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Abstract

Various treatments of phosphogypsum samples egttantHuelva, Spain, curing con-

ditions and incorporation ratios were studied taleate the viability of being used as
set regulator or as supplementary cementitious mahte improve the mechanical be-

haviour of cement mortars.

The physical-chemical properties, mechanical behavand environmental impact of

these phosphogypsum-based cement mortars werendtetel

It was concluded that the phosphogypsum treatmemdscuring conditions influence

the mineralogical transformations of mortars anefefore also the mechanical behav-
lour of the mortars tested. Furthermore, the heaaeyal impurities in the phosphogyp-

sum were immobilized in the cement matrix, leadinga clear improvement of the

technical properties of cement mortars made withaste compared to the traditional

use of natural gypsum.

Keywords. phosphogypsum treatments, pozzolanic addition, curing conditions, cement

mortars, technical properties.
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1. Introduction

The generation and management of any type of wasteserious environmental prob-
lem in today's society. Thus, the reduction ofgé&neration and its appropriate man-
agement are necessary to avoid serious impactseoanyvironment that can cause pol-
lution affecting the ecosystems and human hea]th [1

Phosphogypsum (PG) is an industrial by-producheffertiliser industry, mainly from
the production of phosphoric acid.

Approximately 250 Mt of PG are generated around weld as an inorganic by-
product in several industrial processes [2, 3]Spain, due to the manufacture of a
number of fertiliser products during the years Y9880, around 100 Mt of this waste
accumulated in stacks located 1 km from the citidoélva [4].

One of the main uses of PG investigated so fdrasapplication of this by-product as a
fertilizer in agricultural soils [5]. Actually, owl15% of world production is used and
recycled [6]. The remaining 85% is accumulatedargé areas raising environmental
issues [4]. The valorisation of this by-producthighly dependent on the properties of
the PG and the country of origin.

A very important and appealing use of PG couldrbéhe cement manufacturing pro-
cess. PG could be used there as a replacemenatiorahgypsum (NG), as a setting
retarder [7, 8]. Based on previous works, this papalyses the use of PG as setting
retarder replacing NG, evaluating its potentiairoproving the mechanical behaviour
of cement mortars. This leads to a study of thdiegmn of the PG accumulated into
stacks located in Huelva, Spain and stored withecavery.

The application of various PG treatments could ovprthe properties of construction ma-
terials manufactured with it [9]. Treated PG carubed as an ingredient of plaster [10-12].

Higher compressive strength values of Portland oemere shown with calcined PG [13].
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This is due to the structure anhydrite cement @gdioerby heating PG at 1000 °C [14].

In addition to the mechanical properties, environtakaspects must be considered, due
to the presence of impurities in the stored PG11pb-The impurities’ origin depend on
the phosphate rock used as raw material and thefaaaring processes used [18]. PG
contains 5-6% impurities, which can be heavy metaldionuclides or fluorides [19].
The impurities present in PG directly affect thechrenical properties of cement mortars
manufactured with this by-product. It has been tbtimat several impurities, such as
P,Os, F or organic matter, can be removed by washinly water [11].

For this reason, and based on previous commestsdin objective of this study has been
to analyse the influence of the untreated PG arttieofiifferent treatments, incorporation
ratios and curing conditions on the technologigapprties, mineralogical characteristics

and environmental and health aspects of cemenaraartanufactured with PG from Spain.

2. Experimental programme

2.1. Materials

This study evaluated representative samples odép®sits of PG located in Huelva,
Spain. The samples were processed through foumieess. First, a control sample was
manufactured with clinker and natural dihydrategoggym (Control-NG); it was then
compared with those manufactured with PG prepayaghous treatments as a substitute
of natural gypsum. Finally, to compare the propsrtf these mortars with a commercial

cement, a sample was manufactured with cement CENBR without additions (OPC).

