored
over a period of up to 7 days. These results are then used
to determine the maturity rate of heat evolution (rather
than the time rate) and the time scale of the test is
converted to a maturity scale to indicate the extent of
hydration. The finite difference model uses this heat
rate-maturity relationship to determine the rate of heat
evolution at various times and locations in the concrete
element, and hence determines the temperature profiles
in the element. The Arrhenius maturity function is used
in this application.

Finally, the paper presents the results of a verification
exercise which was carried out to assess the accuracy of
the model and the suitability of the Arrhenius maturity
function in this context. A block of concrete was cast
and instrumented with thermal probes. The temperature
at various points in the block was monitored until the
temperature at the centre of the block returned to the
ambient temperature. A brief description is also pre-
sented regarding the manufacture and use of a thermal
probe that uses a temperature sensitive integrated circuit
unit, connected to doubly-insulated cable bonded in
epoxy. These probes are sufficiently inexpensive (ap-

proximately £1 each) to be discarded after a being cast
into concrete for the purpose of temperature monitoring.

2. Development of the heat model

The flow of heat in concrete can be described by the
Fourier equation which, in its two-dimensional form, is
given as [6]:

or T T
ok === / 1

where p is the density of the concrete; C,, the specific
heat capacity; 7, the temperature; ¢, the time; £, the
thermal conductivity; x, y are the coordinates at a par-
ticular point in the structure; and @', the rate of internal
heat evolution.

Eq. (1) was solved numerically for a rectangular
block of concrete which has a z dimension significantly
larger than the x and y dimensions. As shown in Fig. 1,
the block was cast onto a rock foundation and the
ambient temperature (74) varies with time.

The numerical solution of Eq. (1) is presented in a
number of standard texts [6-8]. However, for clarity, a
basic introduction to the finite difference (FD) approach
used in this analysis is presented below, together with
the final form of the FD equations for the different
positions in the concrete block and associated boundary
conditions.

2.1. Developing the finite difference equations

Fig. 2 shows three internal nodes in an element of
material subjected to one-dimensional heat flow. In de-
veloping a numerical solution to the one-dimensional
form of Eq. (1), the second derivative of the temperature

Concrete Block

Air Temp. T,

Time, t
Rock: k = ky; Temp = T, = f(t)

Fig. 1. Schematic arrangement of the modelled mass concrete block.
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Fig. 2. Three internal nodes in a one-dimensional heat flow arrange-
ment.
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(T) with respect to position (x) at point m can be ap-
proximated to from the FD expression [8]:

e A (2)

The first derivatives at the intermediate points are ap-
proximated to by

a_T ﬁTm+l_Tm and a_T uTm_Tm—l
Ox m+%_ Ax Ox m—%_ Ax

(3)
Combining Egs. (2) and (3) gives
az_T ~ Tm+l +Tm71 _21-;71 (4)
o], (Ax)*

Also, the rate of change of temperature with respect to
time (¢) at point m in the time interval: t =ntot=n+1,
of duration &¢, can be approximated to by

or _TH' -1
or ot )
By extending the principles illustrated in Egs. (4) and (5)
to a two-dimensional heat flow condition, appropriate
FD equations were developed for the concrete block
shown in Fig. 1. Fig. 3 shows the different node posi-
tions for which the FD equations were developed. These
equations are presented below.

2.2. Internal nodes (Fig. 3(a))

The FD equation for an internal node is

/n Bt
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P
(6)
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(a) P is an internal node (b) P is a bottom node on rock
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S surface node

(c) P is a corner node

Fig. 3. Node positions and boundaries for which FD equations were
set up.
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where, in addition to the parameters defined before, T3
is the temperature at node X in the nth time interval; Q™
is the rate of internal heat evolution in the nth time in-
terval; ¢ is the time-step interval used in the FD anal-
ysis; C, is the specific heat capacity of the concrete,
determined as the mass weighted average of the specific
heat capacity of each component in the concrete mix-
ture; Iy is the Fourier number, which is defined as

kot

-7 8
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0
and 4 = A, = 4, is the distance between nodes. The
limitation on &¢ in Eq. (7) is to ensure stability of the FD
model.

2.3. Bottom surface nodes (Fig. 3(b))
A fictitious node R is included in the system at a

distance 4 from P and the thermal conductivity of the
rock is kr. The governing equation is then of the form:

" ot k
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In the absence of direct solar radiation, the temperature
response of materials such as rock, to variations in the
ambient temperature, is slow. The temperature of the
rock at node R, T}, is therefore taken as the minimum
temperature occurring on the previous day.

