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1. Introduction

Fine limestone has been added to Portland cememtefrades. This is normally achieved
by “intergrinding” it with Portland cement clinken the cement mill. Under normal
operating conditions this will result in a surfea@a of the limestone fraction of between
800 and 1100 fitkg (depending on thgrindability of the limestone) for a surface area of
the clinker fraction of in the region of 400%#y. Less often the limestone is ground
separately and blended with Portland cement. Sepadalition of limestone to concrete as
a clinker replacement is not widely practiced im@entional concrete, but is used as filler
for modifying the rheology of self-compacting coete.

In the early literature limestone was generallyardgd as “inert filler”. For this reason it
has e.g. become the main constituent in most mgsomments where high levels of
replacement of the Portland cement are neededptodece the properties of traditional
lime mortars. However, for its application in coeter, which is the primary focus of this
report, the limestone’s contribution to the hydratreactions can be significant when it is
co-ground with the clinker, albeit in relatively alnamounts. So much so that it can
arguably be classified as an SCM alongside GBFSlgrash.

The first significant use of limestone in generafpgnse Portland cement took place during
WWII when it was used in several European countitesut costs and increase output
(Lea, 1970). Its widespread use today can be traaekl to the 1973 oil crisis, with France,
which had low production of fly ash and blast furealag, leading the way. The Portland
limestone cements in the European cement standdril9Z-1 (2001), were adopted more
or less un-changed from the French standard NF30151981).



A systematic review of all standards and specificet for limestone and Portland
limestone cements is beyond the scope of this tepbe most recent and comprehensive
review of this can be found in (Tenres al, 2011). Many countries allow minor clinker
replacement in cement of 5 or 10% limestone, inolgdChina (10%), India (5%), Brazil
(10%), and the US (5% in ASTM C150). Higher amaguate allowed in the cement
standards in Europe (35%), Mexico (35%), Argen{R@o), the US (15% in ASTM C595)
and Canada (15%).

Taking Europe as an example (Figures 1 and 2), evtiter volume of limestone used is
greatest, in 2010, Portland limestone cements ateduor 27% of all cements produced,
or even 46% if the CEM Il M composite cements whatlows mixtures of limestone and
other SCMs to be considered. This amount to 4-fiotlleases in the relative amount of
Portland cement containing limestone as a majostttaent since 1990 (Hertfort, 2008).
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Fig. 1 Cement types produced in Europe in 2010 (reprodiroed CEMBUREAU, 2008).
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(i.e Portland-slag, silica, pozzolana, fly ash, &red shale cements containing up to 35%
clinker replacement)

As shown in figure 2 most of the Portland limestane composite cements conform to the
32.5 and 42.5 strength classes, althougéry high strength 52.5 Portland limestone
cements are also produced.
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2008)

Most countries around the world specify similarmineal and physical requirements for the
limestone that can be used, including a minimum @aContent of 70 or 75%, and
maximum contents of clay and TOC (total organidoa.

A comprehensive review of the application stand&oddortland limestone in concrete is
beyond the scope in this report, and practicegdifidely from country to country. In the
US for example cement types for a given applicatimnspecified at state level. In Europe,
although the cement standard EN 197-1 is harmonthedcement types that can be used in
a given exposure class (defined in the Europeanretsstandard, EN 206) are specified in
the national application standards. This is shown delected countries in figure 3.
Germany and Denmark, for example, allow the CEM L/ LL cements, with up to 20%
limestone, in all exposure classes except whette $ugphate concentrations are involved in
classes XA2 and XA3. The CEM II/B cements allowung to 35% limestone have more
limited application, and where they are allowee, @stricted to the exposure classes where
carbonation is the sole source of attack.
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2. Hydration reactions and strength of Portland limesbne cements

Although it has not been widely accepted untillfarecently that limestone additions are
not inert, reports in the literature date backeaist 30 years (Bensted, 1980) showing that
calcium carbonate reacts with the AFm phases tm frarbo-aluminate analogues, i.e. the
so-called hemi- and mono carbo-aluminate hydrad®esbably the most comprehensive
work on these reactions to date has been perfobyeldanocem network partners over
recent years (Matchat al, 2007; Lothenbacket al, 2008; De Weerdet al, 2010). The
results from this work are adapted in this reporsiiow the compatibility of relevant phase
assemblages on the sub-ternary phase diagram simofigure 4 (a detailed account of
ternary phase diagrams applied to hydrated censnbe found in Herforét al., 2015).
This makes it clear that the addition of limestéma typical Portland cement will result in
the following sequence of reactions:

1. where ettringite forms via consumption of monosabteh
2. when monosulphate is exhausted, monocarbonate fafimsconsumption of
hemicarbonate,



3. when the hemicarbonate phase is used up additeaia@lum carbonate does not
react but persists as a stable phase.

Reactions 1 and 2 are space filling resulting ieduction in porosity, whilst the further

addition of carbonates in reaction 3 results irreased porosity. This type of diagram
shows the relative contents of phases that forrhimithe sub-system. Of course, higher
absolute contents of aluminate (ogACdefined here as a “component”) result in more
monocarbonate formation and therefore higher ansowfitreacted calcium carbonate
before further additions result in an increasedropity.
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Fig. 4 Hydrate phase assemblages in the ternary subrsyst CaS@ C3A-CaCG; within

the multicomponent system for Portland limestonmer®. Phases in this subsystem are
given in italics, and regions of stability are icatied by the 3-phase regions in which the
composition of any given system (e.g. CEM Il L +daigdnal CaSQ) plots onto the
diagram. Excess phases are shown in the top nght of the diagram

By calculating the contents of phases in volumel$ gssigning realistic densities to the
phases), it is possible to calculate the theorepoaosities and then using an empirical
relationship between strength and porosity theréteml strength can also be predicted.
This is illustrated in figure 5 (from Lothenbaehal, 2008). What is important is the point



at which additional calcite ceases to result imeased strength (reduced porosity) and the
extent that this correlates with real strength datathis case EN 196 strengths). In the
example used here there is indeed good agreem#mtesi data for the increased strengths
achieved by the addition of limestone to mineraisement (Borgholnet al, 1995).
Several other workers have confirmed the reactghsvn in figure 4, and the associated
reduction in porosity (Lothenbaget al, 2008; De Weerdtt al, 2010).
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Fig. 5 The effect on 28 day cement (EN 196 mortar) stiengtith additions of fine
limestone (c. 1100 ffkg) to mineralised cement (c. 400%ky) (reproduced from
Borgholmet al, 1995)

The optimum 28 day strength occurs at c. 2% additmresponding to the point where all
of the available alumina from the clinker has redctwith the calcium carbonate and
sulphate to form AFm and AFt phases. The theolgbioaosity is calculated by the method
described e.g. in (Bensted, 1980).