2.1.1. Phosphogypsum

Four types of processed PG’s were used in thig/stud
(1) dried phosphogypsum (PG-D): material dried in aerofor 48 hours at 40 °C;

(2) crushed phosphogypsum (PG-C): PG crushed using mitleand subsequently
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sieved through a 12%m mesh;

(3) burned phosphogypsum (PG-B): obtained by the caticin of PG in a muffle at
800 °C for 18 h;

(4) washed phosphogypsum (PG-W): washed in a bealerdigitilled water at a lig-
uid/solid ratio of 10:1; during this first washirfg was stirred for 40 min, then left
to stand for 20 min and the pH of the material messured; finally, it was filtered
with laboratory paper; a second washing was peddratter filtering with the same

procedure; finally, the material was dried for 4i& lan oven at 40 °C.

The particle size distribution was determined usiug laser diffraction (Malvern Mas-
tersizer). Figure 1 shows the morphology of theamail particles and the variations in
particle shape and size.

The particle distribution of the material was fundantally dependent on the type of
phosphate rock used as raw material and the conditof the manufacturing process
[20, 21]. Regarding the four types of materialsagidd in the laboratory, PG-C showed
a finer particle distribution due to the crushimggess to which it was subjected.

The chemical properties of the different PG samaltessummarised in Table 1.

Table 1. Chemical composition of the raw materjait§s)

PROPERTIES OPC Ck NG PG-D PG-C PG-B PG-W
Si 7.78 8.40 298 0.40 0.38 055 0.47

Ca 48.2 49.3 23.3 225 228 27.7 231

K 0.28 0.26 0.08 - - - -

Mg 0.49 042 037 - - - -
Elemental con. 7€ 3.53 3.78 0.07 0.03 0.04 0.04 0.03
tent (%) Al UNE-EN196-2:2014 732 149 0.83 0.08 0.08 0.10 0.09
F - - - 126 144 144 172

Na - 010 - 007 0.07 0.07 0.02

P 0.07 0.07 0.12 022 022 028 0.20
S 1.55 0.79 20.41 16.74 16.86 20.56 17.06

Ti 0.08 0.07 0.03 0.02 0.02 0.01 0.02

Loss on ignitior (975 °C) UNE-EN 1744-1:2010 2.03 0.34 21.41 23.66 22.83 1.18 21.57
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PG-D was mainly composed of Ca and S: 22.5% ant4%8. respectively. In addition,
the sample contained 1.26% of F; the rest of corapisnwere in proportions lower than
1%. The compositions of PG-C and PG-W were simifiawever, there were slight vari-
ations in Ca and S contents in the PG-B samplthisncase, the proportions of Ca and S
increased, resulting in 27.7% of Ca and 20.56%, altBough the same Ca/S relation was
sustained. On the other hand, the decrease ofdrokgition (LOI) in PG-W was due to
the loss of impurities through the washing treatimen

Table 1 shows that the Ca/S ratios of the PG sanpie higher than those of NG.
This led to consider that PG does not only act astting regulator in the manufacture
of cement mortars; its use also improves the mertaechanical properties. High Ca/S
ratio, high free lime content and high anhydritetent present in the mineral additions
improve the pozzolanic activity and cementing props [22, 23].

After the initial evaluation of the materials treltowed high content in Ca and S, the

determination of the mineralogical phases of PGN&dwvas carried out (Table 2).

Table 2. Mineral composition of the raw materi&fs (

Mineral phase NG PG-D PG-C PG-B PG-W
Gypsum (CaS@2H,0) 91.5 92.2 91.7 <0.1 92.7
Bassanite (CaS©L/2H,0) 1.5 <0.1 <0.1 28.1 <0.1
Anhydrite (CaSQ) <0.1 <0.1 <0.1 62.7 <0.1
Dolomite (CaMg(CQ),) 5.6 <0.1 <0.1 <0.1 <0.1
Calcite (CaCQ@ <0.1 4.8 1.8 4.1 3.0
Quartz (SiQ) 0.9 1.9 3.9 4.3 1.4
Fluorite (Cak) <0.1 <0.1 1.2 0.9 11
Chukhrovite (Ca) (CRAISI(SO,)F1:- 12(HO)) <0.1 1.1 1.5 <0.1 1.8

The NG and PG with different treatments are comghasestly of gypsum, except for
the calcination treatment (PG-B) that is composex$tiy of bassanite and anhydrite,

due to the loss of water in the process.



