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ABSTRACT

This study has examined the effectiveness of chenatically different cement kiln dusts
(CKDs) as a partial replacement for the ground giated blastfurnace slag (GGBFS) in the
development and production of three types of hlastice cements (CEM lII/A, B, C)
according to the standard EN 197-1. 27 CEM lll ceni#ends, 9 blends per type of cement,
i.e., CEM /A, CEM 1lII/B and CEM lll/C, were pregred in the laboratory mill from
industrial starting materials (Portland cementlain gypsum, GGBFS, CKDsJhe addition

of gypsum as the setting regulator was fixed ate4s10 in all blends studied. The content of
both CKDs (cement clinker dust and cement filtestflas slag replacements was 4 mass % in
all CKD blends studied. The ordinary Portland cen{@PC) type CEM | 42.5N was used as
the control cement. The results have shown thatheenical composition and chemical and

physical properties of prepared CEM IlI/A, B, C aamh blends meet the EN 197-1
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requirements. Strength development in these cerblmds is obviously related to the
Portland cement clinker-to-GGBFS ratio. When coragaio OPC, the blastfurnace cement
developed lower compressive strength at early dgdsequal or higher at later ages in more
cases, i.e., all 9 CEM IlI/A and 7 CEM 11I/B cemdslends meet, while no CEM 11I/C cement
blend meets the EN 197-1 requirements for stancamgpressive strength Class 42.5N. From
the perspective of strength, the presence of theeneclinker dust is more effective than that

of the cement filter dust due to their differenenfical and mineralogical compositions.

Keywords. Blastfurnace cement (CEM lII/A, B, C), GGBFS, CK$fiemical and physical

properties, mechanical strength, mortars

1. Introduction

Ground granulated blastfurnace slag (GGBFS), obthas a by-product in the production of
metallic iron, is granulated, rapidly cooled, amerefore predominantly glassy, basic slag.
The slag contains the same oxides (Si&l,03;, CaO) that make up Portland cement but in
different proportions. According to the Europeameats standard EN 197-1, at least two-
thirds of the slag by mass must be glass and thes maio (CaO+MgO)/Si©must also be
greater than 1.01]. The latent hydraulic properties of slag are atéd in the presence of
cement clinker, sulphates or calcium hydroxide (bther alkaline substances are also
effective). With all activators, the calcium silieghydrate or €ES-H phase is produced as the
hydration product which governs the hardening. Kaimactivation is used in the manufacture
of Portland slag cements and blastfurnace cemedtsalphate activation in the manufacture
of super sulphate cement. Generally, the rate afemng of slag cement is somewhat slower
than that of ordinary Portland cement (OPC) duthegfirst 28 days, but increases thereafter

so that at 12 months the strength becomes close éeen exceeds that of ORPg}. GGBFS
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can be used as a direct replacement for OPC oriosoee basis by mass. Replacement rates
for GGBFS vary from 30 mass % to up to 85 massrgeheral, up to 50 mass % GGBFS is
used in most applications. However, higher replaggnmates up to 85 mass % GGBFS are
used in special applications either to improve theability of concrete in aggressive
environments or to reduce heat of hydration in massoncrete structurdsS]. Nowadays the
GGBFS is most widely used as the main constituengroduce high-performance Portland
cement blends that are more economical and enveatatty friendly. The EN 197-1
differentiates some main categories of cementsatung different proportions of GGBFS,
i.e., Portland slag cement (CEM II), Blastfurnaegnent (CEM IIl) and Composite cement
(CEM V). The Portland slag cement type (CEM Il)=giin two classes designated as CEM
lI/A=S and CEM II/B-S in which the maximum contesft GGBFS is 20 and 35 mass %,
respectively. There are two classes of Compositeeaes CEM V designated as CEM V/A
and CEM V/B in which, in addition to cement clinkard pozzolana, the maximum content of
GGBFS is 30 and 50 mass %, respectively. Blastigm@ments CEM Il (where CEM Il is
the designation for three types of blastfurnaceargmA, B and C), in addition to Portland
cement clinker, contain between 36 and 95 mass G@BFS with subdivisions at 66-80
mass % of GGBF§L]. Table 1 shows the composition of three typeslagthurnace cements

(BFSC).

