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Abstract: One of the main approaches to reducing the environmental impacts of the construction
industry is the use of mineral additives to reduce the quantity of cement used in mortars and concrete for
construction. Solid industrial wastes, including construction and demolition wastes, are traditionally used in
conventional cement-based composites. Their application is limited by the application of compositions, the
requirements of desirable properties of fresh and hardened mortar/concrete, as well as the required durability and
corrosion resistance to known exposure.

The objects of this research are different cement composites with a high content of inert mineral fillers
(marble and quartz sand) and low water-to-cement ratio, obtained after the hydration of white Portland cement.
The aim of the work is to investigate phase formation and to measure the density, compressive strength and
porosity of the cement composites, where the research is made after 28 and 120 days of water curing. The phase
composition (newly formed phases, as well as the formation of C-S-H gels) was defined using powder X-Ray
diffraction and scanning electron microscopy. The experimental data show that the cement composites with
higher water content exhibit a variety of newly formed phases, like hydration products of C-S-H gels. The use of
marble as an additive lead to the creation of carbo-sulpho-aluminates. Testing of samples with a high content of
inert mineral fillers showed that their structure is denser. Prolonged hardening of cement systems under constant
access to water increases the compressive strength by 17.9%.
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Pe3rome: EOuH om ocHosHume nodxodu 3a HamasisseaHe Ha eb3delicmeuemo Ha cmpoumesiHama
UHOycmpusi 8bpxy OKOo/lHama cpeda € u3ron3eaHemo Ha MuHepanHu O0obasku 3a HamasisieaHe Ha
Konuyecmeomo yuMmeHm, u3rosi3eaH 8 cmpoumesiHume pasmeopu U 6emoHa. Tebpoume nPOMULIeHU
omnadbyu, 8KIYUMENHO omnadbyume om CMpPoUMmMesicmao U paspywasaHe, mpaduyUoHHO ce u3ron3sam 8
KOHBEHUUOHa/IHUMe KOMMo3umu Ha YuUMeHmoea OCHO8a. TSXHOMO [pusioXXeHUe € 02paHuU4eHo om
fpusiazaHemo Ha cbcmasume, U3UCKeaHUsIma 3a JXXejaHume ceolicmea Ha [PecHUs U 8mebpdeHust
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paameop/6emoH, kKakmo u om Heobxodumama mpalHoCm U ycmoU4yueocm Ha KOpOo3usi fpu U38eCmHU
eKcroauyuu.

Ob6ekm Ha mosa uscriedsaHe ca pas3fnuyHu UUMEeHMOo8U KOMMIO3UMU C 8UCOKO CbObpXaHUe Ha UHEPMHU
MUHepanHu nbaHumenu (MpaMopHo 6pawHO U K8apuyoe MsCbK) U HUCKO 8000UUMEHMHO CbOMHOWEeHUe,
rnonyyeHu cned xuldpamauyus Ha 681 nopmnaHouyumeHm. Llenma Ha pabomama e Oa ce uscnedsa
¢gasoobpazysaHemo u 0a ce UusMeEpSm nAbmMHocmma, sKocmma Ha Hamuck U [opbo3Hocmma Ha
yumMeHmosume KoMno3umu, kamo u3cnedsaHusima ca HanpaseHu cned 28 u 120 OHuU Ha emebpdsisaHe ¢ 800a.
®azosusm cbcmas (HogoobpalysaHume ¢ha3u, Kkakmo u obpasysaHemo Ha C-S-H zenoee) e onpedeneH c
rnomowjma Ha peHmeaeHosa rnpaxosa Ougpakyusi, USMeP8aHUsi C UHghpadepseHa CEKMPOCKONUSI U ckaHupaua
efleKmpoHHa MUKpockKonusi. EkcrnepumeHmanHume daHHU roka3eam, 4Ye UuMeHmosume KOMMo3umu ¢ o-8ucoKo
cbObp)KaHUe Ha 8o0a riokasgam pa3Hoobpaszue om Ho800bpa3ysaHu ¢ha3u, Kamo xudpamayuoHHU NPoOyKmMu Ha
C-S-H eenose. U3nonseaHemo Ha mpamop kamo dobaska 8o0u o0 cb3dasaHemo Ha Kapbo-cyngo-anymuHamu.
U3numeaHemo Ha o6pa3syu ¢ 8UCOKO CbOBbPXKaHUE Ha UHepMHU MUHeparHu MbiHUmMenu rnokassa