120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138
139

140

2.1.2. Cement (OPC), clinker (Ck) and natural gypsum (NG)

Portland cement clinker (Ck), made of limestone elagls heated to 1450 °C, was used
to manufacture PG mortars. NG is added to the efimk the final cement grinding pro-
cess, as a set retarder; the usual levels of additie between 3% and 5%. Therefore,
NG was studied to compare its properties with thaddeG. As shown in Table 1, NG is
characterised by its high concentrations of Ca3®#3.and S (20.41%). The remaining
elements (Al, Fe, Mg, S and Ti) are present attleas 1%, except Si (2.98%).
Additionally, the study of cement mortars manufaetuwith commercial Portland ce-
ment type CEM | 42.5R was carried out. The chemgraberties of this cement are

shown in Table 1.

2.2. Mix proportions

The various treated PG’s (PG-D, PG-C, PG-B, PG-\Mhensed at two percentages of
addition to clinker (2.5% and 5%) for the evaluatiof the properties of the cement
produced.. Further, a control mortar with NG (CohiMG), a mix with NG and PG-D

(NG-PG-D 50/50) and a reference cement mortar witimmercial Portland cement
only (OPC) were manufactured. The nomenclatureaohenanufactured cement mortar

is shown in Table 3.

Table 3 Nomenclature of the cement mortars

MORTAR DESCRIPTION

OPC Reference mortar manufactured with Cem | 42.5R
Control-NG Control mortar manufactured with NG

NG-PG-D-50/50 Mortar with NG and dried PG in thensaproportion (50%)
PG-D Mortar with dried PG

PG-B Mortar with combusted PG

PG-C Mortar with crushed and sieved PG

PG-W Mortar with washed and filtered PG

The mix proportions are shown in Table 4. Six pseckeach specimen were manufac-

tured. All samples were mixed in a laboratory dmmer. Then, the fresh mortar sam-
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ples were placed in moulds and homogenised usingrating table. Finally, to evalu-
ate the influence of curing on the mortars, theyeneured in two ways: in a curing
chamber at 50% humidity and 20 °C temperature amdarsed in a water tank (hu-

midity of 100% and temperature of 20 °C).

Table 4 Mortars mix proportions

CONTENT (g)
SS (Standard PG NG Cement Clinker  Water

Sand)

Reference OPC 1350 - - 450 - 225
2.5Control - NG 1350 - 11.25 - 438.75 225
2.5NG-PG-D-50/50 1350 5.625 5.625 - 438.75 225

Series 1 2.5PG-D 1350 11.25 - - 438.75 225
(2.5%) 2.5PG-C 1350 11.25 - - 438.75 225
2.5PG-B 1350 11.25 - - 438.75 225
2.5PG-W 1350 11.25 - - 438.75 225

5Control - NG 1350 - 225 - 427.5 225
5NG-PG-D-50/50 1350 11.25 11.25 - 427.5 225

Series 2 5PG-D 1350 22.5 - - 427.5 225
(5%) 5PG-C 1350 22.5 - - 427.5 225
5PG-B 1350 22.5 - - 427.5 225

5PG-W 1350 22.5 - - 427.5 225

2.3. Test methods

This study evaluated the cement mortars manufattwith PG as a substitute of NG
according to three essential characteristics:

(1) Technological tests to evaluate the mechanicahbetnaand durability properties
of the cement mortars: consistency, density artthgdtme of fresh mortars, and
flexural strength, compressive strength and shgela hardened mortars;

