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This research work focuses on the performance of mortars containing ichu ash as a potential environmentally-
sound alternative to traditional pozzolans (at 6% and 10% replacement levels) under CO, and chloride ion
rich environments, in order to evaluate the capacity of this material to produce more sustainable and durable
blended cements. The results indicate that ichu ash increases the susceptibility to carbonation, although mortars
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Chloridet};esistance with 6% ichu ash content behave similarly to OPC ones. However, both density and mechanical strength improve
Carbonation after 250 days of carbonation for both ichu-blended mortars. In terms of resistance to chloride penetration, the

addition of ichu ash contributes to retaining the ions in the superficial layers of the mortars, inhibiting their
advance. It was found that formulations with both 6% and 10% ichu ash content produced a reduction in the
chloride diffusion coefficient of approximately 60%. This phenomenon was mainly attributed to the refinement
and increased complexity of the microstructure of the mortars due to the pozzolanic effect. Therefore, it was
found that in certain types of environments, ichu ash can be an interesting tool to improve the durability of

cements while reducing their environmental footprint and exploiting local resources.

1. Introduction

The cement manufacturing process is known for its massive con-
sumption of raw materials and energy, as well as for the vast amounts of
CO emissions associated with the activity [1,2]. This situation, coupled
with the imperative need to take greater steps towards environmental
protection, is resulting in increasing societal and political pressure to
improve the sustainability of the cement industry. As a matter of fact,
the cement sector has been developing tools to address this problem for
decades, among which the use of supplementary cementitious materials
(SCMs) has occupied a prominent role [3-5]. Nevertheless, the
ever-growing demand for cement and the declining availability of
traditional SCMs have triggered researchers to explore alternatives to
reduce the cement-associated environmental footprint.

The use of vegetable ashes as SCMs is attracting interest as an option
to contribute to turning the cement sector into a greener industry [6-9].

Their broad availability, low cost and excellent reactivity are some of the
reasons behind their growing popularity [9]. Moreover, the advantages
of this type of action transcend the cement industry, as they would also
provide an environmentally sound route for the management of
agro-industrial waste, preventing its unregulated burning and the
problems associated with its uncontrolled accumulation in landfills
(such as deterioration of land, air and water quality) [8,10,11]. In
addition, certain vegetal resources are of particular value as raw mate-
rial for energy generation in biomass-fired power plants [12,13]. This
type of renewable and carbon-neutral energy source is emerging as a
promising measure to address the impending energy crisis caused by the
rising energy demand and the need for alternative and cleaner power
generation methods. However, this type of activity faces major chal-
lenges in terms of managing the voluminous and abundant ashes
generated as waste [14,15]. The exploitation of said ashes as pozzolans
for cement entails the creation of a highly advantageous synergy
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between these activities, stimulating the exploitation of biomass as an
energy source and enhancing at the same time the sustainability of the
cement sector. A noteworthy example of this type of cooperation was
proposed for elephant grass, a plant of high calorific value and avail-
ability that has become an important source of energy production in
Brazil, and whose ashes present excellent properties as supplementary
cementitious material [16-19]. Sugarcane bagasse, a vegetable waste
obtained in large quantities in the sugar and alcohol industry, is another
interesting example, as its combustion provides a valuable source of
energy and produces ashes with promising pozzolanic properties
[20-26].

The pozzolanic reactivity of vegetable ashes has its origin in the
silicon absorbed by plants during their lifetime from the soil or the
groundwater, which is finally preserved in their ashes after combustion
as amorphous silica [9,27]. Although all plants rooted in soil have the
capacity to uptake silicon, this ability differs greatly depending on their
species. Generally, the highest concentrations are found in mono-
cotyledonous plants. Particularly, those of the order Poales and the
family Poaceae (comprising vegetables such as grasses, cereals or
bamboo) produce remarkable silicon accumulations [28,29]. Thus,
vegetable ashes like those from rice husk, bamboo, wheat or the afore-
mentioned elephant grass or sugarcane bagasse are the ones that have
captured the attention of the cement industry [6-8,30,31].

Ichu grass is a monocot plant, of the order Poales and the family
Poaceae, composed mainly of lignin, cellulose and hemicellulose [32,
33]. It grows abundantly, without requiring cultivation, in the high
Andean region. Even though it was once widely exploited by the local
population as fodder for livestock or as raw material for the production
of bricks, roofs or ropes, nowadays it has fallen into disuse [34]. Hence,
ichu grass accumulates uncontrolled, even causing severe problems such
as wildfires due to its high flammability. To reduce these risks and to
benefit from this resource, alternative uses are being explored. Some
proposed applications include the use of the grass as fibres for the pro-
duction of biocomposites or of its ashes as SCM [32,34-36]. The latter
case would involve calcination of the grass, which would be all the more
interesting as the high volumes of ichu grown naturally, with low pro-
duction costs, make it a good candidate for its exploitation for energy
production.

Frias et al. [36] proved that the calcination of ichu grass yields
silica-rich ashes of high pozzolanic activity. Its use as supplementary
cementitious material at 6% and 10% substitution levels produced
blended cements that comply with the physical requirements estab-
lished in the current standards [37], although they also exhibited
reduced mechanical properties. However, it was also found that ichu ash
caused a significant increase in the complexity of the microstructure,
which resulted in a reduction of pore connectivity and capillary sorp-
tion. These aspects are of great relevance as they provide indirect evi-
dence of an increased ability to resist the introduction of harmful agents
into the material and, thus, of improved durability.

The design of more durable materials is also a key step toward
achieving sustainable economic models. Given that the use of ichu ash
might contribute to improving the environmental footprint of cement,
not only during its production but also throughout its service life, its
effect on durable properties needs to be further explored. Consequently,
this work focuses on the study of the behaviour of mortars made with
blended cements containing 6% and 10% ichu ash under the action of
two of the most relevant damaging agents to cement-based structures:
CO, and chloride ions.

