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1. Introduction

Abstract. This study investigated the effects of supplementary cementitious materials
with changes to the structure of the concrete pores based on Coefficient of Thermal
Expansion (CTE) at different ages. The results indicated a descending trend for the CTE
of the reference concrete up to 60 days (decreasing by about 12%), after which it remained
constant. On the contrary, a different trend was observed for the slag-containing concrete;
in other words, the descending trend started after 60 days and its CTE declined by 10%
up to 120 days. In the following, two equations for the concrete were presented to estimate
its CTE during its lifetime based on its CTE at the age of seven days. In all concretes,
the CTE reduction was associated with the reduced porosity. Moreover, the results of
evaluating the pore size distribution showed that with a decrease in the pore diameter, the
CTE decreased as well, indicating a strong relationship between the median diameter of
the pores and the CTE. Given that the CTE depends on the aggregates and cement paste,
a model was proposed based on the CTE of the cement paste and its packing density to
estimate the CTE of the concrete.

(© 2021 Sharif University of Technology. All rights reserved.

are minor, this coefficient is represented on a micro
scale. Evaluation of the CTE points to the increased

Concrete structures are exposed to thermal changes
due to diurnal changes and seasonal variations through-
out their lifetime. These thermal changes can affect
concrete properties. Like any other material, concrete
undergoes volume changes in response to thermal
changes. In some structures such as concrete pave-
ments or bridges whose length is larger than width and
height, these volume changes are regarded as length
variations. Such alterations per a unit degree of ther-
mal difference are called the linear Coefficient of Ther-
mal Expansion (CTE). Since such length alterations
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extent of cracks and damage to the concrete pavement.
To be specific, with an increase in the CTE from 9.5
to 11 micro strain per degree centigrade, there was a
20% increase in the extent of concrete pavement cracks
[1]. Moreover, such increases in cracking and fault-
ing distress are associated with increase in CTE [2].
Among all types of cracks, transverse cracking is most
affected upon an increase in the CTE of the pavement
concrete [3]. In addition, curling stresses may occur as
a result of temperature differences in the thickness of
the concrete slab [4]. AASHTO T336-11 [5] presented
a standard for measuring the CTE of a concrete, known
as cylindrical sample length changes with concrete
temperature variations inside a water basin between
10 and 50°C. Furthermore, TI-B 101 [6] presented a
method for measuring the CTE of a prismatic sample
with thermal changes between 5 and 35°C.

Since concrete is a composite body, its behavior
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is similar to that of its constituents. In addition, since
the volume of the aggregates in the concrete is greater,
the CTE of the aggregates has a major effect on that
of the concrete. In particular, coarse aggregates can
affect the CTE of the concrete more significantly than
fine aggregates [7]. Compared to calcareous aggregates,
siliceous ones can increase the CTE of the concrete
up to 30% [8,9]. Furthermore, the ratio of the coarse
aggregate in the total aggregate content affects the
CTE of the concrete such that upon an increase in
this ratio, the CTE of the concrete would decrease
[10]. In addition to aggregates, cement paste affects
the CTE of the concrete. The humidity percentage for
the cement paste has a significant effect on its CTE
[11-13] such that it reaches its the maximum value at
a humidity rate of 70% and its minimum in the dry
state. To some extent, the CTE value in the saturation
state is larger than that in the dry state [14]. Research
findings revealed that the CTE of the cement paste was
twice as large as that of the aggregate, thus making
micro cracks in the boundary between the aggregates
and the paste in the concrete. After 120 temperature
cycles, the compressive strength of the concrete drops
by 30% [15]. Accordingly, a reduction in the CTE of
the cement paste can considerably improve the concrete
quality. The most significant factors affecting the CTE
of the cement paste are solid materials, water, and
pores inside the cement paste [16].