Table 1 Composition of blastfurnace cements (BF$0)

According to EN 197-1, chemical requirements fastiurnace cements CEM III/A, B, C
limit the content of loss on ignition (LOI), insdlle residue (IR), sulphate (as $Oand
chloride to 5.0 mass %, 5.0 mass %, 4.0 mass %0dndass %, respectively. The alkali
content (expressed as Maequivalent) is limited to the maximum value of9S®-1.10), 2.00,

and 2.00 mass % for CEM III/A, CEM 1lI/B and CEMI/T, respectively. The specific
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surface area must be not less than 4008/crThe expansion in Le Chatelier test for
soundness must not exceed 10

Cement kiln dusts (CKDs) are finely divided partate materials which have been produced
and carried on by combustion gases as a resutteainbvement of materials through the kiln
system during the production of Portland cement, @llected by the control device system
(e.g., cyclone, bag house, or electrostatic pridig). The physical, chemical and
mineralogical composition of CKD is determined byrfeed used to produce clinker, type of
kiln operation and fuel, and individual plant prees including the dust collection system.
With the exception of CKD collected from cemeninkdxhaust gases, all the dusts have the
same chemical composition as the raw fggd Cement kiln dust is composed primarily of
variable mixtures of calcined and non-calcined feedterials, fine cement clinker, fuel
combustion by-products, and alkali compounds. Téatively high alkali (NgO and KO)
and sulphate content of CKD is the predominantofapteventing its direct recycling with
cement raw materials in the kiln during cement podidn. Therefore, the use of CKDs in
cement mortars and concrete, as a potential repkaefor either ordinary Portland cement
(OPC) or for blastfurnace slag cement (BFSC) isemeffective[3-5]. In general, wide
variations observed in the chemical compositiorC&Ds limit their possible applications.
The presence of alkali, sulphate and free lime KDE may play an important role in
activation of aluminosilicate-containing materiassich as fly ash or slag, when CKDs are
used in blended cement6]. The European cement standard EN 197-1 allowsusiee of
inorganic material substances from clinker productas a minor additional constituent to
cement up to 5 mass P4).

The utilization of CKDs in blended cements was ajett of many studies. Bhatty/]
investigated the effectiveness of cement kiln d@€D) in blended cement systems using

ordinary Portland cement (OPC), five different CKDgo different types of fly ash (Class F
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and C), and GGBFS. He found that cements contai@iK® alone had reduced strength,
setting time, and workability, while the additiohfty ash to a CKD-OPC system lowered the
alkali content and resulted in improved strengthodb et al.[8] evaluated the effect of
partial replacement (10, 20, 30, and 40 mass %)upnfreated” raw CKD, collected from
electrostatic precipitators, on mechanical propsriof OPC, BFSC and sulphate resisting
Portland cement (SRPC). The authors found thabgtenum quantity of CKD replacement
which could be used in the manufacture of thesedypf cements was not more than
30 mass %, 20 mass % and 10 mass % for SRPC, BREORC, respectively. Heikal et al.
[9] investigated the effect of the partial replacem@d, 5.0, 7.5 and 10.0 mass %) of by-
pass cement dust on physical and rheological ptiepenf Portland cement clinker-GGBFS
composites. Three blends of slag cements were m@@psith Portland cement clinker-to-
GGBFS ratios of 70/30, 50/50, and 30/70, respegtivéhe authors found that by-pass
cement dust, which contained high amounts of ak@i32 mass %) and CaO (42.99 mass
%), affected physical and rheological properties Rdrtland cement clinker-GGBFS
composites both by its content and mix compositibime addition of 2.5 mass % by-pass
cement dust to blends containing up to 50 mass kS etarded initial and final times and
accelerated the final setting times of blend comtg 70 mass % GGBFS. With the addition
of 5.0 mass % by-pass cement dust to blend containd mass % GGBFS the initial and
final setting times were extended. Higher additiohby-pass cement dust (from 7.5 to 10.0
mass %) accelerated the final setting times. Adogrtb these authors, this may be due to the
increased amount of excess alkalis in by-pass cedust, which acts as a good activator for
the hydration of the hydraulic latent GGBFS. Namelyring alkaline activation, the network
structure of GGBFS disintegrated and silicate dathenate ions were taken into the solution,
which resulted in the increase of the hydratione.rakonsta-Gdoutos and ShdiQ

investigated the possibility of utilizing CKDs fromifferent sources as an activator of
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GGBFS in terms of hydration products, time of seftirates of heat evolution and strength
development. The authors reported that the combmatf both chemical and physical
characteristics of CKDs was critical in controllittge mechanisms of GGBFS activation, the
properties of hydration products, and the stremtgbelopment rate. Maslehuddin et [dl1]
evaluated the effect of 0, 5, 10 and 15 mass % @{llacements on the compressive strength
development and durability characteristics of th@TM C 150 Type | (ordinary Portland
cement) and Type V (high sulphate resistance cenoembents. According to authors, the
limit value of CKD replacement is 5 mass % from #spect of both durability and strength.
Higher CKD replacements (10 and 15 mass %) affechdoride permeability and electrical
resistively, suggesting the risk of reinforcememtrasion.Amin et al.[12] studied the effect
of calcined CKD content and the calcination tempge on the hydration properties of
GGBFS. They concluded that the activation of GGRB#3eased with the increasing content
and calcination temperature of the CKB. similar conclusion was reached in a study
conducted by El-Didamony et dl13]. The authors found that the activation of GGBFS
increased with the firing temperature of kiln dasid the amount of added anhydrite. Kiln
dust (calcined at 1308C) with the addition of 15 mass % of anhydrite Wasnd to be
suitable for the production of super sulphate cam@ino-EIl-Enein et al[14] investigated the
effect of CKD and kiln meal additions on strengdvelopment of the BFSC. They found that
both additions accelerated the hydration rate lmweted compressive strength when
compared to BFSC.

