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Abstract: The aim of this study was to investigate the influence of fineness and heat-treatment on the
pozzolanic and engineering properties of volcanic ash. To this end, two different fineness levels of
volcanic ash, ultra-fine (VAF) and fine (VA), without and after heat treatment at different temperatures
(VA550, VA650, and VA750), were partially substituted for cement. In addition to the control (100%
cement), five binary mortar mixes, each containing 20% of the different types of volcanic ash (VAF and
VA; heat-treated and not), were prepared. First, X-ray fluorescence (XRF), X-ray powder diffraction
(XRD), particle size analysis, and modified Chappelle tests were used to characterize the material.
All mortar mixes were then tested for compressive strength development, water absorption, and
apparent porosity. Finally, the microstructure of each of the mixes was evaluated by performing XRD,
thermogravimetric analysis (TGA), and Fourier transform infrared spectroscopy (FTIR) analyses on
paste samples at 91 days post-formation. The XRD and Chappelle reactivity results revealed increased
pozzolanic reactivity with increasing volcanic ash fineness. In contrast, heat treatment adversely
affected the pozzolanic reactivity of the volcanic ash due to the formation of crystalline phases at
high temperatures. The mortars containing VAF20 (VAF, no heat, at 20%) showed slightly improved
compressive strength (69.6 MPa) than the control (68.1 MPa) and all other binary mixes (66.7, 63.5,
64.2, and 63.9 MPa for VA20, VA20-550, VA20-650, and VA20-750, respectively) at 91 days. The mortar
containing VAF20 demonstrated the lowest level of water absorption (9.3%) and apparent porosity
(19.1%) of all mixes, including the control. The XRD results for the paste samples show that both VA
and VAF showed the least intensity of portlandite phase, as compared to the control and other binary
mixes. TGA results also show that binary mixes of VA and VAF have a reduced amount of portlandite,
resulting in the densification of the mixes” microstructures. With the addition of VAF, there is a
significant shift in the FTIR band from 980 to 992 cm™~ !, which causes the formation of additional
C-5-H gels that lead to the densification of the paste matrix. These results demonstrate that VAF
exhibits high pozzolanic reactivity, making it suitable for use as a natural pozzolan that can partially
substitute cement in the production of strong, durable, and environmentally friendly concrete.

Keywords: volcanic ash; heat treatment; mortar; compressive strength; X-ray powder diffraction;
thermogravimetric analysis; Fourier transform infrared spectroscopy analysis
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1. Introduction

A significant amount of natural resources is consumed by buildings and infrastructure,
creating an ongoing sustainability challenge. Concrete is the second most consumed
material on the planet, after water. In 2006, it was estimated that about 25 billion tons of
concrete are produced annually worldwide [1-5]. The production of cement peaked in 2016
at 4 billion tons, which indicates the huge amount of greenhouse gases being released into
the atmosphere along with the enormous amount of water and aggregates that are utilized
in making concrete. Global cement production accounts for around 7% of total carbon
dioxide emissions. In order to produce 1000 kg of cement, 4-7 GJ of energy is required,
which releases 800-1000 kg of carbon dioxide gas into the atmosphere. CO, emissions
contribute to climate change and global warming [6-11]. The demand for low-carbon
concrete for climate change mitigation and adaptation increases daily.

In order to reduce the high energy demands and the increased carbon footprint,
researchers have suggested multiple techniques, such as carbon capturing and utiliza-
tion, clinker reduction, alternate fuel sources and modifications in cement manufacturing,
etc. [12-14]. It is most effective to replace clinker, the major source of CO, emissions in
cement production, with alternate materials that have pozzolanic properties or cementi-
tious properties. A wide range of pozzolans and auxiliary cementitious materials (SCM),
including fly ash, silica fume, electric arc furnace slag, rice husk ash, wheat straw ash
and natural pozzolans [15-22], etc., are used for cement substitution, which helps reduce
clinker production and emission of CO,. The impact of SCMs on the future cement industry
will be determined by many factors, including the availability of SCMs, their production
efficiency, and cost-effectiveness. Fly ash and slag production is currently estimated at 500
and 300 million tons, respectively [23]. Due to limited supplies, it is usually not possible to
reduce CO; emissions further with SCMs, such as ground granulated blast furnace slag or
fly ash from coal incineration [24] Therefore, there is an urgent need to investigate new ce-
ment substitutes to reduce the CO, emissions produced by the concrete industry. Naturally
occurring pozzolanic materials, such as volcanic ash, volcanic pumice, and calcined clay,
which are available in mass amounts, can be used as an alternative to meet the needs of the
concrete industry.