According to Darwin et al. [17], porosity inside
the concrete can be categorized into three main types:
gel pores (smaller than 10 nm), small capillary pores
(10-50 nm), and large capillary pores (50-1000 nm).
Extensive research has recently investigated the ef-
fects of supplementary cementitious materials, such as
metakaolin and silica fume, on the total porosity of
the cement paste and concrete. However, the obtained
results were contradictory in terms of the reduction or
elevation of total porosity [18-20]. Through the poz-
zolanic reaction, supplementary cementitious materials
cause changes in the porosity of the concrete. Different
effects of pozzolanic reactions were observed in terms
of time. Li et al. [21] added slag and fly ash to cement
paste and observed enhanced total porosity at an early
age. With further aging and pozzolanic reaction, after
28 days, they observed a reduction in the total porosity
of the samples containing supplementary cementitious
materials, compared to the reference sample. Similarly,
Divsholi et al. [22] added slag to cement paste and
found enhanced total porosity and diminished pores.
Furthermore, Pandey and Sharma [23] reported ele-
vated total porosity resulting from incorporation of slag
and fly ash to cement mortars at an early age. Poon
et al. [24] added fly ash, metakaolin, and silica fume
to concrete and examined the structure of its pores.
They found that incorporation of all supplementary
cementitious materials caused changes to the structure

of the concrete pores, i.e., the pores shrank in response
to these additions. Sullivan et al. [25] found that
the simultaneous use of slag and metakaolin had a
better effect on reducing the CTE of the concrete than
incorporating them alone.

The W/C ratio was found to be very effective
in the CTE of the concrete; in other words, upon
increasing the W/C' ratio, the CTE of the concrete
would increase [26]. Changes in the structure of the
cement paste pores would consequently change its CTE
value. Shui et al. [27] incorporated fly ash and slag
into the cement paste and observed variations in both
porosity and CTE of the paste. While increasing the
amount of fly ash and slag would increase the porosity,
increasing the silica fume would decrease it. They
concluded that the smaller size of the silica fume than
the cement that improved the rate of cement hydration
and the slowness of the pozzolanic reaction of fly ash
and slag were the main reasons behind the above
finding. On the contrary, upon increasing the porosity
in the paste containing fly ash and slag, the CTE of
the paste would decrease, and increasing the porosity
in the paste containing silica fume would increase the
CTE. Moreover, Gao et al. [28] incorporated fly ash
to concrete and concluded that it could significantly
reduce the CTE in the cement. However, addition
of the slag resulted in growth at an early age. In
addition, as the age of the samples increased, their
CTE decreased; further, the reduction in the concrete
containing slag was greater than that of the reference
concrete. However, at the age of 50 days, the reduction
values became almost equal, where the minimum level
of reduction was observed for the concrete containing
fly ash. A number of other research studies have also
explored the effects of the sample age on the CTE. For
instance, Won [10] measured the CTE up to the age
of 22 days and found it constant. In another study,
Alungbe et al. [29] evaluated the CTE of concretes
made of three types of aggregates and three different
values for the cement content at different water-to-
cement ratios. By measuring the CTE of the concrete
in the saturation state, the equality of CTE of the
concrete at the ages of 28 and 90 days observed for
all the samples.

The effects of supplementary cementitious mate-
rials on the compressive strength, porosity, porosity
structure of the concrete, and cement paste have
been investigated in different studies. Supplementary
cementitious materials perform pozzolanic reactions
and change the physiochemical structure of the cement
paste and transition zone between the paste and ag-
gregates in the concrete, thus improving the mechan-
ical properties and durability of the concrete [30-34].
However, supplementary cementitious materials cause
changes in the packing density of the concrete since
they are of higher quality than the concrete. Appli-
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cation of finer cement or supplementary cementitious
materials, with a smaller size than cement, would yield
reduced packing density in the concrete [35,36].

2. Research significance

The present study aims to investigate the effects
of cement paste on the CTE of the concrete. To
this end, the course of changes in the porosity of
the concrete and paste as a result of hydration and
pozzolanic reactions was evaluated when introducing
silica fume, metakaolin, and slag to the concrete and
the cement paste and monitoring the CTE variations
in the concrete and the paste over time. Moreover, in
order to predict the CTE of the concrete at different
ages, a model was proposed for the concrete with and
without supplementary cementitious materials based
on its CTE at the age of seven days. Through this
model, the CTE of the concrete can be predicted at
the desired age. To do so, mixtures of councrete and
paste without supplementary cementitious materials
and those containing silica fume, metakaolin, silica
fume and metakaolin, and slag were examined from the
age of 7 to 120 days. In addition, the size distribution
of the concrete pores was measured to analyze the
relationship between the size of the pores and CTE
of the concrete. Finally, to predict the CTE of the
concrete, a model was presented based on the packing
density and the CTE of the corresponding concrete.

