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Abstract: This paper deals with the study of calcium sulfoaluminate (CSA) and geopolymeric
(GEO) binders as alternatives to ordinary Portland cement (OPC) for the production of more
environmentally-friendly construction materials. For this reason, three types of mortar with the
same mechanical strength class (R3 > 25 MPa, according to EN 1504-3) were tested and compared;
they were based on CSA cement, an alkaline activated coal fly ash, and OPC. Firstly, binder pastes
were prepared and their hydration was studied by means of X-ray diffraction (XRD) and differential
thermal-thermogravimetric (DT-TG) analyses. Afterwards, mortars were compared in terms of
workability, dynamic modulus of elasticity, adhesion to red clay bricks, free and restrained drying
shrinkage, water vapor permeability, capillary water absorption, and resistance to sulfate attack.
DT-TG and XRD analyses evidenced the main reactive phases of the investigated binders involved in
the hydration reactions. Moreover, the sulfoaluminate mortar showed the smallest free shrinkage and
the highest restrained shrinkage, mainly due to its high dynamic modulus of elasticity. The pore size
distribution of geopolymeric mortar was responsible for the lowest capillary water absorption at short
times and for the highest permeability to water vapor and the greatest resistance to sulfate attack.

Keywords: calcium sulfoaluminate cement; durability; geopolymer; hydration; mechanical strength;
microstructure; mortar; portland cement

1. Introduction

The quality of the environment is negatively affected by mortar and concrete production. In fact,
huge amounts of natural resources are consumed and large quantities of pollutants are generated [1],
including CO, which originates from both fossil fuel combustion (about 40% of the total CO, emissions)
and limestone thermal decomposition occurring during cement manufacture [2,3]. The production of
one ton of cement clinker emits approximately 0.87 tons of CO; [4,5]. The contribution of the cement
industry to global anthropogenic CO, emissions is estimated to be as high as 7% [6].

In order to reduce CO; emissions in the life cycle of mortars/concretes, several approaches [7-10]
have been suggested, such as replacing virgin materials with industrial by-products [11-14], improving
durability in order to reduce maintenance costs [15], and increasing the use of low-CO, Portland
cements and the development of alternative low-CO, binders. As an example, low-CO; cements can be
produced by using non-carbonated CaO sources as a constituent of the Portland clinker-generating raw
mix [16,17] or increasing the production of blended cements, obtained by mixing Portland clinker with
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significant amounts of supplementary cementitious materials based on silica and alumina (e.g., natural
pozzolans, coal fly ashes, blast-furnace slags) [18,19].

Calcium sulfoaluminate (CSA) cements are special cements, namely hydraulic binders obtained
from non-Portland clinkers. They are characterized by a high mechanical strength at early ages,
rapid-hardening, high impermeability, and chemical resistance, as well as low drying shrinkage and
solution alkalinity [20-22]. CSA cements have aroused the interest of the international cement research
community not only for their technical properties, but also by virtue of the environmental sustainability
of their manufacturing process which, compared to that of Portland cement, requires a lower synthesis
temperature and limestone requirement, thus implying a reduced thermal input to the kiln and CO,
generation [23]. Moreover, another environmentally-friendly feature associated with CSA cement
production is represented by the possibility of using several industrial by-products as raw materials in
place of limestone, bauxite, and gypsum (e.g., coal fly ash, fluidized bed combustion residues blast
furnace slag, flue gas desulfurization gypsum, phosphogypsum, incinerated municipal waste, red
mud, anodization mud, alumina powder, and calcium looping spent sorbents [20,24-32]).

Another type of innovative binder is represented by geopolymers. They belong to alkali activated
cements (AAC), which are obtained by the chemical reaction between a solid aluminosilicate precursor
with an alkaline solution [33-35]. The main difference with AAC is that they are obtained by a precursor
with an Al,O3 + SiO; content higher than 80% and a very low CaO content [36]. A reduction of
at least 40% of greenhouse gases emissions compared to that of Portland cement materials with
the same characteristics has been estimated [37] thanks to the following reasons: the possibility of
using industrial by-products such as fly ashes, or natural rocks calcined at very low temperatures
(700-800 °C); the absence of limestone and a general energy saving in the production of geopolymers.
Geopolymeric materials exhibit a high compressive strength, fast or slow setting, acid resistance,
fire resistance, and low thermal conductivity compared to traditional Portland-based materials [38].
Despite this wide variety of attributes, these properties are deeply dependent on the raw materials
and formulations used [33,39].