Construction in the Kingdom of Saudi Arabia (KSA) has gained pace during the last
two decades. KSA has one of the world’s highest per capita cement consumption rates,
with production estimated at 42.2 million tons in 2019 [25]. In order to meet the local
concrete industry’s needs, KSA imports a huge amount of SCMs, such as FA, GGBFS, and
SE. Recently, natural volcanic pozzolans found in Western KSA, have been identified as
a promising partial cement replacement material. A large portion of the basaltic flows in
the west of KSA formed millions of years ago. These areas are known as Harrat [26]. The
western part of Saudi Arabia is home to several big and small Harrats, spread out over
a vast area of km? [27]. Both Harrat Rahat and Kishb contain 644 and 163 scoria cones,
respectively [28,29]. A total of 327 scoria cones have been found in Harrat Khaybar, Ithnayn,
and Kura [30-32]. Scoria has lightweight particles of between 2 and 32 mm in size, with a
reddish or black appearance. Scientists have extensively studied the pozzolanic properties
of such deposits, finding that the vast majority of samples show pozzolanic activity. The
researchers concluded that scoria samples could possibly be used as cement substitutes in
concrete [33,34]. Volcanic ash from locally available natural sources can be used as a partial
substitute for Portland cement in the production of strong and durable concrete.

Several studies have been performed to investigate the role of natural volcanic ash on
the mechanical and microstructural properties of mortar and concrete [35-41] Researchers
have documented the significant technical benefits of partially substituting OPC with NP,
but they also noted that the early age strength (7 and 28 days) of concrete mixtures using
volcanic ash as a substitute for different percentages of cement in the cement mixtures, was
lower than that of control samples. In accordance with Moulfti et al. [35], finely pulverized
scoria passed through a 45 mm sieve with a 10% mass content has a compressive strength
comparable to control samples. Sabtan et al. [36] concluded that all samples from the
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Harrat region demonstrate pozzolanic behavior and meet Italian requirements. A study
by Khan et al. [37] reported that when 15% of natural pozzolans were substituted by
cement, the finely ground pozzolans had a lower compressive strength at all ages, as
compared to controls. According to Patil et al. [40], volcanic ash substitutions of up to 30%
of the mass of OPC led to increased vascularity and porosity of the cementitious matrix.
Fadala et al. [42] reported that a 10% substitution of volcanic ash in cement resulted in
a minor reduction in strength compared to control samples. Meanwhile, 20% and 30%
substitutions of volcanic ash in cement led to significant reductions in strength, at all
ages, as compared to control samples. Research studies have shown that volcanic ash
has low reactivity, which contributes to delays in the development of strength and other
durability characteristics. Therefore, it is imperative that volcanic ash be improved in
order to increase its reactivity and ultimately improve its strength and durability. Previous
research studies have demonstrated that natural pozzolans can be improved by utilizing
mechanical, chemical, and thermal techniques [43-49].

The aim of this study was to determine the influence of fineness and heat treatment
of volcanic ash used as a partial replacement for cement to produce a high-performance
sustainable mortar. Initially, the ground volcanic ash was passed through sieves No. 450
and 625 to obtain fine volcanic ash (VA) and ultra-fine volcanic ash (VAF). Then, VA was
exposed to different elevated temperatures (550, 650, and 750 °C) in a kiln to examine
the impact of heat treatment on the pozzolanic properties of VA. Chemical composition
analyses, using XRF analysis, particle size analysis, X-ray diffraction analysis (XRD), and
modified Chapelle reactivity was performed on both ground (VA, VAF) and heat-treated
volcanic ash (VA550, VA650, and VA750). In the second phase, mortar samples were
prepared for a control mix and five binary mixes containing 20% volcanic ash (VA, VAE,
VA550, VA650, and VA750) as a replacement for cement as shown in Figure 1. Mechanical
properties, such as compressive strength (7, 28, and 91 days), water absorption (WA), and
apparent porosity (AP) (91 days) were investigated for all of the mortar mixes. Finally,
a microstructural investigation of the mixes using XRD, TGA, and FTIR analyses was
conducted on the paste samples.