In addition to the hydration reactions describedvah fine limestone has also been shown
to result in an accelerated hydration of thgS @hase in Portland cement without directly
taking part in the reactions: this is resultingegrly strengths being, either unaffected, or
increased with up to 10% fine limestone replaceniBotgholmet al, 1995; Kristensen,
2008).



3. Effect of limestone fillers on fresh properties of mortar and
concrete

3.1Influence on water requirement

Usually, the main physical characteristics of litoee powder that are highlighted
regarding water requirement are fineness, parsce distribution (PSD), and particle
morphology (Arvanitiet al, 2014). From the comparison of different studiasthe
literature on limestone powder use in concretedBiehet al. (2012) concludes that water
demand of concrete is affected by the limestonedeowontent depending on its physical
properties. However, a warning should be made Bsfoousing on the physical properties
of limestone powder may lead to contradictory omteadue to the potential influence of
certain minor components of limestone on its wegquirement (Diederickt al, 2012).

Michel et al. (2007) studied the relation between the propertieseveral limestone
powders and their water requirements. These limespmwders were different from each
other with regard to fineness and clay contentfebginces between Blaine and BET
specific surface areas (Arvangi al, 2015) were pointed out and linked to the clayteon
of limestone. A clear connection between BET sjpeatirface area and clay content
determined by methylene blue adsorption (EN 938#&) be seen in Figure 6. This is
reflected in the water requirement (Figure 7), Wwhiitdd not show a good correlation with
the Blaine specific surface area or the particke slistribution (Figures 7 and 8), even if
these results changing for the different methodeeasame time (Figure 8).
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Fig. 7 Comparison between Blaine specific surface ar&al Bpecific surface area, and
water requiremen3p) of limestone powders (F1 to F6) (from data ircMilet al, 2007)

Clay content and type are changing dramaticallynghmg the percentage of fine particles
in the mix.
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Fig. 8 Comparison between Blaine specific surface ar&al Bpecific surface area, and
particle size distribution (PSD — laser granuloyetf limestone powders (F1 to F6) (from
data in Michelet al, 2007)

Equation 1 can be empirically derived (Michetl al, 2007) for estimating the water
requirement of limestone powder on the basis oBltsne specific surface area and clay
content, where MBA is the methylene blue adsorptiog/kg of limestone and Blaine is
the Blaine specific surface area iff/ga The coefficients in Equation 1 were obtained by
multiple linear regression of data (Michel et aD07), with B = 0.86 (Figure 9).
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Fig. 9 Correlation between the estimated water requiréméh the experimental water
requirement of limestone powders (F1 to F6) (fratadn Michelet al, 2007)

The clay content of limestone powder is definitelykey parameter to appreciate its
influence on water demand. Good correlations (Miokteal, 2007) have been found
between mortar consistence and water requiremelimettone powder, i.e. fineness and
clay content. It should be noted that Mickell. (2007) obtained lower values fpp than
those obtained for the ordinary Portland cement GOWhen they used in mortar
manufacture only limestones F1 and F2. Then, theeelimestone powders would have
been capable of reducing water requirement, wheteagest would have increased it. F1
and F2 were characterized by a Blaine specificaserfarea lower than 0.55%m and a
methylene blue adsorption lower than 1 g/kg of 8tnae. This implies that the maximum
limit established in EN 197 (EN 197-1: 2011) of d{I00g is about ten times higher than
the value for which water requirement seems tofteetad by the inclusion of limestone.

Moreover, Courareet al. (2011) also analyzed differences between bentamtekaolinite
as minor components of limestone powder. They fauneimarkable influence of bentonite
on water demand, and a very little influence oflkai®, which is explained by the much
higher swelling property of bentonite. Therefotegyt refer to the swelling clay content as
the key property as regards water demand, instied dotal clay content.

Diederich et al. (2012) found no relationships between the flowperties of mortar
including limestone powder and its morphology. Thasrived that it should not be
considered that clay is included as grains, byghases included in the grains of limestone
particles. Therefore, under the effect of the gngdprocess, these phases would be
exposed at the surface of grains and modify thieaseiproperties that affect the flow.



In a comparison with other blended Portland cem@vitglis et al, 2005) and despite a
higher fineness of limestone cement (required toiea® a similar strength level than
others), water demand of limestone cement was igbteh than that of OPC, but it was
lower than for pozzolanic and fly ash cements. Bimiesults are presented in (Courard
and Michel, 2014) where they use limestone powdepdrtial substitution of cement to
produce mortars. All these binary cements were ywed by intergrinding of clinker,
gypsum and supplementary cementitous materialdagement percentage of 15%). The
main reason given for this lower water demandroEBtone cement is that its particles had
a wider particle size distribution than the paescbf the other blended cements. This may
imply a better packing density of particles andwdr requirement of water.

