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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.
Fig. 1. Grain size analyses of OPC and limestone (a) and aggregate size distribution
(b).
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;
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
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 2
Mixture proportions of the concretes and results of the slump test.

Series OPC⁄ (%) Limestone⁄ (%) w/b Water (kg/m3) Binder (kg/m3) Aggregates (kg/m3) Admixture⁄⁄ (kg/m3) Slump (mm)

OPC 100 – 0.61 183 300 1857 2.5 200
0.46 138 300 1979 6.8 185
0.46 161 350 1868 3.5 190
0.42 147 350 1913 9.2 180

15% LI 85 15 0.61 152 250 1983 4 190
0.61 183 300 1857 2.5 180
0.46 138 300 1979 6.4 170
0.46 161 350 1868 3.5 205
0.42 147 350 1913 5.4 175
0.42 168 400 1815 5.5 215

30% LI 70 30 0.61 183 300 1857 2.5 210
0.46 138 300 1979 7 170
0.46 161 350 1868 5 165
0.42 147 350 1913 5.4 165

⁄ Percentage of the total mass of binder.
⁄⁄ Acrylic superplasticizer.

Fig. 2. Compressive strength of concrete as a function of curing time, water/binder
ratio, type of binder and binder dosage (e.g. 0.42/400 means w/b = 0.42 and

3

The specimens were removed from the tray and weighed at differ-
ent time intervals up to 24 h to evaluate mass gain. The water
absorption per unit surface was then plotted versus the square root
of time and the slope of the best-fit line was defined as the sorptiv-
ity coefficient of concrete.

In order to evaluate the resistance to the penetration of carbon-
ation, 100 mm cube specimens, cured 1, 7 and 28 days, were
masked with epoxy, so that carbonation was allowed to penetrate
only from two opposite faces, and exposed, after 28 days (for spec-
imens cured 1 and 7 days) and 30 days (for 28-day cured speci-
mens) from casting, to an environment with 20 �C, 65% R.H. and
a constant flux of 2% CO2 (accelerated carbonation). After different
times of exposure, the minimum and the maximum carbonation
depths were measured with the phenolphthalein test on 20 mm
diameter cores taken perpendicularly to the mould surface, and
the average value between the two was determined. The acceler-
ated carbonation coefficient KACC was evaluated according to the
relationship:

d ¼ KACC �
ffiffi
t
p

ð1Þ

where d is the average carbonation depth at time t.
Resistance to penetration of chloride ions was tested, after

28 days of curing at T = 20 �C and 95% R.H., on cylindrical speci-
mens by means of the so-called Rapid Chloride Migration (RCM)
test, according to NT-BUILT 492 standard. Specimens, laid on an in-
clined plastic support, were placed in a container with a 10% NaCl
solution, whilst a chloride free solution was poured inside a plastic
tube mounted coaxially to them. A potential difference of 30 V was
applied, the initial current was measured and, according to its va-
lue, the applied voltage was adjusted and the duration of the test
determined (6–96 h). At the end of the test, the specimen was split
axially, and on its fracture surface a colorimetric indicator (0.1 M
AgNO3) solution was sprayed. The average chloride penetration
depth xm (m) was measured and the chloride diffusion coefficient
DRCM was calculated as:

DRCM ¼
RT
zFE
� xm � a

ffiffiffiffiffiffi
xm
p

t
ð2Þ

where R is the gas constant (J/K mol), T the average temperature in
the anodic solution (K), z the absolute value of charge number, F
Faraday’s constant (96500 C/mol), t time (s); E = (U-2)/L (U is the ap-
plied voltage in V, L the thickness of the specimen in m) and a is de-
fined as:

a ¼ 2

ffiffiffiffiffiffiffiffi
RT
zFE

r
erf�1 1� 2cd

c0

� �
ð3Þ
where cd is the chloride concentration at which the colour change is
observed (assumed equal to 0.07 N) and c0 the chloride concentra-
tion of the test solution (2 N).
3. Results