Volcanic eruption Mortar cubes

Figure 1. Schematic presentation of the use of volcanic ash for mortar cubes applications.

2. Materials and Methods
2.1. Materials

Ordinary Portland cement I corresponding to ASTM C150 Type I was used as the
major binding material [50]. The main binder material had a specific gravity of 3.15 g/cm?
and a Blaine fineness of 344 m?/kg. The volcanic ash used in this study was obtained
from the western part of the Kingdom of Saudi Arabia. Raw volcanic ash in aggregate
form was obtained from a quarry located at Harrat Rahat, Medina province, Saudi Arabia.
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The volcanic ash was ground and passed through sieves no. 450 and 625. Sieving was
performed to produce VA and VAF to evaluate the effect of fineness on its engineering
properties. The volcanic ash passed through sieve no. 450 (VA) was heated at three different
temperatures (550, 650, and 750 °C) in order to determine the effect of heat treatment on
the mechanical and microstructural properties (Figure 2). An electrical muffle furnace was
used to calcine fine volcanic ash (VA) at temperatures of 550 °C, 650 °C, and 750 °C for two
hours, and then to allow the ash to air-cool abruptly. The elemental composition of OPC
and volcanic ash can be found in Table 1.

Figure 2. The materials used in this study, in powder form: cement (C); fine volcanic ash (VA); ultra-
fine volcanic ash (VAF); and VA at 550 °C (VA550), VA at 650 °C (VA650), and VA at 750 °C (VA750).

Table 1. Physical and chemical composition of cement and volcanic ash.

C VA VAF
Physical Properties
Specific gravity (g/cm3) 3.15 2.64
Fineness (m2/ kg) _ }
(Blain) 344
Fineness (m?2/cc)
(Microtrac $3500) 0.5670 0.816 (<38 ) 1.194 (<20 p)
Chemical properties (oxides, % by weight)
SiO, 20.9 46.4
Al,O3 5.18 144
Fe; O3 3.04 12.8
(SIOZ + A1203 + Fe203) * - 73.6
CaO 63.9 8.80
MgO 1.65 8.30
Na,O 0.10 3.80
KO 0.52 1.90
SO3 2.61 0.80

LOI ** 2.51 2.80
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Table 1. Cont.

C VA VAF
Physical Properties
Compounds (%)
G5 52.1 -
G35 19.6 -
GA 8.17 -
C4AF 8.81 -

* ASTM C618-15; ** LOI = loss on ignition.

Figure 3 shows the particle size analysis curves using laser diffraction techniques for
C, VA, and VAEF. The particle size analysis indicates that both VA and VAF are finer than
the control, cement samples. X-ray diffraction analyses (Figure 4) were performed on the
raw sample of VA and again once it had been heated to three different temperatures (550,
650, and 750 °C) to investigate how heat treatment impacts the morphology and phases
of the samples. Commercially available desert sand was used as a fine aggregate with a
fineness modulus of 2.54 and met the standard code provisions esp. EN 196-1: 2016 and
ISO 679: 2009 [51,52]. According to ASTM C125, the fineness modulus should be between
2.3 and 3.1 [53].

100 I **W
—m—C (CS=0.567 - D el
901 —e—VA  =0816 oy it
—%—VAF  =1.194 = o
> 80 . i
- | 2lie
@ 70- ' X
m | */*./. /-l
n; ob ' o g
AN | / |
o 50 : oy S
/2
> | *x@ |
=  40- tor i
E B |
30 A %) |
g | /./. |
& ||
(&) <0 |./ d10 dso dso
10- /-/ W e, = o
/I | VAF 0.823 2.368 12.77
0-4---(: 1 !
0.1 1 10 100

Particle Size (microns)

Figure 3. Particle size distribution curves of cement, fine volcanic ash, and ultra-fine volcanic ash.
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Figure 4. XRD patterns of fine volcanic ash (VA) before and after heat treatment at different temperatures.

