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a b s t r a c t

The use of limestone in the construction industry has been increasing due to benefits as aggregate. Some
of these benefits include good strength, low possibility of alkali-silica reaction and the decrease in drying
shrinkage in concrete. This research discusses the consumption and general characteristics of the lime-
stone aggregate in USA and Japan. Then experiments were conducted on mixtures of different propor-
tions of fine limestone and sand at different water/cement (W/C) ratios. The W/C ratios selected were
45%, 55% and 65% with fine limestone replacements of 0%, 30%, 50% and 100%. The water absorption
and porosity of fine limestone and sand were measured to find a relation with the water entrapped in
the pores of the surface of the rock and the drying shrinkage.

The results show the increases in the compressive and flexural strengths and modulus of elasticity
when the fine limestone proportion increases in the mixture. The most outstanding results are found
on the drying shrinkage, which decreases considerably with the increase in fine limestone proportions.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Eighty percent of the volume of concrete is occupied by aggre-
gate and its properties are very important to determinate the
mechanisms in concrete structures. Mineral characteristics of the
aggregate affect the drying shrinkage of concrete, which is attrib-
uted to pronounced moisture movement inside the aggregate.
Here, a relation between physical and chemical characteristics of
limestone and the shrinkage in limestone concrete is studied. Re-
sults of limestone are compared with those of common aggregates.

2. Consumption and general characteristics of limestone
aggregate

2.1. Limestone in USA

In USA most of limestone mined is crushed for aggregate [1].
During the past 50 years most of crushed stones have been made
of limestone, because USA has many limestone deposits and the
cost is mainly determined by the transport cost. The chemical com-
position can grade as high as 95% of CaCO3.

When limestone deposits are apart from the construction site as
being far from any limestone deposits, the usage of other aggre-
gates is imminent for economical reasons. The usage of the other
aggregates than limestone in USA has been decreasing gradually,
but definitely it will not reach zero. Even though concrete made
of limestone is known to have good properties, there exist the

cases where aggregate is to be substitute either due to the weather
conditions or the limestone quality in a particular area.

The total of aggregates produced in 2008 by weight was 69%
limestone and dolomite, 15% granite, 7% traprock and 9% miscella-
neous stones consisted of sandstone and quartzite, marble, volca-
nic cinder and scoria, slate, shell, and calcareous marl as shown
in Fig. 1. By 2020, US production of crushed limestone is expected
to increase by more than 20%, about 1.6 billion metric tons, while
production of sand and other gravels is expected to be kept as just
under 1.1 billion [2].

2.2. Limestone in Japan

In the 70s, river rocks were mainly used as aggregate in Japan.
Since then, the ratio of aggregate taken from land and mountain
has increased gradually in order to preserve the natural environ-
ments of rivers. Recently, the ratio of crushed stones is increasing
[3]. The ratio of limestone as aggregate in the concrete in 1974 was
only 1.3%. Since then, the shipments and the usage of limestone
have increased every year with the demand of concrete and the
shortage of other natural aggregates as illustrated in Fig. 2. The ra-
tio of limestone as aggregate exceeded 8% in 2003.

The alkali-silica reaction has not been yet observed in any cases
of concrete made of limestone in Japan. On the other hand, in USA,
alkali-carbonate reaction and alkali-silica reaction were found in
concrete using their natural limestone. It is mainly because these
limestone deposits contain clay mineral (dolomite or siliceous
limestone), while most of Japanese limestone deposits hardly
include this kind of clay mineral. In Table 1, typical limestone
obtained in Japan is listed. Therefore, Japanese limestone is consid-
ered to be not so prone to the alkali-silica reaction [4]. The density
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of Japanese limestone is between 2.60 g/cm3 and 2.70 g/cm3 in
general and its water absorption is low (0.2–0.8%) compared with
crushed stones and other gravels. In addition, the variation of prop-
erties is relatively small compared with other aggregates.