2. Materials and methods
2.1. Materials
The ichu grass used in this work was harvested in the Sicuani District,

situated in the Department of Cuzco, Peru. After being collected, the
leaves were selected and cleaned, then cut into approximately 1-cm
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portions and dried at 100 °C for 3 h. Lastly, they were thermally
treated at 600 °C for 2 h to produce the ashes, as these were considered
to be the appropriate calcination conditions for this type of material in
previous studies [7,36].

The chemical composition of ichu ash is listed in Table 1. The ash is
predominantly composed of SiOy (77.7%), although substantial
amounts of K50 (8.1%), CaO (3.70%) and P03 (2.9%) are also found.
Other minority elements such as manganese, strontium, zinc, copper and
chlorine are present at concentrations lower than 0.5%. As described in
a previous work [36], the composition of ichu ash is dominated by
amorphous silica, although crystalline compounds can be identified in
its composition, mainly in the form quartz, calcite and sylvite. As re-
ported in said work, ichu ash displays a good pozzolanic activity, which
resembles that exhibited by silica fume. Regarding particle size distri-
bution, ichu ash is defined by D1, Dsg and Dgq values of 2.95, 13.3 and
39.2 pm, respectively, as shown in Fig. 1.

An ordinary Portland cement (OPC) type CEM I 42.5 R was used for
this study, which was supplied by Cementos Portland Valderribas group,
from its factory in El Alto (Madrid). Its chemical composition is
described in Table 1, while its particle size distribution is given in Fig. 1
(D19 = 1.93, D59 = 18.5 and Dgy = 69.2). Two blended cements were
prepared by partial substitution of OPC for ichu ash in proportions of 6%
(ICHU6) and 10% (ICHU10) by weight.

The mortars used in this work were prepared at a water/binder ratio
of 0.5 and a sand/cement ratio of 3:1, following the guidelines estab-
lished by EN 196-1 standard [38]. The standardised sand was defined by
a minimum SiO; content of 98% and a maximum particle size of 2 mm.

2.2. Methods

2.2.1. Evaluation of chloride penetration resistance

Resistance to chloride ion penetration was assessed according to the
procedure laid down in EN 12390-11 [39]. Accordingly, two cylindrical
mortar specimens (7.5 x 15 cm) were prepared for each type of cement,
and then cured in a humidity chamber for 90 days. Each specimen was
divided into two sub-specimens (7.5 x 7.5 cm), which were each pro-
vided with a pond sealed with silicone on one of their circular faces. The
ponds were filled with distilled water and maintained for 24 h, ensuring
water-tightness. Subsequently, the pond was filled with a 30 g/L NaCl
solution and kept sealed with a plastic film for another 90 days.

After the exposure period, powder samples were extracted at
different depths in three of the four sub-specimens by profile grinding.
Eight layers were extracted per specimen, at the depths recommended
by the aforementioned standard for each type of cement. The samples
were dried and then their acid-soluble chloride content was determined
as described in EN 14629 [40], using a Mehtrom 888 Titrando

Table 1

Chemical composition of the starting materials.
Oxides (%) Ichu ash OPC
SiO, 77.70 19.40
Al,03 0.98 6.10
CaO 3.70 62.20
MgO 0.98 1.10
Fe,03 0.49 2.40
SO3 1.90 4.30
Na,O 0.20 0.13
K0 8.10 1.10
TiOy 0.09 0.24
P,0s 2.90 0.10
MnO 0.24 0.03
SrO 0.03 0.06
ZnO 0.02 0.04
CuO 0.01 0.02
Cl 0.42 0.02
LoI” 211 2.80

 Lol: Loss on ignition.
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Fig. 1. Particle size distribution of the starting materials.

potentiometric titrator fitted with a combined silver electrode. The
chloride content is expressed as a percentage by dry mass of mortar, and
the depth assigned to each sample was considered as the midpoint of the
depth range at which the sample was collected.

The resistance to chloride transport was evaluated by determining
the non-steady state diffusion coefficient (Dnss), which was calculated
by fitting the experimental chloride profile to equation (1):

CX:ci+(cx+c,.)(1 —erf )

)

Where Cy represents the chloride concentration measured at depth x and
time t, C; stands for the initial chloride content and C; for the chloride
content at the exposed surface. The experimental value obtained in the
uppermost layer was disregarded for the fitting. To compare the results
obtained, a one-way ANOVA test was performed, followed by a Tukey
HSD post-hoc analysis, at a 95% significance level. All statistical ana-
lyses presented in this study were carried out using this methodology.

Additionally, the powder samples extracted from the uppermost and
innermost layer of each type of mortar were analysed by thermog-
ravimetry. Regarding the fourth sub-specimen tested, several mortar
portions were extracted from it to be examined by X-ray micro-
fluorescence, mercury intrusion porosimetry and computed axial
tomography.

2.2.2. Evaluation of carbonation resistance

The carbonation behaviour was assessed in accordance with the
procedure described in EN 12390-12 standard [41]. A set comprising
three 4x4x16 cm® prismatic mortar specimens was prepared for each
type of mortar and age tested. The specimens were cured by water im-
mersion for 28 days, and then they were conditioned in a laboratory air
environment for 14 days. Afterwards, they were tested in a climatic
chamber at 20 °C, 65% R.H. and 3% CO- concentration for 0, 28, 70, 130
and 250 days. For each exposure time and type of mortar, two specimens
were subjected to flexural and compressive strength tests and their
carbonation front was determined on the freshly broken surface by
application of a phenolphthalein solution. Pieces representative of the
cross-section were taken from the broken specimens, which, after being
ground and dried, were tested by thermogravimetry. In addition, a third
specimen was tested according to the Spanish standard UNE 83980 [42]
to calculate its density and accessible porosity.

As an indirect indicator of the resistance to carbonation, the oxygen
permeability of the mortars was studied according to the Spanish stan-
dard UNE 83981 [43]. The measurements were carried out in a Cem-
bureau apparatus in a room at controlled temperature (20 + 2 °C) and
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relative humidity (50 + 5%). For this purpose, three mortar discs were
used for each type of formulation, each of 5 cm in height and 15 cm in
diameter, obtained from cylindrical mortar specimens of 15 cm in
diameter and height, cured for 28 days. Prior to the gas permeability
test, the specimens were conditioned according to the Spanish standard
UNE 83966 [44] in order to have a homogeneous distribution of mois-
ture inside the specimens between 65% and 75%.