The present research is the first attempt to inyatst the effectiveness of
characteristically different cement kiln dusts (C&DQhat were used as a partial replacement
for the GGBFS in both the development and manufactf three types of blastfurnace
cements CEM lll/A, B, C according to the EN 197tanslard. Physical and chemical, and

mechanical characteristics of these blends werkestuwith respect to the normal consistency
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and setting times, soundness, and mechanical gtrefige optimum compositions suitable
for the production of CEM III/A, B, C cements comiag CKDs (the EN-197 standard

strength Class 42.5) were established.

2. Experimental procedure

2.1. Materials

Materials used in this research were a Portlandecémlinker and two different types of
CKDs (supplied from the Kakanj Cement Works, Hdigety Cement GroygKakanj, B&H),
granulated blastfurnace slag (obtained from the ekl Arcelor Mittal Zenica, B&H), and
gypsum (provided from the Komar Gypsum Plant, Ddgkuf, B&H). Very fine powders of
both untreated raw CKD or filter dust (herein reder as CFD), whose composition
corresponded to non-calcined feed materials, amkesl dust (herein referred as CKD),
which consisted predominantly of cement clinker enats, were collected by a bag house
from the raw mill and the clinker cooler, respeetiwv The mineralogical composition of
Portland cement clinker, determined by electronrosicopy (EM Olympus BX 51), was 65.5
mass % @S, 9.4 mass % 45, 9.2 mass %48 and 11.0 mass %48F. In addition to clinker
minerals, it contained periclase (MgO), lime (Ca&)d arcanite (KSQy) in the proportion of
4.9 mass %. X-ray diffraction (XRD) analysis (Fi@) indicated that the granulated
blastfurnace slag (GGBFS) consisted of 90 mass %ladsy phas¢l5. The chemical
composition of materials used was determined byay){tuorescence (XRF) spectroscopy

(Philips Cubix XRF with Super Q Program), and dreven in Table 2.

Figure 1 XRD plots of materials used in this study: GGBF&¢k plot), filter dust (blue
plot), Portland cement clinker (red plot), and kénkiln dust (green plo{i15].

Table 2 Chemical analysis of materials used (in mass %)
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2.2. Specimens and testing

According to the EN 197-1 standard, CEM lII/A, B,42.5N blastfurnace cement (BFSC)
blends were prepared. The content of GGBFS andaRdrcement clinker varied between 35
and 91 mass %, and between 5 and 57 mass %, riegspecthe content of gypsum as the
setting regulator was fixed at 4 mass % in all 8¢estudied. The GGBFS replacement by
both CKDs (cement clinker dust and cement filtestflwvas 4 mass % in all CKD blends
studied. 27 CEM llI/A, B, C blends, 9 blends forckeeof three types of the BFSC, were
prepared. CEM III/A, CEM IlI/B and CEM I1ll/C blendsere designated Ul ... U9, U10 ...
U18, and U19 ... U27, respectively. Ordinary Podlacement (OPC), type CEM | 42.5N,
containing 96 mass % of Portland cement clinker 4mdass % of gypsum, was used as the
control cement. Cement mixture proportions (in nf4$sas well as the chemical composition
of the control OPC and all three types of CEM Il C 42.5N blends are shown in Tables

3, 4, 5 and 6, respectively.

The laboratory-prepared CEM III/A, B, C blends wgm@duced by inter-grinding cement
clinker with GGBFS and the addition of gypsum, aiitier CKD or CFD in the ball mill to
the Blaine fineness of 4300 ém [16]. As expected, the grinding ability of GGBFS is lower
than that of clinker, i.e., by increasing the stagtent in BFESC blends, the time of grinding
increases. For example, in 2.0 kg BFSC blendsittiie of grinding increases from 130 min to
160 min and to 185 min for CEM III/A, CEM III/B an@EM 1lI/C blends, respectively. The
specific gravity of all prepared cement blends,edained by pycnometer, was about (in
g/cnt): 3.10, 2.78-2.92 (average value 2.85), 2.69-pavérage value 2.72), and 2.61-2.68
(average value 2.64) for the control OPC, CEM IJI/&EM I1lII/B and CEM llI/C,

respectively.
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Physical and chemical properties (the required mfatenormal consistency and Vicat setting
time, Le Chatelier volume expansion) of all CEMAII B, C cement blends were determined
in accordance with the standards of EN 198-3. Three series of CEM llI/A, B, C mortar
samples and one control CEM | 42.5N mortar sanyex(40 x 160 mm in size) with water-
to-binder ratio of 0.5 were prepared in accordawdé the standards of EN 196{189].
Compressive and flexural strength development teste carried out on mortar specimens in
accordance with the EN 196-1 standptd] from triplicate specimens at the age of 2, 7, 28,

90, 180 and 365 days. All the reported resultstareaverages of three measurements.