3. Experiments

3.1. Materials

Cement used was ordinary Portland cement produced by Taiheiyo Cement
Corp., complying with the Japanese Industrial Standard (JIS R 5201), with density
of 3.16 g/cm3 and the Blaine value of 3260 cm2/g. Coarse aggregate used was
crushed gravel from Osaka prefecture in Japan, complying with the Japanese Indus-
trial Standard (JIS A 5005) with a grain size between 5 mm and 20 mm. Two types of
fine aggregates used were mixed. The one is made of limestone and the other is
mountain sand. Both of them come from Shiga prefecture in Japan, complying with
the Japanese Industrial Standard (JIS A 5005) with a grain size less than 5 mm.

The admixtures used were a high performance water reducer and the standard
type I air reducer (Polycarboxylic Acid Polymer). Both admixtures comply with the
Japanese Industrial Standard (JIS A 6204). Mechanical properties of these aggregates
are listed on Table 2.

3.2. Test methods and specimens

For experiments conducted, the Japanese Industrial Standards (JIS) were applied
as shown in Table 3. Specimens are 45 concrete beams of dimensions
10 � 10 � 40 cm, 44 cylinders of 10 cm diameter and 20 cm height and 33 cylinders

of 15 cm diameter and 15 cm height. In total, 122 specimens were made and cured
until tests of compressive strength, modulus of elasticity and drying shrinkage were
conducted. Mix proportions designed are summarized in Table 4.

3.3. Mix proportions of concrete

It is reported that fine aggregate of limestone can reduce the drying shrinkage in
concrete [5]. Mix proportions of fine aggregate were varied as listed in Table 4. Ex-
cept the ratios of fine limestone and mountain sand, the amount of other materials
of cement and coarse aggregate kept constant. Table 5 shows all mixture propor-
tions of concrete. These mixtures were prepared to study the properties of lime-
stone with the increase in percentage of use in concrete mix, and to compare
with the properties of control specimens made of 100% sand and 100% fine
limestone.

Fig. 2. Aggregate for ready mixed concrete in Japan [3].

Table 1
Chemical components and mechanical properties of Japanese limestone for aggregate [3,4].

Location Chemical component (%) Density (g/cm3) Water absorption (%)

CaO MgO SiO2 Al2O3 Fe2O3 P2O5 LOI

Hokkaido 55.0 0.69 0.19 0.08 0.04 0.019 43.9 2.70 0.35
Aomori 55.3 0.48 0.30 0.06 0.03 0.013 43.8 2.70 0.34
Aomori 55.3 0.38 0.12 0.13 0.02 0.026 43.8 2.70 0.27
Iwate 49.8 2.58 3.75 1.50 0.49 0.027 41.5 2.70 0.52
Tochigi 43.4 9.80 2.06 0.26 0.14 0.201 43.9 2.75 0.60
Saitama 55.1 0.53 0.30 0.12 0.10 0.011 43.7 2.70 0.40
Tokyo 54.7 0.84 0.36 0.11 0.03 0.020 43.8 2.70 0.52
Mie 54.9 0.50 0.53 0.15 0.16 0.016 43.6 2.70 0.39
Okayama 55.2 0.35 0.21 0.06 0.04 0.022 43.8 2.70 0.26
Yamaguchi 55.5 0.31 0.07 0.07 0.02 0.018 43.8 2.69 0.48
Fukuoka 55.3 0.55 0.09 0.09 0.08 0.023 43.9 2.70 0.30
Oita 55.3 0.54 0.14 0.06 0.03 0.030 43.9 2.70 0.26
Kochi 55.6 0.25 0.12 0.15 0.04 0.020 43.8 2.70 0.24
Okinawa 54.5 1.17 0.14 0.09 0.04 0.020 43.9 2.70 0.32

Table 2
Properties of aggregate.

Type Sand Fine limestone Crushed gravel

F.M. (%) 2.87 2.23 6.85
Dry density (g/cm3) 2.52 2.66 2.65
Water absorption (%) 1.57 0.75 0.55
Particulate volume (%) 2.90 4.90 0.30
Unit weight (kg/L) 1.56 – 1.57

Table 3
Tests and JIS standards.