2.2. Mix Proportions and Test Methods
2.2.1. Mix Proportions

A total of 72 samples with different mix proportions were cast including the control
sample which contained 100% cement as a binder. The different mix proportions in Table 2
show that fine and ultra-fine (VA, VAF) and heat-treated (VA550, VA650, VA750) volcanic
ashes were used as a 20% replacement in cement to investigate its effects as a cement
substitute in mortar. A 20% substitution of volcanic ash (VA20, VAF20, VA20-550, VA20-650,
and VA20-750) along with 80% cement as a binder in terms of quantity, was used in this
study. Different mix IDs represent the composition of the constituent binders e.g., VA20
represents 80% of C and 20% of VA, whereas VA20-550 represents 80% of C and 20% of VA
exposed to 550 °C, etc. Compressive strength tests were conducted on 50 mm?3 samples after
curing for 7, 28, and 91 days. Water absorption capacity and porosity were simultaneously
calculated on 50 mm? samples after 91 days of curing. For all tests, three samples were
tested and an average was taken as the final result. The water to binder ratio in the mortar
was maintained in accordance with standard code provisions (ASTM C109) [54].

Table 2. Mixture proportions of mortar (w/cm = 0.40; cm:s = 1:1.36).

Batch Quantities (g) for Nine 50-mm> Mortar Specimens

Mix ID Water Cement VA VAF Sand
(w) (c) (s)
Control Mortar
(CM) 440 1100 0 0 1500
20% VA
(VA20) 440 880 220 0 1500
20% VAF
(VAF20) 440 880 0 220 1500
20% VAS550
(VA20-550) 440 880 220 0 1500
20% VA650
(VA20-650) 440 880 220 0 1500
20% VA750 440 880 220 0 1500

(VA20-750)
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2.2.2. Mixing and Testing for Compressive Strength of Mortar Cubes

A three-speed Hobart mixer was used to mix the constituents of mortar according to
ASTM C305 [55]. Initially, the binder and water were mixed for 30 s at a low speed. The
sand was then added while the mixing speed was kept constant. Then, the mixer speed was
increased to an intermediate level, and stirring continued for 30 s. The mixing was stopped
for 90 s and was then resumed at a medium speed for 60 s in the final stage. Total mixing
time for the whole process was 4 min, using the same Hobart mixer for each mixture. A
constant flow of between (15-115%) was maintained (ASTM C1467) for all mixes by adding
a naphthalene sulphonate-based superplasticizer. Based on the mixer’s capacity, mixing
was performed in order to cast twelve 50 mm? samples for each mix. Immediately after
mixing, casting took place. The fresh mortar was filled in two layers into a 50 mm?3 steel
mold which had been oiled on the inside. Roding was performed after each layer was
filled, in accordance with the ASTM C109 code [54]. To test compressive strength (7, 28,
and 91 days) and porosity and water absorption (91 days), 12 samples of each mix were
cast (Table 2). After casting, the samples were covered by plastic sheets to prevent any
loss of water. Samples were demolded after 24 h and kept in a water tank to cure until the
testing age.

The cured mortar cubes were taken from the curing tanks after completing the required
curing duration and were subsequently tested for compressive strength. Testing was
carried out in accordance with the relevant ASTM C109 codes. A universal testing machine
(UTM) was used for testing the mortar samples. The UTM had a capacity of 300 kN
and the rate of strain was maintained as 1 mm/min. A data logger was attached to the
transducers and strain gauges which recorded all the readings automatically. The peak
strength was calculated as the ratio of the maximum load at failure, to the area of the
sample (here 2500 mm?). Water absorption capacity and apparent porosity were calculated
as per ASTM C 948-81 [56]. For all testing, the average value of three samples was taken as
the final reading.

2.3. Modified Chappelle Test to Evalute the Reactivity of Pozzolanic Materials

The reactivity of pozzolans can be evaluated chemically by using a Chapelle activity
test. The test adhered to the NF P 18-531 standard, as follows Figure 5): 2 g of CaO was
mixed with 1 g of pozzolanic material, together with 250 mL of deionized water in an
Erlenmeyer flask. The flask was placed in a hot water bath with a shaker at 90 & 5 °C for
16 =+ 2 h. The solution was then cooled to room temperature; 250 mL of sucrose solution
(240 g/L) were added to the flasks and mixed for 15 min. The solution was then filtered
and 25 mL of the filtrate was tittered with 0.1 M HCl solution using phenolphthalein as
indicator. Chapelle activity was calculated by:

(28)(2)(2)Fc(v3ms — v2)

mg CaO per gram of material =
§ CaO per gram of pry—

)

my = grams of pozzolanic material; m3 = grams of CaO mixed with pozzolanic material;
my = grams of CaO in the blank test; v = milliliters of HCI 0.1M consumed by the sample
solution; v3 = milliliters of HC1 0.1 M consumed by the blank solution; F. = correction factor
of HC1 0.1 M standard solution.