When cement is blended with different limestonecpetage replacements, the optimum
dry packing density of fines is obtained for a aertpowder content dependent on the
particle size distribution of both cement and litoee powder. In this regard, Joudi-Bahri
et al. (2012) reported optimum limestone powder contémtsoncrete between 100-120
kg/m®. They argued that intergranular voids are not ¥ilesd with lower limestone powder
contents, whereas excess of single-sized partiebesto a loose suspension that demands
higher mixing water content for a specific congiste level. This is in partial agreement
with results from (Jonest al, 2003), where it is shown that the limestone povadatent
giving the lowest water demand is less than thedesowontent required to achieve a
minimum voids ratio from theoretical dry packingngoutations. They argue that the
agglomeration of limestone powder particles, whittreases its particle size and voids
ratio, is responsible for this difference. In caterwith a lower Portland cement content (<
350 kg/m), the voids ratio of the concrete decreases witinarease in limestone content
up to a certain limit, after which further increase limestone content only result in small
changes in the voids ratio. The decrease of vats with increasing limestone content is
reduced with increasing Portland cement conteontdhifjh cement contents, the addition of
cement-sized powder will even increase the voidie @nd the water demand. Since the
lowest water demand, for a given workability of mdsy limestone powder-Portland
cement, was obtained for a limestone powder cordever than the one corresponding to
the highest packing density, Jones et al. (2008pested two criteria to determine the
optimum powder content for minimum water demandglasticized mixes: a voids ratio
reduction of 0.02 (equivalent to a reduction of @ete water demand of 15 fmin
comparison with cement paste without limestone mwahd a voids ratio reduction rate
larger than 0.02% ffkg (i.e., the voids ratio reduced by more than2@Oper ni of
concrete through the addition of 1 kg of powder).

In a different direction, Wong and Kwan (2008) at=e that the packing density of
particles is not directly related to the solid cemiation in the mix, which varies with the
wi/c ratio. Therefore, the water demand could notdééuced from dry packing density of
particles. Here, it is noted that the mixing watentent at standard consistence of the mix
is quite different from the basic water contentjalihs just sufficient to fill up the voids in
the granular skeleton, or the minimum voids raMworeover, entrapped air in the mix
causes a positive effect giving more mobility te tmix and indirectly affecting water
demand (Wong and Kwan, 2008).
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Using the method to determine the wet packing dgendong and Kwan, 2008) for
limestone and cement blends, Diedemtlal. (2012) found that the multiple influences of
the different limestone powder and cement chariaties can be accurately represented
through the evaluation of the excess water voluat® defined as the surplus over the
minimum void volume ratio of the paste. Accordingligey found a general relationship
between excess water volume ratio and flow parasdigeld stress and viscosity) for
several limestone powders and cement types (Didetial, 2012).

3.2Influence on bleeding

Soria and Rahhal (2003) obtained similar bleediatpes for 19cm-slump at 20°C for
concrete with or without a limestone powder conteedr 20%. At higher temperatures,
however, they found that limestone concrete redubtsbding capacity. The main
explanation comes from the increase in the hydnatite caused by the filler effect.

On the other hand, Joudi-Balei al. (2012) reported decreasing bleeding capacity with
higher limestone powder content for 23cm-slump cetec The influence reported for 15
and 7cm-slump concrete mixes analyzed in the saudy svas much lower. The Blaine
specific surface area of limestone was 316/kg and its PSD was d10/ d50/
d90=1.5/18/65um, respectively; the same paraméoerthe OPC were 320 kg, and
d10/d50/d90=0.8/7.5/35um, respectively. The deangasm bleeding is explained by the
requirement of a high volume of powder for highrspuconcrete in order to stabilize the
suspension of particles: when high flow concretthvow powder content, an excess in
mixing water content will increase bleeding.

It should be mentioned that, as finer limestone gwends to give more cohesive mixes
and stronger suspensions (Diedergthal, 2012), an impact of the fineness of limestone
powder on concrete bleeding may be expected, iordance with the respective powder
content. Three main physical phenomena acting eshfrcement paste are linked to
bleeding (Perrogt al, 2012): Brownian motion, colloidal attractive fescand gravity. For
pure cement systems, if colloidal attractive forpesvail over gravity, a stable suspension
of particles in which particles cannot rearrangeirtimelative positions is obtained. Low
bleeding is usually observed in stable mixes. Rredant colloidal attractive forces also
result in the ability to withstand an external str@p to a critical value, called yield stress.
Though there is no direct correlation between y#tdss and bleeding (Persgdtal, 2012),
these two properties are strongly linked. On theeiohand, gravity will dominate colloidal
attractive forces in low viscosity mixes, and paes may settle with high bleeding
capacity as a result. The phenomenon is of intémetbte case of very fluid mixes such as
self-consolidating ones. Several results on thieiemice of limestone powder on the yield
stress and viscosity of cementitious systems cafolned in the literature, especially for
self-consolidating mixes. Forward, a section deplth this topic can be found. It could
be claimed that in the same way that limestone powffects yield stress, and viscosity in
the case of fluid mixes, it may also affect blegdin
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Joserrandet al. (2006) suggested that the influence of a limestpogvder (BET
s.s.a.=6081ftkg and PSD d10/d50/d90=1.7/10.5/52 pm) on cemsthtation and particle
flocculation can lead to more prolonged bleedimgl a consequent high bleeding capacity.
This is in agreement with (Garcet al., 2008; Bentz and Garboczi, 1991), where initial
setting time is reported as an indication of a platen threshold that affects connectivity
between solid particles and voids within the neladydened cement paste.

3.3Influence on setting

Fineness of limestone powder is a main charadest regards its influence on setting.
Soria and Rahhal (2003) investigated the influeot@mbient temperature of concrete
made with limestone powder on slump, slump losingetime and bleeding. They found
that, in hot weather conditions, concrete produsét limestone cement may result in a
greater reduction in slump compared to OPC concitey also found shorter setting
times for limestone concrete in comparison withepeement concrete at 20, 30, and 40 °C;
they suggested that this is due to the increasbarhydration rate caused by nucleation
effect. Similar results for the effect of the linmse powder content on setting time are
presented in (Khaleel and Razak, 2012). On therolf@ad, limestone cement with
replacement percentage of 15% showed similar getimes to ordinary, pozzolanic and
fly ash cements, even when limestone cement hdwehitneness (Vogligt al, 2005). In
this sense, Michel et al. (2007) noticed an infeeenf limestone powder on initial setting
time only when it had a Blaine specific surfaceaane770ni/kg, whereas no influence was
determined for limestone powder with Blaine finenbstween 220 and 656tkg. Courard