The aim of this work is to compare mortars belonging to the same strength class but manufactured
with different binders that could ensure a more sustainable future for the construction materials sector.
In particular, mortars based on a calcium sulfoaluminate cement and a fly ash-based geopolymeric
binder were compared with those based on traditional ordinary Portland cement (OPC), as a reference.
At first, the hydration of the three binders was investigated by means of X-ray diffraction (XRD) and
differential thermal-thermogravimetric (DT-TG) analyses. Thereafter, the corresponding mortars,
belonging to the structural class R3 > 25 MPa (according to UNI EN 1504-3:2006), were tested and
compared both in fresh (workability) and hardened states (microstructure, shrinkage, water vapor
permeability, capillary water absorption, resistance to sulfate attack).

2. Materials and Methods

2.1. Materials and Paste/Mortar Mixes

In order to manufacture the geopolymeric binder, an Italian class F fly ash (FA) (specific surface
area between 3000-7500 cm?/g, mean particle size of 10-30 um) and calcium aluminate cement
(CAC) (specific surface area between 2850-3450 cm?/ g, mean particle size between 10-20 um) were
used as aluminosilicate precursors. The activating solution was prepared with a sodium silicate
solution (SSS) and a potassium hydroxide solution. The SSS had a molar ratio SiO,/Na,O = 2.1
(5107 =29.86 wt. %, NapO = 14.64 wt. %), whereas for preparing the potassium hydroxide solution,
KOH pellets (85% minimum assay) were dissolved in demineralized water.

For cementitious mixtures, Portland Cement CEM II/A-LL 42.5R (OPC) was used as a binder.
The specific surface area and the mean particle size were 4200 cm? /g and 7 pm, respectively.

The CSA cement was supplied by an Italian cement manufacturer; its mineralogical composition,
determined by means of the Rietveld method, and its Blaine fineness (Bf) are reported in Table 1.
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Table 1. Mineralogical composition (wt. %) and Blaine fineness (m?2/ kg) of CSA cement.

C4A5S (a) C,Ss ® cS © C:A (d) Bf
46.0 £ 2.0 209+ 1.0 21.2+1.2 74+1.2 500
@ C4A3S: ye’elimite; ®) C,S: belite; (©) CS: anhydrite; () C3A: alite.

Commercial calcareous sand with a maximum grain size of 8 mm was used for mortar preparation.
The chemical composition of powdered precursors and cementitious materials is given in Table 2.

Table 2. Chemical composition (wt. %) of fly ash (FA), Portland cement (OPC), and calcium
sulfoaluminate (CSA) cement.

Materials SIOZ A1203 Fe203 CaO MgO K20 Na20 T102 SO3
FA 440 29.1 6.0 55 1.5 1.1 0.4 0.9 1.1
OPC 29.7 3.7 1.8 59.3 1.1 0.8 0.3 0.1 32

CSA 7.8 24.1 1.9 42.7 3.0 - - - 18.2

2.1.1. Paste Preparation

In order to study the hydration mechanism and the hydration products, R3 OPC, R3 CSA, and R3
GEO pastes (water/binder ratio 0.50 by mass for both R3 OPC and R3 CSA and 0.23 for R3 GEO) were
also prepared. Paste samples were investigated at a hydration time of 2, 7, 14, and 28 days. The samples
were shaped as cylindrical discs (diameter of 30 mm and height of 15 mm) and placed in polyethylene
bags inside a thermostatic bath at temperature (T) = 20 °C and relative humidity (RH) = 95%. At each
hydration time, 10 g of paste was (a) gently pulverized in an agate mortar, (b) treated with acetone
(to stop hydration) and diethyl ether (to remove water), (c) dried for 20 min at 40 °C, and (d) stored in
a desiccator over silica gel-soda lime (to ensure protection against H,O and CO5).

2.1.2. Mortar Preparation

The cementitious (R3 OPC) and calcium sulfoaluminate (R3 CSA) mortars were prepared with
a sand:cement:water ratio of 3:1:0.65 and 3:1:0.50 by weight, respectively.

The geopolymeric mortar (R3 GEO) was prepared with a sand/precursor ratio equal to 2.7 by
weight and a water/binder (w/b) ratio of 0.23. In geopolymers, the binder is the sum of aluminosilicate
powders and solids dissolved in the activating solution, namely KOH pellets in the potassium
hydroxide solution and the amount of SiO; and Na,O in the SSS.