2.4. Microstructure Analysis of Pastes Containing Pozzolanic Materials

The microstructural investigation, such as X-ray diffraction analysis, Fourier transform
infrared spectroscopy analysis, and thermogravimetric analysis was performed on the
cement pastes samples. A detailed description of each technique is discussed below.
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() (d)

Figure 5. Illustration of the several steps performed to determine Chappelle activity. (a) Samples and
blank placed in the water bath; (b) mixing after adding sucrose solution; (c) filtration of the samples;
and (d) The filtrated sample.

2.4.1. X-ray Diffraction (XRD) Analysis

The crystal structure of the samples was determined via Rigaku CuK« radiation using
a bench top Mini Flex X-ray diffraction (mini-XRD) instrument. The patterns were measured
from 20 = 5 up to 80° with a step size and scan speed of 0.02 and 2° per minute, separately.
XRD analysis was performed to determine the distinct phases prevalent in the VA paste
and to obtain an indication of the reactivity potential of the mixture. This technique was
required to understand the crystalline or pozzolanic behavior of the materials.

2.4.2. Thermogravimetric Analysis (TGA)

In addition, thermogravimetric analysis (TGA) was performed on the samples using a
Mettler Toledo instrument at a temperature ranging from 25 to 800 °C with a heating rate
of 10 °C min~!. All thermogravimetric experiments were conducted under air. Through
TGA, the distinct phases in cement paste were determined and the extent of pozzolanic
reaction was measured by measuring the consumption of the CH phase.

2.4.3. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

FTIR (Fourier transform infrared spectroscopy, Nicolet NEXUS-FTIR-670 spectrometer)
was used to identify vibrations. FTIR was performed using a sample (0.22 vol%) and KBr
(50 mg) mixed into a wafer and placed into a self-made cell. A spectrum was then recorded.
Cement paste samples were analyzed with FTIR in order to determine any changes in the
spectra which indicated that the mineralogical arrangement had changed.
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3. Results and Discussions
3.1. Material Characterisations by XRF and XRD Analysis

Table 1 shows the chemical composition of raw volcanic ash determined by XRF
analysis. Silica (5i0,), Alumina (Al,O3), Iron oxide (Fe;O3), Calcium oxide (CaO), and
Magnesia (MgO) are the major elements present in VA. In terms of weight content, silica
has the highest value (47.02 wt.%). The sum of SiO,, Al;,O3, and Fe,O; is around 70%,
which shows that VA fulfills the minimum requirements set by ASTM C618-15 [57] for
natural pozzolans.

The XRD analysis of the raw volcanic ash (VA, VAF) and the heat-treated volcanic ash
(VA550, VA650, and VA750) are shown in Figure 4. An XRD pattern of the raw volcanic
ash showed significant amounts of amorphous glass. Figure 4 shows a broad pozzolanic
hump of around 21° to 38° with few distinct crystalline peaks. The peaks in the volcanic
ash sample became sharper and more intense when heated at different temperatures.
Moreover, new crystal phases evolved, such as hematite, ilmenite, parasite, etc., which
changed the color of VA from black to deep red. Many factors could have contributed to
this transformation, including the recrystallization of minerals, oxidation of iron oxides,
and a transformation into hematite. By increasing the heating temperature, the peaks on
the XRD scale became sharper, indicating a further crystallization of hematite and other
minerals phases, which ultimately led to a decrease in the amorphous phases.

FTIR analysis (Figure 6) shows the infrared spectrum of the raw volcanic ash (VA,
VAF) and the heat-treated volcanic ash (VA550, VA650, and VA750). It is believed that the
bands located between 920 and 990 cm ! are caused by the stretching of the Si-O-Al bonds.
Quartz minerals possess a vibration mode of Si-O at 558 cm~!. Water molecules vibrate in
the O-H mode around 3324 cm ™! [58,59]. The IR bands show that the relative intensity of
the Si—-O-5i band is higher in the raw volcanic ash (VA) as compared to the heat-treated
volcanic ashes. The results further demonstrate that Si-O-Si for VA is more broad and wide
as compared to the heat-treated sample, which shows the availability of a high amount of
amorphous silica present in the sample. The results of this FTIR analysis are consistent
with the XRD analysis.