2.4. Corner nodes (Fig. 3(c))

In this case, heat is also transferred between node P
and the environment by conduction and the rate of such
transfer is determined by the heat transfer coefficient 4.
The governing equation is then:

/n8t
e =2 Tp[l — 4Fy (1 + B
¢ = e Tl 4R(1 4 8]
+2F)(TE + T + 2B, Ty) (11)
. pC, A
Dot
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where T, is the ambient temperature and B; is the Biot
number, which is defined as

Y

B
"k

(13)



698 Y. Ballim | Cement & Concrete Composites 26 (2004) 695-703

2.5. Exposed surface nodes (Fig. 2(d))

For the corner nodes, heat is transferred to the en-
vironment and the FD equation is

/n8 l
It = Q t+T; [1 —4F0<1 +—B,->]

pC, 2
+ FRQ2Ty + I\ + T + 2B,Ty) (14)
pC,A*

subject to : o< (15)

(4k + 2hA)
In selecting the time interval (d¢) for the operation of the
finite difference model, the minimum of the values for o¢
generated by Egs. (7), (10), (12) and (15) should not be
exceeded to ensure overall stability of the model.

2.6. Modelling the environmental temperature T

At the design stage of a construction project, it is
unlikely that accurate and continuous ambient temper-
ature values are available for the area in which the
construction is to take place. This is more so because
temperature values are required at approximately 1-h
intervals. However, daily ambient maximum and mini-
mum temperatures are usually available from the local
meteorological office and a model was developed to
approximate the ambient temperature at any time using
only the daily maximum and minimum values. This
model takes the form:

2 Tnax — Tmi
TA: —sin( TE(L_—;:— tw))( mdx2 mm>
Tm'x Tmin
+ (— : ) (16)

where: t4 is the clock time of day at which the approx-
imation is being made (0-24 h); ¢, is the time at which
the minimum overnight temperature occurs (usually just
at sunrise); 7., and T, are, respectively, the maximum
and minimum temperatures for the day under consid-
eration. The model represented by Eq. (16) is a sinu-
soidal function with a 24-h period and variable
amplitude (Thax — Tmin)- 4w 1S a shift factor, which allows
the time of the minimum temperature to be correctly
adjusted.
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Fig. 4. Measured air temperature compared to the modelled values
using Eq. (16).

The ambient temperature model is over-simplified in
that it ignores factors such as cloud cover, wind or direct
sunlight and there is probably room for significant re-
finement. Nevertheless, Fig. 4 shows that the model
gives reasonably good prediction when compared with
actual measured outdoor temperatures over a trial pe-
riod of 10 days.

2.7. Determining the rate of internal heat evolution, O/

An adiabatic calorimeter was developed and built to
measure the rate of heat evolution of a concrete mixture
to be used in the construction of the concrete element.
Details of the construction and operation of the calo-
rimeter are given by Gibbon et al. [9] and Gibbon and
Ballim [10]. A schematic arrangement of the calorimeter
is presented in Fig. 5. In principle, the test involves
placing a one litre sample of concrete in a water bath,
such that a stationary pocket of air separates the con-
crete sample from the water. The signal from a thermal
probe placed in the sample is monitored by a desk-top
computer and, via an input/output analogue to digital
conversion card, the 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

|
|
— Heater S |
E e e— ample
Air
PC with A/D )
conversion card Temperature Stirrer
> AC Probe Water

Fig. 5. Schematic arrangement of the adiabatic calorimeter.
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the surrounding environment. The pocket of air around
the sample is important to dampen any harmonic re-
sponse between the sample and water temperature as a
result of the measurement sensitivity of the thermal
probes. The test is usually run over 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.

The test measurement produces a curve of tempera-
ture vs. time for a particular binder type and mixture
composition. The total heat evolved over any time pe-
riod can be determined from the relationship:

0 =mC,8T (17)

where m is the mass of the sample and 67 is the change
in temperature of the sample over the time period under
consideration. The rate of heat evolution is then deter-
mined from a numerical differentiation with respect to
time (¢) of the total heat curve, i.e.:

Y
Q=%
However, Eq. (18) yields a rate of heat evolution which
is unique to the conditions under which the adiabatic
test was conducted. In determining the cumulative heat
produced by the binder, Eq. (17) is only concerned with
temperature differences and not absolute temperatures.
As a chemical reaction, the rate and extent of hydration
is influenced by the absolute temperature under which
the reactions take place. In principle, therefore, each
point in a concrete structure that is subjected to a unique
time—temperature profile will exhibit a unique time-heat
rate profile.