Table 3 Mixture proportion of control, ordinary Portlandrment (OPC), CEM | 42.5N, and
blastfurnace cement, CEM III/A 42.5N, in mass %

Table 4 Mixture proportion of blastfurnace cement, CEMBIKU2.5N, in mass %

Table 5 Mixture proportion of blastfurnace cement, CEMJIKX2.5N, in mass %

Table 6 Chemical composition of control, ordinary Portlaseinent (OPC), CEM | 42.5N,
and three types of blastfurnace cements CEM IBAC prepared (where samples designated
as Ul ...U9, U10 ... U18, and U19 ... U27 denlee@EM III/A, CEM 11I/B and CEM III/C,

respectively), in mass %.

3. Results and discussion

3.1. Chemical and physical properties

The chemical compositioof materials used as well as of the control OPCMCGE2.5N) and
three types of blastfurnace cements CEM III/A, Bpt@€pared are shown in Tables 2 and 6,
respectively. Results given in Table 2 indicatet I6&BFS used contained, in addition to
CaO and MgO, significant amounts of $i& a main constituent, but it met the requirements
of EN 197-1, i.e., the mass ratio (CaO+MgO)/Swas greater than 1.0. Contrary to OPC, by

increasing the GGBFS content in CEM IlI/A, B, C ttentent of SiQand MgO increased but
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the CaO content decreased. The clinker dust (Ckilleated from the cleaning system of
clinker cooler generally differs in composition fmahe filter dust (CFD) that corresponds to
the raw meals only in its degree of calcinatiormi&ir to Portland cement clinker, CKD
contained significant amounts of CaO (66.66 masscéthpared to CFD (43.21 mass %
Ca0). Table 6 shows the chemical analysis and ctaarstic values (loss on ignition,
insoluble residue, sulphate content asg,SAlkali content as N®-equivalent, and chloride
content) of the control OPC (CEM 1 42.5 N), and CHMA, B, C blends, determined
according to EN 196-£19]. In all 27 BFSC blends the average content of tssgnition,
insoluble residue, sulphate content asg,SAlkali content as N®-equivalent, and chloride
content was (in mass %): 1.81, 0.0024, 2.92, Oaij between 0.0014 and 0.0042,

respectively. These values are lower than the gadpecified by EN 197-[11].

The water requirement for standard consistency satting times of control OPC (CEM |
42.5N) and CEM IIl/A, B, C blends are shown in Fgsi 2 and 3, respectively. An average
value of the water requirement for all the 27 BH3€hds were varied in range of 26.0 to 28.2
% compared with 27.0 % for control OPC. This inteksathat GGBFS affected the
consistency of BFSC and it decreased with increas&IGBFS content from 61 to 76 mass
% (Ul and U10 blends). However, by increasing ef @GBFS content to 91 mass % (U19
blend), the consistency increased (Fig. 2). Thaelt@show that addition of cement filter dust
(CFD) slightly decreased the water requirementsnftimal consistency when compared to
the cement clinker dust (CKD). The lower water tiegaents were noted in the U9, U17 and
U25 blends, i.e., in blends which, in addition &nent clinker, gypsum and CFD, contain 46,
64 and 87 mass % GGBFS, respectively. The highterwaquirements was noted in the U14
and U24 blends, i.e., in blends which, in addittoncement clinker, gypsum and CKD,
contain 64 and 82 mass % GGBFS, respectively. mitialiand final setting times of OPC

(CEM 1 42.5N) and CEM llI/A, B, C are showing ing=i3. The OPC reached initial set in

10
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130 min whereas for the CEM Il blends it was exsh on average values of 211 min, 223
min, and 220 min for CEM IllII/A, CEM I1I/B, and CEMI/C, respectively. The average
values of final setting time in OPC and CEM III/B, C blends were 170, 279, 287, and 284
min, respectively. Significant increase in the fisetting time, between 300 and 325 min, was
observed for the BFSC blends containing CFD (L&, U9, Ul16, and U18 blends). As
expected, the OPC (CEM 1| 42.5N) reached final sgttime after 40 min of the initial set,
whereas for the CEM III/A, CEM 11I/B and CEM IIl/Glends were extended on 67.8 min, 64
min and 64 min, respectively. The increase in thi&ai and final setting time with the
decreasing of the water requirements for normalsistency in the BFSC-CFD blends
indicates a low hydraulic properties (low CaO caftef CFD in comparison with cement
clinker dust (CKD). The Le Chatelier volume expansiest was shown values of 0.5 mm for
all BFSC blends expect the U6, U9 and U12 blends walues of 3.0, 1.0 and 1.0 mm,
respectively. However, all obtained values werehinitthe allowable value of 10 mm

specified by EN 197-11].