2.2.3. Instrumental techniques

The chemical composition of the starting materials was quantified on
a Bruker S4 PIONEER X-ray fluorescence spectrometer equipped with a
Rh X-ray tube.

The granulometry of the starting materials was measured by laser
diffraction using a Mastersizer 3000 particle size analyser equipped with
the dry powder dispersion unit Aero S, which presents a measurement
range between 0.01 and 3500 pm.

Compressive strength of the mortar specimens was determined on a
CONTROLS AUTOMAX model 65-L28D12 test frame.

The thermogravimetric analyses (TG/DTG) were performed on a TA
SAT 1600 analyser at a heating rate of 10 'C/min, between 20 °C and
1000 °C, while maintaining an inert atmosphere using nitrogen. The
quantification of portlandite, calcite and Friedel’s salt concentrations
was conducted using the tangential method [45]. The concentration of
Friedel’s salt (Cps) was calculated applying equation (2):

MF:

Cry =g,
Fi 6~MH20mF‘

(2)

Where mgg represents the mass loss centred at 300 °C, calculated by the
tangential method and Mgs and My are the molar masses of Friedel’s
salt and water, respectively.

The concentration of chloride ions bound as Friedel’s salt (Ccy,rs) was
determined as follows:

Crs-2
MF:

CCl. Fs = MC[ (3)

Where M is the atomic weight of chlorine.

X-ray microfluorescence (pXRF) was carried out on a Bruker M4
TORNADO instrument fitted with a Rh target and a dual 30 mm? silicon
drift detector energy dispersive spectrometer (SDD-EDS). Samples were
measured under vacuum conditions of 20 mbars using a step size of 10
pm and a dwell time of 10 ms per pixel.

Porosity was evaluated by mercury intrusion porosimetry using a
Micromeritics AutoPore IV porosimeter. The instrument is suitable for
working with pressures up to 227.5 MPa, achieving a measuring range
between 0.006 and 175 pm.

X-ray computed tomography imaging (CT) was obtained on a Nikon
XT-H-160 scanner, equipped with a 160 kV W target and a 0.25 mm Cu
filter. 1000 scans per sample were recorded, at 4 frames per scan.

3. Results and discussion
3.1. Carbonation resistance

3.1.1. Initial physical properties
Table 2 summarises the properties of the unexposed mortars after 28

Table 2
Properties of non-carbonated mortars after 28 days of water curing and subse-
quent conditioning (uncertainty expressed as + one standard deviation).

OPC ICHU6 ICHU10
Accessible porosity (%) 13.2 13.4 14.6
Bulk density (g/cm®) 2.19 2.15 2.10
Compressive strength (MPa) 68.4 + 1.0 62.8 + 1.0 52.3+0.2
Oxygen permeability (1.05 & (0.80 &+ 0.11)- (0.79 £ 0.06)-
coefficient (k) (m?) 0.22)-10"" 1077 107"
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days of water immersion curing, followed by the conditioning treatment
according to the corresponding standard applied (see section 2). As the
data indicate, using ichu ash as pozzolan increases the accessible
porosity of the specimens, almost imperceptibly for ICHU6 mortar, but
more noticeably for ICHU10 mortar (about 10%) with respect to OPC
mortar. This effect leads to a decrease in bulk density, which in turn
results in a considerable loss of mechanical performance, as evidenced
by the compressive strength values in the table. This drop in strength
was observed in previous studies [36], which attributed this phenome-
non mainly to inhibited portlandite dissolution due to the high levels of
alkalis in the ash, as well as to increased macropore formation caused by
workability loss.

In contrast, the addition of ichu ash presents benefits in terms of gas
permeability, causing a reduction in the oxygen permeability coefficient
of about 25% for both ICHU6 and ICHU10 mortars with respect to OPC
mortar. Such behaviour is associated with the refinement of the pore
network and its lower connectivity (see section 3.2.3). It should be noted
that this decrease in gas permeability is substantially higher than for
other materials such as ceramic waste (for which a 5% decline is ob-
tained with respect to conventional cement at a 10% substitution level)
[46] or slags (21% decrease compared to conventional cement, at a 30%
substitution level) [47]. This enhanced decrease in gas permeability is
closely related to the intrinsic properties of this new SCM [36], which
presents a higher lime-fixing capacity (pozzolanic activity) at short ages
than ceramic-based pozzolans and slags.

3.1.2. Carbonation depths

Fig. 2 shows the carbonation front of mortar specimens revealed at
different exposure ages by applying phenolphthalein solution to their
cross-section. It is evident from the figure that the use of ichu ash adds to
the susceptibility to carbonation of the mortars as the percentage of
cement substitution increases. As a result, small signs of carbonation can
already be detected at some of the edges of ICHU10 mortars after 28
days of exposure. The carbonated areas spread swiftly so that by the end
of the experiment more than half of the cross-section is affected by
carbonation. In contrast, OPC and ICHU6 mortars display better
behaviour, presenting only minor signs of carbonation at 70 days. After
130 days of exposure, the carbonation depth becomes more evident,
with a slightly deeper front for ICHU6 mortar. In any case, the carbon-
ated areas are significantly smaller than those registered for ICHU10
mortar. Another significant aspect of ichu blended mortars is that they
seem to lead to more uneven carbonation fronts. Such irregularity could
be related to the higher porosity and the greater number of macropores

EXPOSURE TIME

T0days  130days  250days’ >

28 days

ICHU6 OPC

ICHU10

Fig. 2. Evolution of the carbonation front revealed by phenolphtha-
lein spraying.
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linked to ichu ash addition, mentioned in the previous section and
further explored in section 3.2.3.