This is contrary to past approaches where the form of
the time-based heat of hydration curve (Q = f(¢)) was
considered as fixed [11]. Wang and Dilger [12] use this
approach to the heat rate form and propose the fol-
lowing equation for determining the rate of heat evo-
lution (in W/kg of cement) to be used in Eq. (1):

09

(18)
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where M is the equivalent age or maturity of the con-
crete referenced to concrete cured at 20 °C. Eq. (19)
express the time-based heat rate in terms of the devel-
opment of maturity, with a fixed maximum heat rate of
2.2 W/kg. Clearly, this approach cannot be considered
as appropriate for a concrete temperature prediction
model since:

e The maximum heat rate is determined by the temper-
ature at which the hydration takes place and, there-
fore, cannot be considered as constant;

e Hypothetically, if the temperature of the concrete in
the structure is reduced to —10 °C, when hydration
is deemed to cease [13], the maturity remains constant
hereafter and Eq. (19) predicts a finite rate of heat
evolution when, in fact, the heat rate has reduced to
Zero.

In order to address this problem, it is necessary to ex-
press the heat evolved as measured in 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 (Q),) is expressed as
do
= 20

and the time-based heat rate, as required in Eq. (1), is
then determined using the chain rule as follows:

dm

0, =0y T (21)
Hence, a temperature prediction model for concrete
should use, as input, the calculated maturity and cor-
responding maturity heat rate determined from the
adiabatic calorimeter test. It is then necessary for the
model to maintain a measure of both the development
of maturity and the time based rate of change of ma-
turity at each point under consideration in the concrete
element. At each calculation step, an appropriate ma-
turity heat rate is selected, based on the cumulative
maturity at the point under consideration. Multiplying
by the time-based rate of change of maturity in the given
time interval, yields the time-based heat rate to be used
in the solution of Eq. (1).

The form of the heat rate expression as presented in
Egs. (20) and (21) also address the problem presented
above, where the temperature of the concrete is suddenly
reduced to point where the hydration ceases. In this
case, the time-rate of change of maturity is zero and Eq.
(21) correctly yields a Q) value of zero.

A number of maturity functions have been proposed
[12—14], mainly with a view to predicting the strength of
concrete under different curing temperature conditions.
For this investigation, it was decided to use the Arrhe-
nius maturity function to determine the equivalent age
of a concrete with respect to concrete continuously
cured at 20 °C (Eq. (22)). In consideration of compres-
sive strength prediction, Naik [13] demonstrates the
appropriateness of the Arrhenius function and cautions
strongly against using the Nurse-Saul expression.

The modified expression for the equivalent age, based
on the Arrhenius relationship, is given as [13]:

[

where # is the time required, when curing at 20 °C, to
reach an equivalent maturity; 7; is the average concrete
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Fig. 6. Rates of heat evolution of a sample concrete under adiabatic
conditions expressed in terms of clock time- and equivalent Arrhenius
maturity time.

temperature (in K) in the time interval Az; Tj is the
reference temperature (taken as 20 °C); E is the apparent
activation energy (taken as 33.5 kJ/mol [15]) and R is the
universal gas constant (8.31 J/mol K).

Fig. 6 shows the time- and maturity-based rates of
heat evolution of the concrete used in the verification
exercise of this study (discussed later). For the maturity-
based heat rate, the age axis is expressed in terms of 759 h
using Eq. (22). In determining the adiabatic temperature
rise of this concrete, the test was started at 18 °C and the
concrete reached a maximum temperature of 36 °C after
approximately 80 h in the calorimeter.

Fig. 6 also shows that the generalised heat rate-ma-
turity expressions proposed by Wang and Dilger [12]
would under-estimate the heat rate for this concrete.
Their expression indicates a maximum heat rate of 2.2
W/kg while the maximum time-based value determined
from this test was 3.21 W/kg and the maximum matu-
rity-based value was 2.83 W/kg. Care should be taken in
comparing the two curves shown in Fig. 6 since the
horizontal axis does not relate to the two curves in a
linear manner. As an illustration, the test was termi-
nated after 80 clock hours and, at this stage, the
equivalent maturity age was 143 £, h. Nevertheless, it is
clear that, in this case, using the same time-based heat
rate curve in the model throughout the section will over-
estimate the temperatures developed in the concrete.
The maturity-based heat rate curve shown in Fig. 6 was
used as input into the numerical model discussed below.

