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Portland limestone cement (PLC) is produced by 
blending portland cement and limestone or inter-

grinding portland cement clinker, limestone, and calcium 
sulfate. Replacement of portland cement with limestone 
results in a proportionate reduction in the amount of CO2 
associated with concrete production, and this reduction 
can be further enhanced through the use of supplementary 
cementitious materials (SCMs) such as slag cement or fly 
ash. PLCs can, therefore, significantly minimize the 
concrete industry’s carbon footprint.

PLCs have been used in Europe for decades. Currently, 
European Committee for Standardization (CEN) Standard 
EN 197-1 allows CEM II portland-limestone cement or  
CEM II portland-composite cement to contain up to 35% 
limestone replacement levels. Canadian Standards 
Association (CSA) Standard A3001 has allowed the 
incorporation of up to 5% limestone in portland cement 
since 1983. In the U.S., ASTM C150 began allowing the use 
of up to 5% limestone in portland cements in 2004, and 
AASHTO M85 followed suit in 2007.

In 2008, CSA responded to growing pressures to 
further reduce the clinker content in cement by revising 
CSA A3001 to allow PLCs containing up to 15% limestone, 
and in 2009, CSA A23.1 was revised to permit the use  
of PLCs in all classes of concrete except sulfate- 
exposure classes.

Although limestone is often considered an inert  
filler when it is added to portland cement, it is not 

completely chemically inert and thus can contribute  
to the development of the concrete’s microstructure— 
particularly when interground with portland cement clinker. 
First, because limestone is softer than clinker, it will achieve 
a finer particle size when interground, producing an 
improved particle size distribution and improving particle 
packing.1 Secondly, the fine limestone particles act as 
nucleation sites,2 thereby increasing the rate of hydration of 
the calcium silicates at early ages3 and possibly improving 
the distribution of the hydrates. Finally, CaCO3 will react 
chemically with aluminate phases to form carboaluminate 
phases.4 The extent of this reaction should increase as the 
fineness of the limestone increases and when PLCs are 
combined with slag cement or fly ash.

This article presents results from a recent demonstration 
of PLC concrete in the late-fall construction of a parking 
lot at a ready mixed concrete plant near Gatineau, QC, 
Canada. The performance of the plastic and hardened 
concretes produced with PLC at various levels of SCM 
replacement are compared with the performance of 
similar concrete mixtures produced with portland 
cement (PC) from the same cement plant.

AppliCAtion
Materials

For our study, a CSA A3001 Type GU PC and a Type GUL 
PLC were used together with a blended SCM (currently 
marketed in Ontario and Quebec) that comprises two 
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parts slag cement and one part fly ash, by mass. The PLC 
was produced by intergrinding limestone with calcium 
sulfate and the same clinker that was used to produce the 
PC; the limestone content of the finished PLC was 12%. 
The chemical composition of the cementitious materials 
is presented in Table 1.

production and placement
A total of eight concrete mixtures were batched at the 

ready mixed concrete plant. The total cementitious 
material content of each mixture was 355 kg/m3 (600 lb/yd3). 
Each batch contained either PC or PLC, and for each 
cement type, the SCM blend was used at replacement 
levels of 0, 25, 40, or 50%. The target air content was 6% 
and the target slump was 100 mm (4 in.). All mixtures 
contained a normal-range, water-reducing admixture. 
Details for mixtures are given in Table 2.