Test name Method

Slump JIS A 1101
Air volume JIS A 1128
Compressive strength JIS A 1108
Flexural strength JIS A 1106
Tensile strength JIS A 1113
Elasticity (static modulus) JIS A 1149
Drying shrinkage JIS A 1129-2

Fig. 1. Crushed stone types in the United States [1].

Table 4
Mix proportions designed.

Factor Amount per unit volume

Water 175 kg/m3 (constant)
Water/cement ratio 45%, 55% and 65%
Sand/fine limestone

replacement ratio
W/C = 45%, 3 specimens of 0%, 30% and 50% of
limestone
W/C = 55%, 6 specimens of 0%, 20%, 30%, 40%, 50%
and100% of limestone
W/C = 65%, 4 specimens of 0%, 30%, 50% and 100%
of limestone

Slump (target) 15 ± 2 cm
Air contents 5 ± 1%
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3.4. Water absorption and density of aggregates

The water absorptions of limestone used in these specimens are between 0.15%
and 0.59% and the water absorptions of sand are between 0.90% and 2.00%. Com-
monly the Japanese limestone has a density between 2.60 g/cm3 and 2.70 g/cm3

[3]. The limestone sand used for this research has the density of 2.70 g/cm3 and
the density of mountain sand is 2.65 g/cm3. According to Tarr and Farny [6], hard
and dense aggregates reduce the shrinkage in concrete. As realized, there exists a
small difference of the densities between fine aggregates of limestone and sand
in the experiments.

3.5. Drying shrinkage experiments

The water content has a large influence on the drying shrinkage [7]. To make
results comparables, all the specimens in the drying-shrinkage tests were made
with 55% of the water/cement (W/C) ratio. The drying shrinkage was measured with
a dial gauge which is complying with JIS B 7503 and is of accuracy with 0.001 mm.

3.6. Shrinkage in aggregate

To estimate the shrinkage of aggregate, crushed gravel from Osaka prefecture
coarse limestone were sampled and tested. The surfaces of samples were polish
with sandpaper and one 2 mm-gauge was attached as shown in Fig. 3. The gauges
were connected to a data logger. The samples were immersed in water for one day
and then dried for six days in a temperature controlled room (20 �C).

3.7. Chemical composition of limestone

The chemical composition of limestone was measured to assure the minimum
presences of SiO2. Since limestone quarries are commonly located near to clay quar-
ries, the clay materials are mainly determinate by its SiO2 percentage and have a
high shrinkage grade [8,9]. Accordingly, the chemical analysis is useful to discard
a possible inclusion of clay in limestone.

3.8. Porosity

The porosity tests were conducted to measure the size and volume of the pores
in fine limestone, mountain sand and mortar samples of 7 and 28 day-ages made of
sand and fine limestone. These tests were performed to correlate the water absorp-
tion, drying shrinkage and pore size and volume. The water entrapped in the pores
may remain for long time inside the aggregate and gradually escape as the time
passes. This entrapped water could result in shrinkage in the paste.

4. Results and discussion

4.1. Drying shrinkage

The specimen made of 100% fine limestone shrunk 15% less
than the specimen made of 100% sand. Fig. 4 shows results of the
drying-shrinkage tests. The specimens with 0%, 20% and 30% of fine
limestone have little difference on the shrinkage. It suggests that
limestone mixes with less than 30% have similar shrinkage behav-
iors to that of 0% limestone. On the other hand, mixes with more
than 40% of fine limestone present considerable reduction,
although the shrinkage reaches at the similar levels for 40%, 50%
and 100% of fine limestone. The mix of 100% fine limestone has a
similar shrinkage to the mix made with only 40%. Thus mixes con-
taining fine limestone can reduce the shrinkage and specimens
made with only fine limestone could reduce it even more than
those made with different mix proportions of fine limestone and
sand. However, these results does not lead to the assumption that
‘‘the more the fine limestone used, the lesser the shrinkage”. The
results obtained from the drying-shrinkage tests show that the ef-
fect of the limestone on the shrinkage is not monotonously
increasing as the fine limestone increases in the mixture. Possibly
the coarse aggregate could have another influence due to its vol-
ume in the mix.