2.8. Application of the model to spreadsheets

With the increased sophistication of spreadsheet ar-
chitecture and programming ability, it was found that
the FD model could easily be programmed as a “macro”
in a spreadsheet. The normal two-dimensional structure
of a page and three-dimensional structure of a “work-
book™ lends itself particularly well to the step-wise cal-
culation requirements of the model. Also, the “look-up”
feature in these spreadsheets allows the user to install
data sets of (say) maturity heat rate and corresponding
maturity. The programme will then select an appropri-

Select new At

Input At

Input basic information
To; ks kiy hoy hy 45 tay o5
C,; binder content

Set up a spreadsheet area for t = 0 < Enter the number of cycles
with columns = Ax and rows = Ay to be processed (=N)

& Insert calculated values of maturity vs maturity
heat rate obtained from the adiabatic test

v

Insert max and min daily ambient
temperatures for the period of analysis

> Fill t = 0 table with
T =T, values

v

Set up separate tables for calculating temperatures at t = n+1, cumulative
maturity and AM. with appropriate equations in different cells

At each node and for each time interval, select
a value of maturity heat rate, based on
maturity and convert to time heat rate using
the current value of AM/At

v

Copy calculated values at
t=n+1 to results sheet

Set counter C = 0

Copy values of temperature and
maturity at t = n+1 to t = n sheets

Fig. 7. Flow diagram for the finite difference computer programme.

ate value of heat rate on the basis of a calculated value
of maturity. A similar procedure can be set up if the
thermal conductivity of the concrete is known to vary
with time and degree of hydration, as has been noted by
some researchers [14]. The general programme flow di-
agram is shown in Fig. 7. It should be noted that, for the
situation as shown in Fig. 1, the section is symmetrical
about the vertical axis and the equations need only be
solved for one half of the concrete element under con-
sideration.

3. Laboratory verification of the proposed model

A block of concrete was cast in the laboratory and
instrumented with thermal probes in order to assess the
accuracy of the proposed model. The block, comprising
0.5 m?® of concrete was cast with dimensions as shown in
Fig. 8(a). The concrete used in the block had a nominal
compressive strength of 25 MPa, a maximum aggregate
size of 13 mm, a slump of 100 mm and the binder
consisted of portland cement (220 kg/m*). The slump
and aggregate size were selected to ensure that the
thermal probes were not displaced during casting. The
block was cast onto a concrete floor in the laboratory
and the formwork for the two 700 x 700 mm surfaces
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Fig. 8. Showing (a) the concrete test block with side insulation and (b) location of the thermal probes in the centre of the block on an x—y plane.

was removed at 18 h after casting. These surfaces were
then coated with a wax-based curing compound.

As indicated in Fig. §(a), the block was insulated on
the two opposite 700 x 1000 mm faces in order to ap-
proximate two-dimensional heat flow. Thermal probes
were placed in the concrete at the node points shown in
Fig. 8(b) and these were held in place by being tied to a
network of thin nylon line attached to the insides of the
formwork. A probe was also placed on the outside of
the concrete block to monitor the ambient temperature.
The thermal probes were manufactured from integrated
circuit (ic) units that required a dc input voltage of 10 V
and had an output of 0-1 V, representing a temperature
of 0-100 °C. The ic units were connected to doubly in-
sulated telephone cable and this assembly was encased in
epoxy, to form a probe measuring 6 mm in diameter and
approximately 40 mm long. The total cost of a com-
pleted probe was approximately £1 (UK). The calibra-
tion of each probe was assessed over a range of 10-60 °C
and, where necessary, correction factors were applied to
the measured output signals.

The probes were connected to an automatic data-
logging facility and a constant voltage supply unit.
Voltage signals at each of the probes were recorded at
1-h intervals up to 90 h after casting, by which time the
temperature at the centre of the block had returned to
ambient. During this period, the ambient temperature
varied between 16 and 21 °C.

At the time of casting, a small sample of the concrete
was obtained for the adiabatic calorimeter test, which
was conducted at the same time as the temperature
monitoring of the test block. The calculated rate of heat
evolution for this concrete with respect to clock time and
Arrhenius maturity time is shown in Fig. 6. These curves
were used as input for the FD model. The thermal
conductivity of the concrete was taken as 3.5 W/mK (as
recommended for quartzite aggregate concretes [14]);
based on a mass weighted average [2], the specific heat of

the concrete was calculated to be 1228 J/kg K. The heat
transfer coefficient was estimated from research work
reported in Ref. [9] and was taken as 30 W/m?K for
exposed concrete surfaces and 5 W/m?K for the
700 x 700 mm end surfaces over the first 18 h while they
were covered by formwork timber. The analysis was
done in 30-min time steps with Ax = Ay = 100 mm.