The concrete was used to construct a parking slab at 
the concrete plant on October 6, 2008. The slab area was 
about 450 m2 (4500 ft2) (Fig. 1) and the thickness ranged 
from 150 to 200 mm (6 to 8 in.). The concretes were 
mixed in a truck mixer, placed by direct-chute discharge, 
consolidated with a hand-held vibratory screed, provided 
with a bull float and broom finish, and cured under 
insulated tarps for 1 day. During the day, the ambient 

Table 2: 
ProPerties of concrete mixtures

SCM replacement level,
% Cement type w/cm

Slump, 
mm (in.)

air  
content,

%

Concrete
temperature, 

°C (°F)
Density,

kg/m3 (lb/ft3)

0
Pc 0.45 100 (4) 6.8 18.8 (66) 2317 (145)

Plc 0.44 80 (3) 6.0 17.5 (64) —

25
Pc 0.44 75 (3) 6.2 18.1 (65) 2317 (145)

Plc 0.45 100 (4) 6.6 16.3 (61) 2328 (145)

40
Pc 0.44 95 (3.75) 6.8 16.5 (62) 2303(144)

Plc 0.44 80 (3) 6.0 15.5 (60) 2331 (146)

50
Pc 0.44 95 (3.75) 6.8 15.0 (59) 2300 (144)

Plc 0.44 95 (3.75) 6.5 14.5 (58) 2309 (144)

Fig. 1: Completed parking area and ready mixed concrete plant

Table 1: 
comPosition of cementitious materials

Chemical phases, % of total Physical properties

Cementitious
material SiO2 al2O3 Fe2O3 CaO MgO Na2O K2O SO3

lOI,
%

blaine fineness,
m2/kg

Pc 20.53 4.63 2.77 62.7 2.48 0.21 0.71 3.23 2.26 373

Plc 19.23 4.4 2.64 61.45 2.41 0.20 0.68 3.4 5.25 453

Fly ash 36.53 19.39 5.27 18.62 4.92 5.69 0.85 2.06 0.30 —

slag cement 35.75 9.72 0.50 35.66 13.05 0.33 0.52 2.93 — —
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temperature ranged from –2 to 5°C  
(28 to 41°F) and the relative humidity 
ranged from 44 to 93%. No problems 
were encountered with placing or 
finishing the slabs, and no differences 
were observed in the fresh properties 
of mixtures with PC or PLC at the same 
SCM replacement level.

testing
Methods

During placing, a number of 
specimens were cast for laboratory 
tests, including:

 ■ Compressive strength per ASTM 
C39;

 ■ Rapid chloride penetration 
(electrical indication of ability to 
resist chloride ion penetration) 
per ASTM C1202;

 ■ Resistance to rapid freezing  
and thawing per ASTM C666  
Procedure A;

 ■ Microscopical determination of air 
void system parameters per ASTM 
C457; and

 ■ Scaling resistance to deicing 
chemicals per ASTM C672 and 
BNQ NQ 2621-900 Annex B.
Cores with a 100 mm (4 in.) 

diameter were also cut from the slabs 
at 35 days to determine the in-place 
strength per ASTM C42, resistance to 

chloride ion penetration per ASTM 
C1202, and apparent chloride 
diffusion coefficient per ASTM C1556.

Results
Compressive strength values for 

site-cast, laboratory-cured cylinders 
and cores are presented in Fig. 2. The 
highest strengths (for both PC and 
PLC mixtures) were recorded for 
mixtures with 40 and 50% SCM 
replacement levels. The cylinder 
results show a reduction in early-age 
strength with an increase in the level 
of SCM replacement, but this trend  
is reversed at later ages. At any 
particular age or SCM replacement 
level, the results show no significant 
or consistent difference between 
concrete produced with PC or PLC. 

The results of the rapid chloride 
permeability tests conducted on 
cylinders at ages of 28 and 56 days 
and on cores cut from the slab at 35 
days are shown in Fig. 3 and Table 3, 
respectively. While the results show 
that the charge passed in 6 hours 
decreases with increasing SCM 
content and with age, they also show 
no consistent difference in performance 
between concretes produced with PC 
or PLC. All of the concretes containing 
SCMs meet the permeability require-

CIRCLE READER CARD #19

Fig. 2: Compressive strength test results for site-cast, standard-cured cylinders and  
cores tested at 35 days. early strength decreased with increased SCM contents, but  
28- and 56-day strengths increased up to the 40% replacement level. also at the 40% 
replacement level, the strength of the cores taken from the PC and PlC mixtures were 
nearly equal to the respective 28-day compressive strengths for standard-cured cylinders
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ments of CSA A23.1 for a C-1 exposure class (charge 
passed <1500 Coulombs at 56 days) and the mixtures 
with 40 and 50% SCM contents also meet the require-
ments for a C-XL class of exposure (charge passed <1000 
Coulombs at 56 days).

