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Abstract

The durability of mortars fabricated with two kinds of low-energy cements containing hydrothermally activated Spanish fly ashes is
presented. The study has been carried out by means of the Koch—Steinegger test at 21 +£2°C for 180 days. The durability was
evaluated from the changes of flexural strength of the mortars after immersion in the potential aggressive solution (0.5 M NaCl+0.5 M
Na,SO,) compared with those obtained in similar samples immersed in demineralized water. The changes in microstructure were
followed by mercury intrusion porosimetry (MIP) and mineralogy by X-ray diffraction (XRD). © 2000 Elsevier Science Ltd. All

rights reserved.
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1. Introduction

Durability studies of a new type of low-energy ce-
ment, designated fly ash—belite cement (FABC) related to
sulfate and chloride attack are presented. According to
previous studies on hydration reaction and mechanical
properties [1-5], FABC showed a better behavior than
traditional belite cements. Nevertheless, no durability
investigations have been found in the literature on these
new cementitious materials.

Sulfate attack on ordinary Portland cement (OPC)
leads to formation of ettringite and gypsum: Portlandite
(CH) disappears and the Ca/Si ratio of the CSH
decreases. The physical expansion has generally been
attributed to ettringite formation, in which the
Al(OH),~, OH", and Ca®" are mainly supplied by the
AF,, phase, as well as by unreacted aluminate or ferrite
phase [6].

In the case of FABC, its high alumina content (15—
16%), together with the low sulfate content, in comparison
with OPC and the absence of portlandite (CH), are the
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main factors that play an important role related to potential
sulfate attack.

The aggressiveness of sulfate depends to a great extent
on the other accompanying ions, as in sea water, where it is
inhibited by the presence of chloride. In this sense, du-
rability studies carried out in our laboratory, in NaCl+Na,.
SO, solutions, with hydrated OPC mixed with fly ash and
pozzolanic copper slag [7,8], determined both the preferred
diffusion of chloride vs. sulfate and the formation of
chloroaluminate (Friedel’s salt).

The dramatic increase of the ionic strength of the pore
solution caused by the ingress of NaCl and different
reactions of Na and Cl with cement components, activated
the pozzolanic behavior, leading to the formation of
hydrated aluminates (AF,, type), which were subsequently
transformed into non-expansive Friedel’s salt, via OH—
CI™ ion exchange.

These aspects are approached in the present paper, in
which the durability of different FABC mortars in a 0.5 M
NaCl+0.5 M Na,SO, solution has been studied by means of
the Koch—Steinegger test [9] at a temperature of 21+2°C
for 180 days. The durability was evaluated from the changes
of flexural strength of mortars after immersion in the
potential aggressive solution, compared with similar sam-
ples immersed in demineralized water. Changes of the
microstructure were followed by mercury intrusion porosi-
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Table 1

Chemical composition of the two fly ashes (wt.%)

(%) LOI IR CaO (total) Si0, CaO (free) Fe,0; Al,O3 MgO SO, Na,O K,0
FABC-A 1.6 2.3 49.3 26.8 1.2 3.6 14.7 1.3 0.6 0.3 1.1
FABC-B 2 2.5 474 26.7 1.0 4.6 16.4 1.3 0.6 0.2 0.98

LOI=loss on ignition, IR=insoluble residue.

metry (MIP) and mineralogy by X-ray diffraction (XRD).
The influence of fly ash characteristics on the durability
behavior is also discussed.

2. Experimental

The cement fabrication was based on the Jiang and
Roy methodology [10]. Two kinds of Spanish fly ashes
(ASTM class F) and CaO (analytical reagent grade) were
mixed at a Ca/Si molar ratio of 2 and demineralized
water to a solid ratio of 5. The mixture was hydrother-
mally heated at 200°C, 1.24 MPa pressure for 4 h.
Thereafter, the dried solid was heated at a rate of 10°C/
min up to 600°C and at 5°C/min from 600°C to 800°C.
The chemical and XRD analyses of the two FABCs
(called FABC-A and FABC-B) are given in Table 1
and Fig. 1, respectively. The mortars were prepared at a
(a-quartz) sand to a FABC ratio of 3 and demineralized
water to a FABC ratio of 0.75.