VA750
VA650
VA550
= VA [
$ \
3 3001
c
& |
€
a
c
o 922
— 1010

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber [cm]

Figure 6. FTIR intensities for untreated VA and heat-treated VA at 550, 650, and 750 °C.
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3.2. Chappelle Reactivity Test

Chapelle reactivity is used to measure the amount of CaO consumed by pozzolans; a
greater value of Chapelle reactivity indicates better pozzolanic reactivity of a given sample.
According to the test results presented in Table 3, the VAF sample demonstrated the highest
level of reactivity among the samples. These results indicate that the particle size of the
material can greatly affect its reactivity with CaO. In addition, both VA and VAF exhibited
better pozzolanic reactivity compared to the heat-treated VA (VA550, VA650, and VA750).
Furthermore, VA samples exposed to high temperatures (VA650 and VA750) showed the
lowest Chapelle reactivity values. The reduction in pozzolanic reactivity can be attributed
to the formation of crystalline phases at high temperatures. The Chappelle test results
are also in agreement with those from the XRD analysis and the other tests conducted in
this study.

Table 3. Chappelle test results of VA, VAF, and heat-treated VA550, VA650, and VA750 according to
NF P 18-531.

Materials Chappelle Activity (mg CaO/g Sample)
VA 821.51
VAF 844.32
VA550 808.75
VA650 792.80
VA750 800.29

3.3. Influence of Fineness and Heat-Treatment on Strength, Porosity, and Water Absorption

Figure 7 shows a comparison of the compressive strength test results of the control
mortar (CM) and the binary mortar containing 20% VAF, both before (VA20) and after heat
treatment at 550 °C (VA20-550), 650 °C (VA20-650), and 750 °C (VA20-750). As compared to
the control, the compressive strength of VA20 decreased at all ages. However, the intensity
of the strength reduction was significantly reduced at later ages, where a comparable
91-day strength was observed to that of CM. Moreover, due to increasing fineness, a slight
increase in strength was observed for VAF20 as compared to VA20. However, despite
increased fineness, the compressive strength of VAF20 remained lower than that of CM
at all ages, except at 91 days, where a slightly higher strength, as compared to CM, was
observed. An improved later age strength for both VA20 and VAF20 is attributed to the
delayed pozzolanic action of VA. Similar results were reported by other researchers where
the strength of mortar at early ages (7 or 28 days) was reduced due to adding 20% fly
ash or 20% waste glass sludge as a replacement of cement [34,60]. However, at later ages
(91 days), similar to the findings of the current study, a comparable strength to that of the
control mortar was observed in these studies. Unlike the positive influence of increased
fineness, the negative impact of heat treatment on strength was observed in all mortar mixes
(VA20-550, VA20-650, VA20-750), especially at later ages. For instance, the compressive
strength of mortar mixes containing heat-treated VA, slightly decreased as compared to
untreated VA at all ages (28 and 91 days), except at early ages (7 days). This decrease in the
strength of mortar containing the heat-treated VA is due to the transformation of the nature
of VA from amorphous to crystalline. However, at early ages, a slight rise in strength occurs
due to an improvement in the cementitious potential of VA following heat treatment. The
closeness of the strength test results, irrespective of aging, among all mortars containing
treated VA, demonstrates an insignificant effect of increasing heat treatment temperatures.
Therefore, the current results suggest that mechanical treatment of VA alone should be used
to obtain an optimized fineness and the best strength potential and that heat treatment
should not be used, to avoid compromising strength potentials.
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Compressive strength (MPa)
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Figure 7. Comparison of compressive strength development between control and mortar containing
VAF, and heat-treated and untreated VA.

Like compressive strength, very similar trends of water absorption and apparent
porosity were observed among all mortars (Figure 8), which indirectly validates the strength
results. For instance, a slight increase in WA and AP values was observed for VA20 as
compared to CM, while VAF20 exhibited lower values as compared to both CM and VA20
due to its decreased particle sizes, which ultimately would lead to better packing and filling
abilities along with improved pozzolanic action. Once again, a negative impact of heat
treatment was also observed for WA and AP among mortars containing heat-treated VA.
The results show that WA and AP values for mortars containing heated-treated VA were
higher as compared to mortar containing untreated VA or CM. This ultimately validates
the lower strength results of mortar having treated VA.