Table 4 presents the results of hardened air void 
analyses and freeze-thaw tests. All mixtures had satisfactory 
air void parameters, reflected in the excellent durability 
factors (100 to 104%) after 300 cycles of freezing and 
thawing (ASTM C666 Procedure A). 

The results from the two salt scaling test methods (the 
BNQ method and ASTM C672) are presented in Fig. 4. 
Specification limits vary for these tests. The Ontario 
Ministry of Transportation (MTO) imposes a maximum 
limit on the mass loss of 800 g/m2 for concrete tested in 
accordance with ASTM C672 (MTO requires that a 3% NaCl 
solution be used in the test rather than the standard 4% 
CaCl2 solution). The Quebec Ministry of Transportation 

Fig. 3: Results for rapid chloride permeability test per aSTM 
C1202 (electrical indication of ability to resist chloride ion 
penetration) for site-cast cylinders

considers concrete that scales less than 1000 g/m2 in the 
BNQ test to have satisfactory performance. All of the 
concretes produced in this study met these performance 
requirements. There is a trend of increasing mass loss as 
the SCM content increases, however, and this is particu-
larly marked in the concretes containing 50% SCMs. There 
is no consistent effect with regards to the use of PC or PLC.

Figure 5 provides the results from bulk-diffusion tests 
(ASTM C1556) conducted on cores taken at 35 days and 
immersed in a chloride solution for 42 days. The chloride 
profiles shown in Fig. 5 and the calculated diffusion  
coefficients presented in Table 5 show increasing resistance 
to chloride ion penetration with increasing SCM replacement 
levels up to 40%. There is an insignificant difference in 
performance between concretes with 40 and 50% SCM 
replacement levels, but we expect that the concrete with 
50% SCM content will provide better resistance at later  
ages. The profiles and calculated coefficients indicate no 
consistent difference in performance between concretes 
produced with PC or PLC when comparing mixtures with 
the same SCM replacement levels.

The condition of the concrete pavements was examined 
visually on April 2, 2009, after a fairly harsh winter and 
numerous applications of deicing salts. Although there are 
instances of isolated damage at high points from a front end 
loader blade used for snow removal, the surfaces of all eight 

plC peR CsA A3001-08 And A23.1-09
The Canadian Standards Association (CSA A3001-08) now permits the inclusion of up to 15% limestone in four 

types of portland limestone cement (PLC):
 ■ Type GUL: General use cement;
 ■ Type MHL: Moderate heat of hydration cement;
 ■ Type LHL: Low heat of hydration cement; and
 ■ Type HEL: High early-strength cement.
The performance requirements (setting time and strength) for these types of PLC are the same as those for the 

equivalent types of portland cement (PC) (Types GU, MH, LH, and HE), which are permitted to contain up to 5% 
limestone (realistically the maximum limestone content in portland cements is about 3.5% due to limits on the 
loss-on-ignition). With the exception of sulfate-exposure classes S-1, S-2, and S-3, CSA A23.1-09 permits the four 
types of PLC for use in all classes of concrete. The sulfate resistance of PLC concrete is currently under study.

Based on laboratory studies confirming that finer grinding is required to allow PLC mixtures to provide equivalent 
performance to PC mixtures,5 CSA PLCs are manufactured by intergrinding portland cement clinker with between 6 and 
15% limestone. The clinker used to make PLC is the same clinker used to manufacture regular PC.