et al. (2005) present results in agreement when thegdeasbrtars with limestone powder
with Blaine s.s.a.=305 ffkg in partial replacement of cement. According8ato and
Beaudoin (2011) proposed the addition of nano-Cafo® accelerating the hydration of
OPC when delayed by the presence of high volumesupplementary cementitious
materials, such as fly ash and slag. Based onwbik, Bentzet al. (2012) added fine
limestone powder to high volume fly ash concretectmmpensate for the excessive
retardation effect on hydration, delayed settinges, and low strengths at early age. They
analyzed a nano-limestone powder and two otherstiome powders of increasing median
particle size (4.4um to 16.4um) for their propensity to reduce setting timesi@lass C fly
ash/cement blend. They obtained a measurable a&iefeof hydration and compensation
of setting times due to the fineness of the limastavhich they attributed to both physical
and chemical action mechanisms of limestone pasticl

On the other hand, Ezziam# al. (2010) found increasing setting times with limesto
powder (Blaine s.s.a.=3406fkg) content when they tested superplasticized anofthey
attributed this delay to the higher effective nelaship superplasticizer dosage/cement
content. Thus, the increase in setting time shdwddattributed to the effect of the
superplasticizer, in which the relative contentthe cement weight is increased by the
increase in the limestone powder content.

Courardet al. (2011) reported values for setting times of martarcluding different
limestone powders and without chemical admixturéke influence of the mineral
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additions seems to be linked to their clay contand BET specific surface area. In most
cases, however, this effect is very low and thealeffect on setting time is essentially
neutral.

The effect of temperature on setting of limestolendled mixes has been also analyzed in
(Ezzianeet al, 2010). They found consistent shortening of sgttime with increasing
temperature, but no influence of the limestone pavabntent on these decreases could be
found, as the relative differences according to ltheestone powder content remained
similar for each series.

3.4Influence on superplasticizer demand

Studies on interaction between limestone-blendemieaés and superplasticizers have
primarily focused on polycarboxylic-ether (PCE) édsdmixtures (Magarotiet al, 2003;
Sahmararet al, 2006; Artelt and Garcia, 2008; Plaekal, 2010; Banfill, 2011), as they
are commonly used in self-consolidating concrete.

Differences in superplasticizer demand between dioree-blended cement and ordinary
cement would be mainly due to limestone-admixtateraction. According to Alonso et al.
(2007), the effect of PCE admixtures on CEM II/Bdlaine s.s.a.=438ffkg) cement
pastes is similar to the changes induced in cepesies without mineral additions. The use
of 30% limestone in cement pastes (Burgos-Moeteasl., 2012) raises the adsorption of
both lignosulfonate- (LS) and melamine- (PMS) basagerplasticizers, indicating that
these admixtures had greater affinity to CEM II/B(Blaine s.s.a.=524ffkg, BET
s.s.a.=2110Afkg) than to CEM | (Blaine s.s.a.=502ky, BET s.s.a.=1220ffkg), while
naphthalene - (PNS) and PCE based superplastidistraved similarly with limestone
blended and non-blended cements. The presencepplestentary cementitious materials
changes the physical-chemical properties of theeoémand its behavior in terms of
superplasticizer adsorption. Results in (Burgos-tdsnet al, 2012) show that
superplasticizer adsorption on limestone — or lias and clayey material - was similar to
its adsorption on limestone-blended cement becalde®ugh affinity was much smaller
for limestone than for cement particles, the preseof limestone in the blend led to a
higher total consumption of admixture as a restiltsogreater specific surface. Similarly,
Mikanovic and Jolicoeur (2008) observed adsorptbPNS was twice as much as that of
PCE, and that adsorption of both polymers was tagé@igh on CEM | cement as on pure
CaCQ particles, both with the same BET s.s.a.=120kmg Also Petit and Wirquin (2010)
found increasing superplasticizer demand with lio@s powder (of unknown fineness)
content in self-consolidating mortar mixes with PB@mixture, but this increase was in
connection with an increase in the content of fimethe mix.

Adsorption of PCE admixture on limestone partiadkesiue to an enthalpic contribution
resulting from the electrostatic attraction betwdke opposite charges of substrate and
PCE molecules, and the entropic contribution oatgd in the release of numerous counter
ions and water molecules into pore liquid. Thesatrdoutions are influenced by the ionic
composition of pore liquid. Plardt al. (2010) investigated the adsorption of differenE’C
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admixtures on CaC whereas the electrostatic attraction betweenstiestrate and the
PCE molecules decreases in the presence Bfi@s, PCE adsorption is connected with a
high gain in entropy due to the same reason. Thie PGlecule characteristics (structure,
molecular weight, types of anchor groups), anddindace loading of the substrate with
PCE are also important features in the adsorptimtgss. These influences of the
molecular weight and structure of the PCE haveefloee a significant influence on the
rheological behavior and water-reduction of theelstone cement (Magarotéd al, 2003;
Banfill, 2011). The anionic charge density of PCBlenules (Planlt al, 2010) influences
both enthalpy and entropy. With higher anionic geadensity, the enthalpic contribution to
adsorption increases, whereas the entropic cotisibdecreases. A higher anionic charge
density results from decreasing the side chainttera the PCE macromolecule. In
consequence, a gain in entropy is the major foroend PCE adsorption and a decisive
parameter of its effectiveness as superplasticizer.

Mikanovic and Jolicoeur (2008) studied the relatitp between particle—superplasticizer
interactions, rheology and paste stability, anchdileg, sedimentation and consolidation.
Their findings showed that the mechanisms invoivesliperplasticizer action on limestone
and OPC cement varied depending on whether thexaui@iwas PCE or PNS-based. They
also observed that even if the dispersion effedbath admixtures was similar in water—
limestone pastes, the presence of Cagdidproved the effectiveness of PCE admixture. In
this sense, Hallakt al. (2010) observed better compatibility of superptastrs with
limestone blended cement than with pozzolana bcdeent.