After mixing, prisms were molded into 1x1x6 cm
specimens and compacted by vibration. The samples
were demolded after 2 days at >90% relative humidity
(rh) and cured in demineralized water at 21 +2°C for 28

days. After curing, groups of six samples of each cement
were immersed in the aggressive solution and stored in
sealed plastic bottles at 21+2°C for 180 days. The
volume of solution was 800 ml per six samples. Similar
groups of six samples were stored in demineralized water
as reference.

XRD patterns were recorded with a diffractometer (Mod-
el PW-1730 Philips Research Laboratories, Eindhoven, The
Netherlands) using a graphite monochromator and Cu Ko,
radiation. Porosity and pore-size distribution were investi-
gated by mercury intrusion porosimetry (model 9320 pore
Sizer Micromeritics Instrument, Norcross, GA). Small cubic
pieces of about 1 cm® were previously degasified in vacuum
for 15 min prior to intrusion.

3. Results and discussion
3.1. XRD analysis

3.1.1. FABC-4

In spite of removing the sand from mortars prior to
analyses, fine particles remained. In the case of samples
immersed in demineralized water (Fig. 2), after 1 day,
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Fig. 1. XRD patterns of anhydrous cement.
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Fig. 2. XRD patterns of FABC-A mortar samples immersed in demineralized water.

vertumnite (Ca4Al4Si4O6(OH)24'3H20)(C4A2$4H15)) reflec-
tions appeared whose intensities remained constant through-
out the experiment. Vertumnite was named in 1977 by
Passaglia and Galli [11]. Its JCPDS card no. 29-291 is very
close to that of stratlingite (JCPDS card no. 29-285) and
according to Dana’s New Mineralogy [12], vertumnite may
be regarded as a polytype of stratlingite, whose formation
could take place from hydration of gehlenite (C,AS). The
main difference between the two phases is the X-ray reflec-
tion of intensity 100, which appears at 7.066, 20 angular

zone, for stratlingite (Ca,Al,Si05-8H,0)C,ASHg, and at
21.2, 26 angular zone, for vertumnite. This phase was more
clearly detected in the study carried out with paste (see
Fig. 2 in Ref. [3]). C,SHy35(Ca,;Si04:0.35H,0) and
C3AS3C3H1_5(C33A12(Si04,CO3,0H)3) (JCPDS card no.
3-801) (cubic variety of garnet group, garnet subgroups)
reflections increase over hydration time (compare Fig. 2(a)
and (f)). The corresponding reflections of hydrated carboa-
luminate (Ca4A1206(CO3)0A5(OH)~ 11 .5H20)(C4ACOA5H12)
begin to appear after 28 days, increasing over time. Calcite
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Fig. 3. XRD patterns of FABC- A mortar samples immersed in aggressive solution and external coat formed after 180 days of mortar immersion.
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Fig. 4. XRD patterns of FABC-B mortar samples immersed in demineralized water.

(CaCO;)(CC) is also detected. The o and 3-C,S reflections
from the anhydrous cement remained.

When the samples were immersed in the aggressive
solution, an external white coat was produced whose XRD
pattern (Fig. 3(g)) revealed the presence of ettringite
(CagAly (SO, Si04,CO3)3(OH)12-26H,0)(C6A(S,S,C)3Hay),
called AF/ to differentiate it from pure ettringite (CagAl,

(SO4)3(OH)12’26H2O)((C6AS3H32), AFt In the bulk of sam-
ples, the reflections of the AF, phase begin to appear after 7
days of immersion, increasing thereafter progressively: com-
pare Fig. 3(b) and (f).

The mechanism of the AF, formation could include
reaction with carbonated katoite (C3AS;CsH,s) due to
their similar compositions. This mechanism has been
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Fig. 5. XRD patterns of FABC-B mortar samples immersed in aggressive solution.
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corroborated from EDS microanalyses [13]. In addition,
SEM and EDS microanalysis data revealed the presence of
cubic crystals with Na* and SO4>~ concentration ratio
equal to Na,SOy.