The mix proportions of mortars are given in Table 3. R3 OPC and R3 CSA mortars were prepared
according to UNI EN 1015-2:2007. Concerning R3 GEO, the activating solution was prepared 24 h
prior to the cast for cooling at room temperature (T =20 & 1 °C) and for improving the polymerization
process [40]. On the date of casting, aluminosilicates were dry mixed for 2 min, and the activating
solution was then added and mixed for 3 min. The workability of mortars was measured according to
UNI EN 1015-3:2007. Finally, the mortars were poured into various molds for the different tests and
cured at RH =90 4+ 5% and T = 20 £ 1 °C for seven days and then at RH =50 &= 5% and T =20+ 1 °C
until testing, if not differently specified.

Table 3. Mix proportions of mortars.

Activating Solution

Mixi

Mortars OPC(g) CSA (g) Wa‘t’;‘r“é) sand(® FA) CACE) KOH Demin.  w/b
® Pellets (g)  Water (g)

R3 OPC 450 - 292 1350 - - - - - 0.65

R3 CSA - 450 225 1350 - - - - - 0.50

R3 GEO - - - 1350 460 40 150 85 65 0.23
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2.2. Methods
2.2.1. Hydration Analyses

X-ray Diffraction Analysis

X-ray diffraction (XRD) analysis was employed for the determination of the hydration products
of pastes based on R3 OPC, R3 CSA, and R3 GEO. It was performed with a diffractometer (Cu K«
radiation and 0.02° 20 s~ ! scanning rate) operating between 5° and 60° 26 and equipped with software
for the spectra evaluation.

Simultaneous Differential Thermal-Thermogravimetric Analysis

Simultaneous differential thermal-thermogravimetric (DT-TG) analysis was carried out in 150 uL
alumina crucibles with apparatus operating in dry airflow and a temperature range of 20-1000 °C
(with a heating rate of 10 °C min~1).

2.2.2. Tests for Mechanical Properties

The flexural strength (R¢) and compressive strength (R.) of mortars were measured after 2, 7,
and 28 days of curing on 40 x 40 x 160 mm specimens, according to UNI EN 1015-11:2007.

After 28 days, the dynamic modulus of elasticity (E4) was also evaluated for three prismatic
specimens (40 x 40 x 160 mm) according to UNI EN 12504-4:2005. Equation (1) gives the formula
used to calculate Eg:

By — v2p[(1+va) (1 —2vq)] )

(I—=va)
where v is the velocity of the ultrasonic pulse (m/s), p is the hardened density of the mortar (kg/m?),
and 4 is the Poisson’s modulus. The Poisson’s modulus, equal to 0.20 for all mortars, was estimated as
the average value between 0.15 and 0.25 reported in the literature for cementitious materials [41] (p. 200).
After 28 days of curing, the determination of the adhesive strength of substrates was performed

for five cylindrical mortar specimens (diameter of 50 mm and height of 10 mm) and the average value
was recorded in accordance with UNI EN 1015-12:2002. The substrate chosen was a red clay brick
measuring 250 x 120 x 55 mm.

2.2.3. Microstructural Analyses

The pore structure of mortars was studied by mercury intrusion porosimetry (MIP) after 28 days.
The morphology of mortars was investigated by scanning electron microscopy (SEM) after 28 days
of curing on small pieces of graphite coated mortar specimens.

2.2.4. Drying Shrinkage Tests

The free drying shrinkage was measured on three prismatic specimens (40 x 40 x 160 mm) for
each mortar according to UNI EN 12617-4:2003 for 56 days and the percentage of weight loss caused
by water evaporation was also recorded.

In addition, the restrained shrinkage was measured on three prismatic specimens (50 x 50 x 250 mm)
according to UNI EN 8147:2008.

For both free and restrained drying shrinkage tests, specimens were exposed to T =20 £ 1 °C and
RH =90 =+ 5% for the first day after the cast, and then to T =20 £ 1 °C and RH = 50 =+ 5%.

2.2.5. Water Vapor Permeability Test

A good water vapor permeability is positive for mortars, since it ensures both the proper drying
of the internal water and the elimination of water vapor that occurs within buildings [42]. Water vapor
permeability measurements were carried out according to UNI EN 1015-19:2007 on three cylindrical
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specimens (diameter of 140 mm and height of 30 mm) after 28 days of curing. The test was performed
at RH =50 £ 5% and T = 20 4= 1 °C. The mass loss due to water evaporation through the specimen was

measured during time and the results were expressed in terms of the water vapor diffusion resistance
factor (w).

2.2.6. Capillary Water Absorption Test

Water capillary absorption is an essential test to determine the durability of construction
materials [43—49], since many aggressive ions, like CI~ or SO42~, can penetrate through water.
The water absorbed per unit area (QQ;) and capillary water absorption coefficient (AC) were measured
according to UNI EN 15801:2010. For each mortar type after 28 days of curing, three cubic specimens

(40 mm) were dried at T = 60 & 2 °C until a constant weight was reached and then tested, and the
average values obtained were reported.