U3nonseaHemo Ha MpamopHomo 6pawHo kamo (dobaska 800u 00 ¢hopMupaHemo Ha
KapbocyngoanymuHamu. VianumeaHemo Ha 06pa3yu C BUCOKO CbObPXaHUE Ha UHepMHU MUHepasHu
MbaHUMeEnuU fokasea, 4Ye cmpykmypama uMm € no-ribmHa. [lpodbmkumenHomo emebplosisaHe Ha
yuMeHmosume cucmemu fpu NnocmosiHeH docmbI Ha 80da yserudasa skocmma Ha Hamuck cbe 17,9 %.

Introduction

One of the main approaches to reducing the environmental impacts of the construction
industry is the use of mineral additives reducing quantity of cement used in mortars and concretes for
construction. Solid industrial wastes, including construction and demolition wastes, traditionally are
used in conventional cement-based composites. Their use is limited by the application of
compositions, requirements of desirable properties of fresh and hardened mortar/concrete, as well as
the required durability and corrosion resistance to known exposure. White decorative mortars and
concretes have restrictions on white color of the binder and mineral additive [1, 2], good
workability [3, 4], and a dense structure that does not have significant destructive processes at various
atmospheric impacts.

The decorative cement mortars and concretes are an artificial imitation of the natural stones.
Their key advantage is better workability, but durability and stability are their main disadvantages [5-7].
The proper application of these cement-based stones in construction works depends on their physical,
chemical and mechanical properties, which are the result of the microstructure of newly formed
hydrate phases. Here, of particular importance is the proper choice of cement replacement additives
(hydraulic, pozzolanic, and almost inert fillers, incl. technogenic wastes) and additives, which aim both
at reducing the cost of the composite and improving its properties and durability in different
environments [8-12].

The goal of this work is to study the influence of the cement-to-water ratio, the amount of
marble powder additive and the low water-to-cement ratio on the hydration process. A major emphasis
of the study is on the formation of hydrosulphate- and hydrosulphonated calcium-silicate phases in
white cement compositions and their effect on the measured properties. The effect of the studied
parameters is evaluated by the methods of powder X-ray diffraction, SEM microscopy, and physical-
mechanical methods for obtaining the following properties: bulk density after immersion, adsorption
after immersion, compressive strength, and porosity.

Samples preparation

This work investigates cement solutions with different ratios of the main components —
cement, aggregate and binder. The components of these mixes are: white Portland cement (binder)
type CEM | 52.5 N (Devnya Cement, Bulgaria), clinoptilolite (0-0.8 mm, Beli Plast deposit, Bulgaria),
and clean washed and dried river sand as an aggregate.

The chemical composition of the used white Portland cement CEM | 52.5 N, produced by
Devnya Cement (Bulgaria), is (in wt%): SiO2 — 24.3; Al203 — 2.1; Fe203 — 0.2; CaO — 68.3; MgO - 0.3;
Na2:0 — 0.13; K20 — 0.02; Free lime — 1.9. The mineral composition was calculated via the Bogue
method (wt %): C3S — 72.13; C2S — 15.28; C3A — 5.23; C4AF — 0.61.

Two mortars were prepared using two types of aggregate — river sand (sample, named As)
and marble powder (sample, named Mm). The first type of aggregate, river sand, was cleaned,
washed and dried. The properties of sand were defined as: fineness modulus FM = 2.7 (EN
12620:2002+A1:2008) and shape index — 4.6 % (EN 933-4:2008) i.e. spheroid particles, over 85.0 %
content of SiO2. The second aggregate, marble powder, was produced by AIAS S.A. White Marble
Products (Greece) with the following chemical composition wt %): CO2 + H20 — 45.7; SiO2 — 0.12;
Al2O3 — 0.38; Fe203 — 0.14; CaO — 32.9; MgO - 20.0; Na20 — 0.05; K20 — 0.19; and MnO - 0.01.
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The polydispersity of the aggregate is: maximal size of grains — 2 mm; grains with sizes < 0.125 mm —
50.0 wt %; grains with sizes < 0.063 mm — 35.0 wt %.

The prepared mortar specimens (6 prisms, 40x40x160 mm) were stored in the moulds for 1 day
in a moist atmosphere (> 95% RH and 20 °C). Then the demoulded samples were stored under water
(20 °C) until strength testing for 28 and 120 days — the obtained samples were named As028, As120,
MmO028, and Mm120, respectively).