Table 3: 
raPid chloride Permeability test (astm c1012) results for 
cores taken from slabs at 35 days (values in coulombs)

Cement
type

SCM replacement level, %

0 25 40 50

Pc 2400 1410 570 490

Plc 2350 1310 620 520
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concretes are in excellent condition 
with no scaling evident (Fig. 6).

peRFoRMAnCe
The results of this study clearly 

show that incorporating SCMs in 
concrete can increase long-term 
strength and resistance to chloride 
ion penetration. These effects  
are relatively well established  
for concrete containing fly ash and 
slag cement, but in this case the 
benefits were apparent at relatively 
early ages and were even observed 
for 35-day-old concrete cores  
that were placed in cold-weather 
conditions. We believe these  
characteristics can be attributed  
to the composition of the blended 
SCM used in this study. 

Although results are tempered 
somewhat by an apparent reduction in 
the resistance to salt scaling at higher 
replacement levels (50% SCM), it must 
be noted that accelerated laboratory 
salt scaling tests are very aggressive; 
thus, the poor test performance of 
concrete containing SCM does not 
accurately reflect field performance.6,7 
Regardless of whether PC or PLC is 
used, however, it may be prudent to 
limit the SCM content in exterior 
flatwork that will be exposed to 
freezing and thawing in the presence of 
deicing salts. 

While it must be noted that the 
PLC used in this study was ground to 
a significantly higher fineness than 
the PC, the data show that at a given 
level of SCM, there is no measurable, 
consistent difference between 
concretes produced with PC or PLC 
up to 50% SCM replacement levels. Of 
course, the level of SCM that can be 
used in other mixtures will depend 
on the properties of the SCM and the 
type of application. 

These data indicate that the lime-
stone content of cement can be 
increased from the level typically used 
in PC (about 3.5%) to 12% while 
maintaining equivalent performance. 
Such an increase in limestone content 
results in a reduction in the clinker CIRCLE READER CARD #20

content of the cement of more than 8%. 
When used with 40 to 50% SCM 
replacement levels, the effective 
reduction in clinker content in a 
mixture is in the range of 50%, with 
proportionate decreases in associated 
CO2 production.  

References
1. Tsivilis, S.; Chaniotakis, E.; Kakali,  

G.; and Batis, G., “An Analysis of the 

Properties of Portland Limestone Cements 

and Concrete,” Cement and Concrete 

Composites, V. 24, No. 3, June 2002, 

pp. 371-378.



40     january 2010 / Concrete international 

Fig. 5: Chloride profiles in concrete cores extracted from pavement 
slabs at 35 days and immersed in NaCl solution (165 g/l) for  
42 days. Results for concrete with 40% SCM content have been 
omitted for clarity

2. Soroka, I., and Setter, N., “The Effect of Fillers on Strength  

of Cement Mortars,” Cement and Concrete Research, V. 7, No. 4, 

July 1977, pp. 449-456.

3. Bonavetti, V.; Donza, H.; Menéndez, G.; Cabrera, O.; and Irassar, E.F., 

“Limestone Filler Cement in Low w/c Concrete: A Rational Use of Energy,” 

Cement and Concrete Research, V. 33, No. 6, June 2003, pp. 865-871.

4. Matschei, T.; Lothenbach, B.; and Glasser, F.P., “The Role of 

Calcium Carbonate in Cement Hydration,” Cement and Concrete 

Research, V. 37, No. 4, Apr. 2007, pp. 551-558. 

