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a b s t r a c t

Limestone portland cement has a lower environmental impact during the production phase in compar-
ison with portland cement. However, the environmental advantages initially gained should be correlated
to the long-term performance of concrete structures. Hence, the knowledge of the long-term properties,
and in particular durability performance, is essential to assess the actual environmental impact of lime-
stone replacement. In the literature, there is disagreement on durability behaviour and the contribution
of limestone to the resistance to chloride and carbonation penetration is controversial. In this paper, the
effect of the percentage of replacement of portland cement with ground limestone, water/binder ratio
and cement content on compressive strength, electrical resistivity, sorptivity and resistance to carbon-
ation and chloride penetration was evaluated. Results showed that both mechanical properties and resis-
tance to penetration of aggressive agents decreased by replacing 15% of portland cement with limestone;
a further decrease occurred with 30% limestone.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

During the last decades, portland limestone cement (PLC) has
shown a rapid increase of production in the cement industry.
According to the CEMBUREAU statistics [1], in Europe the CEM II
cements correspond to two thirds of the market and, among them,
in some countries such as Italy, portland limestone cement is the
most frequently used [2]. This type of cement is produced by
blending ordinary portland cement (OPC) with limestone or in-
ter-grinding portland cement clinker and limestone. The European
Standard EN 197-1 allows CEM II portland limestone cements to
contain up to 35% limestone.

The constant growth of the use of PLC is mainly due to the lower
consumption of natural raw materials, the saving of fuel energy for
clinker production, and the reduction of CO2 emissions [3–6]. This
is supported by some studies which showed that in concrete with
low water/binder ratio (i.e. lower than 0.4) a large volume of ce-
ment remains unhydrated, since there is not enough space to lo-
cate the hydration compounds, and part of portland cement can
be replaced with more economical particles, such as limestone
[7–9]. However there is the need to assess the performance of
PLC concrete and its long term behaviour, especially for concrete
with higher water/binder ratio.

Several studies were carried out since the late 1970s on the
properties of limestone portland cement paste, mortar and con-
crete. Concrete performance is affected by the quality of limestone,
whether the limestone was interground or blended and the parti-
cles size distribution [10–13], and, hence, the comparison among
results of different studies is often rather difficult. However, some
considerations, especially on compressive strength and durability
issues, can be made.

Several authors claim that compressive strength is relatively
unaffected by limestone replacement up to 15% of the total mass
of binder [14–16], whilst when the percentage of limestone in-
creases, the strength is reduced compared to OPC concrete, indicat-
ing that limestone behaves somewhat as an inert addition [15].
According to some authors an increase of early-age strength occurs
with limestone additions (in the range 5–20%) due to the improve-
ment in particle packing [17], increase of cement hydration rate
[18–24], early production of calcium carbo-aluminates [25] and
formation of nucleation sites of calcium hydroxide crystals [10,26].

As far as the carbonation resistance is concerned, several
authors state that the use of PLC concrete, in comparison to OPC
concrete, leads to an increase in the carbonation rate for concrete
with the same water/binder ratio, however the carbonation resis-
tance is similar in concrete with equal compressive strength [14–
16,27]. On the contrary, according to [28], even the replacement
of portland cement with up to 35% interground limestone seems
not to lead to a decrease in the carbonation resistance.

As far as the resistance to chloride penetration is concerned,
some authors report that in concrete with addition of limestone
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filler the diffusion coefficient of chloride is reduced compared to
portland cement concrete, due to the filler effect of limestone
[29], whilst other authors state that increased chloride ion pene-
tration occurs in PLC concrete in comparison to OPC concrete
[8,9,30,31]. The increase in the rate of chloride ingress has been
attributed to the reaction between the limestone filler and alumi-
nates (C3A and C4AF) and the formation of compounds with lower
binding capacity for chloride in comparison to reaction products of
aluminates in portland cement [32]. For other authors, a limited
substitution of portland cement with limestone (up to 15%) does
not significantly affect the resistance to chloride penetration
[15,16,28,33]. Even studies on gas, water and oxygen permeability
as well as sorptivity and porosity, that can be useful to depict the
PLC concrete behaviour with respect to the resistance to the move-
ment or penetration of fluids and ionic species, are controversial
and available results on these parameters are affected by the
amount of replaced portland cement [15–19,28,34–38].