Figure 2 Water required for standard consistency for adllgged cement blends.

Figure 3 Initial and setting times for all analysed cemdenis.

3.2. Mechanical strength development

The development of compressive strength as a fumcti hydration time (2-365 days) of the
control OPC mortar (CEM | 42.5N) and CEM III/A, B, mortar blends is shown in Figures
4(a)-4(c). Generally, it can be seen that the cesgive strength increases gradually with the
curing time for all mortar samples. When compam@dhe OPC mortar, CEM IIl/A, B, C
mortars show lower compressive strength durinditee28 days, but after that their strength

increases considerably, so that at 12 months drhes close to or even exceeds that of OPC.

11
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The CEM III/A blend with the clinker-to-GGBFS rataf 46/50 and with the addition of 4.0
mass % of gypsum (the U3 sample) developed theebigB65-day compressive strength of
87.60 MPa when compared to the OPC strength of078lRa and to all BFSC blends. The
BFSC blends with 4.0 mass % of gypsum, the clinkeBGBFS ratio of 57/35 and the
addition of either 4.0 mass % of CKD (the U5 sample4.0 mass % of CFD (the U8 sample)
reach higher values of the 365-day compressivagnein the range of 85.60 MPa and 80.20
MPa, respectively, than the OPC mortar (75.20 MP@awever, at the age of 28 days, the
compressive strength of all CEM IlI/A blends wasvéw, ranging from 45.80 MPa to 60.00
MPa, when compared to the control OPC strengtlt6d®GMPa. These values, however, meet
standard strength for Class 42.5, which stipul#tesstandard 28-day strength of cement in
the range between 42.5 MPa (minimum) and 62.5 Miaifmum), as defined in EN 197-1.
When compared to OPC, the increase of the GGBF&ibim CEM I1I/B blends results in
the lowering of both 28- and 365-day compressivenstth, but the values obtained meet, in
most cases, the standard strength for Class 4a5example, with the clinker-to-GGBFS
ratio in the range between 28/68 and 28/64, the, U1% and U17 mortar samples developed
strength ranging from 43.60 MPa to 70.20 MPa, 48/t to 73.10 MPa, and 40,00 MPa to
59.60 MPa at the age from 28 to 365 days, respdgtivihe compressive strength
development of all CEM IIl/C blends was always lowthan that of OPC and of
CEM llI/A, B blends and did not meet standard reguents for the strength Class 42.5. For
example, with the clinker-to-GGBFS ratio in the garbetween 14/82 and 14/78, the U20,
U23 and U26 mortar samples developed strength mgnigom 31.30 MPa to 46.60 MPa,
36.10 MPa to 54.70 MPa, and 28.10 MPa to 40.20 KiPdne age from 28 to 365 days,
respectively. The above results indicate that &IEM IlI/A and 7 CEM IlI/B cement blends
meet the EN 197-1 requirements in terms of compresdrength, i.e., the EN-197 standard

strength Class 42.5, while no CEM IIl/C cement dblemeets these requirements.

12
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Alternatively, these CEM 11I/B and CEM Ill/C blendsay be utilized to produce low early

blastfurnace cemenf&Q].

Figure 4(a) Compressive strength development of control CEldrhent mortar and
U1-U9 (CEM llI/A) cement mortar blends.

Figure 4(b) Compressive strength development of control CEMrhent mortar and
U10-U18 (CEM llI/B) cement mortar blends.

Figure 4(c) Compressive strength development of control CEMrhent mortar and
U19-U27 (CEM llI/C) cement mortar blends.

A similar trend due to different proportions of tbement clinker-to-GGBFS ratio and curing
time was also observed in the development of fl@xwstrength, as shown in Figures
5(a)-5(c). Compared to OPC (the standard flexurahgth at 28 days of 5.5 MPa), flexural
strength of all BFSC blends was lower at early dgesnd 7 days), but equal or higher at later
ages (up to 28 days). For example, the flexuraingth of the OPC, CEM III/A, CEM llI/B
and CEM Illl/C was 6.8 MPa, 3.9-5.7 MPa, 3.6-4.4 M&ad 2.9-3.8 MPa at 7 days, 8.4
MPa, 6.9-8.9 MPa, 7.5-8.2 MPa, and 5.3-9.4 MP&8al&/s, and 9.8 MPa, 9.3-10.8 MPa,
9.4-10.5 MPa, and 8.1-9.9 MPa at 365 days, res@bgetiwhen compared to the 28-day
compressive strength of the same mortar samplgs (ke U2, U5, U8 and U9 blends), the
flexural strength of these mortars was higher tianh of the OPC mortar, Figs. 4(a) and 5(a).
Specifically, the addition of CFD had a more sigriht effect on the flexural strength
development than the CKD addition even in the cdsehigher GGBFS content of 46.0 mass

% (the U9 mortar sample).