2.2.7. Test for Resistance to Sulfate Attack

To determine the durability of mortars in aggressive solutions, prismatic specimens (40 x 40 x 160
mm) were partially immersed (40 mm) in water (one specimen as reference) and in 14 wt. % NaySO4
solution (two specimens) after 28 days of curing for a period of 21 days. The level of the solution was
kept constant by adding only water for replacing the evaporated amount. At first, specimens were
dried at T = 60 & 2 °C until constant weight was reached, and the resistance to sulfate attack was then
visually investigated by evaluating the formation of possible cracks and efflorescence.

3. Results and Discussion

3.1. Hydration of Binder Pastes

The DT-TG results for R3 OPC, R3 CSA, and R3 GEO pastes, aged up to 28 days, are shown in
Figure 1. As far as R3 OPC and R3 CSA cement pastes are concerned, the DT-TG apparatus was able to
identify [50] ettringite, monosulfate, calcium hydroxide, and calcium carbonates through the following
dehydration endothermal peaks: 151 £ 9 °C; 197 £ 3 °C; 509 &+ 3 °C; and 794 £ 5 °C, respectively.
In particular, from an overall examination of the obtained results, it can be concluded that:

e ettringite (3Ca0-Al,03-3CaS0O4-32H,0) and calcium hydroxide (which undergo a partial
carbonation) are observed for the R3 OPC;

e ettringite is detected at all investigated curing periods in the R3 CSA system, while a monosulfate
peak appears only after seven days of hydration.

0.0 <
’\\\ — 2d
---d
[ 14d
[AVERY
%0 < —10.0 LN —.-.-28d
-~ - v\ ~
> E \ R
g . i -
& £ —200 N-----o
i3] s \ g N
8 > s
i) B Tl N
—-30.0
—40.0
200 400 600 800 1600 200 400 600 800 1000

Temperature, °C Temperature, °C

(a) (b)

Figure 1. Cont.
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Figure 1. (a) DT thermograms for R3 OPC, (b) TG thermograms for R3 OPC, (c¢) DT thermograms for
R3 CSA, (d) TG thermograms for R3 CSA, (e) DT thermograms for R3 GEO, (f) TG thermograms for R3
GEO hydrated for 2, 7, 14, and 28 days.

Finally, it can be argued that: (i) calcium silicate hydrates are the main hydration products of the
calcium silicates present in the Portland clinker (a process that yields Ca(OH); as the by-product);
(ii) ettringite can be formed through the hydration of calcium hydroxide-alumina-calcium sulfate
systems in OPC and through the hydration of calcium sulfoaluminate (4CaO-3Al,03-CaSO;) with
calcium sulfate in CSA systems; iii) monosulfate (3CaO-Al,O3-CaSO4-12H,0) can be regarded as the
decomposition product of ettringite.

Regarding R3 GEO pastes, the DT-TG technique was mainly used for the evaluation of the
dehydration of adsorbed water. All DT curves are very similar to each other showing a broad
endothermic peak (141 + 4 °C) related to the loss of the absorbed water. An endothermic shoulder
(182 £ 2 °C), due to the evaporation of “zeolitic” or “interstitial” [51] water, is found in the samples
cured for 14 and 28 days. The presence of calcium carbonate is also recognized by both DT (727 & 2 °C)
and TG at all investigated curing periods.

The DT-TG results are confirmed by those obtained by XRD analysis. Figure 2 shows the XRD
patterns of R3 OPC, R3 CSA, and R3 GEO pastes cured for two and 28 days. Peaks of portlandite
(Ca(OH);, main component) and ettringite (secondary component) as hydration products, and alite
(8Ca0-Si0y, only at two days of curing), belite (2Ca0-5i0,), and calcite (CaCOj3) as raw Portland
cement materials, are observed. With reference to the hydration products of R3 CSA, ettringite
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represents the main phase after just two days of curing, whereas monosulfate only appears at 28 days
of curing. Concerning the still anhydrous phases, dicalcium silicate and calcite do not show any
significant change in their XRD signals.

XRD patterns of R3 GEO have confirmed its amorphous structure as one of the major characteristics.
However, crystalline phases such as quartz (SiO;) and mullite (3A1,03-25i0,), both coming from
the fly ash, sodium bicarbonate (coming from the Na-based activator), and hydroxisodalite
(NagSigAlgOr4-8H,0) and herschelite [(Na,Ca,K)AlSipO4-3H,0], both corresponding to zeolite
structures, are identified.

