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ABSTRACT: This study is aimed at investigating the specific heat of fly-ash concrete. The experiments were conducted to
obtain the specific heat of fly-ash cement pastes and mortars. Mortars were prepared by varying the sand type and content.
It was found that the specific heat decreases as the amount of free water content decreases. The replacement of cement by
fly ash resulted in high specific heat at young age but it tends to decrease in the long term due to the pozzolanic reaction.
Mortars had lower specific heat than cement pastes. We propose a model for predicting the specific heat of concrete as a
function of time, material, and mix proportion. The model, which was verified with various experimental results, simulated

the trend of specific heat quite well.
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INTRODUCTION thus preventing thermal cracking. In order to predict
the temperature of mass concrete, the specific heat of
Thermal stress of concrete due to heat of hydratioiy-ash concrete must be accurately obtained. Many
causes thermal cracking in mass concrete structurggudies on the specific heat of concrete have been
In order to avoid this, designers must be able to obtaigonducted and equations for predicting the specific
a realistic temperature distribution in the mass corlieat of concrete have been proposédit was found
crete especially at early age. The accuracy of the terthat all of the proposed equations predict a decrease of
perature prediction model depends on many factors, #fe specific heat during hardening but the effect of fly
which the specific heat and thermal conductivity ar@sh has not been included. Some researéfenave
the most important. These thermal properties chandgeund that the specific heat of concretat agef could
with age (degree of hydration), amount and type dpe obtained from
aggregate, temperature, and water cortténSpecific
heat or heat capacity of concrete is an important
parameter for computing the temperature distributiowhere ¢; and m; are the specific heat and mass
in mass concrete. Nevilfestated that specific heat fractions of componernit and g, s, and p denote coarse
considerably increases with an increase in moistugygregate, sand, and paste, respectively. Note that the
content of concrete. Brown and Javhigported that effect of fly ash has not been included in the model.
the specific heat of normal strength concrete varied During the reaction process, the specific heat
from 1130.4 to 879.2 J/(kg K) at the ages from 6 h tehanges with respect to time. The amount of free
7 days, respectively. Schutter and TaePweeasured water in concrete decreases with the increase in the
the specific heat of hardening cement paste sampldegree of reaction. As the specific heat of water is the
made with blast furnace slag cement and found th&ighest among all ingredients of concrete, the specific
the specific heat decreases linearly with the degree béat of concrete decreases rapidly at the early stage of
hydration. Xu and Churfgreported that adding sand reaction when there is a rapid decrease of the amount
decreases the specific heat of mortars with and withoaf free water. The constant specific heat values of
silica fume by 11% and 13%, respectively. matured concrete have been traditionally used in the
In mass concrete, fly ash is used to replace cemeanalysis of thermal cracking problefis®. However,
and hence reduce the heat from the hydration reactiathjs is not realistic, especially during very early age

c(t) = mgeg + mscs + mpcp(t) Q)
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where the specific heat varies significantly. As af hardened cement paste has been proposed

result, this study proposes a model for predicting theur method was based on this. The specimens were
specific heat of fly-ash concrete as a function of timesubmerged in hot water in an insulated container. The
material, and mix proportion. The objective is to adopheat supplied to the specimens was obtained from
the proposed model for simulating thermal cracking ofhe hot water. The temperature of the hot water and

mass concrete. the specimens were simultaneously recorded every 30
seconds by using a data logger. The measurement
MATERIALS AND METHODS was repeated 3 times for each pair of specimens and

the average value was used. The specific heat was

Ordi Portland t and lignite flv ash calculated from
r Inary menti s materia Ignl y y asn were ]\/IWCW(ATW - AT’IOSS) - MfoATf

used as cementitious materials. In the case of paste, ¢, = )
various values of water to binder ratio by masg ( Msp ATy

and fly ash to binder ratio by mass) (were used. where M; is the mass of component i, and w, sp,
We denote a mixture withw of 0.25 andr of 0.30 and f refer to the water, aluminium foil, and speci-
by w25r3. For mortanw andr were fixed at 0.4 and men, respectivelyAT,, is the temperature reduction
0. Two different types of fine aggregate (natural riveof water, AT,,, AT; are the temperature increase
sand and crushed limestone sand) were used in thjs specimen and aluminium foil, andT},. is the
study. Several values of natural river sand to bindaemperature reduction of water due to loss of heat to
ratio by mass4) and crushed limestone sand to bindethe environment. Due to the very low heat capacity
ratio by massg) were used. We denote a mixture withof the aluminium foil (very thin and small mass), the
w of 0.4 ands of 1 by w40s1. Pastes and mortarseffect of the aluminium foil can be neglected in the
were tested at 7 and 28 days of age. Some mixturgaliculation of specific heat of the specimens.

of cement, fly-ash pastes, and mortars (w25r5, w40s1, The tests were conducted at 24 °C. In order
w40s3 and w40g3) were also tested at 1 and 3 days ®f measureAT,,, the system with water only was