3.4. X-ray Diffraction of Cement Pastes Containing Pozzolanic Materials

Figure 9 shows the XRD analysis peak results for paste samples of control and binary
mixes containing 20% volcanic ashes (VA, VAF, VA550, VA650, and VA750) as a replacement
for cement. Pozzolans contain amorphous and glassy silica which forms calcium silicate
hydrate (CSH) when it reacts with portlandite (Ca(OH),). During the pozzolanic reaction,
the pozzolans combine with the portlandite phase in the cement matrix and produce
additional C-S5-H gels, which mainly contribute toward strength development. Therefore,
the depletion of the portlandite phase in cement paste can be used to determine the
pozzolanic potential of cement substitutes [61,62]. A comparison of the XRD patterns of
the cement pastes from the mixes was conducted for their peak Ca(OH); intensity, which
corresponded to 18.02° two-theta at 91 days, as shown in Figure 9.
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Figure 8. Comparison of (a) water absorption, (b) apparent porosity results between control, and
mortar containing VAF, and heat-treated and untreated VA after 91 days of standard curing.
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different volcanic ashes at 91 days.
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The intensity of Ca(OH); for the control sample is the highest among all other samples.
The high amount of cement present in the control samples led to hydration, resulting
in the formation of a significant amount of Ca(OH), in the samples. The XRD results
also demonstrate that the VAF samples showed the least amount of the portlandite phase
as compared to all other samples. This indicates that VAF possesses better pozzolanic
reactivity, due to the presence of amorphous silica, which consumes the portlandite phases
to form additional CSH phases. However, the cement paste samples containing heat-
treated volcanic ash (VA550, VA650, and VA750) had a high intensity of Ca(OH),, which is
indicative of low reactivity due to the formation of a crystalline phase at high temperatures.
Among all blended samples, the VA750 sample showed the highest level of Ca(OH),,
indicating the presence of a large number of crystalline phase.

3.5. Thermo Gravimetric Analysis (TGA) of Cement Pastes Containing Pozzolanic Materials

Thermogravimetric analysis was used to measure the amount of Ca(OH); in the
cement paste samples due to the weight loss that occurred between 400 °C and 500 °C after
thermal decomposition [63,64]. The thermogravimetric analysis was performed on the
paste samples, including control mixes (C) and the binary mixes (VA, VAF, VA550, VA650,
and VA750) at 91 days age, as shown in the Figure 10.
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Figure 10. TGA results for control mortar (CM) paste and pastes containing different volcanic ashes
at 91 days.

The TGA results shows that the control mix (CM) demonstrated the greatest amount
of portlandite (C—H), when compared to the other mixes. The binary mix with 20% VAFE,
recorded the least amount of portlandite phase among the mixes. This significant reduction
is attributed to the high reactivity of the very fine amorphous silica in the VAF sample,
causing greater consumption of the C-H phase to form additional C-5-H phases in the
paste matrix. Further, the VA sample also exhibits a better reduction of the portlandite (C-H)
phase, which is attributed to an amorphous silica present in the VA sample. However, the
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heat-treated samples (VA550, VA650, and VA750) exhibited a lower reduction of portlandite,
indicating low reactivity of these materials due to the development of a crystalline phase at
high temperatures.

3.6. Fourier Transform Infrared Spectroscopy (FTIR) Analysis of Cement Pastes Containing
Pozzolanic Materials

IR bands are visible at the same location in all paste samples, but at varying intensities,
as shown in Figure 11. This is primarily attributed to the formation of the C-S-H and C-H
phases. Si-O bonds in the C-S-H phase are responsible for the peaks between 900 cm ™!
and 1100 cm ™! [65]. The IR bands show that the relative intensity of the S5i-O band is
higher in VAF as compared to the other binary mixes and the control sample. The Si-O
band in the VAF samples is broad and shifts toward a high wavelength (992 cm~1!), which
indicates high silica polymerization, which is ultimately responsible for the maximum
number of high-density C-5-H phases. The formation of high-density C-5-H phases causes
densification of the micro and pore structure, resulting in better mechanical performance. In
addition, the VA sample showed a slight increase in the intensity of Si-O bands (984 cm™!)
as compared to the control sample, which is an indication of the low pozzolanic reactivity
of VA as compared to VAF. The heat-treated volcanic ashes (VA550, VA650, and VA750)
showed a decrease in the intensity of the Si-O band, which indicates poor pozzolanic
reactivity, which leads to the formation of low density C-S5-H phases and ultimately affect
its engineering performance.