Fig. 3 compares the relative carbonation depth measured for the
mixed mortars with those obtained for the OPC mortar (which are given
a value of 1). ICHU6 mortar shows an uneven behaviour throughout the
exposure, but it performs similarly to the reference mortar at the end of
the experiment. Conversely, ICHU10 specimens exhibit considerably
higher values than the rest of the mortars under study, although this
difference becomes smaller as exposure progresses. Thus, in the first
stages, an almost three-fold increment is observed in the carbonation
fronts with respect to those of the reference mortar, but only an increase
factor of 1.8 is obtained at 250 days.

The above results contrast with the gas permeability values given in
Table 2, from which a higher resistance to the penetration of CO, into
the matrix could have been predicted for the blended mortars. However,
the outcome of the carbonation test is actually not unexpected, since
carbonation resistance of cement-based materials often decreases with
the addition of supplementary cementitious materials, even though they
are likely to develop a more complex microstructure that hinders the
penetration of harmful external agents. The reason behind this comes
from the reduction in the alkaline reserve due to the consumption of
portlandite during the pozzolanic reaction, which facilitates the
lowering of the pH by reaction with CO; and, therefore, the advance of
the carbonation front [48-50]. Among supplementary cementitious
materials, biomass-derived pozzolans are no exception. Thus, examples
of increased susceptibility to carbonation due to the use of pozzolans of
this nature, such as rice husk ash [51-58], sugarcane bagasse ash [59] or
palm oil fuel ash [60], are readily available in the literature. The in-
creases in carbonation depth obtained for ichu ash blended mortars in
this study are comparable in magnitude to those observed when using
the aforementioned vegetable ashes in similar tests.

3.1.3. Evolution of the mineralogical phases by TG/DTG

Given the conflicting data between the carbonation fronts and the
oxygen permeability coefficients seen above, the evaluation of the
chemistry of the mortars takes centre stage in accounting for their
behaviour under CO» exposure. The study was carried out by thermog-
ravimetric analysis, given that it is a very convenient technique to
identify and quantify the main actors in the carbonation reaction (por-
tlandite and calcium carbonate).

Fig. 4a represents the derivative of the mass loss curves (DTG) of the
mortars before the start of the carbonation test. Qualitatively, the three
mortars exhibit analogous DTG curves, consisting of mass losses centred
at identical temperatures, and therefore attributable to the same com-
pounds. Firstly, a peak at 50 °C can be detected, ascribable to the loss of
moisture. The signal at 85 °C is indicative of the dehydration of

3.0

I oPC
I (cHus
25 I (CHU10
s
S 2.0
-
=
S
S s
o
=
[0}
o
2 1.0+
©
Q
4
0.5
0.0-

70 130
Exposure time (days)

Fig. 3. Evolution of carbonation depth relative to that of OPC mortar.
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Fig. 4. Differential thermogravimetric curves of the mortars a) before initiating the carbonation test and b) after 250 days of exposure. Et: ettringite, P: portlandite,

C: calcium carbonate.

ettringite and C-S—H gels. The peak at 140 °C, together with the broad
signal at 260 °C, denotes the presence of AFm phases, as they correspond
to the loss of water molecules in the interlayer region and the octahedral
layers of this type of compounds, respectively [45]. Their position and
the presence of carbonates (probably sourced from the calcite typically
contained in Portland as a minority component in cements and evi-
denced by the weight loss in the 550-700 °C range) suggest that the AFm
compounds present in these mortars are likely to be carboaluminates
[61,62]. Lastly, the characteristic loss due to the dehydroxylation of
portlandite is observed between 400 and 500 °C. The concentration of
portlandite in the mortars was quantified, and the results are given in
Table 3. These values evidence the pozzolanic effect of ichu ash, as re-
ductions in portlandite concentration of 12% and 29% are obtained for
the ICHU6 and ICHU10 mortars, respectively, compared to the OPC
mortar, which are too high to be attributed solely to cement dilution
effect. This reduction in the initial portlandite content, particularly in
the ICHU10 mortar, would be in line with its greater susceptibility to
carbonation, owing to its lower initial alkaline reserve.

Exposure to CO5 leads to a modification of all DTG signals, as can be
seen in Fig. 4b, which corresponds to the analysis of the mortars at the
end of the experiment. As expected, all mortars experience a decrease in
the intensity of the portlandite signal as a consequence of its reaction
with COz. Proportionally, OPC and ICHU6 mortars present nearly the
same reduction in portlandite concentration with respect to the initial
one (about 60%, see Table 3). On the other hand, this reduction is
considerably greater for ICHU10 mortar, which is consistent with the
revealed carbonation depths shown in Fig. 2. As a product of the reac-
tion, calcium carbonate precipitates, which is also confirmed in the DTG
curves by the increase of the signal in the 500-750 °C range. According
to Table 3, the highest amount of calcium carbonate is produced in OPC
mortar, despite presenting the smallest carbonated area. This is because
this mortar possesses the largest initial amount of portlandite. Thus, the
amount of CaCO3 formed in ICHU6 mortar is considerably lower than
that of the OPC despite having similar carbonation depths, as its starting
portlandite reserve is smaller. In contrast, the amount of newly formed
calcium carbonate increases in the ICHU10 mortar for the opposite
reason: it contains a lower initial amount of portlandite susceptible to

Table 3
Mass loss between 50 and 300 °C, and concentration of portlandite and calcium
carbonate in mortars subjected to the accelerated carbonation test.

Mass loss 50-300 °C Portlandite content (%) CaCOj3 content (%)

0days 250 days 0days 250 days 0days 250 days
OPC 3.7 2.6 35 1.4 1.8 9.0
ICHU6 4.3 2.7 31 1.3 1.5 7.1
ICHU10 4.2 2.3 2.5 0.6 1.2 7.3

react with COg, but a larger area affected by carbonation.