Mix proportion and materials

age to investigate the specific heat at early age.  used to record the temperature change of the water
_ _ due to loss into the environment. The temperature
Specimen preparation and test procedure was recorded by using a data logger at an interval

All samples were cast in PVC pipes (diameter 2.5 Cn'p,f 30 s. This calibration was done 3 times and the
length 5.0 cm). After casting, the specimens weraverage value was calculated.
covered with aluminium foil in order to prevent theSpecific heat model

loss of moisture. After one day, the pipes were

removed and all specimens were firmly wrapped iy USing the same principle as shown I),(we pro-
aluminium foil in order to prevent the evaporationP0S€ using the following equations for estimating the
of water and to simulate the physical condition oivalue of specific heat of pastes, mortars and concrete:
the specimens inside the mass concrete (no moisture
loss or gain). The seams of the aluminium foil were ¢(t) = mgcg + Mmgcs + M () Cw + Mue(t)ce
sealed by using an adhesive to prevent the leakage
of water into the specimens during testing. The
specimens were tested without removing the wrappadhere fw, uc, ufa, and hp denote free water, unhy-
aluminium foil. The specimens were kept in the roonflrated cement, non-reacted fly ash, and the products
temperature (2& 2 °C) and in seal-curing condition. of hydration and pozzolanic reactions, respectively.
Two specimens were cast for each mixture andhe hydrated products consist of hydrated cement,
a thermocouple was installed either at the centre, égacted fly ash, water consumed by hydration, and
at mid-height but near the side face (0.5 cm from theozzolanic reactions. Their mass fraction relation can
surface of the specimens) of each. This location takd determined from
into account the non-uniform temperature that might Mnp(t) = 1 — mg — mg — Mgy (£) — Mue(t)

©)

+ mufa(t)cfa + mhp (t)Chp

occur within the specimen during the test. However, masa(t) 4)
the test revealed later that the differences can be s
neglected. The specific heat, obtained from the tests,

9 P M (t) = (1 — ang (£))me(0) )

was then the average value obtained from the two
specimens. Muta(t) = (1 = apos(t))mea(0) (6)
A test method to determine of the specific heat My () = M (0) — Myhp (t) — Myger (t)  (7)
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where wgel and whp denote gel water in paste and wa- 0.9

ter consumed by hydration and pozzolanic reactions? (g |

any anda,,, are the average degree of hydration ofg

cement and the degree of pozzolanic reaction of fly

ash, respectively. The time of mixing is= 0. The £ 06 o eme e

effect of air was not considered in this model. Theg ©3 ] e

mass fraction of free water is defined as the masg 04 /

fraction of water excluding water consumed by thez 03 1

hydration and pozzolanic reaction. 5 oo | .- - w250
As the reaction proceeds, the amount of free watef |

in concrete decreases and there is an increase in the -

amount of the reaction products as concrete turns ° ‘ ‘ ‘ ‘ ‘ ‘ ‘

from a fresh state to plastic and then hardened states. 0 ! 2 3 4 > 6 ! 8

Hence the specific heat of concrete decreases with Age of Paste (days)

time. As coarse and fine aggregates are inert materialsg. 1 Average degree of hydration of cement pastes with

their mass fractions and specific heat remain constant= 0.25 and 0.40 at 28 °C (from Ref3).

throughout the reaction period. At the same time,

the volume of non-reacted cementitious materials (the

cement and fly ash) and free water decreases and the 0.5

amount of reacted product increases. The details of

0.7 1

rag

w40r0

— ————
——
— —

free water determination are adopted from Tangterm§ 041 -
sirikul et al*2. g ,/ mm T
The average degree of hydration of cement i& 03{ 7 7
. . = !
defined as the mass-averaged degree of hydration &f 4 e e
four major oxide compounds in cement, whereas thg 024 .-~
degree of pozzolanic reaction of fly ash is defineds y T WS

— w2515

as the mass fraction of already reacted fly ash t@ 0.1 1
total fly ash. The four major oxide compounds in=

- = w40r3
— = 'w40r5

cement are tricalcium silicate £¢S), dicalcium silicate 0 : : :
(C,S), tricalcium aluminate (§\), and tetracalcium 0 100 200 300 400
aluminoferrite (GAF)3. The average degree of hy- Age of Paste (days)

dration and degree of pozzolanic reaction depends on ) )
the water to cement ratio, concrete temperature, ar%p' 2 D_egree of pozzolanic reaction of cement-fly ash
age'>14. Examples of average degree of hydration o?aSteos withr = 0.30 and 0.50, and) = 0.25 and 0.40
cement pastes and the degree of pozzolanic reactigh®C C (from Ref.14).
of cement pastes with fly ash are shown in Figand
2 RESULTS AND DISCUSSION