3.1. Compressive strength

Fig. 2 shows, for each type of concrete, the average values of
compressive strength at different curing times. Results on concrete
with different binders are grouped on the basis of w/b ratio and
binder dosage (e.g. 0.46/300 means concrete with w/b = 0.46 and
b = 300 kg/m3); different patterns in the bars show the compres-
sive strength reached after various times of curing. For all the con-
cretes, the expected increase in compressive strength due to the
decrease in water/binder ratio and to the increase in curing time
can be observed. For instance, compressive strength of 15% LI con-
crete, cured 7 days and with a binder dosage of 300 kg/m3,
increased from 38 to 60 MPa when water/binder ratio decreased
from 0.61 to 0.46; increasing the curing time to 28 days, the
strength of these mixes further increased, approaching values of
about 45 and 75 MPa respectively.

It should however be observed that also the cement content
showed some influence on the strength of concrete; for a given
b = 400 kg/m ).



w/b ratio, a slight decrease in the strength was observed as the bin-
der content increased. For instance the 15% LI concrete with w/b ra-
tio of 0.46 and cured 28 days, had a strength of 75 and 68 MPa with
binder content of respectively 300 and 350 kg/m3. Fig. 2 also shows
the influence of the partial replacement of portland cement with
ground limestone. With the same curing time and water/binder ra-
tio, 15% LI and 30% LI concretes showed lower compressive
strengths compared to OPC concrete. For instance specimens with
w/b of 0.61 and binder content of 300 kg/m3, cured 28 days, had a
strength that decreased from about 60 MPa when portland cement
was used to 45 and 37 MPa when 15% and 30% of portland cement
was replaced with limestone.
Fig. 4. Water sorptivity coefficient as a function of water/binder ratio, type of
binder and binder dosage on concretes cured 28 days (e.g. 0.42/350 means w/
b = 0.42 and b = 350 kg/m3).
3.2. Electrical resistivity

Electrical resistivity of concrete was measured on saturated
specimens to avoid the effect of moisture content and focus on
the microstructure of the material and its evolution in time due
to the hydration of the binder. For all the specimens, the electrical
resistivity showed a sharp increase in the first days of curing,
approaching then almost steady values after about 200/250 days
for PLC concrete and 250/300 days for OPC concrete. Fig. 3 summa-
rizes the electrical resistivity values in the first periods of curing (1,
7 and 28 days) and when the hydration process was almost ended
(360 days).

For the same curing time, resistivity decreased when the water/
binder ratio increased: for instance, after 28 days of curing, a resis-
tivity of 40 X m was measured on 15% LI concrete with w/b = 0.46
and b = 300 kg/m3 and of about 29 X m for the concrete with w/
b = 0.61 and b = 300 kg/m3. Lower values of electrical resistivity
were observed for concretes with higher binder content. For in-
stance, after 28 days of curing, on OPC concretes with w/b = 0.46,
resistivities of 55 and 45 X m were evaluated with binder contents
of 300 and 350 kg/m3 respectively. In Fig. 3 the influence, after dif-
ferent curing times, of the partial replacement of portland cement
with limestone on the electrical resistivity can also be observed.
After 1 day of curing, for some water/binder ratios, a slightly higher
electrical resistivity was observed on PLC concrete in comparison
with OPC concrete, whilst after higher curing times, the resistivity
of PLC concrete was strongly reduced in comparison with OPC con-
crete. For instance, after 360 days of curing, the OPC concrete with
binder content of 300 kg/m3 and w/b ratio of 0.61 showed a resis-
tivity of 110 X m, which decreased to 70 and 60 X m for 15% LI and
30% LI concretes, respectively.
Fig. 3. Electrical resistivity of water-saturated concrete specimens as a function of
curing time, water/binder ratio, type of binder and binder dosage (e.g. 0.42/400
means w/b = 0.42 and b = 400 kg/m3).
3.3. Sorption