(2) A mineralogical study of the manufactured mixtupgsx-ray diffraction (XRD)
to understand the behaviour of hardened mortarsufaetured with PG. The
mineralogical analysis was carried out by powderDX&alysis on a Bruker
(model D8 Advance A25) with Cu anti coat. The measent conditions were:
20 of 10-120°; step = 0.015°; t = 0.5 s; tube conddi 40KV and 30mA, fixed

divergence gap of 0.1°; 30 rpm spin and Ni filteor the quantitative analysis
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by XRD, the Rietveld method was used (TOPAZ v.sbflware);

(3) A potential environmental impact of the manufaatiumeortars: leaching tests car-
ried out on materials as in EN 12457-2 proceduceeValuate the effect of PG
within the cement matrix, cement mortars manufactwvith 5% PG were studied
as per the NF X31-211 monolithic leaching test.dBefeaching, the mortars were
cured for 28 days at room temperature. This testeaaried out at the natural pH
of the sample and the concentration of heavy metatsdetermined in lab by in-
ductively coupled plasma mass spectrometry (ICP-REkin Elmer NexionX):
equipped with sample introduction system, Argorsipla ionization and quadru-
pole ion detection. The Simple Quadrupole is alesolution mass spectrometer

with which it has been performed and a semi-quativé analysis).

Table 5 shows the test standards used.

Table 5. Mortars’ characterization tests

Test method Curing time
Technological tests Properties of fresh mortar
Consistence UNE-EN 1015-3 0 days
Bulk density UNE-EN 1015-6 0 days
Setting times UNE-EN 196-3 0 days

Properties of hardened mortar
Compressive strength UNE-EN 196-1 1,7, 28 days

Flexural strength UNE-EN 196-1 1,7, 28 days
Shrinkage UNE 83831 1,7, 14, 28,56 days
Mineralogical study Powder X-ray diffraction (XRD) 28 days
Environmental Leaching test raw material EN 12457-2 0 days
feasibility Monolithic leaching tank test  NF X31-211 28 days

In order to evaluate and characterise as a whaentbchanical behaviour resulting
from of the use of PG in cement mortars, multiiariapproaches were applied. In this
context, the following parameters were used: flakstrength (FS) and compressive
strength (CS). Both mechanical properties are densd quality indicators to evaluate

the potential use of different waste types in nements [24].
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Statistical data analysis was carried out usingiwarlate principal component analysis
(PCA). The R v.3.3.0 freeware was used to perfdrenstatistical analysis [25]. Prior to
the statistical analysis, a detailed data explonatvas carried out for each PG treatment
and the mechanical parameters were analysed fonatity (Shapiro-Wilk test) and
homogeneity of variance (Fligner test) using thekpge ‘mvnormtest’ [26]. Log trans-
formation was used for both CS and FS variablesgder to archive normality.

The study evaluated the patterns of variabilityhia influence of both PG treatment and
incorporation ratio under different curing conditso To test them, models were analysed
according to univariate analysis of variance (ANO\&d were compared using the Chi-
square test for g 0.05. Firstly, it was necessary to choose thefiiestodel, which was
carried out by statistical indicators (e.g. adjdsB and Akaike information criterion
(AIC)). In addition, the error measures of the noman square error (RMSE) were calcu-
lated for each model developing an objective comparof the performance of each.
Then, principal components analysis (PCA) was edrdut to evaluate the mortars’ me-
chanical behaviour at 28 days and establish theedeygf discrimination and/or association
between them. Two PCAs in particular were carried b) whole-experiment design (e.g.
curing treatment conditions, incorporation ratib®6, and PG treatments), and 2) for each
curing condition separately (e.g. dry-chamber amtkuvater-curing treatment conditions).
A Q-mode analysis was used by the PCA throughiheipal functions in the psych pack-
age for carry out the breakdown of the data méketeveen populations [27]. Through this
analysis, a set of variables (dimensions) are @deathich are the result of linear combina-
tions of the variables of origin. The new dimensiame independent between themselves
and their classification is done according to thgation shown. An orthogonal varimax
gross rotation was used for the estimation of #otof loads after the initial extraction by

the main method. Only factors with SS (sum of seg)doadings > 1 were extracted.