Additionally, the BET is essential to describe pwvder/superplasticizer interaction that
controls particle dispersion (Diederieth al, 2012). BET specific surface area allows the
fineness of particles and their texture to be gtiadtas well (Arvanitiet al, 2015). It is
therefore more descriptive of the surface on wHR€E molecules may be adsorbed than
Blaine s.s.a., which is connected with particlee 9nly. Therefore, the increase in specific
surface area and packing density due to the paejbhcement of OPC by limestone
powder might affect concrete flowability (Espin@(8), and the dosage of superplasticizer
must therefore be modified to maintain it.

In this regard, Diederictet al. (2012) showed that the effectiveness of supeipiast
depends on the composition and surface chargeeofirttestone powder, specifically the
effect of the presence of impurities such as clagnestone powder usually exhibits a
rather low hydrophilic behavior (Diederidt al, 2012). However, when a PCE admixture
is included, different evolutions of the contacgl@nmay be expected depending on the
nature of the powders and in connection with thedéctrostatic charge. In this regard,
negatively charged powders show a decrease inoti@ct angle, i.e. a higher affinity with
the aqueous solution, whereas other powders shimwexr affinity with the liquid phase
(Diederich et al, 2012). These dissimilar interactions between P&Hnixture and
limestone powder induce a modification of the rbgalal properties of suspensions: the
yield stress (Figure 9) and the apparent viscadisuspensions with limestone powder are
reduced with the use of a PCE admixture to diffeeattents depending on the nature of the
limestone powder.
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Fig. 9 Variation of the shear yield stress of slurriethvdonstant spreading (ASTM C230)
and with 0.5% polycarboxylate superplasticizer daretion of the filler amount (3 types
of natural limestone fillers) (Couragd al, under reviewing)

The obtained relative decreases in static yiekkstand viscosity were significant only for
limestone powders that showed a wettability de@®ath the inclusion of PCE admixture.
The lower wettability would allow a larger amount fiee water available for the
fluidification of the mix (Diederictet al, 2012). In this analysis, it is important to nttat
the lower wettability may be in conjunction with pmsitive electrostatic charge of the
powder, and, if so, limestone powder may be in catitipn with cement for the adsorption
of PCE molecules. Therefore, this may result inea megative influence on the flow
properties of superplasticized mixes with limestdahended cement. On the other hand,
Diederichet al. (2012) found no relationships between the flowperties of limestone
suspensions incorporating PCE and those of limedbtended cement-based suspensions.
They accordingly conclude that the flow of ttesment+limestone+PCE+watesuspension

is influenced by the properties of the individuahponents and also by their concentration
and the interactions existing between them.

Then, it seems very important to take into accdbet particle size distribution and the
complementary effect with that of the cement ineorid achieve minimum voids and allow
lower superplasticizer demand.

4. Effect of limestone powder on fresh properties of &f-Consolidating
Concrete

In a comprehensive study performed by the BRE (Buj Research establishment) and
BCA (British Cement Association) in the early 908ofr and Kehlman, 1993), Portland
limestone cements were shown teave a largely neutral effect on slump, and aretiyios
beneficial particularly if the limestone is intemnd with the clinker and the fineness of
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the clinker fraction is less than c. 38G/kg’ (Moir and Kelham, 1997). The same study
showed clear benefits in reducing the tendency leéding for cements that without
limestone addition had a narrow size distributishiCh are more common nowadays with
more efficient closed circuit cement mills), or self compacting concrete (Moir and
Kelham, 1997; Livesey, 1991). These conclusionsewganerally confirmed in a recent
review of limestone cements by the PCA (Teratial, 2011).

Much of the research that has been done on theeimtke of limestone powder on the fresh
state concerns self-consolidating concrete. Selbalidating Concrete (SCC) is stable
highly flowable concrete that can spread readitp ijplace and fill the formwork without
any consolidation and without undergoing any sigaiit segregation. The solid fraction of
paste phase of concrete must be increased in todsstain stable and flowable SCC. In
this sense, non-pozzolanic powders are frequest to optimize the particle packing and
flow behavior of cementitious paste in SCC mixtures

By using limestone powder with fineness and gradiveg can greatly improve the particle
packing and deformability of the cementitious patte amount of mixing water can be
considerably reduced for set values of rheologizabmeters (Ghezal and Khayat, 2002;
Bokan Bosiljkov 2003; Yahi&t al., 2005b, Courarett al, under revision). Alternatively,
limestone powder may enable superplasticizer ctgtém be reduced in some cases
(Nepomucenoet al, 2012): this is conditioned by the fineness ofédgatone powder.
Increased superplasticizer demand of SCC due tanttiesion of limestone powder has
also been reported (El Hiladt al, 2006; Gesglu et al, 2012).
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Fig. 10 Variation of W/P ratio for constant spread (ASTN3D) of 220mm, with and
without PC superplasticizer (Couragtial, under reviewing)
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Limestone powder may play a significant role in stehility of self-consolidating concrete
(Georgiadis et al, 2010) by compensating poor gradation and enhgnamxture
consistency. Yahiat al. (2005) investigated the effect of a limestone pemaddition in
superplasticized cement mortar rheology. Their Itesshow that the physical effect of
limestone powder is mainly affected by the W/C &mel limestone powder content; for a
given W/C, the addition of limestone powder witlaircertain range did not affect fluidity.
However, beyond a critical dosage, the incorporatibsome limestone powder resulted in
a substantial increase of mortar viscosity. Howgeitenust be taken into account that sand
may be a substantial source of fines which may cqedhe optimum limestone powder
content to obtain a stable and flowable self-cadating mix (Tobet al, 2007).