10 15 20 25 30 35 40 45 50 55
Diffraction angle, °26 Cu, K¢
(a)
E
E

2d

10 15 20 25 30 35 40 45 50 55
Diffraction angle, °26 Cu, Ky

(b)

Figure 2. Cont.
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Diffraction angle, °268 Cu, K¢

(©)

Figure 2. XRD patterns for (a) R3 OPC, (b) R3 CSA and (c¢) R3 GEO hydrated for two and
28 days. Legend to symbols: A = alite (3Ca0O-SiO;); B = sodium bicarbonate; C = calcite
(CaCO3); E = ettringite (3Ca0O-Al,O3-3CaSO4-32H,0); H = hydroxisodalite (NagSigAlgOo4-8Hy0);
He = herschelite ((Na,Ca,K)AlSi,Og-3H,0), L = B-belite (2CaO-5i0;); o’-C»S = «’-belite (2CaO-5i0y);
M = mullite (3Al,03-25i0;); Mo = monosulfate (3CaO-Al,03-CaSO,4-12H,0); P = portlandite
(Ca(OH),); Q = quartz (SiO,).

3.2. Fresh Properties of Mortars

Flow values of the mortars are reported in Table 4. The results show that R3 OPC and R3 CSA
obtain the typical workability of stiff mortars (flow value < 140 mm), whereas R3 GEO obtains the
typical workability of plastic mortars (flow value > 140 mm). Despite the R3 GEO mortar being
prepared with a lower amount of water, it is more workable than the above-mentioned mortars thanks
to the spherical shape of fly ash particles.

Table 4. Workability (flow value), dynamic modulus of elasticity (E4), adhesion to red clay bricks (fy),
and total porosity (Vp) of mortars.

Mortars Flow Value (mm) Eq4 (GPa) fu (MPa) Vp (%)
R30OPC 140 29 1.0 18
R3 CSA 140 30 1.2 13
R3 GEO 200 19 0.3 13

3.3. Mechanical Properties of Mortars

Figure 3 shows the flexural (R¢) and compressive (R.) strengths of R3 OPC, R3 CSA, and R3 GEO
mortars during the first 28 days of curing.

The flexural strength of R3 OPC and R3 CSA mortars increases very fast after just two days of
curing, reaching 65% of their final strength on the seventh day (Figure 3a). After 28 days of curing,
the R of the calcium sulfoaluminate mortar is around 5.8 MPa and that of the cementitious one reaches
7.6 MPa. Conversely, R3 GEO reaches its ultimate flexural strength after the first week of curing,
which then remains equal to 5.0 MPa and lower than those of the other two mortars.

The compressive strength of R3 OPC confirms the results obtained under flexure, registering
an elevated strength development after seven days of curing equal to 80% of the final strength
(Figure 3b). Additionally, R3 CSA reaches the maximum strength after only one week (39 MPa),
but it incurs a strength loss at 28 days (36 MPa). The most gradual strength development is shown
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by the geopolymeric mortar R3 GEO with an R. enhancement equal to 40% from seven to 28 days.
This behavior is due to the fact that the reaction mechanism of fly ash and thus the reorganization
of the geopolymeric gel is continuous during ageing and leads to strength gaining, even after long
periods of time (180 days) [52].

10 50
1A
8 40
Z 61 Z 30 1
= ] — z
o 4] *R3 OPC o207 *R3 OPC
5 | oR3 CSA 10 4 oR3 CSA
T oR3 GEO 7 ©oR3 GEO
0 T T T T T 0 < T T T T T
0 10 20 30 0 10 20 30
Time (days) Time (days)

Figure 3. Strength development with curing ages of mortars: (A) flexural strength and (B) compressive strength.

The elevated compressive strength gained by the R3 CSA mortar after just seven days of curing is
related to the formation of ettringite [21,53-55], which is the principle hydration product in calcium
sulfoaluminate matrices. The morphology of ettringite crystals is influenced by the availability of space
and the concentration of Ca?* and SO42~ ions [28,56]. In solutions with a low concentration of Ca(OH),
and great availability of space, ettringite assumes an elongated acicular shape, which increases the
mechanical strength of the compound. In solution with a high concentration of Ca(OH), and with
a low availability of space, ettringite appears as small prismatic crystals able to absorb water and to
swell [57] (p. 52). The reduction of R, from seven to 28 days is related to the great compactness of the
mortar, which hinders the proper growth of ettringite crystals and causes the micro-cracking of the
matrix [56] (see Section 3.4).

The dynamic modulus of elasticity measured after 28 days of curing is reported in Table 4.