203 3. Results and discussion

204 3.1. Technological tests

205 3.1.1. Consistency, density and setting time

206 The consistency and density of the cement paste astimated before the setting time.
207 The use of PG in mortars resulted in consistendyegalower than that of the OPC
208 mortar. As the PG incorporation ratio increased, ¢bnsistency values decreased (Ta-
209 Dble 6). It was observed that PG made the pasterstdnd therefore more water was
210 required to obtain a consistency similar to thathef control mortar [28]. Bhadauria and
211  Thakare [28] showed that at 5% incorporation of tR& consistency was very close to

212  control values, and similar to the results obtaimedur work (Table 6).

213 Table 6. Physical properties of the fresh mortars

Consistency (mm) Density (g/cm®)  Setting time (minutes)
UNE-EN 1015-3 UNE-EN 1015-6 UNE-EN 196-3

Initial Final

oPC 166 1937 169 216

2.5Control - NG 157 2031 149 193

2 5NG-PG-D-50/50 156 1997 163 211

_ 2.5PG-D 153 1974 153 209
Series 1 (2.5%) 5 5pG.c 156 1991 132 197
2.5PG-B 154 1982 158 213

2.5PG-W 159 1987 146 203

5Control - NG 135 2028 141 187
5NG-PG-D-50/50 152 2063 150 198

5PG-D 146 1996 181 246

Series 2 (5%) 5PG-C 149 2023 166 224
5PG-B 148 2003 186 221

5PG-W 153 2016 193 264

214
215 Table 6 shows that the PG treatment did not sicgnifily influence the consistency val-

216 ues obtained. The lowest consistency values wetainga for PG-D in both series:
217 153 mm and 146 mm, respectively.

218 Unlike the consistency values, as the PG incororancreased, the density values
219 also increased (Table 6). This property was sigaifily influenced by the PG type.

220 Table 6 shows that mortars manufactured with crdisherned and washed PG resulted
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in an increase in density with respect to mortasmufactured with PG-D. This can be
attributed to the removal of impurities [29], dwethe formation and hardening of the
hydration products, the open pores are filled &weddiensity increases [30].

The setting times (initial and final) showed sigraht increases as the incorporation
ratio of PG increased. Similar values were obtainea previous work [31]. The setting
time was always shorter for PG mortars than for@wC mortar for 2.5% incorpora-
tion. Using more than 2.5% PG, the setting timedased gradually; however, this was
different for Control-NG and NG-PG-D 50/50, posgibkecause NG has low phospho-
rus content in relation to the PG, as shown in &dblThe presence of phosphorus in-
creases the setting time and, for this reasonyskeof NG in the cement paste led to a
faster setting time [31, 32].

The processed sample PG-C with 5% incorporationvedooptimum results for both
initial and final setting times (relative to OPQhe latest setting time was obtained for
5% PG specimens. Previous studies have shownrhateease in the amount of impu-
rities such as fluorides [11] leads to an incraassetting time [33-36]. Table 6 shows
that PG-W resulted in the highest setting timegahse this procedure can lead to an

increase in the proportion of non-soluble impusifgesent in the sample.

3.1.2. Compressive and flexural strength

Figures 2 and 3 show the results of CS and FSeofrtAnufactured mortars. This study
demonstrated that mortars cured at similar tempegand different humidity presented
different technical properties. It was observed thartars cured in underwater condi-
tions obtained higher CS values than those curedryrchamber conditions for all
treatments and incorporation ratios.

All cement mortars manufactured with PG showed éiighalues of CS than those man-

ufactured with NG (Control-NG).



246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

With respect to incorporation ratio, it was genlgrabserved that for Series 1 (2.5%
incorporation), the processed materials showedehig?S values under both curing
conditions and for all ages than the 2.5 PG-D,Cb&trol-NG and 2.5 NG-PG-D 50/50
mortars. The PG treatments influenced more sigmtly the CS values of mortars
cured in the dry chamber (Figure 2.B).