Similarly to conventional concrete, results fortisgf time of SCC with limestone powder
are somewhat variabl§ahmararet al. (2006) obtained increasing setting times when fly
ash was included in SCC that could be reduced mgusrnary mixtures including also
limestone powder. In contrast, Ggkoet al. (2012) reported increased setting tinoas f
both binary and ternary self-consolidating mixethwvimestone powder and fly ash. Again,
the clear influence of limestone powder is a resfltopposite effects of hydration
stimulation and dilution of clinker. Limestone posvdineness might be the deciding factor
on the predominance of one or the other.

Partial replacement of cement by limestone powday reduce plastic viscosity and yield
stress of highly-flowable mortars (Yahe al, 2005b). On the other hand, Gglspet al.
(2012) reported increased values for the viscasityelf-consolidating concrete due to the
inclusion of limestone powder, including binary aednary blended mixes with Portland
cement and fly ash. The contradictory results andfiect of limestone powder on flow
behavior may be explained by the fact that flowparties of the mix are highly influenced
by the surface charges, wettability and finenesnoéstone powder, which in turn may
differ very much among different sources of raw enal (Diederichet al, 2012). In this
sense, clay content of limestone powder, whichctdfés characteristics, is a key factor
controlling the flow of limestone blended mixes.

Evidence on the influence of limestone powder osolbgical parameters has also been
presented by Vieira and Bettencourt (2007), inti@ato the modification of particle
packing. They reveal a higher influence of limest@owder content on the V-funnel time
than the influence of superplasticizer contentthis sense, they explain that the V-funnel
test is very dependent on the lubricant effectastiples, whereas the flow spread, which is
less affected by the limestone powder content, mi#pen the characteristics of the paste as
a whole. Similarly, slump flow was found to be ma#ected by the limestone powder
content than by the superplasticizer content (Yehel, 2005b). Diamantonist al. (2010)
also attributed the decreased values of plastimosity with limestone powder content for
both binary and ternary pastes to a better paakamgity of fines provided by the inclusion
of limestone powder. They also found lower valukegield shear stress when compared to
other binary mixes, but not lower than that of tkérence mix. In consequence, they
suggest limestone powder as the most convenieneratiraddition as regards SCC
rheology.
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Many authors (Heirmamet al, 2007) are suspecting that an excessive limegtomaler
content can considerably increase water demandlbtensolidating mixes if the specific
surface area of the powder is increased (Yahial, 2005;Sahmararet al, 2006; Emdadi
et al, 2007; Uysal and Yilmaz, 2011; Petit and Wirquf10). Though the specific surface
area of limestone might not show a significant effen slump flow and flow time
responses (Yahiet al, 2005b), it has a comparable opposite effect astl viscosity than
the replacement percentage of limestone powdereldre, the use of powder with higher
surface specific area increases the water and @ap#cizer demands (Esping, 2008).
Accordingly, Czarnecket al. (2010) found decreased fluidity in mortar whenythesed
limestone powder in comparison with coarser quaotzder, and Uysal and Yilmaz (2011)
obtained increased fluidity in concrete when thegdilimestone powder in comparison
with finer marble and basalt powders. On the coptrdoneset al. (2003) showed that if
limestone powder is included in replacement of saistead of cement, it can lead to a
reduction in the water demand as long as it redvoatk ratio of fines. This is more likely
for ultrafine limestone powder than for coarserdgtone powder. Diederich (Diederieh
al., 2012) contends that, to infer the influence afdstone powder on water demand of
SCC, it is very important to characterize the BEJ¥edfic surface area of limestone
powder, as it is descriptive of its fineness, soess and particle shape, whereas the
Blaine method only describes fineness.

Thixotropic characterization of cement pastes wlifferent limestone powder contents has
been pointed out (Rubio-Hernandet al, 2013), where transitory flow was measured.
Whereas the non-steady flow curve depends on ihal istructural state of the material,
flow after a pre-shear has been applied requires Work. Results from this study show
that the required work per time and volume unitsessary to break the microstructure that
forms in the material decreases when the limegpomaler proportion increases. Limestone
powder develops a weaker structure than cemenicleartand its particles agglomerate
without appreciable structural binding (Rubio-Herdéz et al, 2013): only cement
particles develop a microstructure network, andjsththe substitution of cement by
limestone powder does not have substantial effecttree kinetic of microstructural
development related with the thixotropy of cemesnttp.

The air content in SCC does not seem to depenthetinhestone powder content used in
the mix, but on its rheological properties (Valcderet al, 2012). SCC usually shows
lower volume of air than conventional concrete, ibits flowability is reduced or viscosity
increased the air content increases and can fagedxthe values recorded for normally
vibrated concrete. In practical terms, air contegm be directly linked to the parameters
from the slump flow test: final diameter of the cogte mass and the time the mass takes to
reach a diameter of 50 cm. Consequently, limestomwder content would affect air
content to the extent that it also affects conarleé®logy.

5. Hydration and strength of Portland composite cemers containing
limestone
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As shown in figure 1, Portland composite cemenBNAIl M), the bulk of which consist
of combinations of limestone and slag or limestané fly ash, account for close to 20% of
cements produced in Europe. It has been showrilteaé combinations result in increased
performance of the limestone constituent (Borghelmal, 1995). The same synergetic
effect has also been shown for combinations ofrabfpozzolans and limestone (Torresan
et al, 2000; Steenbergt al, 2011). This is illustrated in figure 11 (from Stderget al,
2011) where the synergetic effect of the metakdotiestone reaction on strengths was
shown to result from the increased formation oboatuminate hydrates (Fig. 5) and the
increased reaction of the limestone (Antenal, 2012).

70% PC + 30% metakaolin-limestone mix
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Fig. 11 Synergetic effect of metakaolin-limestone reactonstrengths (Steenbeeg al,
2011).