4. Results and discussion

As an illustration, the results obtained at six of the
probe locations are shown in Fig. 9. These figures also
show the results of the model predictions at corre-
sponding locations using the Arrhenius maturity func-
tion. The results show that the temperature of the
concrete started at approximately 17 °C, reached a
peak of 28 °C at the centre of the block and returned
to ambient temperature at approximately 80 h after
casting.

Fig. 9 shows that the FD model is able to predict the
temperature to within 2 °C throughout the temperature
monitoring period. For the central node, the model
predicts the maximum temperature reasonably well but
the predicted time of occurrence of the maximum tem-
perature is slightly later than the measured time. The
largest deviation between the predicted and measured
values occurs for the nodes close to the surface, as can
be seen in the lower part of Fig. 9. When the concrete
surface is exposed directly to the surrounding environ-
ment, not only is the measured temperature lower than
the prediction (by up to 2 °C) but the concrete is also not
responding to ambient temperature variations as
strongly as the model results indicate. This situation
occurs immediately after casting for the top surface and
after the side formwork was removed from the side
surfaces. A possible reason for this deviation is an
error in estimation of parameters such as the thermal



702 Y. Ballim | Cement & Concrete Composites 26 (2004) 695-703

30

R/AN

Central Probe = _

RV
/

15

~ 30
O
o —— Modelled
[
5 = Measured
=
©
& 20 N
o Bottom Probé\
GE, (on concrete floor)
= 15
30
25 /A

Probe 50 mm
from a side face
20 / &

15 T T T T T

0 20 40 60 80 100

Time after casting (hrs)

30

/AN
20
Probe 250 mm \
from a side face
15
~ 30
8 ——— Modelled
g 25 / N Measured [
E //
©
1™
& 2 1/ Probe 200 ~—
robe mm
qE, / from the top
= 15 :
30
25
Probe 50 mm
/\ from the top
i / \\___
15 T T T T T

0 20 40 60 80 100

Time after casting (hrs)

Fig. 9. Modelled and measured temperatures at six of the probe positions.

conductivity and the coefficient of heat transfer. A fur-
ther possible reason is that, despite the application of
the curing compound, the concrete had dried out near
the surface and this caused the hydration to cease in this
zone. The rate of heat evolution at this point was
therefore lower than the model predicted from the ma-
turity calculation and this resulted in an over-estimate of
the temperature at this node. The loss of moisture would
also have had the effect of reducing the thermal con-
ductivity of the surface zone and this would explain the
lack of sensitivity of this node to variations in ambient
temperature. Fig. 9 also shows that the model is able to
simulate the sudden drop in temperature as a result of
the removal of the formwork from the side surfaces after
18 h.

Notwithstanding these observations, given the sim-
plicity and low-cost of the model and its operation, the
results are promising. It is intended that future work in
this area will be aimed at developing the model to allow
for the effects of sequential construction—casting fresh
concrete onto concrete from which some or all the heat
has not yet been lost.

Furthermore, using an ever growing database of heat
rate curves for different cementitious binder types, it is
possible to assess the likely effects of different binder
types on the temperature development within a partic-
ular concrete element for given environmental condi-
tions. The model can therefore be used as a valuable tool
in the selection of the concrete mixture proportions
before construction commences. The model can also be

used to assess the efficacy of a reduced concrete mixture
temperature, which is normally achieved by using flaked
ice as mix water or by injecting liquid nitrogen into the
fresh concrete mix.

5. Conclusions

(a) As described, the spreadsheet-based finite difference
model provides a low-cost and reasonably accurate
means for predicting the time-based temperature
profiles in mass concrete structures where potential
cracking may present a problem.

(b) The adiabatic test together with the Arrhenius ma-
turity function allows for the rate of heat evolution
from the hydrating cement to be expressed in a ra-
tional and normalised form for input into the nu-
merical model. The heat rate must be expressed in
the form of a maturity heat rate as a function of
the cumulative maturity of the concrete. In the
step-wise analysis of the model, it is important to
maintain an incremental measure of the cumulative
maturity at each point under analysis as well as a
measure of the time rate of change of maturity at
each point.

(c) It appears that early drying from the surface of
the concrete causes inaccuracies in the ability for the
model to estimate concrete temperatures near the
surface. This points to a need for improved defini-
tion of the boundary conditions of the model, in-
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cluding an accurate assessment of parameters such
as the heat transfer coefficient.
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