VA20-750

Transmittance (A.U)

- ‘-.':n::i;;qh.

e

T T T T T T T

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber [cm]

Figure 11. FTIR intensities for control mortar (CM) paste and pastes containing different volcanic
ashes at 91 days.

In all the samples tested, the peak at 3645 cm ™! shows the presence of free OH groups,
indicating the existence of the portlandite phase [66]. The peak at 3645 cm ™! is wide and
more visible in the control sample. For the binary mixes, this peak became smaller which
indicates pozzolanic reactivity of the volcanic ashes by utilizing Ca(OH);. The portlandite
peak is very small for VA, and is especially so in the VAF sample, as compared to the
other blended samples, which show better reactivity of fine and ultra-fine volcanic ash,
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which ultimately lead to the formation of a more refined microstructure, resulting in better
mechanical performance.

4. Conclusions

The purpose of the current study was to evaluate the impact of fineness and heat
treatment on the performance of natural volcanic ash, used as a cement substitute to
produce a sustainable and high-performance mortar. Along with the control (100% cement),
five binary mixes of volcanic ash (VA, VAF, VA550, VA650, and VA750) were selected. The
effect of fineness and heat-treatment on the mechanical properties (compressive strengths,
WA, and AP) was examined. Furthermore, XRD, FTIR, and TGA analyses were conducted
to investigate the effect of volcanic ash on the microstructure of the cemented paste.

The results of this study led to the following conclusions:

e  The X-ray diffraction and Chapelle reactivity results indicate that pozzolanic reactivity
increases with fineness. Therefore, ultra-fine volcanic ash (VAF) showed highest value
of Chapelle reactivity due to the availability of very fine amorphous silica. Heat-treated
volcanic ashes (VA-550, VA-650 and VA-750), on the other hand, had comparatively
reduced pozzolanic reactivity due to the crystallization of the existing phases and the
formation of new crystalline phases, when exposed to high temperatures.

e Animprovement in compressive strength was observed in a mortar containing 20%
VAF (69.6 MPa) due to increasing the fineness of VA, as compared to CM (68.1 MPa),
especially at 91 days. The above results were validated by VAF20 being shown to have
the lowest WA (9.3%) and AP (19.1%) capacity at 91 days among all mixes. Moreover,
the negative impact of heat treatment on VA (at 550, 650, and 750 °C) was observed in
terms of strength. The strength of the mortar containing heat-treated VA was slightly
reduced (63.5, 64.2 and 63.9 MPa for VA20-550, VA20-650, and VA20-750, respectively)
as compared to the control (68.1 MPa) or untreated VA (66.7 MPa). This is attributed
to the change of the amorphous nature of the VA into crystalline, due to the heat
treatment. The current findings suggest that grinding VA to increase its fineness is the
most effective and viable approach to achieving optimal engineering performance.

e  X-ray diffraction analysis results on the paste samples showed that the binary mixes
with 20% VAF (VAF20) significantly reduced the intensity of calcium hydroxide due
to its better pozzolanic behavior as compared to the other mixes. This resulted in
the better pozzolanic reactivity of VAF in the paste matrix. The mixes having heat-
treated volcanic ashes (VA20-550, VA20-650, and VA20-750) showed high intensities
of portlandite peaks, which indicates that these volcanic ashes have low reactivity;
therefore, they do not significantly contribute to the improvement of micro and pore
structure. TGA analysis also showed that the portlandite phase is significantly reduced
in binary mixes containing fine and ultra-fine volcanic ashes (VA20 and VAF20), as
compared to the other mixes (including the control mix). This indicates the superior
pozzolanic property of the fine amorphous silica present in these samples. On the
other hand, heat-treated samples (VA20-550, VA20-650, and VA20-750) showed a high
amount of portlandite phase among all binary mixes, due to its low reactivity, as was
also shown by the XRD results and the results of the Chappelle reactivity test.

e FTIR analysis results showed a shift in the Si-O-Si band with the addition of fine
and heat-treated volcanic ashes in the binary mixes. This shift (980 to 992 cm ") was
more pronounced in the binary mix containing VAF, which indicates the presence of a
large number of high-density C-S-H phases, causing densification of the micro and
pore structure of the paste mix. In addition, the portlandite peaks (3640 cm™!) are
significantly reduced in VA20 and VAF20 mixes, as compared to other binary mixes,
which shows the superior reactivity of fine VA, that ultimately results in the formation
of more C-S-H phases, causing densification of paste matrix.
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