3. Experimental design

3.1. Materials

In this study, type-II cement with a density of
3150 kg/m? that was measured according to the ASTM
C188 Standard [37] was employed. The supplementary
cementitious materials used in this study included silica
fume with a density of 2200 kg/m?, metakaolin with a
density of 2500 kg/m3, and blast-furnace slag with a
density of 2700 kg/m3. The chemical properties of the
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Figure 1. Particle size distribution of cementitious
materials and aggregate.

cement and supplementary cementitious materials are
presented in Table 1.

In addition, the type of aggregate is lime-
stone. Figure 1 shows the particle size distribution
of the cementitious material (i.e., cement, silica fume,
metakaolin, and slag) and aggregate.

3.2. Preparing the concrete and the cement
paste samples

In this study, five different concrete mixtures including
RC, C-SF, C-MK, C-SF-MK, and C-SL were used that
represented the reference concrete, concrete containing
silica, fume, concrete containing metakaolin, concrete
containing silica fume and metakaolin, and concrete
mixture containing slag, respectively. Furthermore,
five paste mixtures, i.e., the combination of water and
cement materials without any aggregates, were synthe-
sized in proportion with every concrete sample with the
same water-to-cement ratio and the same content ratio
for the supplementary cementitious materials. The
water-to-cement materials ratio across all the concrete
and paste samples was set to 0.45. Moreover, the

Table 1. Chemical compositions of cement and supplementary cementitious materials.

Chemical composition

(weight %)

Material

Cement Silica fume Metakaolin Slag

SiO» 20.74 94 75.29 34.91

Al,O3 4.9 1 17.03 13.36
Fez O3 3.5 0.1 0.54 0.54

CaO 62.95 1 1.34 37.57
MgO 1.2 0.6 0.7 5.2
SOs3 1.2 — 3.46
NaxO 0.47 0.3 2.26 1.1
K20 0.58 0.37 0.84 1.1
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Table 2. The mixture proportions of concrete.
Material (kg/m?)
Specimen W/C Binder Cement Silica Metakaolin Slag Course Fine Slump (mm)
notation fume aggregate aggregate
RC 0.45 400 400 0 0 1053 702 60
C-SF 0.45 400 368 32 0 1043 698 45
C-MK 0.45 400 320 0 80 0 1043 695 60
C-SF-MK 0.45 400 288 32 80 0 1036 691 40
o-SL 0.45 400 200 0 0 200 1037 691 70

content of the cement materials in the concrete samples
was set to 400 kg/m3. After synthesis, all samples were
wetted for 24 h in a gunny sack. Then, the samples
were cured in saturated slacked lime basins at 21°C
until reaching the desired test age. The mixture ratios
in the concrete are provided in Table 2. To prevent
flocculation of silica fume when mixing the concrete
as well as the heterogeneity of the concrete mixture,
the material was poured into mixed water before its
addition to the concrete mixture. Once the silica fume
and water mixture were prepared and the silica fume
gel was formed, the gel was added to other materials
in the concrete inside a mixer.

3.3. Tests

8.8.1. Porosity and compressive strength

To measure the porosity, the ASTM C642 Standard [38]
was employed. According to this standard, the weight
of the samples was measured after drying them in the
oven for the desired duration (A). Once the sample was
cooled off in the open air, it was placed inside a water
basin for at least 24 h. After complete saturation, the
sample was placed in the boiling water and after 5 h,
the saturated weight with the dry surface of the sample
was measured (B). Then, the weight of the sample was
measured as a floating state (C'), and the porosity of
the sample was calculated based on Eq. (1). Of note,
while cubic samples of 10 x 10 x 10 cm in size were used
for the concrete, samples of 5 X 5 X 5 cm in size were
used for the paste. This test was performed at the ages
of 7, 28, 56, and 120 days:

(B—A4)

———~ x 100.
(B—C)X 00

(1)
After measuring the porosity, the compressive strength
test was performed on the samples.