The values of the specific heat of cement, fly
ash, water, quartz sand, and limestone used in ﬂlfé‘fect of age
analysis were 753.62, 711.76, 4186.8, 795.49, ardf the ingredients, water has the highest specific heat.
837.36 J/(kg K), respectively*>17. By using these From the experimental results, it was found that the
values and J), the specific heat of hydration andspecific heat of pastes and mortars decreased with a
pozzolanic products was derived by using the methadiecrease in the amount of free water. As the reaction
of regression analysis from the test results of specifigroceeds, the amount of free water in paste decreases
heat of the tested pastes. The specific heat of theth an increase in the amount of hydrated products so
hydrated and pozzolanic products was found to binat the specific heat of pastes and mortars decreases
about 419 J/(kg K). By using3} and the specific heat with age (Figs3 and4). Many researchers have found
of the concrete ingredients, the specific heat of théhat the increase in water content tended to increase
tested pastes and mortars were computed. the specific heat of concreté 817,

Effect of constituents

The effect of water to binder ratio is shownHig. 3a.
Pastes with lower water contenty (= 0.25) have
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3000 X w2510 (Authors' test results) (a) 3000 A w40s0 (Authors' test results) (a)
< O w3510 (Xu et al.'s test results) - X  w40s1 (Authors' test results)
4 . U tect recnlte
éﬂ 2500 A wA40r0 (Authors' test results) o 2500 X w40s3 (Authors' test results)
= O w40r0 (Bentz's test results) g O w35sl (Xu et al.'s test results)
% 2000 = w2510 (Authors' model) § 2000 Wigs(l) (iutﬁorsy moge})
o — —w35r0 (Authors' model) T wAOsl (Aut orsv model)
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500 ‘ ‘ ‘ ‘ — K 500 ‘ ‘ ‘ | | ‘
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A, f Mortar (d
3000 - A w40r0 (Authors' test results) (c) ge of Mortar (days)
< O w40r3 (Authors' test results) Fig. 4 Comparisons between predicted and authors’ and
é” 2500 ~ X w40r5 (Authors' test results) Xu et al’s test results of mortar (a) river sand mortars with
‘g 2000 | — w40r0 (Authors' model) s =0,1and 3, andv = 0.40 ands = 1, andw = 0.35,
= = = = w40r3 (Authors' model) (b) crushed limestone sand mortars wjth= 0 and 3, and
;% 1500 =— = w40r5 (Authors' model) w = 0.40.
é = e L e o
©n 1000 + T TR amae
X but tends to decrease at longer age due to pozzolanic
500 ‘ ‘ ‘ ‘ ‘ ' reaction?. As the results, the specific heat of fly-ash
0 5 101520 25 30 cement paste has similar time-dependent tendency as
Age of Paste (days) the pozzolanic reaction. The higher specific heat of

Fig. 3 Comparison between predicted and authors’ anﬁaSte with fly ash at young age indicates that using

. . Y ash to replace cement is beneficial to reduce the
other researchers’ test results of specific heat (a) cemet i f ¢ d th Hi f
pastes withw = 0.25, 0.35 and 0.40, (b) cement-fly ash emperature of mass concrete an € generation o

. heat.

ﬁ;ztse; p\;\gtsr:e;w?£hof (? ng 3? asn dag.dé ;n%')zi’ ()(ao(femem' Fig. 4shows the effect of content of river sand and

' ' crushed limestone sand on specific heat of mortars.
The specific heat of cement paste is higher than that
- L of the mortars because of its higher amount of free
lower specific heat than th(_)_se with higher wgter CONVater content. Moreover, both river sand and crushed
te_nt fv = 0.40). The specific heat of w_ater IS mUChIimestone sand have lower specific heat than water, so
h|gh§r- than that of cement, so lower gives lower the specific heat of mortars are lower than that of the
specific heat. cement paste and the mixtures with higher aggregate

The effec't .Of fly-ash content IS shown in Figh content give smaller specific heat, consistent with
and3c. Specific heat of pastes with fly ash at youn%revious experimental resufts
S

age is higher than that of cement paste but continu
decreasing in a long term when compared to that of = .

the cement paste. This is because the replaceméffiification of specific heat model

of cement by fly ash causes relatively higher fredt can be seen that the specific heat model is nearly
(non-reacted) water content of mixtures at early agguantitatively satisfactory in predicting the specific
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Fig. 5 Comparisons between predicted and Brown and

Javaid’s test results specific heat of no-fine concrete and . )
9. Toyokazu S, Yoshiro M (1976) Thermal properties of

concrete.

heat of the tested pastes and mortars (F&snd

4). The model shows that the pastes with higher fre0.
water content have higher specific heat than those with

lower free water content~{g. 3a). The model also

shows that the specific heat of pastes with fly ash1
has a tendency to continue decreasing in long terrh

when compared to that of the cement paste (F3gs.
and 3c).

the cement pastd={g. 4). The proposed model also

agreed with test results from other researchers. Ass.
shown inFig. 5 the model was compared with the test

results obtained by Brown and JavAith which no-

The model is able to predict the lower
values of specific heat of mortars relative to that of

ScienceAsid5 (2009)
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