Figure 5(a) Flexural strength development of control CEM | eatnmortar and
U1-U9 (CEM llI/A) cement mortar blends.
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Figure 5(b) Flexural strength development of control CEM | estnmortar and
U10-U18 (CEM llI/B) cement mortar blends.

Figure 5(c) Flexural strength development of control CEM | estnmortar and
U19-U27 (CEM lll/C) cement mortar blends

From the results obtained it can be concluded tiratstrength development is obviously
related to the GGBFS content, i.e., to the clinke6GGBFS ratio. The CEM IlI/A mortars,
which contain between 35 and 61 mass % GGBFS, dymal or higher strengths than the
control OPC mortar after 180 and 365 days of hyoinatHowever, as the GGBFS content
increases (e.g., in the range between 64-76 maaad@8-91 mass % in CEM III/B and
CEM 1lI/C blends, respectively) with the decreasaggment clinker content (e.g., in the range
between 20-28 mass % and 5-14 mass % in CEM IBGEM III/C blends, respectively)
the compressive strength decreases. So, CEM ll§@dk have a lower early and late strength
than the specified values. This indicates that egronker is mainly responsible for strength
development, i.e., the initial reaction of hydratis governed by the clinker fraction in the
BFSC. Moreover, the formation of nuclei of the aate silicate hydrate or €5-H phases
which have a higher CaO/Si@atio and are capable of growth (and can onlyroeelyced in
the presence of hydratings® or cement clinker) have a certain importancenhedctivation
effect on slag. On the other hand, the hydratioochaeism of a combination of GGBFS and
either Portland cement or Portland cement clinkeslightly more complex than that of
Portland cement or clinker alone. The hydratiorctiea involves the activation of GGBFS by
alkalis and sulphates to form its own hydrationduas. During its hydration, GGBFS in
BFSC consumes a varying proportion of Ca(@ijoduced during the hydration of the
cement clinker fraction. The main hydration prodottGGBFS is hydrated calcium silicate,
as the €S-H gel, which is different from that formed in theorBand cement clinker

hydration and has a lower CaO/$ifatio which decreases with the increasing slagesdn
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For this reason it is justifiable to differentiage latent hydraulic reaction, in which the
consumption of Ca(OH)s of secondary importance only, and a pozzolesaction[2].

The results obtained in this study indicate thahwhe proper mix design, i.e., the clinker-to-
GGBFS ratio, both CKDs (cement clinker dust, CKd aement filter dust, CFD) can be
successfully utilized as a replacement for GGBF&ndgally, the replacement of GGBFS by
CKD is more effective than the replacement by CRDpossible explanation could be that
CFD (which by composition corresponds to cement raeals, i.e., non-calcined feed
materials) acts mainly like a relatively inert dilt with its fine particles acting as fillers and
possibly serving as crystallization nucldi(]. In contrast to CFD, CKD (which consists
predominantly of cement clinker materials) promdtesformation of hydration products and
hardening, and acts as an activator for latent G&BF

In general, the results in this study show thatdhmect replacement of GGBFS by CKDs is
more effective than the direct recycling of dusthmeement raw materials in kiln. CKD
utilized as an activator for latent GGBFS in th@darction of environmentally efficient
blastfurnace cements favours efforts towards sueitée development in cement and concrete
industry. Moreover, a study on the technical andiirenmental assessment of the
development and production of CEM IlI/A, B, C blashace cements, as described in this
work, confirmed their cost-effective production digelower required amounts of cement
clinker and energy, which at the same time consensatural resources and reduces,;CO
emissions, when compared to Portland composite memich in addition to 65 mass %
cement clinker, contains calcareous fly ash (the 1¥-1 cement type CEM II/B-W, the

standard strength classes 32.5N and 42[25])
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4 Conclusions

The obtained results for chemical and physical e as mechanical properties of all three
types of blastfurnace cements (CEM III/A, B, C),igthhave been presented in this study,
provide evidence that the CKDs (cement clinker dustement filter dust), collected from
different sources during the production of Portlax@ent, can be directly and effectively
used as a replacement for GGBFS. With the apprepniex composition, i.e., the clinker-to-
GGBFS ratio, the addition of CKDs can provide datiory overall performance regarding
chemical requirements, setting time, volume stabitnd mechanical properties. Although
the addition of GGBFS results in lower strengtheatly ages, the replacement of Portland
cement clinker by GGBFS up to 72 mass %, does awt lany negative effect on the
compressive strength of concrete after 28 days.nsanming these experimental results the
following conclusions are proposed:

1. When comparing the average values of loss on amifiL.81 mass %), insoluble
residue (0.0024 mass %), sulphate content as (302 mass %), alkali content as
NaO-equivalent (0.40 mass %), and chloride contendO4-0.0042 mass %),
obtained in all 27 BFSC blends (CEM lII/A, B, C)itwthe EN 197-1 limited values
(in mass %): 5.0, 0.5, 4.0, between 1.0 and 2@, @1, respectively, the values
obtained meet the chemical requirements for cemémdseover, the prepared CEM

llI/A, B, C blends exhibit much lower values théms$e specified by the standard.

2. The production of blastfurnace cements CEM III/A, B standard strength Class
42.5N in accordance with the EN 197-1 requireméntsossible for 16 of 27 blends
prepared. All 9 CEM llI/A blends and 7 CEM llI/Béaids meet the requirements, and
no sample of CEM IlII/C meets the EN 197-1 requiretsefor the standard

compressive strength Class 42.5N.
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3. The strength development of CEM III/A, B, C blendss significantly affected by the
CKDs addition. As expected, the presence of theec¢rolinker dust as an activator
for latent GGBFS was more effective than the cenfitat dust which acts as a filler

due to its low hydraulic reactivity.

4. The direct replacement of GGBFS by CKDs in the potidn of economical and
environmentally efficient blastfurnace cement fawwfforts towards sustainable

development in cement and concrete industry.
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TABLES:

Table 1 Composition of blastfurnace cements (BF$0)

Types of Clinker GGBFS Minor additional
BFSC (mass %) (mass %) constituents (mass %

CEM III/A 35-64 36-65 0-5

CEM 11I/B 20-34 66-80 0-5

CEM IIlIC 5-19 8195 0-5

Table 2 Chemical analysis of materials used (in mass %)

Materials SiQ | Al,O; | Fe0O; | CaO | MgO| SO, | KO
Portland cement clinker 20.885.79 | 3.61| 66.24 1.08 | 0.56| 0.54
Gypsum 481 1.83 151 32.081.63| 36.14] 0.46
Granulated blastfurnace slagl0.51| 9.86 | 0.94| 37.7% 7.73 | 0.26| 1.272
Cement clinker dust, CKD| 22.604.41 | 2.91| 66.66 0.95| 0.70| 0.47
Cement filter dust, CFD 15.824.06 | 2.01| 43.21 0.64| 0.78| 0.57
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1 Table 3 Mixture proportions of control, ordinary Portlandngsent (OPC), CEM | 42.5N, and
2 Dblastfurnace cement, CEM III/A 42.5N, in mass %

3

Portlapd cement S;ggﬂ:ﬁfcde Gypsum Cim]em Cement filter
Samples clinker slag dust dust
OPC 96.00 - 4.00 - -
Ul 35.00 61.00 4.00 - -
u2 57.00 39.00 4.00 - -
U3 46.00 50.00 4.00 - -
U4 35.00 57.00 4.00 4.00 -
us 57.00 35.00 4.00 4.00 -
U6 46.00 46.00 4.00 4.00 -
u7 35.00 57.00 4.00 - 4.00
us8 57.00 35.00 4.00 - 4.00
U9 46.00 46.00 4.00 - 4.00

4

5 Table4 Mixture proportions of blastfurnace cement, CEMBI#2.5N, in mass %

Portla_nd cement lﬁgg{;ﬂlﬁfcde Gypsum Ciilmn ent Cement filter
Samples clinker slag dust dust
ul1o0 20.00 76.00 4.00 - -
Ull 28.00 68.00 4.00 - -
ui2 24.00 72.00 4.00 - -
ul3 20.00 72.00 4.00 4.00 -
ul4 28.00 64.00 4.00 4.00 -
(ONESS 24.00 68.00 4.00 4.00 -
ulé6 20.00 72.00 4.00 - 4.00
ul7 28.00 64.00 4.00 - 4.00
uis 24.00 68.00 4.00 - 4.00
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Table 5 Mixture proportions of blastfurnace cement, CEMGIK2.5N, in mass %

Portla_nd cement|  Granulated Gypsum Cim] ent 'Cement

Samples clinker blastfurnace slag dust filter dust
ul9 5.00 91.00 4.00 - -
u20 14.00 82.00 4.00 - -
u21 10.0 86.00 4.00 - -
u22 5.00 87.00 4.00 4.00 -
u23 14.00 78.00 4.00 4.00 -
u24 10.00 82.00 4.00 4.00 -

u25 5.00 87.00 4.00 - 4.00

U26 14.00 78.00 4.00 - 4.00

u27 10.00 82.00 4.00 - 4.00
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Table6 Chemical composition of control, ordinary Portlaseiment (OPC), CEM | 42.5N,
and three types of prepared blastfurnace cements IGEA, B, C (where samples
designated as U1 ... U9, U10 ... U18, and U19 27 denote CEM III/A, CEM
[1l/B and CEM III/C, respectively), in mass %