4.2. Strength and modulus of elasticity

As seen in Fig. 5, the specimens had a tendency to increase their
modulus of elasticity, compressive and flexural strengths with the
increase in the percentage of fine limestone, with no relation with
the water/cement ratio. The specimens made of 100% fine lime-
stone show always larger values compared with the specimens
made of 100% mountain sand. For the strength and elastic modulus
of concrete, these increments are irrelevant but these results con-
firm the statement of Tarr and Farny [6]. Fine limestone has higher
density than mountain sand, and fine limestone is harder than
sand. Probably, the hardness of limestone makes its pores to keep
its original position without any movements, by the adhered paste
when the shrinkage occurs. The paste shrinkage may provoke a

Table 5
Mix proportions in the experiments.

W/C-usage W/Ca (%) S/Aa (%) Mix proportions (kg/m3) Additive (%) Slump (cm) Air contain (%)

Wa Ca Sa SLa Ga

55–0 55 46 175 318 794 0 968 1.5 15 4.9
55–20 635 166 1.3 15 4.8
55–30 556 249 1.1 15 5.7
55–40 476 332 1.1 17 5.6
55–50 397 415 1 17 4.9
55–100 0 831 0.5 18 4.4
45–0 45 44 175 389 734 0 970 1.5 14 5
45–30 514 230 1.2 13.5 5
45–50 367 384 1 14.5 4.3
65–0 65 48 175 269 847 0 954 1.7 9.5 4
65–30 593 266 1.3 14.5 5.1
65–50 424 444 0.9 15.5 5.4
65–100 0 887 0.5 16 4.7

a W/C = water cement ratio, S/A = sand aggregate ratio, W = water, C = cement, S = sand, SL = fine limestone and G = gravel.

Fig. 3. Measurement of shrinkage in aggregate.
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movement which affects the coarse and fine aggregates. The prop-
erty to retain this movement is the hardness of the aggregate.
Additionally, it is known that the elastic properties of the aggregate
can reduce the shrinkage [9,10]. For these series of experiments,
the specimens show a tendency to increase the modulus of elastic-
ity as the fine limestone increases its percentage in the mix. Be-
cause the cement and coarse aggregate are of the same amount
in all the specimens, it is considered that the modulus of elasticity

of limestone is higher than the sand. This property also contributes
to reduce even further the drying shrinkage in concrete.

4.3. Porosity in fine aggregates

According to the results obtained from the porosity tests, moun-
tain sand has larger pores than fine limestone as given in Fig. 6. The
pores on the surface of the aggregate may determine the absorp-

Fig. 4. Results of the shrinkage tests.

Fig. 5. Comparisons of w/c and limestone/sand strengths and the modulus of elasticity.
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tion of water and possibly the absorption of paste. However, lime-
stone shows about 15% less shrinkage even though its pores size
and volume are very similar to those of mountain sand. Therefore
the porosity in aggregates is an important property, but it does not
provide the reduction in shrinkage by itself. It is just a property
within many others, which affect the drying shrinkage in concrete,
mainly acting as a container which keeps the water for a certain
time and makes it compensate occasionally the drying shrinkage.
In addition, the pores also may be filled with paste to a certain level
during the plastic stage. As the time passes and the concrete dries,
entrapped paste tends to go out of the pores due to the water es-
cape and paste shrinkage, making the walls of the pores to contract
and move in the direction of the shrinking paste. Thus other prop-
erties as hardness, density and elastic modulus of the aggregates
may determine the condition of the pore to keep on its original po-
sition. Consequently a larger amount of pores, soft and high com-
pressive aggregate contribute to increase the shrinkage. The
pores of limestone restrain the paste motion to shrink due to its
size and volume. On the other hand, the pores of mountain sand
move/deform by the effect of the shrinkage in the paste. The pores
walls in the sand tend to follow the shrinkage (pulling) motion of
the paste. Its restrained force to keep on its original position is
much lower than that of limestone. Results of the porosity in mor-