In addition to the amount of CaCOgs formed, the shape of the DTG
peak itself is a matter of interest. A comparison between Fig. 4a and b
reveals that the mass loss of carbonates in Fig. 4b is extended towards
lower temperatures, giving rise to a broad secondary signal between 500
and 650 °C. This phenomenon is known to be associated with the for-
mation of poorly-crystalline CaCOs, which is in turn linked to the
carbonation of C-S-H gels, ettringite and/or AFm phases [63-67].
Indeed, it can be seen that the mass loss is considerably reduced in the
50-300 °C region of the carbonated mortars (see Table 3), and that both
the signals corresponding to the C-S-H gels and the AFm phases are
reduced. Although both phenomena (extension of the carbonate signal
at lower temperatures and reduction of mass loss in the 50-300 °C
range) are present in all three mortars under study, the effect is more
pronounced in ICHU10 mortar. This can be explained by the fact that the
lower availability of portlandite due to its consumption by the pozzo-
lanic reaction renders the remaining phases more susceptible to CO,
attack. This is of great consequence since the effect of carbonation on the
physical properties of materials depends to a large extent on the type of
phase affected by the exposure [68,69].

3.1.4. Effect of carbonation on the physical properties

Fig. 5a represents the variation of the bulk density of the mortars
with exposure time. ICHU6 and ICHU10 mortars experience a general
increase in bulk density when exposed to CO; action, which is particu-
larly pronounced in the first stage of the test (0-28 days). A slower and
subtler variation in bulk density is found for OPC mortar, ultimately also
tending to an overall gain. This is consistent with the carbonation re-
action of portlandite (slower in OPC mortar), which entails an increase
in the solid mass due to the uptake of CO2 from the environment, leading
to the precipitation of calcite, of higher molecular weight.

Carbonation of portlandite is also related to an increase in the vol-
ume of solids, and therefore it often leads to a decrease in the porosity of
carbonated cement-based materials [66,70,71]. According to Fig. 5b,
however, this decrease is not observed over the entire exposure period
for the mortars under study, as two distinct stages can be identified: i) an
initial phase in which the accessible porosity drops, likely associated
with portlandite carbonation, as it is initially the most susceptible phase
[66,68] and ii) a second phase in which the porosity rises.

Increased porosity is a common outcome at advanced carbonation
stages, which has been both observed by experimental results and pre-
dicted by thermodynamic calculations in the literature [63,69,72].
When portlandite availability is reduced, other phases such as ettringite,
AFm phases or C-S-H gels are typically affected by CO, exposure. In
addition to calcite, the carbonation of ettringite leads to the precipita-
tion of gypsum and amorphous alumina, causing a decrease in volume
[73-75]. In the case of C-S—H carbonation, a similar situation occurs, as
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Fig. 5. Variation over time of a) bulk density and b) accessible porosity of the mortars subjected to the accelerated carbonation test.

they initially decalcify generating lower Ca/Si ratio gels and then
decarbonate in conjunction with carboaluminates, yielding stratlingite,
but upon severe carbonation, they degrade to amorphous silica [68,72,
76,77]. As seen previously in Fig. 4b, all mortars experience the
carbonation of ettringite, monocarboaluminate and/or C-S-H gels at the
end of the experiment, and therefore the existence of the second stage at
advanced ages of exposure in Fig. 5a, in which porosity is increased,
would be justified by this effect.

The timing at which the increase in porosity occurs is also of interest:
whereas OPC and ICHU6 mortars behave almost in a parallel way,
showing only an increase in accessible porosity at the end of the
experiment (250 days), this change occurs much earlier for ICHU10
mortar, becoming already evident in the 130-day carbonated sample.
This delay in the onset of porosity increase is indicative of the pre-
dominance of the carbonation of components different from portlandite
in ICHU10 mortar. As CO; reacts preferentially with portlandite, the
mortars with higher portlandite reserves (OPC and ICHU6) offer better
protection of the phases whose carbonation has a more detrimental ef-
fect on the physical properties of the mortars, which would explain their
longer delay in the accessible porosity increase. For this reason, the
increase in porosity during carbonation is a phenomenon that is not
uncommon in cements containing SCMs [66,70,72].

Regarding the mechanical properties, all mortars subjected to the
action of CO, experienced an overall increase in compressive strength,
as shown in Fig. 6. In the case of OPC mortar, this gain in strength is not
discernible until the end of the experiment, as the only statistically
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Fig. 6. Evolution of compressive strength over time of the specimens exposed
to the accelerated carbonation test.

significant variation in compressive strength with respect to the starting
value (exposure time = 0) is obtained at 250 days of exposure [ANOVA,
F(4,10) = 28.484, p < 0.001; Tukey HSD, p = 0.001], where an increase
of 20% is observed. Conversely, the gain in strength is already statisti-
cally relevant at early stages (28 days) for the ichu-blended mortars
[ICHU6: ANOVA, F(4,10) = 27.637, p < 0.001; Tukey HSD, p = 0.012/
ICHU10: ANOVA, F(4,10) = 32.048, p < 0.001; Tukey HSD, p = 0.007].
Compressive strength remains constant thereafter, resulting in no
further statistically significant variation until 250 days of exposure,
where an increase of 24% and 37% can be observed, respectively, for
ICHU6 [Tukey HSD, p = 0.001] and ICHU10 [Tukey HSD, p = 0.028]
mortars. Thus, as the exposure time progresses, the loss of mechanical
strength due to the addition of ichu ash is reduced, particularly for
ICHU10 mortar, whose loss of mechanical strength relative to OPC
mortar descends from 24% at the beginning of the experiment to 12% at
the end of the exposure. Accordingly, in terms of mechanical perfor-
mance, the ichu-blended specimens benefit from the effect of carbon-
ation. It should also be noted that the evolution of the compressive
strength follows a trend that resembles that observed for the bulk den-
sity, which is to be expected, due to the gain in solid volume from
carbonation [77,78].