Volume of permeable porespace =

3.8.2. The water absorption test

The ASTM €642 Standard [38] was employed to mea-
sure the water absorption. The weight of the sample
was measured based on this standard and after drying
it in an oven (A). Then, the sample was placed inside
the water basin for at least 24 h and the saturated
weight with the dry surface of the sample was measured

(B). Next, the sample was placed in the boiling water
and after 5 h, the saturated weight with the dry surface
of the sample was measured again (C). Next, the
weight of the sample was measured as a floating state
(D). Water absorption and volume of permeable pore
space of the sample were calculated using Eqgs. (2) and
(3), respectively. It is worth mentioning that cubic
samples of 10 x 10 x 10 cm in size were used for the
concrete, while those of 5 X 5 X 5 cm in size were used
for the paste. This test was performed at the age of 7,
28, 56, and 120 days.

B-A
Water absorption = (B-4) x 100, (2)
C—-A
Volume of permeable porespace = (<C—D; x 100.

(3)

3.8.3. Mercury Intrusion Porosimetry (MIP)

To examine the effects of the size distribution of poros-
ity on the thermal expansion, the concrete samples
of 5 mm containing no coarse-grained particles were
separated at the age of 28 days, to which MIP was
applied. Prior to the test, the samples were dried in an
oven for 24 h at 105°C and were kept in a desiccator
until the experiment. In this experiment, the pores
with sizes between 10 and 1000 nm were accessible.

3.3.4. Measurement of packing density

In order to calculate the packing density of the con-
crete mixtures, the method presented by Wong and
Kwan [36], known as the wet method, was employed.
According to this method, after mixing the concrete
components, the concrete is poured into a cylindrical
container with a specific volume in three layers and
then, it is smashed. Once the container is completely
filled, its weight is measured and the weight of the
concrete inside the container is recorded. Afterward,
the density and volume of the constituent materials
of the concrete are utilized to calculate the concrete
packing density based on Egs. (3) and (4):

M
" puwlw + pgRy + ps Ry + peRe + pr R’

(4)

C

where M represents the weight of the concrete, p,
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and wu, are the density and ratio of the volume of
the water to that of the solid grains, respectively.
Moreover, pg, ps, pc, and p,, denote the density of the
gravel, sand, cement, and supplementary cementitious
materials, respectively. Furthermore, R,, R,, R., and
R, represent the volumetric ratios of the gravel, sand,
cement, and supplementary cementitious materials to
the total volume of the solid grains inside the concrete,
respectively.

Finally, after obtaining the volume of the concrete
(V) and V., we can calculate the packing density (¢)
using Eq. (5):

v,
o=15 (5)
8.8.5. The thermal expansion coefficient
The thermal expansion coeflicient of the concrete and
paste samples was measured according to the TI-B 101
Standard. To measure the thermal expansion coeffi-
cient of every concrete mixture, two prismatic samples
with dimensions of 10 x 10 x 40 c¢cm were synthesized;
however, two prismatic samples with dimensions of
2.5 x 2.5 x 28 cm were prepared for the cement paste.
Then, the thermal expansion coefficient of the samples
was measured from the age of seven days up to 120 days
at seven-day intervals. To conduct the experiment at
the age of interest, the length variations of the sample
under thermal variations between 5 and 35°C were
measured using a digital strain gauge. Moreover, in
order to remove the shrinkage effect, this temperature
variation was applied to the water and the temperature
of the sample was changed by altering the temperature
of the water surrounding it. Length changes of the
sample resulting from temperature variations were
recorded and the test was repeated in case of any
discrepancy.
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After increasing the water temperature, the
length of the sample was recorded every 15 minutes.
When the length of the sample remained constant, the
final number was recorded as the sample length at that
temperature. After each test, the samples were placed
inside the curing basin until the next experiment. The
CTE can be calculated through Eq. (6):

1 AL
CTE = —— 6
Lo A8’ (6)
where AL is the length variation in micrometers, Lo
the initial length in meters, A# the thermal variations
in degrees centigrade, and CTE the Coefficient of Ther-
mal Expansion in micro strain per degree centigrade.