After 1 day of immersion, the vertumnite (C4A,S4H;5)
reflections are considerably lower than those obtained in
water (compare Fig. 2(a) and Fig. 3(a)), increasing over
time. Nevertheless, the C4AC, sH;, reflections are more
intense than those obtained in water, practically disap-
pearing after 180 days of immersion in the aggressive
solution. There is no evidence of the formation of
crystalline chloride compounds such as Friedel’s salt,
although chloride was detected by EDS microanalysis
[13]. The XRD results of samples immersed in the
aggressive solution suggest that sulfate ions are preferen-
tially combined with solid phase compared to chloride.

3.1.2. FABC-B

The main difference with respect to the XRD results
obtained for samples immersed in demineralized water
(Fig. 4) compared with those of FABC-A (Fig. 2) are:
(1) the reflections of all the new hydrated compounds are
much less intense and (ii) the reflections of o and 3-C,S
from the anhydrous cement are considerably higher with
almost no change over immersion times up to 180 days.

These results seem to indicate that the hydration of this
kind of cement is less compared with that of FABC-A, or in
other words, the o and B-C,S polymorphs are more
persistent for FABC-B. Previous studies carried out in paste
[2,3] confirmed their different hydraulicity, which was
attributed to both a lower alkali content and higher iron
content of FABC-B.

When the samples were immersed in the aggressive
solution, AF," reflections began to appear after 28 days,
increasing thereafter with immersion time (see Fig. 5(c) and
(). After 180 days, the AF/ reflections were less intense
than those of FABC-A (compare Fig. 3(f) and Fig. 5(f)).
The vertumnite (C4A,S4H;s) and C4ACysH,, reflections
are insignificant.

These XRD results suggest that FABC-B is less sensitive
than FABC-A to all the reactions in which sulfate are
involved and, consequently, exposure will have different
effects on the pore solution, porosity and flexural strength of

Table 2
Chloride and sulfate concentrations of the extracted mortar pore
solution [14]

FABC-A FABC-B
Immersion time [CI7] [SO,*7] [CI7] [SO4*7]
(days) (mol/1) (mol/1) (mol/1) (mol/1)
1 0.30 0.25 0.46 0.29
7 0.47 0.28 0.46 0.40
28 0.55 0.33 0.41 0.38
56 0.48 0.25 0.42 0.41
90 0.48 0.30 0.48 0.40
180 0.45 0.19 0.50 0.39
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Fig. 6. Pore-size distribution curves of FABC - A mortar samples immersed
in demineralized water and in aggressive solution.

mortars. The analyses of extracted pore solution (previously
published in Ref. [14]) (Table 2) showed that chloride ions
easily diffuse through the porous microstructure. Therefore,
the concentration of chloride in the pore solution is equal to
that of aggressive (0.5 M), after 1 day of immersion in the
case of FABC-B and after 7 days of immersion, for FABC-
A. This suggests that chloride ion does not combine with
solid phase, as XRD of Figs. 3 and 5 evidenced.
Nevertheless, sulfate concentration in the pore solution is
always lower than that of aggressive (0.5 M). This behavior
is marked in the case of FABC-A and can be attributed to
the formation of sulfated phases, as shown by XRD,
together with a slower diffusion of sulfate vs. chloride.

3.2. Pore-size distribution analysis

3.2.1. FABC-4

When the samples were immersed in the aggressive
solution (Fig. 6), the main pore-size distribution change
compared with samples immersed in water is the refinement
of pores whose diameters shifted to lower values.

In Fig. 7, the total porosity (wt.%) and the percentage of
pores of diameter >0.1 and <.0.1 um are represented vs. the
square root of time. Data at 0 day correspond to those
obtained before immersion of mortar in the aggressive
solution. Between 1 and 7 days immersion in the aggressive
solution, the changes mentioned above were produced.
Thereafter, the values remain more or less constant. The
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of FABC - A mortar samples.

total porosity decreased from 12.5% at 0 day to 8.7% (after
180 days of immersion) in the aggressive solution; never-
theless, for samples immersed in demineralized water, the
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Fig. 8. Pore-size distribution curves of FABC-B mortar samples immersed
in demineralized water and in aggressive solution.

total porosity almost does not vary (from 12.5% after 0 day
to 12.3% after 180 days).