tars are shown in Fig. 7. The mortar made of mountain sand has
more pores than that of fine limestone. Thus the paste has more
spaces to move inside the specimen, leading to a higher possibility
to shrink. This could result from the combined effect of the shrink-
age of aggregate and the tendency of the paste particles.

4.4. Water absorption in aggregates

From Table 2, it is found that fines modulus (F.M.) and water
absorption of fine limestone are lower than those of mountain
sand. These characteristics could have influence on the drying
shrinkage. The water in concrete contributes to create the chemical
reaction when it is in contact with cement, making the paste hard-
er. However, the water makes the concrete to shrink when it es-
capes. Consequently the absorption of water and its retention
into the hardened concrete are important to determine the drying
shrinkage.

4.5. Shrinkage in aggregates

Fig. 8 shows results of the shrinkage in aggregates. At 27 h
elapsed, the samples were removed from the water and start to
dry. The coarse limestone shrinks about 27% less than the gravel.

Fig. 6. Porosity in fine limestone and sand.

Fig. 7. Porosity in mortar specimens (fine aggregate and age of mortars).
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The main cause of shrinkage in concrete specimens made with the
same paste could be the shrinkage of the aggregates by itself. Thus
concrete made of normal gravel has a higher possibility to shrink
than that of limestone. The drying shrinkage starts when the water
is in contact with the rest of the materials.

4.6. Chemical composition of limestone

The chemical composition of limestone tested is shown in Table
6. As reported, Japanese limestone is purer than those in other
countries [3,4]. This is because the limestone has the minimum
content of SiO2 and its CaO is high, especially as concrete aggre-
gate. Here, the minimum presence of SiO2 is confirmed. In the pres-
ent study, a possible chemical bond between the paste and the
aggregate was not observed. Because the chemical composition
of limestone, in particular, SiO2 is not outstanding, physical proper-
ties of the limestone were studied. Accordingly, a possible inclu-
sion of clay in limestone is inconsequent.

5. Conclusions

According to the series of experiments, the following conclu-
sions are obtained;

1. The fine limestone can reduce the drying shrinkage in concrete.
However when it is mixed with the mountain sand, this reduc-
tion may vary from 12% to 15% and its behavior is not monoto-
nous to the proportion of fine limestone in the mix.

2. The pore volume itself is not an important property to reduce
the drying shrinkage. The hardness, density and elastic modulus
of the aggregate are the main properties to restrain the drying

shrinkage. In the case that there exist many pores at the rock
surface, the possibility to shrink would be higher due to the
adhered paste and its shrinkage effect. Additionally, the amount
of water in the aggregate may cause shrinkage when it is escap-
ing from the rock and the concrete.

3. The strength and modulus of elasticity in concrete increase with
the increase in fine limestone aggregate. This increment is rela-
tively small, but test results show that limestone makes the
concrete stronger and more elastic.

4. The limestone shrinks less than the gravel. The consequence of
the drying shrinkage starts since the water is in contact with
the rest of the materials. The total drying shrinkage is the
sum of the shrinkage of every material included in the mix.

5. In general, the shrinkage can be reduced mainly by three com-
ponents; admixtures, cement, and aggregate. Even though the
aggregate occupies about 80% of the concrete mix, it is the
cheaper as raw materials. Consequently, limestone could be
useful for a drying shrinkage reducer agent.
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Fig. 8. Shrinkage in coarse aggregates.

Table 6
Chemical composition of limestone (%).

Place CaO MgO SiO2 Al2O3 Fe2O3 P2O5 P

Shiga (Taga) mine 52.5 0.46 4.15 0.065 0.119 0.012 0.005
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