The sorptivity coefficient of concrete cured 28 days is shown in
Fig. 4. On concretes with OPC cement, sorptivity tests were per-
formed only on specimen with w/b ratio of 0.42. For all the types
of concrete the sorptivity coefficient decreased when the water/
binder ratio and the binder content decreased. For instance, a sorp-
tivity coefficient of 1.29 kg/(m2 h0.5) was measured on 15% LI con-
crete, w/b = 0.61 and b = 300 kg/m3 and of 0.56 kg/(m2 h0.5) for
concrete with the same binder content and a w/b ratio of 0.46.
With regard to 15% LI concrete, with w/b ratio of 0.46, the sorptiv-
ity coefficient increased to 0.69 kg/(m2 h0.5) when the binder con-
tent increased to 350 kg/m3. An increase in the amount of the
portland cement replaced with limestone led to an increase of
the sorptivity coefficient. For instance, for the water/binder ratio
of 0.42, the sorptivity coefficients were of 0.34, 0.46 and 0.67 kg/
(m2 h0.5) respectively for OPC, 15% LI and 30% LI concretes.
3.4. Resistance to carbonation

Fig. 5 shows the role of curing and concrete composition, i.e.
limestone content, water/binder ratio and cement content on the
Fig. 5. Accelerated carbonation coefficient of concrete, KACC, as a function of curing
time, water/binder ratio, type of binder and binder dosage (e.g. 0.42/400 means w/
b = 0.42 and b = 400 kg/m3).



carbonation coefficient, KACC. On concretes with w/b ratio of 0.42,
carbonation tests were performed only on specimens cured 7 days.

At all curing times, a significant influence of the water/binder
ratio, whose decrease led to a reduction in the accelerated carbon-
ation coefficient, can be observed, while the binder content did not
show any significant influence. Comparing concretes with the
same composition, a decrease in the carbonation coefficient can
be observed when curing increased from 1 to 28 days. For instance
in concrete with 15% limestone, 350 kg/m3 of binder and w/b ratio
of 0.46, values of accelerated carbonation coefficient of 17.9, 12.1
and 7.8 mm/year0.5 were evaluated respectively on specimens
cured 1, 7 and 28 days.

Only slight differences in the carbonation coefficient were ob-
served between 15% LI and OPC concretes, cured 1 and 7 days.
For instance, for 1-day cured concretes with w/b = 0.61 and
b = 300 kg/m3, the accelerated carbonation coefficient was about
31 and 32 mm/year0.5 respectively for OPC and 15% LI concrete.
However increasing the curing time up to 28 days, OPC concretes
performed better than 15% LI since they showed a lower carbon-
ation coefficient. For instance, KACC increased from 18 to 22 mm/
year0.5 for 28-day cured concrete with w/b = 0.61 and b = 300 kg/
m3, when 15% of cement was replaced with limestone. Regardless
of the curing time, 30% LI concrete showed a higher carbonation
coefficient compared to OPC concrete, and the carbonation coeffi-
cient was more than doubled for 28-day cured specimens. For in-
stance, 7-day cured specimens with w/b ratio of 0.61 and binder
content of 300 kg/m3 had an accelerated carbonation coefficient
that increased from about 21 mm/year0.5 with OPC concrete to
35 mm/year0.5 with 30% LI concrete.
3.5. Resistance to chloride penetration

The resistance to chloride penetration was investigated by
means of the Rapid Chloride Migration test on specimens cured
28 days. Fig. 6 shows the diffusion coefficient DRCM as a function
of concrete composition. The role of w/b ratio clearly appears,
while the binder content showed a negligible effect. For instance
for 15% LI concrete, the diffusion coefficient decreased from about
19 � 10�12 to 15 � 10�12 m2/s, when the water/binder ratio de-
creased from 0.61 to 0.46.