The results obtained indicate that the mortars containing ichu ash
exhibit a behaviour with respect to carbonation that is in line with the
performance typically found for pozzolans in general, and in particular
for those derived from vegetable ashes. Therefore, it is to be expected
that ichu ash blended mortars will display the same limitations in terms
of applications involving steel reinforcement in environments where
corrosion is likely to occur (XC1-XC4 exposure classes), for which only
low replacement levels could be admissible. Conversely, these new
materials could be suitable for uses where reinforcement is not required
or where the risk of corrosion is low, as carbonation was found to have
no negative effect on their physical properties and even improved them
in some aspects. In any case, it is important to note that the findings were
obtained by an accelerated carbonation method. Natural carbonation
tests, reflecting the actual conditions of use, should therefore be carried
out before real applications are taken into consideration. Moreover,
considering that the most efficient use of this resource in economic,
social and environmental terms would be local exploitation, the selected
study conditions should reflect the climate of the regions where ichu
grass can be harvested. This is of paramount importance as temperature
and, especially, humidity conditions can have dramatic consequences on
carbonation, particularly for pozzolanic materials, which promote the
refinement of the porous structure and, therefore, favour its saturation
with water under the appropriate conditions, thus potentially prevent-
ing the advance of carbonation.



L. Caneda-Martinez et al.

3.2. Chloride resistance

3.2.1. Chloride mapping and profiling

The spatial distribution of the chloride ions in the mortars, arising
from their diffusion during the ponding test, was qualitatively observed
by pXRF mapping at the end of the experiment. The results, shown in
Fig. 7, reveal that chloride ion ingress occurs faster in the OPC mortar
than in those including ichu ash as pozzolan, thus reaching greater
penetration depths. In contrast, ICHU6 and ICHU10 mortars (which
behave similarly) favour the accumulation of chloride ions in the upper
strata, delaying their advance.

Fig. 8 presents the average chloride profiles for each type of mortar
under study. As can be seen, only minor differences are perceived be-
tween the addition of ichu ash at 6% and 10% replacement levels,
yielding nearly equivalent chloride profiles. Compared to that of OPC
mortar, ICHU6 and ICHU10 mortars exhibit a steeper profile, where
chloride ions reach shallower depths (their concentration is practically
nil after 10 mm depth), yet they accumulate more in the near-surface
layers. Consequently, the results are consistent with the elemental
maps previously seen in Fig. 7, verifying that the addition of ichu ash has
the effect of hindering the advance of chloride ions.

To quantify the extent of the delay in the chloride ingress provoked
by the pozzolan, the non-steady state diffusion coefficient (Dpss) was
calculated by adjusting the experimental chloride profiles to equation
(1). An excellent fit was achieved, as evidenced by the R? values given in
Table 4, where the best-fit parameters are also reported. No statistical
difference was found for the values found for mortars ICHU6 and
ICHU10 (ANOVA F(2,6) = 48.433, p < 0.001; Tukey HSD, p = 0.900),
for which a reduction of approximately 60% in the diffusion coefficient
was obtained with respect to that of OPC mortar, and an increase in the
accumulation of chloride ions on the surface by ca. 20%.

These findings are in agreement with the literature, in which it is
widely acknowledged that the use of supplementary cementitious ma-
terials (including some vegetable ashes such as rice husk ash [51,
79-86], bagasse ash [80,87,88], palm oil fuel ash [89-91] or bamboo
leaf ash [92]) tends to reduce chloride permeability [90,93-96]. Ac-
cording to the literature, ichu ash seems to be more efficient in
decreasing the chloride diffusion coefficient than other common vege-
table ashes. More specifically, the use of rice husk ash and bagasse ash at
substitution levels equivalent to those in this study tends to result in
diffusion coefficients between 5 and 35% lower than those using con-
ventional portland cement [79,84,87,88], although Sousa et al. [81]
reported reductions of around 80% for the use of RHA at 10% substi-
tution level. However, it is important to be cautious when comparing
these results, as the values in the literature generally derive from
accelerated migration tests, rather than from natural diffusion studies,
as is the case in this article.

Regarding the means by which pozzolans tend to delay the progress
of chloride ions in cement-based matrices, they usually consist of an
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Fig. 7. Elemental maps for Cl in a) OPC, b) ICHU6 and c) ICHU10 mortars
(chloride ion ingress from the top).
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Table 4
Best-fitting parameters obtained from adjusting chloride profiles to equation (1)
(uncertainty expressed as + one standard deviation).

Dhss X 1078 (cm?/s) Cs (%) R?
oPC 7.1+0.6 0.361 + 0.01 0.985 =+ 0.003
ICHU6 2.9+0.6 0.42 + 0.07 0.971 + 0.009
ICHU10 2.9+0.7 0.44 + 0.08 0.985 =+ 0.012

increase in the chloride binding capacity of the cement paste and/or a
decrease in permeability [96,97]. Both aspects will be discussed in the
following sections.

3.2.2. Chloride binding
Fig. 9 depicts the differential thermogravimetric curves of samples
taken close to the exposed surface (at an average depth of 2 mm),
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Temperature (°C)

Fig. 9. Derivative of the mass loss curves of the samples taken from the upper
layers of the specimens subjected to the ponding test.
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collected at the end of the experiment. The curves resemble those of the
mortars unexposed to aggressive agents, previously seen in Fig. 4a.
Accordingly, all of them preserve the typical mass loss caused by the
dehydration of C-S-H gels and ettringite at 85 °C, the characteristic
portlandite peak between 400 °C and 450 °C - decreasing in intensity as
the percentage of substitution of ichu ash increases- and two mass losses
between 100 °C and 350 °C related to the AFm phases. The latter,
however, display significant shifts in position with respect to those
observed in the unexposed mortars. Firstly, the signal associated with
the loss of water from the interlayer in the AFm phases, previously
located at 140 °C in chloride-free mortars, is shifted towards lower
temperatures, being now positioned at 110 °C. Conversely, the broad
signal resulting from the dehydration of the octahedral layers in the AFm
phases varies from being centred at 260 °C to covering the 250-350 °C
temperature range. Both shifts are consistent with the reaction of chlo-
ride ions with carboaluminate-type phases to produce Friedel’s salt [63,
98,99]. Therefore, these results evidence the chemical binding of chlo-
ride ions in the upper strata of all the mortars under study.