4. Results and discussion

4.1. Porosity and compressive strength

The total porosity of the concrete and paste samples
at different ages is shown in Figure 2, based on which
it can be concluded that incorporation of silica fume
and metakaolin to the concrete would reduce the total
porosity of the concrete at all ages more than the
reference concrete. On the contrary, while adding
slag to the concrete at initial ages increased the total
porosity of the concrete, it reduced the porosity at final
ages due to pozzolanic reaction. However, the results
were different for the pastes. The most substantial dif-
ference was observed in the paste containing metakaolin
characterized by more porosity at all ages than the
reference paste.

The compressive strengths of the concrete and
paste samples are demonstrated in Figure 3. According
to this figure, the compressive strength of the samples
containing silica fume and metakaolin was higher than
that of the reference concrete at all ages. In addition,
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Figure 2. Change in porosity with the aging of sample: (a) Concrete and (b) paste.



2092 M.A. Etebari Ghasbeh et al./Scientia Iranica, Transactions A: Civil Engineering 28 (2021) 2087-2100

[m7d p28d @56d @mi120d

70

60

50

40

30

20

10

LT LSS ST LL LSS LTSS LLSLLSS ST ST

c-s

=S|

Age
(a)

(A LLLLLSLLSLSLLSSL LSS,

C-MK C-SF-MK C-SIL,

[m7d p28d E56d @120 d]

‘ |

P-SF P-MK P-SF-MK P-SL
Age
(b)

45

40

35

30

25

20

15

10

Figure 3. Change in compressive strength (MPa) with the aging of samples (day): (a) Concrete and (b) paste.

the compressive strength of the concrete containing slag
was lower than that of the reference concrete. With
regard to the paste, those containing supplementary
cementitious materials had less strength than the
reference concrete at an early age. However, as the
sample aged, its compressive strength grew larger than
that of the reference paste, i.e., at final ages, it had
greater strength. Meanwhile, the maximum growth of
strength was associated with the paste containing slag,
which grew by 100% from 7 to 120 days of age. A
comparison of the porosity and compressive strength of
the samples showed that reducing the porosity of the
concrete samples increased their compressive strength.
However, this relationship was not observed for the
paste samples. For instance, at the age of seven days,
despite its lower porosity, the compressive strength for
the sample containing silica fume was less than that
of the reference paste. The relationship between the
porosity and CTE of the pastes and concrete samples
is illustrated in Figure 4. Moreover, the relationship
between the paste and concrete in terms of the CTE is
shown in Figure 5. In order to better investigate the
effects of the CTE of the cement paste and the porosity
of the concrete on its CTE, the effects are shown
simultaneously in Figure 6. According to this figure,
upon increasing the CTE of the paste and porosity of
the concrete, the CTE of the concrete would increase.

4.2. Mercury Intrusion Porosimetry (MIP)

Table 3 presents the volume of large capillary pores
(50-1000 nm), small capillary pores (10-50 nm), me-
dian size of pores (pore size with 30% cumulative
volume), and total volume of pores for the concrete
samples. In the concretes containing silica fume and
metakaolin, there were some changes in the structure of
large and small pores; in other words, while the volume
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Figure 4. The relation between porosity and the
Coefficient of Thermal Expansion (CTE) of (a) pastes
samples and (b) concrete samples.

of the large pores decreased, that of the small pores
increased, indicating the decreased diameter of the
capillary pores. However, in the concrete containing
slag, an inverse trend was observed, i.e., the volume
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Table 3. Result of the pore structure measured by Mercury Intrusion Porosimetry (MIP).

Specimen Small pore Medium pore Total pore D50
notation (mm?/g) (mm?/g) (mm?/g) (nm)
RC 23 45 68 96
C-SF 39 24 63 35
C-MK 35 25 60 31
C-SF-MK 36 25 61 28
C-SL 18 53 71 113
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Figure 6. Simultaneous effect of the Coefficient of
Thermal Expansion (CTE) of the paste and porosity of
concrete on the CTE of concrete.

of the large pores grew more considerably than that of
the small pores.