A remarkable influence of the limestone content was observed;
for 15% LI concrete the diffusion coefficient was almost doubled
compared to OPC concrete. For instance, specimens with w/b ratio
Fig. 6. DRCM coefficients as a function of water/binder ratio, type of binder and
binder dosage on concretes cured 28 days (e.g. 0.42/400 means w/b = 0.42 and
b = 400 kg/m3).
of 0.61 and binder content of 300 kg/m3 had a diffusion coefficient
that increased from 12 � 10�12 m2/s for OPC concrete to
19 � 10�12 m2/s for 15% LI concrete. The DRCM further increased
in 30% LI concrete and it approached a value of about
38 � 10�12 m2/s.

4. Discussion

In order to evaluate the role of the replacement of portland ce-
ment with limestone, the effect of the other parameters should be
first considered. Initially the role of water/binder ratio, curing and
binder content and subsequently the effect of limestone replace-
ment will be investigated.

4.1. Mixture proportions and curing

Results presented in the previous section reflect the well-
known effects of the water/binder ratio and the curing time on
the properties of hardened OPC and PLC concretes. Both the de-
crease of w/b ratio and the increase of curing time lead to a refine-
ment of the pore structure, as highlighted by increased electrical
resistivity, with beneficial effects on mechanical strength and
resistance to aggressive agents, i.e. water, carbon dioxide and
chloride ions.

Even an effect of the binder content can be observed. This is of
particular concern, since in the specifications for concrete durabil-
ity (e.g. European standard EN 206-1 and ACI 365.1R-00) a mini-
mum cement content is required and only little information
is available in the literature on the effects of binder dosage
[39–41]. The effect of binder content can be studied considering
15% LI concrete, since for this blend the three water/binder ratios
and two different binder contents were studied (Table 2). Fig. 7
shows the effect of binder content on several properties (28-day
compressive strength, 360-day electrical resistivity, sorptivity,
7-day accelerated carbonation coefficient and chloride diffusion
coefficient). For the generic property, P, the effect of binder content
reduction was evaluated as the ratio between P0 (measured, for
each w/b ratio, on 15% LI concrete with the lower binder content
b0) and P00 (measured, for each w/b ratio, on 15% LI concrete with
the higher binder content b00) multiplied by 100. Values above
100% show an increase in the considered property when the binder
content is reduced, whilst values below 100% show a decrease.
Fig. 7. Effect of the decrease of binder content (b
0
= lowest binder content;

b
00

= highest binder content) for different w/b ratios, on the relative values of 28-
day compressive strenght (fc,cube28), 360-day electrical resistivity (q360), sorptivity
(S), accelerated carbonation coefficient on 7-day cured specimens (KACC,7) and
chloride diffusion coefficient (DRCM) for 15% LI concrete.



Sorption, defined as the absorption of water in the capillary
pores due to the capillary action, was clearly affected by the binder
content: for all the w/b ratios, a sharp decrease of sorptivity coef-
ficient was observed when the binder content was reduced. As a
matter of fact, the decrease of the binder content, leading to a de-
crease of the amount of cement paste in concrete with the same w/
b ratio, leads to a decrease of the total concrete porosity and, hence,
of the sorption, whilst it does not affect the porosity of the cement
paste component, which is mainly related to the water/binder ratio
and degree of hydration (i.e. time of curing). For the same reason,
electrical resistivity experienced an increase due to the reduction
of the binder dosage, due to a reduction of the volume of cement
paste available for ionic transport.

A systematic effect of the binder dosage on carbonation coeffi-
cient was not observed. The decrease in the amount of cement
paste due to a decrease of the binder dosage leads to two opposing
effects: on one hand the total porosity of concrete is lower; on the
other hand the amount of portlandite is also lower, due to the low-
er amount of hydrated cement. The former hinders carbonation,
the latter promotes it. Hence, these two effects could be compen-
sated and none of them could be prevalent. Even for the diffusion
coefficient, evaluated from the average chloride penetration depth
xm, an effect of the binder content was not detected. As far as com-
pressive strength is concerned, a slight and systematic positive ef-
fect was observed when decreasing the binder dosage, in
agreement with the decrease of the total concrete porosity.
Fig. 8. Effect of the replacement of portland cement with 15% (a) and 30% (b)
limestone relative to OPC on the relative values of 28-day compressive strength
(fc,cube28), 360-day electrical resistivity (q360), sorptivity (S), accelerated carbonation
coefficient on 7-day cured specimens (KACC,7), chloride diffusion coefficient (DRCM)
for different water/binder ratios.