Thermogravimetric analysis has proven to be an effective method for
quantifying Friedel’s salt in mortars and, consequently, for assessing its
chemical binding capacity [99,100]. Accordingly, the concentration of
Friedel’s salt (Cgs) was calculated applying equation (2), leading to the
results reported in Table 5. Apparently, these results do not reveal a
clear trend between the proportion of ichu ash added and the Friedel’s
salt formed, as the highest amounts of Friedel’s salt are obtained in the
ICHU6 mortar. It should be remembered, however, that the concentra-
tion of chloride ions accumulated in the superficial layers of the mortars
differs according to the type of cement used (see Fig. 8), which dictates
the extent to which Friedel’s salt is produced. Therefore, to obtain
comparable results, the amount of chloride ions retained as Friedel’s salt
(Ccl,rs) was calculated for each type of mortar using equation (3), which
was subsequently used to calculate their ratio with respect to the cor-
responding surface chloride concentration (Cs). The results obtained are
shown in Table 5, where it can be seen that, proportionally, the addition
of ichu ash tends to mitigate the retention of chlorides as Friedel’s salt.
This mitigation is very slight for the ICHU6 mortar, but more noticeable
for the ICHU10 mortar, in which a reduction of approximately one third
of the value observed for the OPC is reached.

These results are justifiable by the fact that the addition of a silicon-
based SCM, such as ichu ash, dilutes the amount of aluminium-rich
compounds in the cement, thus decreasing its potential for the precipi-
tation of AFm phases, including Friedel’s salt [101,102]. Nevertheless, it
should be highlighted that Friedel’s salt formation is not the only
binding mechanism for chloride ions in cement-based matrices, as they
can also be physically bound by being adsorbed in C-S-H gels. However,
it seems unlikely that the use of ichu ash could positively contribute to
chloride ion binding by this mechanism since chloride ion adsorption is
usually enhanced by high C/S ratios in C-S-H gels [101,103-105],
which would not be expected in this case due to the high silica content of
ichu ash. Both factors (reduction of the alumina content and the C/S
ratio in C-S-H gels) have been reported to be responsible for the decline
in chloride binding in other silica-rich pozzolans, like silica fume [101,
103,106].

Based on the results presented in this section, the improvement in the
resistance to chloride ions penetration observed with the addition of
ichu ash cannot be attributed to the effect of the pozzolan on chloride
binding, as it occurs in other similar SCMs, such as the aforementioned

Table 5
Concentration of Friedel’s salt and chemically bound chlorides at an average
depth of 2 mm.

Crs (%) Ceyps (%) Ceyrs/Cs
OPC 1.1 0.14 0.39
ICHU6 1.3 0.16 0.38
ICHU10 0.9 0.11 0.26
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silica fume.

3.2.3. Pore network characterisation

The pore network characteristics of the mortars were examined by
analysing samples taken from the unaffected area by mercury intrusion
porosimetry. The resulting pore distribution curves are shown in Fig. 10,
whereas Table 6 lists the measured porosity and average pore size of
each mortar. Similarly to what was observed in section 3.1.1 concerning
accessible porosity, OPC and ICHU6 mortars exhibit identical values of
MIP-measured porosity. Also following the aforementioned trend,
porosity increases for ICHU10 mortar (by approximately 3% in this case,
with respect to OPC and ICHU6 values). Regarding pore size, OPC and
ICHUG6 pore distribution curves present similar shapes, both peaking
around 0.1 pm at comparable intensities. ICHU6 distribution curve,
however, is slightly shifted towards smaller pore diameters, leading to a
decrease in the average pore size of ca. 30% compared to that of OPC.
This effect is more pronounced for ICHU10 mortar, where, in addition to
the shift of the curve towards smaller sizes, a significant decrease in the
proportion of pores around 0.1 pm is detected, accompanied by a large
increase in the proportion of pores below 0.05 pm. In addition, sub-
stantial growth in the proportion of larger pores (above 0.5 pm) can also
be found. In spite of this, the average pore size decreases even further
than for ICHU6 mortar, giving rise to a 43% reduction compared to OPC
mortar.

Macroporosity was further studied by computed axial tomography
(CAT) on 2.5 cm high samples taken from the exposed area of the
specimens, producing the results depicted in Figs. 11 and 12. A general
growth in the number of macropores can be seen as the substitution by
ichu ash becomes higher, reaching more than twice the number of pores
in the case of ICHU10 compared to OPC. Nevertheless, as found in the
MIP tests and as seen in Fig. 12a, even though there is a growing number
of pores, the proportion of larger pores decreases in favour of smaller
ones, particularly for ICHU10 mortar.

Both techniques (MIP and CT) confirm that, although porosity may
be enhanced, the addition of ichu ash results in further refinement and
increased complexity of the pore network. This is a common phenom-
enon in blended cements, triggered by the precipitation of secondary
hydration products derived from the pozzolanic reaction in the voids
originally generated by cement hydration, which is typically associated
with a decrease in the permeability and ionic diffusion of the material
[48,107]. Such an increase in the complexity of the microstructure is
considered to be one of the main causes of improved durability in
blended cements, particularly concerning the resistance to chloride ion
transport. In fact, some authors even consider that the refinement of the
pore network and its increase in tortuosity are the most influential
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Fig. 10. MIP pore size distribution of samples extracted from the unexposed
regions of the specimens subjected to the chloride ponding test.
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Table 6
Pore network properties of the unaffected region of the mortars, measured by
mercury intrusion porosimetry at the end of the experiment.

Porosity (%) Average pore size (pm)

OPC 11.9 0.067
ICHU6 11.9 0.046
ICHU10 12.3 0.038

parameters on the resistance to chloride diffusion, even above their
chloride binding capacity [100,108]. In this regard, it should be noted
that previous studies with ichu ash have shown not only that this kind of
pozzolan prompted the refinement of the microstructure of the blended
mortars, but also that it reduced their sorptivity and increased their
resistivity, evidencing lower pore connectivity, greater tortuosity of the
pore network and, in essence, lower permeability [36]. It must also be
pointed out that there is a well-known inverse relationship between
resistivity and chloride ion diffusion coefficients [109-112]. Consid-
ering that the aforementioned studies [36] showed significant increases
in resistivity due to the addition of ichu ash (up to 4 times higher than
that of OPC at 90 days of curing for ICHU10) it would be expected that
this parameter, and therefore pore size and connectivity, would be of
great relevance in the transport of chlorides for the mortars under study.
This is also in agreement with the literature on pozzolans derived from
vegetable ashes, where their enhanced resistance to chloride penetration
is frequently attributed to their effect on the microstructure, and it often
appears in conjunction with a reduction in sorptivity and an increase in
resistivity [80,81,84,85,87,90,91,113,114].