The cause of the dramatic decrease of total porosity and
shift of the pore-size distribution towards smaller pores, is
due first to the diffusion of sulfate, chloride and sodium ions
from the aggressive (as the pore-solution analyses corrobo-
rated) and, second, to the formation of new sulfate com-
pounds. The ettringite, AF/, phase formed does not produce
expansion over time, perhaps due to the space available for
it to grow inside pores or perhaps due to ettringite formed
from katoite (C3AS;CsH, s).

3.2.2. FABC-B

The FABC-B mortar samples do not undergo significant
pore-size distribution changes when immersed in deminer-
alized water (see Fig. 8). However, after 180 days of
immersion in the aggressive solution, the pore-size distribu-
tion curve strongly shifted to lower values of pore diameter.

The changes of the total porosity, and pores of diameter
>0.1 and <0.1 pm (Fig. 9) with the square root of time
showed a progressive decrease in the aggressive solution,
mainly of pores of diameter >0.1 pm, while the percentage
of pores <0.1 pm practically is constant over time.

If the FABC-A and FABC-B behavior in the aggressive
solution is compared, the following differences can be
established: (i) the porosity of FABC-A mortars decreased
at a faster rate than FABC-B and (ii) both large and small
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Fig. 9. Percentage of pores of diameter >0.1 and <0.1 pm and total porosity
of FABC-B mortar samples.
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pores decreased for FABC- A, whereas only the larger pores
decreased in the case of FABC-B.

As the XRD results show, much ettringite (AF,") formed
in the case of FABC-A filling space, and perhaps that was
one reason explaining its porosity behavior in the aggres-
sive solution.

3.3. Flexural strength

The flexural strength changes observed in Fig. 10 are
consistent with those of porosity shown in Figs. 7 and 9.
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Each value in Fig. 10 represents the average of six measure-
ments; bars show standard deviations of the mean values.
The data at “0 day” correspond to samples after 28 days
curing and are taken as reference.

As shown in Fig. 10, no significant changes are
observed when both FABC-A and FABC-B mortars were
immersed in demineralized water. Nevertheless, the values
for FABC-B are considerably lower compared with those
of FABC-A. This is in accordance with the more dense
FABC-A microstructure (see Figs. 7 and 9). The percen-
tage of pores of diameter >0.1 pm for FABC-B is higher
than that of FABC-A.

When the mortars were immersed in the aggressive
solution, the flexural strength for FABC-A markedly in-
creased between 1 and 7 days. Nevertheless, for FABC-B
the increase is much less marked and progressive.

According to the K6ch—Steinegger test [9], the criterion
to classify a material as durable in a specific aggressive in
that the relative strength of aggressive-solution-stored
samples (F,) to water-stored (Fy') ones should be higher
than 0.7—0.8. In all the cases, the relative strength is above
the aforementioned threshold (Fig. 10), and, consequently, it
can be deduced that both FABC-A and FABC-B mortars
are durable in the aggressive solution over the duration of
the test.

The flexural strength behavior is related to porosity. As
seen in Fig. 11, an inverse linear correlation is obtained
when flexural strength and porosity data are compared. The
regression equation is practically the same as that previously
given for all the FABC studied during hydration (see Fig. 7
of Ref. [5]).

4. Conclusions
The crystalline non-expansive ettringite: CagAly(SiOy,-

SO4,CO3)3(OH)12'26H20(C6A(S,S,C)3H32) is preferentially
formed as a result of sulfate diffusion from the aggressive
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solution. No XRD evidence appears for chloroaluminate
such as Friedel’s salt, although chloride and sodium con-
centrations of the extracted pore solution reached practically
the same values as those of the aggressive. Consequently,
the porosity decreased and the pore-size distribution shifted
to smaller pores, densifying the microstructure.

This densification causes an increase of the flexural
strength values, which are maintained above those of the
samples immersed in demineralized water throughout the
experiment. Accordingly, the FABC mortars can be con-
sidered as durable materials in the solution studied, irre-
spective of the starting FABC characteristics.

From the results obtained here, it is not possible to know
the role that chloride plays on the inhibition of sulfate
aggressiveness. For that, more studies are needed in sulfated
solution (without chloride).
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