Fig. 9. Compressive strength as a function of the water/binder ratio and exponen-
tial fitting lines for OPC, 15% LI and 30% LI concretes after 28 days of curing.
4.2. Portland cement replacement with limestone

In this work, the effect of a limestone coarser than the accompa-
nying cement, being ground to a maximum size of about 100 lm
(Fig. 1a), was studied. Fig. 8 summarizes the effect of replacement
of portland cement with 15% (Fig. 8a) and 30% (Fig. 8b) limestone
on compressive strength, electrical resistivity, sorptivity, carbon-
ation and chloride diffusion coefficient. The effect was evaluated
as the percentage ratio between the value measured on PLC con-
crete and on the corresponding OPC concrete.

It is evident that the properties of the hardened concrete were
significantly affected by the partial replacement of portland ce-
ment with limestone, especially when the amount of replaced ce-
ment was 30% (Fig. 8b). In general, the replacement of portland
cement with ground limestone led to a decrease in the compres-
sive strength (fc,cube,28) and electrical resistivity (q) and an increase
in sorptivity (S), carbonation (KACC,7) and chloride diffusion (DRCM)
coefficients, with the exception of the relative KACC,7 between OPC
and 15% LI concrete with w/b ratio of 0.46.

To investigate the effect on compressive strength, Fig. 9 shows
the relationship between 28-day compressive strength and the
water/binder ratio for concrete with OPC, 15% LI and 30% LI.
Neglecting the influence of binder dosage (§4.1), experimental data
of each type of binder were fitted through an exponential relation-
ship, according to Abram’s law [42]. Each type of binder clearly
showed a different relationship, underlying that at equal w/b ratio
OPC concrete had a higher strength than PLC concrete. Supposing
limestone acts as an inert material, the water/cement ratio, w/c,
was evaluated from the water/binder ratio as:

w
c

� �
¼ w
ðb� LIÞ ¼

w
b
� 100
100�%LI

ð4Þ

where %LI is the limestone percentage content with respect to the
total binder.

Fig. 10a shows the relationship between compressive strength
and the water/cement ratio for OPC, 15% LI and 30% LI concretes,
for different curing times of 1, 7 and 28 days. At 28-day curing, a
good exponential relationship (indicated by the black continuous
line), similar to that of OPC concrete (indicated by the black dashed
line), can be found, supporting the assumption that limestone
acts essentially as a dilution of portland cement in the systems



Fig. 10. Compressive strength as a function of the water/cement ratio, w/c (a) and
the effective water/binder ratio, (w/b)eff (b), for OPC, 15% LI and 30% LI concretes
after 1 (white symbols), 7 (grey symbols) and 28 days (black symbols) of curing
(continuous lines: interpolation of all data; dashed lines: interpolation of OPC data).
investigated here. This means that when limestone portland ce-
ment is used the compressive strength can be estimated using
the correlation of the ‘‘pure’’ portland cement, provided that the
water/cement ratio is considered instead of w/b ratio. A reasonable
correlation between strength and w/c ratio was observed also after
1 and 7 days of curing, although at these ages, the compressive
strength of PLC concrete was slightly higher than the strength of
OPC concrete, suggesting that, at early ages, limestone, although in-
ert, has beneficial effects on compressive strength.