4.3. The effects of tvime on CTE

The CTE changes over time were evaluated based
on the CTE of the concrete at seven-day intervals.
Figure 7 shows the trend of CTE over time for both
concrete and paste. Evidently, with aging of the sample
over time, the CTE falls in the concrete and the paste;
however, the extent of reduction is different for each

concrete. The concrete containing silica fume and
metakaolin had a more favorable condition than the
reference concrete and those containing slag at early
ages; with the aging of the sample, no significant
change occurred in the CTE value. However, for the
reference concrete, which initially had no favorable
condition, as the sample aged, a significant decline was
observed in the CTE; in other words, after 60 days, the
CTE was reduced by about 15%. On the contrary, for
the concrete containing slag, no significant change was
observed up to the age of 60 days. However, after 60
days up to 120 days, the descending slope of the curve
increased, dropping by about 10% up to 120 days.
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According to Figure 8, the CTE variations of
both concrete and paste are different from each other,
resulting from different behavior of the aggregates and
the existence of a transition zone in the concrete.
The CTE of the concrete containing metakaolin was
significantly lower than that of the reference concrete
at all ages. Moreover, the CTE of the paste containing
metakaolin was only slightly lower than that of the
reference paste at young ages. However, from the
age of 40 days onward, the CTE of the reference
paste grew smaller than that of the paste containing
metakaolin. Evidently, the presence of metakaolin in
the concrete resulted in considerable improvements;
however, it failed to generate any improvement in the
paste. This can be due to the very positive role of
metakaolin in the transition zone and improvement of
this region. The CTE values of the concrete and the
paste at the ages of 7, 56, and 120 days are presented
in Table 4. The Scanning Electron Microscopy (SEM)
images of the concrete samples after drying are shown
in Figure 9. In this figure, the concretes containing
silica fume and metakaolin (C-SF, C-MK, C-SF-MK)
are denser than the reference concrete. In the reference
concrete, due to the lack of mineral additives, a higher
density of Ca(OH)s, is observed. Moreover, the concrete
containing slag has less density and more porosity.

Investigation of the CTE and the porosity of the
concrete samples revealed that across all samples, the
CTE grew upon an increase in the porosity, which was
in agreement with Ghabezloo’s findings [39]; however,
this dependence differed depending on the type of
concrete. Evidently, there is no strong relationship
between the porosity and CTE of the concrete; in
other words, once the porosity is determined, one can
estimate the CTE. Further, a comparison between the

Table 4. Result of Coefficient of Thermal Expansion
(CTE) of concrete and paste at different ages.

Age (day)
7 56 120
Specimen CTE (microstrain/
notation centigrade)
RC 10.83  9.55 9.32
C-SF 9.12 8.63 8.5
C-MK 9.62 8.92 8.83
C-SF-MK 9.29 8.66 8.41
C-SL 11.02  10.73 9.91
RP 21.89 19.35 19.18
P-SF 1792 1735 17.17

P-MK 21.31 19.83 19.72
P-SF-MK  19.16 18.05 17.91
P-SL 23.46  21.96 21.56

thermal expansion of the concrete and the median
diameter of the pores at the age of 28 days revealed
that reducing the median diameter of the pores would
reduce the CTE of the concrete. Figure 10 depicts
this trend where there is a strong relationship between
the median diameter of the pores and the CTE of the
concrete.