In Series 1 (2.5% incorporation), the highest valoé CS were obtained for PG-W.
Similar results were shown in previous studiesylmch different treatments eliminated
the impurities present in PG, showing that the afsthese materials at small percent-
ages increased the CS relative to mortars manuégttuith unprocessed PG [37].

As the incorporation ratio of PG increased, CS @soeased in underwater-cured ce-
ment mortars, due to the additional hydration ofrtars, which leads to a faster poz-
zolanic reaction. Mortars manufactured with 5% PR&amed higher CS values than
OPC and 5Control-NG mortars cured in underwateditmms (Figure 2.A). Similar
results were obtained by several authors, who fabatthe incorporation of up to 10%
of PG in mortars and concrete led to an increasearCS values [31, 38].

The increase in CS was related to the setting tfoe5% PG incorporation and under-
water-curing conditions, the final setting time &8 increased, i.e. the delay in setting
time is likely to be due to the slow hydration réac [39] and this in turn to an increase
in compressive strength.

This showed that a greater incorporation of PG, tdués chemical composition, acted
not only as a regulator of setting time. It alsoyided a cementitious capacity to ce-
ment mortars similar to that provided by mineratitidns, thus increasing CS. The
highest values were obtained for the 5PG-D moBarddMPa), although the results of
CS of mortars manufactured with the various PGtrtimeats can be considered similar.

This fact is very important since it reinforces thenefits of adding PG when making
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cement, by reducing the amount of NG used.

Regarding FS, as the PG incorporation ratio ineeathe strength also increased for the
two curing conditions. This effect was more sigrafit in cement mortars cured in a dry
chamber (Figure 3.B) and is in contrast with CSemgltthe increase in PG incorporation

significantly increased the strength of underwateed mortars at 28 days (Figure 2.A).

All mortars manufactured with 5% PG (with and withdreatment) showed higher FS
values than those manufactured with commercial oer@C (OPC) for both curing
conditions (Figures 3.A and 3.B).

As with the incorporation ratios, the influenceR® treatment was more significant in
dry-chamber-cured mortars (Figure 3.B), as theesbf CS show (Figure 2.B).

Under dry-chamber curing conditions, lower FS valwgere obtained than in sub-
merged curing for all mortars. Even so, the usB®fin the manufacture of mortars led
to an improvement in this property with respecthie OPC at 28 days in dry-chamber
cured (Figure 3.B). The use of PG was not as glearlimprovement for FS relative to
OPC in mortars in underwater curing conditions (Féy3.A).Therefore, CS and FS
values increased as the PG incorporation raticeaszd, obtaining higher strength val-

ues in underwater-cured mortars.

Once the mechanical behaviour of each of the cementars has been analysed, a syn-
thesis of the optimum treatment parameters, coraedtcuring conditions is shown in

Figure 4.

3.1.3. Shrinkage

The dimensional instability over time of the cememirtars was studied to evaluate the
influence of PG incorporation ratio and PG treathoerthe performance of mortars. Figure

5 shows that the shrinkage values of cement montdins2.5% incorporation of PG are
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very close, independent of the treatment appligdGo and similar to those of OPC mor-
tars. The mortars made with NG presented greateerdiional instability than those made
with PG. This concurs with previous studies [4@]which it was demonstrated that a high-
er incorporation ratio of NG resulted in an inceegsshrinkage for cement mortars; shrink-
age increased with increasing amount of gypsummailitars made with PG showed a de-
crease in shrinkage relative to mortars made W Iboth for series 1 and 2. According to
the few available studies, incrementing the incafon of PG in the mortars increased
shrinkage [29, 41]. In cement mortars made withP8%p shrinkage values increased signif-

icantly relative to mortars made with 2.5% PG af0nortars, as shown in Figure 5.