The results show that at the same strength class R3 OPC and R3 CSA obtain E4 values 35%
higher than that of R3 GEO. The low stiffness of the geopolymeric mortar is in accordance with
the literature [58-64]. A lower stiffness means lower induced tensions at a certain deformation
and, therefore, a lower probability of cracking caused by tensile (or shear) stresses or expansive
reactions. Moreover, mortars with low stiffness are more mechanically compatible with the substrate
of old buildings.

After 28 days from the date of casting, the adhesion on red clay bricks was investigated and the
average results are reported in Table 4. The highest strength is obtained by the R3 CSA mortar; its value
is 20% higher than that obtained by the cementitious sample (R3 OPC). On the contrary, the lowest
result is registered by the geopolymeric mortar. Its f, is 70% and 75% lower than that of R3 OPC and
R3 CSA, respectively. The low adhesion of the geopolymeric mortar is in accordance with a previous
work conducted by the authors [58].

3.4. Microstructural Analyses of Mortars

The total porosity (V) of mortars is given in Table 4. At the same mechanical strength class, the
OPC mortar shows the highest total porosity (18%), whilst conversely, CSA and GEO are characterized
by the lowest V, (13%). The lower total porosities of these two mortars compared to the cementitious
one are related to their lower w/b ratios (Table 3), hence to the lower presence of free water that can
evaporate during the curing process.

The pore distribution of mortars is reported in Figure 4. A general pore size classification is given
by the International Union of Pure and Applied Chemistry (IUPAC), where pores are divided into
micropores (d < 1.25 nm), mesopores (1.25 nm < d < 25 nm), macropores (25 nm < d < 5000 nm), and
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entrained air voids, entrapped air voids, and pre-existing microcracks (5000 nm < d < 50,000 nm).
It is evident that there is a great difference between the two cementitious mortars R3 OPC and R3
CSA, which both show a unimodal pore distribution with average diameters of around 100 and 35 nm,
respectively, and the R3 GEO mortar where the pore distribution has a polymodal trend, with pores
smaller than 15 nm and larger than 1 um.

Moreover, both R3 CSA and R3 GEO show the highest fraction of pores with small diameters
compared to R3 OPC.

20
;\a ) —R3 OPC
~ a --R3 CSA
L 15 4 i
g --R3 GEO
=
o
> 10 4
o
o
(o8
2 J
5 \
2 o >
0.001  0.01 0.1 1 10 100

Pore diameter (pum)

Figure 4. Pore distribution of mortars after 28 days of curing.

The microstructure of mortars investigated by SEM is given in Figure 5.

R3 OPC (Figure 5a) shows the typical cementitious microstructure rich in tricalcium silicate (C3S)
grains bonded together at the acicular C-S-H hydration products. The microstructure of R3 CSA
(Figure 5b) appears similar to R3 OPC; however the acicular ettringite crystals are not visible and the
surface of the specimen is surrounded by a dense net of cracks. The absence of visible ettringite crystals
can be explained by the great compactness of the matrix that has hindered the proper formation of
the needle-like structure of ettringite and has favored the formation of small prismatic crystals, able
to absorb water, to swell [57] (p. 52) and to induce tensile stresses in the paste because of its highly
expansive behavior [56]. A recent study [65] reports that the decomposition of ettringite also only
occurs after heating CSA samples at a temperature above 60 °C, which causes the loss of approximately
20 water molecules per formula and the transition of ettringite to an amorphous state, according to
Hartman et al. [66].

Figure 5¢ shows an SEM image of R3 GEO, which is characterized by small spherical particles of
unreacted fly ash surrounded by a dense and continuous aluminosilicate mass. Semispherical voids,
namely imprints of fly ash cenospheres probably migrated within the paste, are also detectable.



Environments 2017, 4, 64 11 of 18

“\ P e Yy "
AccV  Spott———— 50um

WE200kV 40 R3 CSA

B2 R 0

«

AccV Spot A 5011}11
20.0kV 4.0 R3 GEO

Figure 5. Microstructure of mortars after 28 days of curing: (A) R3 OPC, (B) R3 CSA and (C) R3 GEO.

3.5. Shrinkage and Weight Loss of Mortars

3.5.1. Drying Shrinkage and Weight Loss

Drying shrinkage and weight loss due to water evaporation are given in Figure 6. Drying shrinkage
depends on: open porosity, which facilitates water evaporation; pore distribution, because the finer the
capillary network, the higher the capillary stress that generates shrinkage [67]; and elastic modulus of
the paste, since the lower the stiffness, the higher the shrinkage which generates the presence of the
same stress.