The impact of limestone on the hydration reactidescribed above, and the effect that this
has on strength and porosity, is strongly dependanthe fineness of the limestone. In
general, when the limestone is ground separately fiaeness comparable to the clinker
fraction, e.g. in the region of 400%kg, performance resulting from either of the above
reactions (early acceleration of thgCreaction, or later formation of carbo-AFm’s) is
limited. There seems to be a general agreemerttediterature that the fineness of the
limestone needs to be at least 6(00gndetermined by the Blaine method, or with a media
size of less than 5um (Peea al, 1999; Berodier, 2013; Khanh, 1999; Hawkgtsal,
2013; BRE, 1993), with the best results achieveal fateness of 1000 7tkg or more. This
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degree of fineness is only consistently achievedmthe limestone is interground with the
clinker, and in the majority of published reporteese the limestone is blended with the
clinker, the Blaine fineness of the limestone ssléhan 500 Akg. That is not to say that

blending cannot be achieved with a finer limestdn#,in practice this is not normally the
case.

In addition to the benefits of a high finenessha limestone on the hydration reactions, the
greater the difference between the fineness of dinker fraction and the limestone
fraction, the higher the packing density, resultinga lower water content for the same
concrete consistence. Evidence of this is cleandsn the limestone and clinker is
interground, or where the surface area of limesterat least twice as high as the surface
area of the clinker (Khanh, 1999; Moir and Kelhd®93).

6. Evaluation of industrially produced Portland limestone cements

Even though industrially produced Portland limestocements are overwhelmingly
interground, performance, either regarding strermthdurability, is not always in the
limestone cement’s favor.

The most common reason for this is that, even thau@ortland cement and comparable
Portland limestone cement may be produced on tme saill from the same clinker with
optimum gypsum addition, etc., the correct fineneseded to allow a meaningful
comparison is not always targeted. For examplejommal closed circuit cement mill, a
constant output and separator speed will achiesigraficantly finer finished product for
the limestone cement (c. 1Gikyg for each additional %point of limestone) atemsentially
constant fineness of the clinker fraction (CemCal13). However, in some cases the
target fineness of the limestone cement is relageer to increase production output and
reduce the specific power consumption, or due tddmecks elsewhere in the process such
as insufficient capacity in the packing departnfenta finer product. Whatever the reason,
direct comparison of the performance of Portlanthe@ and Portland limestone cement is
not possible if they are produced under differgmerating conditions of the mill because
this will result in different finesses of the clekfraction. Lower fineness of the clinker
fraction will of course lead to poorer performarfce. slower rates of reaction and, higher
porosity) other things equal. Despite this, foriaeg output and clinker fineness, optimum
performance in terms of strengths, porosity andkafoitity is ensured when the limestone
is interground with the clinker.

7. Durability

With the possible exception of thaumasite formatthacussed below, to the authors’
knowledge even if likely to be contentious, no istgations performed at equal strength
have shown significantly inferior performance ofrfRend limestone cements compared to
Portland cements. The conclusion of the BRE/BCAdgtmentioned above, (Moir and

Kelham, 1993) was as followsA“relationship exists between the strength clasthef

cement, the cement content and the strength oftdinerete. It demonstrates that the
strength of the concrete is a better guide to cadimn than the type of cement used
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(which included a wide range of cements with d#fércontents and sources of limestone);
that the degree of air entrainment governs thegrerénce in freeze/thaw conditions, and
that the chemical composition of the base cememtrals the resistance to sulphates and
chlorides (i.e. regardless of the limestone congmnlong as the concrete is produced to the
same strength)

In principle, dilution by limestone addition impéiex reduction of chloride binding capacity
in connection with lower content of aluminate ardite phases in cement, However some
results indicate a contribution of the carbo-AFnagds to the chloride binding capacity
owing to a continuous solid solution that formswesn the chloride and carbo AFm

phases, Friedel's salt and monocarbonate (Niettem, 2003). This is a different case

from carbo-AFm phases formed during carbonationcarficrete, where the associated
reduction in pH decomposes Friedel's salt.

The increased use of Portland limestone cementsflected by the national application
standards where these cements are permitted in Buwepean countries. Except for the
exposure classes involving chemical attack (XAl2d&fined in EN 206), most European
national application standards permit the use ofi&a limestone cements in the majority
of exposure classes: this is particularly truetfe CEM II/A-L,LL types, not so for the
CEM II/B-L,LL (Fig. 3). In the UK for example thewre permitted in all classes not
involving chemical attack (BS 8500-1). In Denmadhnky are allowed in all classes except
XS3 and XA3 (severest sea water and chemical at(&%¥/INF 158). The main reason for
excluding Portland limestone cements from condgianvolving sulphate attack is
probably the perceived risk of thaumasite attaclcivis discussed in more detail below.

The general consensus after several years of oksearthe formation of thaumasite (Juel
et al, 2003; Schmidet al, 2008) is that:

1. although thaumasite may be thermodynamically stabtemperatures above 10°C,
reported field cases of thaumasite formation araally non-existent in warmer
climates, even if not completely true (Toretsal, 2011), and

2. where climatic conditions are conducive to thauteasirmation, an external source
of sulphate is required, since there is invarialnlgufficient sulphate present in
Portland cement to thermodynamically stabilise thasite regardless of the kinetic
conditions.

This latter point is illustrated in figure 12. Thikagram shows that thaumasite can only
form at much higher sulphate contents than areeptes;n normal Portland cements
(between 6 and 8% Sy weight of the anhydrous cement). Thaumasite tbanefore
only occur where external sulphate attack is ined)vand to all extents and purposes, only
where ambient temperatures are consistently beldw 115°C. These phase relationships
have been extensively tested and verified expetiatign(Juelet al, 2003; Schmidet al,
2008).

Where external sulphate attack is involved, it banargued that resistance to ettringite
related expansion is the main factor affecting grenbince, since as shown in figure 12,
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ettringite precedes thaumasite formation with iasieg sulphate contents. In most cases
the main cause of failure probably results fromasgion due to ettringite formation, rather
than thaumasite which is simply the final prodwctdrm. Maximum resistance is achieved
at low GA contents and low porosity. In practice, the maestkable means of achieving a
low porosity is to target a high strength. For themson specifying sufficiently high
strengths for the concrete, and minimizing the wegenent ratio in the final application
should offer the best protection against all typkattack, both chemical and physical. The
situation is the same for Portland limestone cemgagardless of the limestone content.