Table 1 shows the samples’ composition: sample As: binder (white Portland cement) +
aggregate (river sand) + water, and sample Mm: binder (white Portland cement) + aggregate (marble
powder) + water. All samples were mixed with distilled water.

Table 1. Composition of mortars

Ratio
Sample Binder Aggregate cement/ water/ water/
aggregate | cement fines*
As028, As120 white Portland cement river sand 1:3 0.50 0.500
MmO028, Mm120 white Portland cement marble powder 1.2 0.60 0.353

* all particles with sizes below 125 ym

Experimental Methods

The bulk density after immersion and adsorption after immersion were measured according to
ASTM C642-13 [13, 14]. Due to the different bulk densities of the samples, the adsorption values were
adjusted to comparable values. The compressive strength at 28 and 120 days of water curing was
measured according to EN 196-1:2016 [15].

A broken part of a sample with a mass of 2.0£0.3 mg was used to measure the porosity by the
method of mercury intrusion porosimetry using the Carlo Erba, Porosimeter Mod. 1520, pressure
range 1-150 atm, corresponding to the pore size range 50-15000 nm.

Powder X-ray diffraction (PXRD) analysis was performed with an X-ray powder diffractometer
D2 Phaser BrukerAXS, CuKa radiation (A = 0.15418 nm) (operating at 30 kV, 10 mA) from 5 to 80 °26
with a step of 0.05° (grinded sample with weight — 1.0£0.1 mg and particle sizes below 0.075 mm).
Phase identification and peak fitting were carried out using the computer program for qualitative
analysis QualX (v. 2.24) with the indexed Powder Diffraction File database [16].

Scanning electron microscopy (SEM) was performed with a microscope Philips PH, Model 515,
regime of secondary electron emission. The fracture fragments of the samples with an approximately
flat surface of about 10x10 mm were dried for 12 hours at 60 £ 5°C, then coated with a thin layer of
gold.

Results and Analysis
Physical-mechanical properties

The results show that the compressive strength of the conventional cement mortar As028 is
comparable to that given by the factory (Table 2). This indicates that the sand used is similar to the
CEN Standard sand, EN 196-1. The compressive strength increases by 7.6% at day 120 (As120), due
to the filling of the porous space with newly formed hydrates (the pore volume decreases by 6.8%).

The values for the measured parameters indicate the formation of a thin structure of hardened
samples Mm, which are characterized by a higher water-to-cement ratio. The presence of fine
particles decreases the water-to-fines ratio, but does not increase the density of the structure. The
prolonged water curing increases the compressive strength by 14.3%, which is greater than the
decrease in the total pore volume by 9.3% (Table 2).

Table 2. Physical-mechanical properties of the samples

. Adsorption Compressive strength Pore volume
Bull_( densnt_y after
Sample | after immersion immersion 28 days 120 days 28 days 120 days
kg.m3 mm?3.cm™ N.mm-? N.mm-? mm3.g* mm3.g?!
As 2126 173.8 56.3 60.6 44.98 41.91
Mm 2158 258.5 53.8 61.5 64.66 58.69

PXRD analysis

PXRD analysis was used to confirm the previously obtained results and to better evaluate the
investigated samples. The PXRD analysis (Table 3, Fig. 1 and Fig. 2) shows the presence of two
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groups of minerals in the studied samples: (i) relict minerals from the initial composition: belite, albite,
anorthite, Mg-rich calcite, quartz, dolomite and (ii) newly formed minerals: tobermorit, hillebrandite,
and scolecite for CSH/CSAH gel minerals, ettringite and monosulphoaluminate for sulphoaluminates,
hemi- and monocarboaluminate for carboaluminates and portlandite.
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Fig. 2a. PXRD pattern of sample Mm028 Fig. 2b. PXRD pattern of sample Mm120

The identification of relict minerals in the samples’ compositions is associated with insufficient
water in the systems, which results in an incomplete hydration of the raw minerals.