Although a lot of work has been done in the last decades to
investigate the performances of limestone portland cement and
the knowledge level is continuously extending, there is still dis-
agreement on durability issues. In order to contribute to this dis-
cussion, an experimental study was carried out to assess the
effect of the partial replacement of portland cement with ground
limestone in proportions of 15% and 30% on the properties of con-
cretes with various water/binder ratios, binder contents and curing
times. In particular, compressive strength, electrical resistivity,
sorptivity coefficient, carbonation rate and chloride diffusion coef-
ficient were evaluated.

2. Materials and methods

A portland cement CEM I 52.5R (OPC), according to EN 197-1
standard, was used to produce blended portland limestone ce-
ments (PLC). The portland cement was partially replaced, in a ce-
ment factory, with 15% (15% LI) and 30% (30% LI) ground
limestone, in order to simulate cements of type CEM II/A-L and
CEM II/B-L according to EN 197-1 standard. The chemical composi-
tions are reported in Table 1. The particle size analyses of OPC and
ground limestone are given in Fig. 1a, showing a maximum size of
30 lm for portland cement and about 100 lm for ground lime-
stone, and a median particle size (i.e. the particle sizes correspond-
ing to 50% cumulative passing) of about 7.5 lm for both portland
cement and limestone. These binders were used to make concrete
with three different water/binder ratios, equal to 0.42, 0.46 and
0.61, and different binder dosages, ranging from 250 to 400 kg/
m3. Crushed limestone aggregates, divided in five different classes
(sand and calc1-calc4), with maximum size of 12.5 mm were used;

the combination was chosen in order to fit the Fuller’s grading
curve (Fig. 1b). An acrylic high range water reducing superplasti-
cizer (according to EN 934-2 standard) was added to the mixes
in order to achieve a class of consistency S4 according to EN 206-
1 standard. Table 2 summarizes the concrete mixtures and results
of the slump test.

After mixing, concretes were cast into moulds of various geom-
etries (see later), covered with a plastic sheet and stored in labora-
tory at 20 �C. After 24 h, the specimens were demoulded and cured
at 20 �C and 95% relative humidity (only electrical resistivity spec-
imens were immersed in water).

Different tests were carried out after several curing times. Com-
pressive tests were carried out, according to EN 12390-3 standard,
on two replicate 100 mm cubes after 1, 7, 28, 90 and 180 days of
curing. Electrical bulk resistivity was measured, during a period
of about 500 days, on two replicate 50 mm � 50 mm � 100 mm
prism specimens, cured and kept under water. A couple of stainless
steel wires was embedded in the specimens and the electrical con-
ductance between them was measured; the electrical conductance
was then converted in electrical resistivity by means of a cell con-
stant evaluated through a finite element model.

For sorptivity testing, cylindrical specimens, cured 28 days,
with diameter of 100 mm and height of 50 mm, were used. Accord-
ing to EN 13057 standard, the specimens were dried in an oven at
approximately 100 �C until constant mass (approximately for 48 h)
and, after this, the lateral surface of the specimens was masked
with epoxy. Then specimens were placed in a tray such that their
bottom surfaces up to a height of 2 mm were in contact with water.

Table 1
Chemical composition and surface area of the cement and limestone used.

Chemical analysis (%) Portland Limestone

CaO 63.46 43.76
SiO2 20.45 15.78
Al2O3 5.28 1.98
SO3 3.29 0.27
Fe2O3 2.84 0.80
MgO 1.53 1.10
K2O 1.02 0.57
Na2O 0.29 0.06
Mn2O3 0.07 0.05
TiO2 0.24 0.11
P2O5 0.10 0.06
Cl 0.01 –

Ignition loss (%) 1.4 35.82

Blaine surface area (cm2/g) 5340 6102

Fig. 1. Grain size analyses of OPC and limestone (a) and aggregate size distribution
(b).
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