As expected, the higher porosity of the R3 OPC mortar (Table 4) causes a higher water loss
(Figure 6b), which is two times higher than the values of R3 CSA and R3 GEO after two months
of curing. The great water loss of the cementitious mortar is related to the higher presence of
water used for the mix design, for which a higher amount of free water evaporated during the test.
However, the highest free drying shrinkage is registered for the geopolymeric mortar R3 GEO, which is
85% higher than the values of the other two mortars (Figure 6a), according to the literature [58-60,68],
whereas the lowest one is shown by R3 CSA [53,69]. This effect is due to two aspects: on one hand,
R3 GEO is characterized by the highest percentage of pores with small diameters (around 15 nm,
see Figure 4); on the other hand, its dynamic modulus of elasticity is the lowest. The former aspect
has contributed to the highest capillary stresses within the paste for water evaporation, whereas the
latter has emphasized the shrinkage related to those stresses. Moreover, the lowest drying shrinkage
of the R3 CSA mortar is related to the expansion given by the ettringite formation. It is known that the
hydration of ye’elimite results in the ettringite formation, which is the first cause of expansion in CSA
cements [70]. However, the rate of expansion in the CSA system is governed by several aspects, such
as the C4A3S content, calcium sulfate content, w/c ratio, etc. In particular, in systems with a medium
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amount of sulfoaluminate phase (around 40% as in the present work), the expansion occurs at early
ages and lasts after the first 32 h, whereas in systems with the same w/c ratio but a higher C;A3S
content (more than 50%), the expansion conversely continues after four days [71]. The initial, even
if limited, expansive behavior of R3 CSA (not visible in Figure 6a) has then mitigated the drying
shrinkage of the CSA mortars [72].
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Figure 6. (A) Drying shrinkage and (B) weight loss of mortars at different ages.

3.5.2. Restrained Shrinkage

Restrained shrinkage (Figure 7) confirms the free drying shrinkage results. In fact, the highest
deformations are registered by both calcium sulfoaluminate cement mortar and ordinary Portland
cement mortar, while the geopolymeric specimen does not show any modification of the embedded
rebar. It is known that a low restrained shrinkage is related to a low modulus of elasticity [73] and /or
large creep relaxation [41] (p. 203). R3 OPC and R3 CSA, with their very high E4, have induced the
highest shrinkage deformations in the embedded rebar, whereas the low modulus of elasticity of the
R3 GEO mortar is not sufficient to reduce the length of the steel bar. As for drying shrinkage, the initial
expansion of the R3 CSA mortar (not visible in Figure 7, since it occurs throughout the first hours)
mitigates the rate of the restrained shrinkage, causing a lesser effect compared to that of the R3 OPC.
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Figure 7. Restrained shrinkage of mortars at different ages.

3.6. Water Vapor Permeability of Mortars

Permeability depends on open porosity, connected pores size, connectivity, and tortuosity of the
microstructure. Moreover, according to Katz and Thompson’s relation, the greater the threshold pore
diameter, the higher the permeability of the material [74].

The results show that the R3 OPC mortar is the least permeable, with a water vapor diffusion
resistance factor (i) equal to 21 (Table 5). On the contrary, R3 GEO is the most prone to water vapor
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permeability [58-60] since it obtains a p value of 9. The higher permeability of the geopolymeric
mortar is a direct consequence of the elevated fraction of pores with large diameters (Figure 4) which
ensure the highest transpiration of the specimen. Conversely, the lower pu value measured for the R3
CSA mortar compared to that of R3 OPC could be related to the presence of microcracks within the
paste formed during the hardening process (Figure 5), since neither the total porosity (Table 4) nor the
pore dimensions (Figure 4) are higher than those of R3 OPC.

Table 5. Water vapor diffusion resistance factor (i) and capillary water absorption coefficient (AC) of

mortars after 28 days of curing.

Mortars u ) AC (kg/(m2-s'/2))
R3 OPC 21 2.7
R3 CSA 15 1.9
R3 GEO 9 3.7

3.7. Capillary Water Absorption of Mortars

The capillary water absorption coefficient (AC) is reported in Table 5. A higher value of AC
means a faster water uptake of the specimen, thus a high fraction of pores with large diameters.
The R3 GEO mortar shows the greatest value of the coefficient compared to the other two types of
mortars, since its pore distribution is characterized by the highest fraction of pores with large diameters
(Figure 4). The water capillary absorption of R3 OPC is 37% lower than that of R3 GEO and the AC of
R3 CSA reaches half the value of that of the geopolymeric one. This behavior is due to the critical pore
radius that is smaller in the calcium sulfoaluminate mortar than in the mortar prepared with ordinary
Portland cement (Figure 4).