This study found that the PG’s particle influendeel dimensional changes of the mortars,
because mortars made with PG-C and PG-B, which apaeticle size smaller than PG-D
and PG-W, resulted in larger dimensional changebdth series (2.5% and 5% incorpora-
tion). For this reason, the shrinkage of 5PG cemmeantars could be due to the chemical

composition of PG that undergoes slight changeasusecof the treatments.

3.2.Mineralogical study

Table 7 shows the results of the XRD analysis ef risference, control and mortars
made with 5% of PG, processed and unprocessedr diffbgent curing conditions.

Curing conditions showed variations in the minegal phases of cement mortars. Mor-
tars with 5% PG cured underwater showed highereotsiof alite, belite, portlandite and
ettringite, which means that the internal reactipraduced by water in the mortar paste
took place slower, achieving greater pozzolaniaitthe mixes and an improvement in me-
chanical behaviour. The increase in alite valueglated to better mechanical behaviour,

since alite is the primary strength-contributinggd during Portland cement hydration.
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Table 7. Structural details for phases that magraeent in Series 2 of cement mortars
in relation to curing conditions

Mineralogical phase (%)

Dry chamber curing

OPC 5Control-NG 5PG-D 5PG-C 5PG-B 5PG-W
Gypsum (CaS@2H;0) 4.8 9.3 15 4.4 1.6 1.4
Calcite (CaC@) 7.4 11.4 115 104 104 13.9
Anhydrite (CaSG) <0.1 3.1 <0.1 <0.1 <0.1 <0.1
Quartz (SiQ) 39.5 39.8 42.5 46.5 48.7 52.6
Alite (CasSiOs) 10.4 9.2 17.7 14.3 18.9 7.2
Larnite (Belite) (Cg5i0y) 13.6 115 3.9 7.6 1.2 10.1
Brownmillerite (CaAlFeOx) 4.1 4.2 8.2 3.7 2.6 2.4
Portlandite(CaObk) 16.6 8.5 11.1 8.6 10.8 8.3
Ettringite (CasAl ;(SOy)3(OH)y;- 26H0) 2.9 1.2 3.7 2.8 4.8 3.3
Thaumasite (CaSK2CaCQ-CaSQ- 15H0) <0.1 1.3 0.2 1.2 0.6 0.1
Mineralogical phase (%) Underwatejssuging
OPC 5Control— NG 5PG-D 5PG-C 5PG-B 5PG-W
Gypsum (CaS@2H,0) 2.3 2.9 1.2 1.9 25 1.8
Calcite (CaCQ 8.9 4.6 4.6 4.7 4.3 4.2
Anhydrite (CaSGg) <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Quartz (SiQ) 46.2 68.1 31.0 45.9 39.8 53.0
Alite (CasSiOs) 12.6 8.6 20.6 16.8 19.5 8.9
Larnite (Belite) (Cg5i0y) 12.6 5.8 12.0 104 10.9 8.9
Brownmillerite (CaAlFeOx) 2.9 2.9 3.2 35 2.9 4.4
Portlandite (CaOkb) 10.8 4.7 17.2 13.2 17.2 141
Thaumasite (CaSK2CaCQ-CaSQ 15H0) <0.1 1.1 0.7 0.9 0.9 0.6

In mortars manufactured with PG, ettringite valieseased and gypsum values de-

creased with respect to Control-NG (Table 7). Ttengite crystals formed at an early

stage were connected to each other and built vgnaefvork that was beneficial to early

strength development [42].

The increase in ettringite formation was conditobtgy a slower final setting time. For

that reason, it was observed that mortars of S@rraanufactured with PG, in which the

setting time was later than in the Control-NG mio(fable 6), the amount of ettringite

increased (Table 7). The early ettringite formaiats as a layer that covers the cement

grains and causes a slower setting of mortars [A8}.results showed how the presence

of PG in a reacting cementitious system can infteeits setting time and the crystal-

linity of the ettringite formed [44].

As seen in Table 7 in the mineralogical phase efrttortars, the curing conditions are
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