Samples | LOI| SiO, | AlLO; | Fe&O; | CaO | MgO| SO; | NaO? | IR* | CI

OPC 4.87| 19.62 5.16 | 3.41| 62.63 1.17 | 2.07] 0.38 | 0.39 0.0100

CEM III/A

Ul 156| 3143 6.31 | 2.60| 49.64 4.50 | 2.87| 0.39 - -

u2 1.97| 27.88 5.85 | 2.98| 53.8% 3.60 | 2.74] 0.42 - -

U3 1.44| 29.72 6.05 | 2.83| 52.07 3.98 | 2.81] 0.40 | 0.36| 0.0028

u4 0.45| 31.28 6.13 | 2.72| 51.04 437 | 2.92| 0.40 - -

us 0.76| 27.1 5.83 | 3.11| 56.30 3.09 | 2.66| 0.40 - -

U6 2.64| 28.58 592 | 2.85| 52.58 3.57 | 2.76] 0.40 | 0.38| 0.0021

u7 3.08| 30.83 599 | 251| 49.31 4.27| 2.92 0.39 - -

us 4.05| 26.54 5.70 | 2.83| 54.0% 3.09 | 2.63] 0.41 - -

U9 2.72| 28.88 594 | 2.69| 52.11 3.71 | 2.84| 0.41 | 1.01] 0.0031

CEM I1lI/B

u10 0.42| 34.71 6.58 | 2.29| 46.44 5.37 | 3.09] 0.41 - -

ull 0.31| 33.26 6.46 | 2.56| 48.33 4.97 | 3.00] 0.41 - -

U1z 1.83| 3341 6.40 | 2.41| 46.67 5.09 | 3.08 0.40 | 0.40| 0.0017

ui3 1.89| 33.51 6.39 | 2.32| 46.63 5.14 | 3.05 0.38 - -

ui4 2.10| 32.00 6.19 | 2.53| 48.41 4.65| 3.01] 0.40 - -

uil5 1.62| 3291 6.31 | 2.48| 47.71 4.85| 3.04| 0.39 | 0.51| 0.0021

ul6 2.61| 33,50 6.35 | 2.17| 46.03 5.20 | 3.04| 0.40 - -

u17 2.81| 32.08 6.23 | 2.37| 47.67 4.76 | 3.01] 0.40 - -

uis 2.86| 32.8Q 6.21 | 2.25| 46.66 4.97 | 3.16] 0.40 | 0.99| 0.0042

CEM IIl/C

u19 1.19| 3747 6.78 | 2.07| 42.36 6.28 | 2.76| 0.40 - -
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u20 1.01| 35.78 6.58 | 2.33| 44.54 5.69 | 2.97| 0.40 - -
uz21 1.11| 36.58 6.65 | 2.12| 43.66 6.01 | 2.77| 0.41 | 0.49 0.0014
uz22 0.80| 36.91 6.70 | 2.11| 43.50 6.03 | 2.86] 0.39 - -
uz23 0.29| 35.35 6.48 | 2.35| 45.86 5.55| 3.02] 0.40 - -
u24 1.80| 35.56 6.43 | 2.15| 44.35 5.71 | 2.94| 0.38 | 0.42 0.0017
u25 2.53| 36.41 6.64 | 1.85| 42.49 6.08 | 2.92| 0.39 - -
u26 3.08| 3540 6.39 | 1.84| 43.81 5.46 | 2.85 0.43 & -
uz27 1.92| 36.71 6.62 | 1.89| 42.84 5.79 | 3.08/ 0.44 | 0.94| 0.0027

Il oss of ignition, ?Na,O-equivalent,®Insoluble residue
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Figure 3 Initial and final setting times for all analysedment blends.
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Figure 4(a) Compressive strength development of control CEfdrhent mortar and

U1-U9 (CEM llI/A) cement mortar blends.
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Figure 4(b) Compressive strength development of control CEdment mortar and
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U10-U18 (CEM llI/B) cement mortar blends.
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Figure 4(c) Compressive strength development of control CEdrhent mortar and

U19-U27 (CEM ll1l/C) cement mortar blends.
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Figure 5(a) Flexural strength development of control CEM | eenmortar and
U1-U9 (CEM llI/A) cement mortar blends.
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Figure 5(b) Flexural strength development of control CEM | estnmortar and
U10-U18 (CEM llI/B) cement mortar blends.
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Figure 5(c) Flexural strength development of control CEM | estnmortar and
U19-U27 (CEM llI/C) cement mortar blends.
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