Table 3. PXRD analysis results

No [ Phase description | Sample [ Identified phases

1. Relict minerals

1.1. | Non-hydrated belite (C2S), 49-1673— 2Ca0.SiO2
phases of cement As028, As120 albite (CsS), 11-0593 — (Na,Ca)Al(Si,Al)30s
and aggregates MmO028, Mm120 | anorthite (CAS2), 41-1486— CaO.Al203.2SiO2

quartz, 46-1045 — SiO2 — 3.34
Mm028, Mm120 | dolomite, #36-0426 — CaMg(COs)2

1.2. | Phases of the As028, As120 Mg-rich Calcite, #47-1743 — CaCO3
source components | Mm028, Mm120

2. Newly formed phases

2.1. | - containing OH" As028, As120 portlandite (CH), #44-1481 — Ca(OH)2

Mm028, Mm120
2.2. | -containing SO4+%, As028, As120 ettringite, #41-1451 — CasAl2(SO4)3(OH)12.26H20
OH- and crystal MmO028, Mm120
water H20 As028, As120 monosulphoaluminate, #45-0158 — CasAl2S010.12H20
As028, As120 calcium hydrogensulphate, #85-1271 — Ca(HSOa)2

MmO028, Mm120
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2.3. | - hydrosilicates —
CSH/CSAH,
forming of main
oxides CaO, SiOg,
OH- and/or crystal
water H.O

As028, As120
MmO028, Mm120

hillebrandite, #42-0538 - CasSizO9(OH)s

As028, As120

tobermorite 11A, #45-1480 - CasSis(O,0H)18.5H20

As028, As120
Mm120

scolecite, #41-1355 - CaAl2Siz010.3H20

2.4, | -OH-and HCOz
/CO3? phases

MmO028, Mm120

monocarboaluminate, #41-0219 — CasAl2(OH)12(C0O3).5H20

MmO028

hemicarboaluminate, #41-0221 —
CasAl2(OH)12(OH)(CO3)0.5.4H20

SEM

The surface structures of the studied samples are shown in Figures 3 and 4. The micrographs
indicate the stable and dense structures, even at 28 days of curing, so there are no empty spaces for
the growth of new minerals. The CSH/CSAH gel possibly forms a fine-grained crystal aggregate with
structural parameters under the limit of PXRD detection. Additionally, the areas with self-desiccation
drying cracks can be seen. Due to wall effects, different cement-to-water ratios, and empty spaces,
these areas are filled with crystal hydrates of different morphologies: plate crystals (portlandite),
needle crystals (ettringite), and fine crystal aggregates (CSH gel).

crack
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phases

Fig. 4a. SEM micrograph of sample Mm028
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Fig. 3b. SEM micrograph of sample As120
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Fig. 4b. SEM micrograph of sample Mm120

According to the results of the PXRD analysis, the following reaction mechanism schemes for
the hydration of the samples have been defined:
(1) 2CasSiOs (CsS) + 7TH20 — CasSi207.4H20 (C-S-H gel) + 3Ca(OH): (fast)
(2) 2CazSiO4 (C2S) + 5H20 — CasSi207.4H20 (C-S-H gel) + Ca(OH)2 (slow)

Formation of ettringite

(3) CasAl06 (C3A) + 3CaS04.2H20 + 26H20 — CasAl2(SO4)3(OH)12.26H20
Formation of hillebrandite (CSH)

(4)  CazSiOs (C2S) + H20 — CazSiOa(OH)2
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Formation of tobermorite (CSH) — only in compositions with sand
2CasSiOs (CsS) + 4Si02 + 6H20 — CasSisO16(0OH)2.4H20 (C-S-H gel) + Ca(OH):
3CazSi04 (C2S) + 3Si02 + 6H20 — CasSisO16(OH)2.4H20 (C-S-H gel) + Ca(OH):
Formation of Scolecite (CSAH)
(5) CasAl206 (CsA) + 3SiO2 + 5H20 — CaAl2Siz010.3H20
The use of marble white-powder (Mg-rich calcite) increases the content of COsz-ions [17-19],
which are involved in the formation of hydrated phases, verified by the presence of hemi-, and
monocarboaluminate:
(6) CasAl20s (C3A) + 0.5CaCOs + 0.5 CaO + 12H20 — CasAl2(C0O3)0.5(OH)12.5.5H20
(7) CasAl20s (C3A) + CaCO3z + 11H20 — CasAlz(COz)(OH)12.5H20

Conclusions

The micro-structural evolution, studied by physico-mechanical and structural analyses, shows
the formation of a stable dense structure without any space for the growth of new crystals.

Regardless of the very dense structure, the samples have open and continuous porosity. Water
penetrates through capillaries, thus making the processes of delayed hydration and pozzolanic
reaction possible and reducing the amount of portlandite.
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