5. Hooton, R.D.; Nokken, M.R.; and Thomas, M.D.A., “Portland-

Limestone Cement: State-of-the-Art Report and Gap Analysis for 

CSA A3000,” Cement Association of Canada Research and 

Table 4: 
air void Parameters Per astm c457 and durability factor (resistance to freezing and thawing) Per astm c666

SCM replacement level,
% Cement type

air void parameters

Durability factor, %air content, % Spacing factor,  μm 

0
Pc 5.3 173 101

Plc 5.6 187 100

25
Pc 4.9 148 101

Plc 5.4 149 104

40
Pc 5.6 164 101

Plc 5.3 165 103

50
Pc 5.6 150 102

Plc 6.6 147 100

Fig. 4: Mass loss (salt scaling) results for tests conducted per: 
(a) bNQ NQ 2621-900 annex b; and (b) aSTM C672

Table 5: 
calculated values of diffusion coefficient Da (x 10–12 m2/s ) from bulk diffusion tests Per astm c1556 

Cement type

SCM replacement level, %

0 25 40 50

Pc 15.0 3.8 1.5 1.3

Plc 11.9 2.9 1.2 1.8



Concrete international / january 2010     41

Development, Report SN3053, 2007, 59 pp.

6. Thomas, M.D.A., “Laboratory and Field Studies of Salt Scaling 

in Fly Ash Concrete,” Frost Resistance of Concrete, M.J. Setzer and 

R. Auberg, eds., Essen, Germany, Sept. 1997.

7. Boyd, A.J., and Hooton, R.D., “Long-Term Scaling Performance 

of Concretes Containing Supplementary Cementing Materials,” 

Journal of Materials in Civil Engineering, ASCE, V. 19, No. 10, Oct. 

2007, pp. 820-825.

Note: Additional information on the CEN, CSA, ASTM, AASHTO, 

and BNQ standards discussed in this article can be found at www.

cen.eu, www.csa.ca, www.astm.org, www.transportation.org, and 

www.bnq.qc.ca, respectively.

Received and reviewed under Institute publication policies.

Michael D.a. Thomas, Faci, is a Professor 
of civil engineering at the university of new 
Brunswick, Fredericton, nB, canada. he 
has more than 25 years of experience 
working with cement and concrete, and has 
authored more than 150 technical papers in 
this area. he is a previous winner of aci’s 
Wason Medal and the aci construction 
Practice award. 

Doug Hooton, Faci, FasTM, Facers, is 
the nserc/cement association of  
canada senior industrial research chair  
in durable and sustainable concrete in  
the department of civil engineering at the 
university of Toronto. he is a member of 
numerous aci committees. his research 
over the last 35 years has focused on the 
performance of cementitious materials and 
concrete, durability of concrete, and 
sustainability issues. 

Kevin Cail is director of sustainability and 
innovation for the cement division of 
lafarge north america, managing and 
developing policy and direction related to 
those activities. he serves on the board of 
directors for the canada green Building 
council and the aci Foundation’s strategic 
development council, working on issues 
related to industry and sustainability.

brenton a. Smith is the Marketing director 
for lafarge north america, lakes and 
seaway Business unit. he has more  
than 10 years experience in the cement 
industry, including positions in sales  
and manufacturing. he also co-authored  
a paper on blended cements for  
paving applications.

John de Wal is a laboratory supervisor—
Technical services representative for 
lafarge canada, inc. he has 28 years of 
experience in the cement and concrete 
industry, including 18 years managing 
lafarge’s lakes and seaway concrete 
laboratory. he has extensive knowledge  
of cement, concrete, aggregates, and  
mine backfill.

Kenneth G. Kazanis is director of Technical 
services for lafarge north america, lakes 
and seaway Business unit. he has worked 
in the cement and concrete industry in 
various technical and sales roles since 
1977. he is a member of aci committees 
225, hydraulic cements, and 330, concrete 
Parking lots and site Paving. he received 
his Bs in civil engineering from the 

university of colorado and his Ms in business administration 
from the university of northern colorado.

Fig. 6: Pavement slab after one winter. Sections comprised 
mixtures with 25 and 50% SCM replacement levels and with 
either PC or PlC

■ PlC + 25% SCM 

■ PC + 25% SCM 

■ PC + 50% SCM 

■ PlC + 50% SCM 