The beneficial effects of limestone can be quantified through the
‘‘efficiency factor’’, k, which expresses the fraction of portland ce-
ment that can be replaced by a given amount of a mineral addition
at unchanged compressive strength. k-value equal to 1 means that
the addition can be considered equivalent to portland cement, con-
versely k-value of 0 means that the addition has no effect. For each
curing time, the ‘‘efficiency factor’’ k was evaluated by interpolat-
ing (with the least squares method) Abram’s law for OPC concrete,
shown in Fig. 10a, replacing w/b with the (w/b)eff, defined as:

w
b

� �
eff
¼ w

ceq
¼ w

c þ k � LI
ð5Þ

where ceq, is the equivalent cement content, which is defined as the
sum between the portland cement content and the limestone
content in the mix multiplied by the k-value.
Results in terms of relationship between compressive strength
and the effective water/binder ratio, (w/b)eff, are shown in
Fig. 10b. k-values of 0.63, 0.41 and 0.12 were respectively deter-
mined for curing times of 1, 7 and 28 days. The relatively high val-
ues of the efficiency factors estimated at low curing times confirm
that limestone has some beneficial consequences, which may be
ascribed to the formation of nucleation sites of calcium hydroxide
crystals [10,26], to an acceleration of the clinker hydration
[12,13,18–24] or to a beneficial filler effect of the fine limestone
particles, as suggested by various authors. The acceleration of the
clinker hydration in PLC concrete may lead to a higher degree of
hydration in comparison to OPC concrete, after the same curing
time. Hence, comparing a PLC and an OPC concrete with the same
w/c ratio the higher degree of hydration of PLC concrete brings
about a lower capillary porosity and higher compressive strength.
This effect could be considered limited at early ages, conversely the
filler effect may occur after any times of curing, however it seems
to be not much effective with the extension of curing time, as indi-
cated by the relatively low k-value after 28 days of curing. The k-
value evaluated in this work may be affected by the fineness of
the ground limestone, which may be supposed to be slightly coar-
ser than that of limestone interground with portland cement [21–
30], as well as by its quality (e.g. limestone chemical composition).
As far as the role of fineness is concerned, several studies on lime-
stone [12,13,35,43] as well as other mineral and inert addition
[44,45] showed that when the addition was finer, concrete
properties improved. However in some studies the effect was sig-
nificant only at early age [12,13] and in the range of limestone
addition from 5% to 10% [43]. Hence, further studies are needed
to evaluate whether strength performance deficiencies of PLC in
comparison to OPC concrete may be actually compensated by an
increase in fineness or if the effect of fineness may be marginal.

As far as the role of limestone on the resistance to carbonation
is concerned, the accelerated carbonation coefficient, measured on
7-day cured specimens, experienced an increase between 60%
(evaluated on concrete with w/b = 0.46 and b = 300 kg/m3) and
80% (on concrete with w/b = 0.46 and b = 350 kg/m3) with the
replacement of 30% limestone. Conversely, a systematic effect
was not observed in the presence of 15% of limestone. The effect
was further investigated, analyzing the relationship between the
accelerated carbonation coefficient and the w/c ratio on concretes
cured 1, 7 and 28 days (Fig. 11a). As for compressive strength after
1 and 7 days of curing, the carbonation coefficient of PLC concrete
was slightly lower than the carbonation coefficient of OPC con-
crete. These results suggest that limestone acts similarly in deter-
mining compressive and carbonation resistance and, hence, the
correlation between carbonation coefficient and (w/b)eff ratio,
determined by fitting compressive strength results, was investi-
gated (Fig. 11b). The good relationship between these parameters,
even at low curing time, confirms that limestone contributes to the
carbonation resistance of the concrete by accelerating the hydra-
tion processes at early ages and later it acts essentially as a dilu-
tion. Furthermore, the fact that k-values evaluated through
compressive strength were valid also for the carbonation coeffi-
cient suggested that these properties are mainly related to the
same parameters. This is confirmed by the good relationship, for
different curing times, between KACC and compressive strength,
shown in Fig. 11c. The rate of carbonation is similar in concretes
with equal strength, regardless of the quantity of limestone that re-
places portland cement. From a practical point of view, it means
that, provided that a certain compressive strength is assured, con-
crete will behave in relation to carbonation resistance in a similar
way, regardless of the amount of portland cement replaced with
limestone. However, to achieve the same strength, the water/bin-
der ratio should be decreased, increasing the amount of replaced
cement in accordance to results shown in Fig. 9.