+ CSH+ CH + FH
+ pore solution

_______________________________ thaumasite
Thaumasite
formation

\CEM L -

Hemicarbonate Monocarbonate

Fig. 12 Ternary sub-system for CaQ3A-CaCQ; from figure 4 showing the effect on the
hydrate mineralogy of external sulphate attack typpgcal CEM | and CEM Il L

The relationships apply equally to attack by Mg®®alkali sulphates which are of course
much more soluble than the calcium sulphates aecetbre more severe. In the case of
MgSQ,, brucite forms as an excess phase, so that theasion plotted onto the sub-
system follows the same path towards Ca3@d remains valid as long as calcium
hydroxide (CH) remains in excess. This is alsocdmee with alkali sulphates, but where the
concentration of alkalis and hydroxyl ions (andréfiere the pH) increases in the pore
solution.
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8. Environmental benefits

The 4-fold increase in the use of Portland limestoement in Europe or as a substitute for
cement since the early 1990s is a reflection of lindted supply of traditional
supplementary cementiteous materials such as lflyaad granulated blast furnace slag and
the relative cheapness of limestone fillers. Siiucther reductions in the clinker content of
cement is a key element in reducing £Zgnissions, this development is likely to continue
with even higher contents of limestone. Moreovienektone is one of the supplementary
cementitious materials with the lowest transpoidtesl CQ emission for cement
production, as the source for the raw materiahes $ame source for clinker production.
This will no doubt lead to the increased use of CHHB Portland limestone cement and its
acceptance in the concrete codes. Of course, th& take place at the same concrete
performance in terms of strengths and durabilitythe synergies outlined above between
clinker, limestone and other SCMs must be fullyleited if levels of clinker replacement
are to be maximised.

The current average clinker-to-cement ratio ovércaiment types in the EU27 is 73.7%
(http://lowcarboneconomy.cembureau.eu). If all lndé global production of hard coal fly
ash and slag currently not utilized was used aseato one clinker replacement for the
same concrete performance, overall clinker contenBortland cements could be reduced
to current European level of about 0.76 (Herfo0&. It has been estimated that the
theoretical limit for clinker replacement in Portth cement using combinations of
limestone and traditional SCMs is about 40% betmnecrete performance is significantly
affected. If this is to be achieved globally thedeof replacement by limestone will
probably need to be increased by c. 20% on avékégydort, 2008).

9. Conclusions

As described above, when the limestone is groural Btaine fineness greater than c. 600
m?/kg, its impact on the hydration reactions is ususignificant. The acceleration of the
CsS reaction is significant within the first 24 houasd formation of carbo-AFm phases is
significant within 28 days, the latter having thgdest impact at higher aluminate contents,
either from high GA contents in the clinker or from alumino-silicatezzolans. The carbo-
aluminate reaction involves the reaction of calcicembonate with the alumina present in
the pozzolan and Ca(OH3$upplied from the cement. To all intents and psgsdimestone
under these conditions should be regarded as an Bi@Vsurface area being the primary
determining factor. If it is sufficiently fine it M contribute to the space filling reactions
which reduce porosity and increase strength withperiod of around 28 days at normal
temperature. If it is too coarse it will primarilfanction as inert filler. When ground
separately to a comparable fineness of the cliitkeill contribute to some (albeit limited)
extent to the hydration reactions, but have littpact on reducing the water demand. Of
course, when the limestone is ground to a lowerfass than the clinker this will improve
workability, but it will have essentially no impagh the hydration reactions. In this case it
should be solely characterized as filler.

23



Any attempt to define limestone as an SCM in agipBve standard or specification as a
stand-alone material (i.e. not an integral constitun a Portland cement) would require a
dedicated systematic research program (http://wetmarg/Workltems/WK36906.htm),
but the current literature does suggest a minimimengss in the region of 60Ctkg as a
working definition. At present, in order to ensuetimum workability and reactivity, the
only effective solution at this stage is that thmelstone is interground with the clinker.
Intergrinding fulfills the requirements for both 8MWreactivity and improved workability.
There is no guarantee that similar performancebsaachieved with a blended cement or
direct concrete addition without specifying botte ttlinker and limestone fineness for a
given application. Also, if a limestone of provesriprmance with a given source of clinker
is used with another source of clinker, e.g. witlbwaer aluminate content or reactivity, or
without optimizing the S@content, its performance may be significantly etiééel. This is

in contrast with other essentially pozzolanic SGMsh as fly ash and GBFS which are less
dependent on the source of clinker, and makes ithmmore difficult to specify
performance requirements such as the activity irmtek-value for limestone additions to
concrete.

Comparison of performance in concrete other thaength should also be made under
realistic conditions. For example, ready mixed cetecis usually specified according to
range of slump and minimum strength (e.g. S2 an@ I@EN 206). The amount of water
needed to achieve the slump target may of couféer dietween a Portland and Portland
limestone cement. In some cases the Portland lomestement may require more water for
the same concrete consistence, but in most cases ivls interground it will require less
water (Tenniset al, 2011). After adding the correct amount of waterthe desired slump,
the cement content is then adjusted to achieverdghaired w/c ratio for the desired
strength. At low limestone contents, the W/C rgaad cement content) will usually be
comparable, or even higher (lower cement contemt)tlie Portland limestone cement
resulting in a direct saving and improved environtakperformance. At higher limestone
contents (e.g. higher than c. 10%), a lower W/GQorgand higher cement content) will
normally be required, but even here the overaliker content would normally be lower
compared to concrete produced from the Portlandenerior the same concrete strength.
i.e. also resulting in a net saving and improvedrenmental performance: but admixtures
will also probably be needed.

Regarding the interaction with water reducers, $toee shows more extensive
compatibility with these admixtures than other dappentary cementitious materials.
Limestone cement usually exhibits lower superpizagicdemand than ordinary Portland
cement due to less adsorption of the admixtureroastone than on clinker particles, but
this reduction depends on the difference in therfess and surface area. In this sense,
limestone filler represents a key constituent fabke self-consolidating concrete, with
some advantages over other types of filler.
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