4.4. Predicting the thermal expansion of the
concrete

4.4.1. Time-dependent model for CTE prediction
Prediction of concrete properties has always been one
of the major concerns in civil projects. Accordingly,
by using Minitab, curve fitting was applied to the
available data so that once the CTE of the concrete
at the age of seven days was determined, its CTE
was predicted at different ages. As observed, the
trend of the CTE over time was different for both
reference concrete and those containing supplementary
cementitious materials. Accordingly, Eqgs. (7) and (8)
were formulated for the concrete with and without any
supplementary cementitious materials, respectively. In
order to evaluate the models, three data points for
each concrete were selected as the test data, while the
models were trained using the remaining data points
(i.e., training data). The test data are shown in

Table 5.
t
CTE; =102 x CTE; —0.61 x Ln (7) , (7)
t
CTE, =101 x CTE; —0.32 x Ln (7) , (8)

where CTE; denotes the CTE at the age of seven
days, t represents the age of the sample (day), and
CTE; is the CTE at the age of interest. To compare
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Figure 9. Scanning Electron Microscopy (SEM) images of concrete samples at the age of 28 days.
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Figure 10. Relation between the median diameter of
pores and Coefficient of Thermal Expansion (CTE) of
concrete.

Table 5. Test data used for evaluating Eqgs. (7) and (8).
Age (day)
28
RC 63
T

Specimen notation

21
C-SF 42
84

21
C-MK 42
119

28
C-SF-MK 49
91

21
C-SL 70
98

the measured CTE through the experiment and the
estimated CTE for the test data, these coefficients are
plotted in Figure 11. According to this figure, the error
of the model is low and the model is highly capable of
predicting the CTE of the concrete at different ages.

4.5. Prediction of CTE Based on packing
density values

The packing densities of the concrete mixtures are

shown in Table 6. By replacing the cement with
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Figure 11. Comparison of the experimental Coefficient of
Thermal Expansion (CTE) of the concrete and the output
of Egs. (7) and (8).

Table 6. Results of the packing density of concrete
mixtures.

Specimen notation Packing density

RC 0.8212
C-SF 0.8176
C-MK 0.8138

C-SF-MK 0.8113
C-SL 0.8127

supplementary cementitious materials in the concrete,
the packing density would decrease. Ghoddousi et
al. [40] attributed this to the loosening effect of using
fine-grained particles instead of coarse-grained particles
as well as the effects of the wall of coarse-grained
particles over the fine-grained ones. In this regard,
adding fine-grained particles, such as supplementary
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cementitious materials, to the concrete reduced the
packing density.

Since concrete is composed of cement paste and
aggregate mixtures, its behavior can be considered as a
combination of the behaviors of both paste and aggre-
gate. Accordingly, in order to predict the CTE of the
concrete, this study developed a model by combining
the CTE of the paste with packing density, as shown in
Eq. (9). Based on this model, by measuring the CTE
of the paste at the age of seven days and calculating
the packing deusity, the CTE of the councrete can be
estimated at the age of seven days. Since the aggregate
used in this study is limestone, Eq. (9) is only valid for
the concretes made of the limestone aggregate.

CTEconerete = 7.15 x Ln(CT Epggie X ¢°), (9)

where CT E onerete and CT Epgsi. are CTEs at the age
of 7 days and ¢ represents the packing density of the
concrete. Figure 12 compares the experimental values
and those estimated by the model.

In order to evaluate the model presented in
Eq. (9), a sample of the concrete and paste containing
10% silica fume and 15% metakaolin was synthesized
with the mixing ratio presented in Table 7. The
experimental results were compared with the output
results of the model. Of note, the values presented in
the table are in kg/m3. Once the sample was cured
and reached the age of seven days, the CTE test was
performed on the paste and concrete samples. Then,
the CTE value of the concrete obtained from the test
was compared with that predicted by Eq. (9), as shown
in Table 8. As observed, the model presented based on
the packing density and CTE of the paste was highly
capable of predicting the CTE of the concrete.

10.5

10.0

©
ot

measured in laboratory

CTE of concrete at age 7 days
©
=

8.5
8.5 9.5 10.5 11.5

CTE of concrete at age 7 days predicted by
Eq. (9)
Figure 12. Comparison of the experimental Coefficient of
Thermal Expansion (C'TE) of the concrete and the output
of Eq. (9).

4.6. Sensitivity analysis of various factors for
the CTE of the concrete

Sensitivity analysis was conducted on the CTE of the

concrete in Minitab using the results obtained for the

porosity, water absorption, compressive strength of the

concretes, and CTE of the cement paste at the ages of

7, 28, 56, and 120 days for all mixtures.