Fig. 12. Rapid Chloride Migration coefficient, DRCM, as a function of the water
cement ratio, w/c (a) and compressive strength (b) (continuous lines: interpolation
of all data; dashed lines: interpolation of OPC data).

Fig. 11. Accelerated carbonation coefficient, KACC, as a function of the water/cement
ratio, w/c (a), the effective water/binder ratio, (w/b)eff (b), and compressive strength
(c) for OPC, 15% LI and 30% LI concretes after 1 (white symbols), 7 (grey symbols)
and 28 days (black symbols) of curing (continuous lines: interpolation of all data;
dashed lines: interpolation of OPC data).
As far as the resistance to chloride penetration is concerned,
DRCM significantly increased when the portland cement was re-
placed with limestone, clearly indicating that portland limestone
cement does not hinder chloride penetration to the same degree.
With the replacement of 15% limestone, an increase of DRCM be-
tween 60% and 100% (evaluated respectively on concrete with w/
b = 0.61 and w/b = 0.42) was observed; whilst with the replace-
ment of 30% limestone, DRCM further increased up to 200%
(Fig. 8). Although a linear correlation between DRCM and w/c ratio
can be observed in Fig. 12a, an even higher DRCM in comparison
to the correlation which could be expected by considering only
the water/cement ratio was obtained, suggesting that limestone
might have a detrimental effect in hindering chloride penetration;
such an effect has been explained considering that the reaction
compounds of C3A in PLC concrete have a lower binding capacity
for chloride in comparison to the hydration products of aluminates
in OPC concrete [32]. Therefore, to compensate for the detrimental
effect of limestone, in order that the DRCM obtained with PLC and
OPC concretes are equal, the (w/b)eff ratio of the PLC concrete
should be equal to the w/c ratio of the OPC concrete, and hence
the effective binder content, ceq, content should be increased. This
effect is also reflected in the relationship between compressive
strength and diffusion coefficient: concretes with the same com-
pressive strength do not have similar resistance to chloride pene-
tration (Fig. 12b). High DRCM can be obtained with binders
simulating limestone portland cement (15% LI and 30% LI), in spite
of the high values reached by compressive strength. As a conse-
quence, when limestone cements are used, a higher compressive
strength should be guaranteed to also assure an adequate resis-
tance to chloride penetration.
5. Conclusions
/



The effect of limestone was studied by replacing portland ce-
ment with a ground limestone in concrete with different limestone
replacement (15–30% by mass of binder), water/binder ratio (0.42–
0.61) and binder content (250–400 kg/m3). On the basis of results
of experimental tests for the materials employed in this study,
the following conclusions can be drawn.

1. Besides the well-known beneficial effects on the properties of
hardened concrete of decreasing the water/binder ratio and
increasing the curing time, the binder dosage showed some
influence on sorption, strength and resistivity, whilst no effects
on carbonation and chloride diffusion were observed.

2. The replacement of portland cement with 15% limestone led to
a reduction in 28-day compressive strength and to an increase
of chloride diffusion coefficient, whilst a clear effect was not
detected on the accelerated carbonation. The replacement of
30% limestone led to a remarkable worsening of all the studied
properties.

3. Compressive strength and accelerated carbonation coefficient
of concrete showed a good correlation with the water/cement
ratio, i.e. assuming limestone acts as inert filler after quite long
curing time; whilst at early ages a positive effect of limestone
was detected. As a matter of fact relatively high values of the
efficiency factors were estimated at low curing times, which
however decreased with the extension of curing time.

4. The diffusion coefficient of chloride increased in the presence of
limestone and this effect was even more than expected by con-
sidering an inert behaviour of limestone.

5. Concreteswith equal compressive strength experienced the same
resistance to carbonation independently from the amount of
portland cement replaced with limestone, indicating that, pro-
vided the compressive strength requirement is guaranteed, also
the resistanceto carbonation penetration is achieved. Conversely,
concretes with equal compressive strength experienced a lower
resistance to chloride penetration when made with limestone.
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