The modification of the pore network due to the precipitation of
Friedel’s salt crystals is another aspect that can alter the transport of
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chloride ions during the experiment. This effect was also studied by CT,
since crystallisation in larger pores is usually favoured [115-117], and
because this technique facilitates the study of the microstructure at
different depths. To perform the analysis, the samples were divided into
three regions: i) an outer region comprising the most exposed layers
(0-5 mm); ii) an intermediate region (5-15 mm); and iii) an internal
zone, marginally altered by the exposure (15-25 mm). The distribution
according to the number of pores, as well as the average pore volume, is
shown in Fig. 12b. Firstly, as previously seen in Fig. 12a, the addition of
ichu ash leads to a decrease in the proportion of larger pores in all the
layers, favouring the formation of finer pores and thereby inducing a
significant reduction in their average pore volume. A comparison of the
three layers in each mortar type reveals that all mortars feature a finer
pore distribution in the outer strata than in the inner ones, as expected
from the precipitation of chloride-containing phases. This behaviour,
however, differs slightly depending on the type of mortar. OPC mortar
exhibits a reduction in the average pore size in the superficial area of
approximately 15% with respect to that of the internal area, which also
spreads to the intermediate area (as expected, given that OPC is the
material where further advance of chlorides occurs), to a similar extent.
ICHU6 mortar shows a higher degree of refinement, in the order of 30%
in the average pore volume, although only observable in the outer layer.
Nevertheless, the largest decline in pore volume is found for ICHU10
mortar, with reductions of approximately 45% and 35% in the upper and
intermediate layers, respectively, compared to the core. The superior
degree of refinement in the upper strata of ICHU6 and ICHU10 mortars
could be explained by the enhanced accumulation of chloride ions close
to the surface in these specimens (see Table 5). In addition, a finer and
more complex initial microstructure could improve the efficiency of the

Fig. 11. Macropore distribution in a) OPC, b) ICHU6 and c) ICHU10 samples measured by CT scanning (chloride ion ingress from the top).
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additional refinement caused by the exposure to chloride ions.

In view of the results obtained, the greater delay in the advance of
chloride ions in the blended mortars mainly originates from the refine-
ment of their microstructure by the pozzolanic effect. Moreover, their
higher complexity and tortuosity cause blended mortars to become more
effectively further refined as chloride ions advance into the matrix and
crystallise to form compounds such as Friedel’s salt. This second type of
refinement, however, is limited by the chloride binding capacity of the
cement, which, as discussed in section 3.2.2, becomes more limited as
the ichu ash substitution level increases. This is probably why the
chloride diffusion coefficient of ICHU10 mortar is not significantly
higher than that of ICHU6 mortar, despite presenting a more complex
microstructure.

Consequently, ichu ash presents interesting properties in terms of
reducing the penetration of chloride ions in cement-based materials,
which is of great interest to prevent the corrosion of reinforcement in
chloride-rich environments. It should be noted, however, that even
though the rate of chloride diffusion is a key aspect in this matter, other
factors should also be taken into account. In particular, the critical
chloride content, above which steel corrosion begins, can also be
influenced by the addition of pozzolans. Pozzolans often negatively
affect this aspect by reducing the alkaline reserve, which frequently
results in a decrease in the critical chloride content [118-120]. How-
ever, it is difficult to make predictions for ichu ash, especially consid-
ering its high alkali content. It is, therefore, necessary to consider future
studies that include corrosion tests and critical chloride content
analyses.

4. Conclusions

The conclusions that can be drawn from this work can be summar-
ised as follows:

1. Mortars prepared by cements containing 6% and 10% of ichu ash
(ICHU6 and ICHU10) are distinguished by a larger volume of mac-
ropores, which leads to reduced density and mechanical strength
values. However, it also provides them with a more complex
microstructure, reducing the rate at which fluids penetrate the
mortars. This effect is more pronounced for ICHU10 mortars.

2. Regarding carbonation resistance, a reduction is observed with the
addition of ichu ash, leading to faster carbonation rates than that of
OPC mortar. Only a minor increase is detected for ICHU6 specimens,
but it becomes substantially higher for ICHU10 mortar. The reason
for this was found primarily in the reduction of the portlandite
reserve that takes place as the amount of ichu ash increases, a
common phenomenon among pozzolans. As a consequence, a
noticeable increase in the carbonation of ettringite, carboaluminates
and C-S-H gels is experienced by ICH10 mortars. Despite this, all
mortars under study exhibit an increase in their mechanical prop-
erties and bulk density.

3. The addition of ichu ash as a pozzolan has a significant positive effect
on the resistance to chloride penetration, as it reduces the non-steady
state diffusion coefficient by 60% with respect to OPC mortar, for
both ICHU6 and ICHU10 mortars. It was found that this improve-
ment is primarily related to the refinement of the pore network in
ichu-blended mortars, rather than to their chloride binding ability.

Hence, the utilisation of ichu ash as supplementary cementitious
material shows potential for the production of durable and sustainable
cement-based materials, although its implementation at replacement
percentages of 10% would be discouraged for those applications where
carbonation could be a concern (XC1-XC4 exposure classes). In any
event, further research is required to gain a deeper understanding of the
durable properties of this material, either by further exploring the du-
rable properties studied in this work (carbonation tests in natural en-
vironments, corrosion analysis, etc.) or by analysing other deterioration
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processes. In particular, studies related to the alkali-silica reaction
would be of special interest, as the combination of the high amorphous
silica and K5O contents of the ichu ash could be a potential source of
concern in this regard.
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