In the sensitivity analysis, the P-value parameter
indicates the effects of different factors on the response.
A lower P-value shows a stronger relationship between
the factor and the response. The P-value for all the
factors is shown in Table 9.

Given that the P-value for the water absorption

Table 7. The mix proportion of concrete used for validating Eq. (9).

SpecuTlen W/C Binder Cement Silica Metakaolin  Slag Course Fine Packfng
notation fume aggregate aggregate density
C-Val 0.45 400 300 40 60 0 1036.8 691.2 0.8131

Table 8. Comparing the experimental results with the output of Eq. (9) for the validation sample.

Specimen CTE of Packing CTE measured CTE predicted Error
notation cement paste density in laboratory by Eq. (9)
C-Val 18.86 0.8131 9.03 9.17 0.14

Table 9. P-value of different factors for the Coefficient of Thermal Expansion (CTE) of the concrete.

Factors Response P-value
Water absorption of concrete 0.316
C ssive st th of t 0.017
ompressive strength of concrete  pp Lo
Porosity of concrete 0.025

CTE of cement paste 0.015
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Figure 13. Comparison of the Coefficient of Thermal
Expansion (CTE) of all concrete samples with the range of
CTE for concrete made with limestone aggregate
announced by Bamforth et al. [41].

of the concrete is a large number, this factor does not
have a significant effect on the CTE of the concrete.

The lowest P-value was obtained for the CTE of
the cement paste, indicating its effect on the CTE of
the concrete.

According to Bamforth et al. [41] and the results
presented in Figure 13, the CTE of the concrete
made with limestone aggregate is in the range of 9
microstrain/°C. On the contrary, the CTE of all the
concretes with any mineral admixtures in all ages is
in the range of 9 microstrain/°C. It is demonstrated
that both CTE of the cement paste and the changes in
the cement paste caused by mineral admixtures cannot
change the CTE of the concrete. In other words, these
parameters do not significantly affect the CTE of the
concrete.

5. Conclusions

Based on the investigations and tests conducted in this
study, the following conclusions are obtained:

e Incorporation of silica fume and metakaolin led to a
reduction in the Coefficient of Thermal Expansion
(CTE) of the concrete at early ages, compared to
the reference concrete. This CTE reduction was
mainly due to the reduction in the volume and
diameter of the pores inside the concrete. However,
incorporating slag increased the CTE of the concrete
since it increased the volume of the pores and their
structure at the initial ages;

e Over time, the CTE of the reference concrete
was reduced by around 1.3 microstrain per degree
centigrade up to the age of 60 days. However, for
the concretes containing silica fume and metakaolin,
only a minor decrease was observed over time. For
the concrete containing slag, no change was observed
up to the age of 60 days; however, after this age, a

considerable descending trend was observed up to
the age of 120 days;

e The CTE of the cement paste was about twice as

large as that of the concrete, and its changes were
different depending on the aging of the sample, hy-
dration reaction, and pozzolanic reaction. The CTE
of the paste containing metakaolin was observed to
be close to that of the reference paste. However,
the CTE of the concrete containing metakaolin was
lower than that of the reference concrete, mainly
due to the existence of a transition zone in the
concrete and the very effective role of metakaolin
in this region;

e Across all the concretes, reducing the total porosity
of the sample decreased the CTE. Moreover, reduc-
ing the diameter of the concrete pores could reduce
the CTE again. A strong relationship was observed
between the median diameter of the pores and CTE
of the concrete.

e Given the dependency of the concrete properties
on those of the paste and aggregates, a model
was presented by considering the CTE of the paste
corresponding to the concrete and packing density
to predict the CTE of the concrete. Furthermore,
a model was developed to predict the CTE of the
concrete at different ages based on the CTE at the
age of seven days;

e Among the porosity, water absorption, compres-
sive strength of the concrete, and CTE of the
cement paste, the CTE of the cement paste was
the parameter that could affect the CTE of the
concrete the most. However, these parameters had a
negligible effect on the CTE of the concrete because
the changes in these parameters could not cause a
significant change in the CTE of the concrete.
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