Figure 8 gives the water absorbed per unit area (Q;) by the mortars for a period of eight days.
The results show that the trend of R3 GEO is different to those of the other two mortars; in fact it
absorbs more water during the first half hour and reaches saturation earlier, but the total amount of
water absorbed is lower [34,58,60]. The first linear part of the Q; curve corresponds to the saturation of
the capillary pores with higher diameters, whereas the second (non-linear) part corresponds to the
saturation of the smaller ones [75]. Therefore, in the geopolymeric mortar, the higher water uptake
during the first thirty minutes is related to the higher fraction of capillary pores of a greater size
(Figure 4), while the lower absorbed water at the end of the test is related to the lower total porosity
(Table 4) and to the presence of large pores (>1 pum, Figure 4). The other two mortars show a similar Q;
trend, where the lowest water absorption is obtained by R3 CSA because of its lower porosity.
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Figure 8. Water absorbed per unit area (Q;) of mortars at different ages.
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3.8. Resistance to Sulfate Attack of Mortars

Figure 9 shows images of mortar specimens just after the extraction from the containers after
21 days of semi-immersion. The cementitious mortar (R3 OPC) shows evident efflorescence formation
due to the crystallization of sodium sulfate salt (Figure 9a). In the reference specimen, efflorescence is
not visible.

A similar effect is showed by the R3 CSA mortar, where efflorescence is produced on the upper
part of the two specimens semi-immersed in the aggressive solution (Figure 9b). However, unlike
the R3 OPC mortar, these specimens undergo a slight degradation of the external surfaces due to the
expansive salt crystallization that cause higher tensile stresses because of the higher fraction of pores
with small diameters (Figure 4).

The R3 GEO mortar shows a high resistance to sulfate attack with efflorescence formation barely
visible (Figure 9¢) [60]. Moreover, the reference mortar remains unchanged. The high concentration of
the activating solution has caused a high densification of the geopolymeric paste and the formation
of a structure with a low porosity (Table 4). Even if R3 CSA and R3 GEO share the same V,, value
(Table 4), the higher fraction of large pores in the geopolymeric mortar (Figure 4) hinders a large water
suction (Figure 8) and thus the ingress of sodium sulfate ions.

-
3.4
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-
-
<
+
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(71

Figure 9. Visual observation of mortars just after completing the semi-immersion test: a. R3 OPC, b.
R3 CSA, c. R3 GEO. In each picture, the specimen on the right was immersed in water, as a reference.

4. Conclusions

In this work, two environmentally-friendly mortars prepared with calcium sulfoaluminate cement
and by the alkaline activation of a coal fly ash at room condition (RH =90 £ 5% and T =20 £ 1 °C for
the first week of curing and then at RH = 50 & 5% and T = 20 & 1 °C until testing) were compared
with one based on ordinary Portland cement of the same mechanical strength class (R3 > 25 MPa,
according to UNI EN 1504-3:2006).

At the same strength class:

e the ultimate compressive strength is reached earlier in R3 OPC and R3 CSA mortars than in the
R3 GEO mortar, since the reaction mechanism, and thus the strength development, of fly ash
geopolymer is continuous during time;

e the dynamic modulus of the geopolymeric mortar is 35% lower than those of the other two
cementitious mortars;

e  The highest stiffness of R3 OPC and R3 CSA mortars ensures an 85% lower drying shrinkage,
but an 80% higher restrained shrinkage compared to the R3 GEO mortar. Moreover, the expansive
reaction due to ettringite formation mitigates the drying shrinkage of the R3 CSA mortar.

The pore size distribution and the total porosity of mortars influence the results as follows:

e the geopolymeric mortar is the most resistant to a solution prepared with 14 wt. % of NaySOy,
since the low porosity and the presence of large pores hinder the water suction and thus the
ingress of aggressive ions;
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e the highest fraction of pores with large diameters in the R3 GEO mortar gives a permeability to
water vapor that is 40% and 57% higher than that of R3 CSA and R3 OPC mortars, respectively;

e the low porosity and the high fraction of capillary pores with small diameters ensures the lowest
water uptake in short periods of time for the R3 CSA mortar, whereas the low porosity of the
R3 GEO mortar results in the lowest absorption over long periods of time because of the high
fraction of pores with large diameters.

This experimentation has highlighted that the use of fly ash-based geopolymers is preferable for
structures that need a higher permeability to water vapor, a low aptitude to capillary water absorption,
and a high resistance to sodium sulfate attack. On the contrary, mortars based on OPC and CSA can be
used as repairing materials for cementitious structures thanks to their similar moduli of elasticity and
to the very high dimensional stability.
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