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Abstract: Malawi is one of the least-developed countries in Sub-Saharan Africa with disaster-prone
housing infrastructure characterized by poor construction materials. Therefore, there is a need to
provide resilient and cost-effective materials, such as limestone calcined clay cement (LC3). However,
the exploitation of LC3 in Malawi is limited due to a lack of mineralogical information about the
clays and limestone and related strength and durability when used as a cementitious material. In
this study, the strength and physico-chemical properties of LC3 systems with 50% and 40% clinker
contents (LC3-50 and LC3-40) were investigated. Cement mortar specimens were prepared at water
to cement (w/c) ratios of 0.45, 0.5, and 0.6 with varying calcined clay (CC) to limestone (CC/LS)
ratios (1:1, 2:1, and 3:1). The effects of CC/LS ratio on the fresh properties, strength, and durability
were investigated. The results showed that specimens with 40% Portland cement replacement levels
(LC3-40) exhibited higher standard consistency (up to 45%) than LC3-50, porosity in the range of
8.3-13.3%, and maximum water uptake in the range of 3.8-10.9%. On the other hand, LC3-50 samples
offered the highest strength of approximately 40 MPa, complying with requirements for pozzolanic
cementitious materials, whereas LC3-40 conforms to the strength requirements for masonry cements.
This work shows that LC3 systems can be manufactured with local clays and limestone available in
Malawi, and used as a sustainable construction material to mitigate carbon emissions as well as boost
the local economy.
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1. Introduction

Malawi is a developing country in Sub-Saharan Africa. It is situated within the East
Africa lift system where natural hazards such as tropical cyclones and earthquakes are
common. The prevailing poor socio-economic conditions in Malawi result in poor housing
infrastructure, especially in informal settlements [1]. Ordinary Portland Cement (OPC)
produced from clinker is commonly used in the Malawi construction industry. The records
show that annual cement consumption exceeds 370,000 tons [2]. The poor economic status
of the country forces the majority of locals to use mud mortar in place of cement, resulting
in weak housing infrastructure that is vulnerable to natural disasters. Statistics from
past earthquake events indicate that 4000 households were damaged mainly due to the
poor quality of the construction materials [1]. The report of the recent series of tropical
cyclones shows that more than 193,558 households were affected and 22,000 households
were completely damaged, a situation that called for an improvement in the housing
infrastructure in Malawi [3]. Whilst cement is expensive in Malawi, its properties improve
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infrastructures” durability and strength and it remains a vital construction material to build
resilient housing infrastructures.

For decades cement production has been a major contributor to the global carbon
footprint and initiatives have been recommended to reduce carbon dioxide (CO,) emission
and energy consumption in cement production in a quest to combat the impact of climate
change as stipulated in the UN Sustainable Development Goal 13 [4-6]. The incorporation
of supplementary cementitious materials (SCMs) as a partial replacement for OPC has been
shown to produce blended cements with better strength and durability performances than
conventional Portland cement [4,7,8]. It is reported that about 20% of SCMs such as fly ash,
natural pozzolana, ground granulated blast-furnace slag (GGBS), and limestone are used
as additives in cement. However, the quality of fly ash and the availability of GGBS are the
major drawbacks in their application for cement production [9]. Other notable alternatives
are geopolymers that have high prospects for carbon reduction and resource consumption,
however, their practical use is foreseen in the medium to long term [10,11]. Limestone
calcined clay cement (LC3) is the recent alternative, which is a ternary blended cement
based on the combination of Portland cement clinker with calcined clay and limestone. It
can be produced with low-grade clay and dolomite-rich limestone [7]. When kaolinitic
clays are calcined at temperatures in the range of 500-800 °C, metakaolin (MK) is obtained,
which exhibits excellent pozzolanic reactivity when combined with limestone filler [12-14].
The performance of LC3 is comparable to or better than ordinary Portland cement (OPC)
at a clinker factor of 0.5, making it a low-cost and environmentally friendly solution for
construction material.

In addition to its environmental benefits, LC3 systems have been shown to be eco-
nomically viable compared to conventional Portland cement. Joseph et al. performed
an economic analysis of the production of LC3 from raw materials locally sourced in In-
dia [15,16]. Results showed that LC3 concrete provides a more economical alternative to the
rising cost of fly ash, due to its transportation, and better-controlled mineralogical quality.
There is low production of fly ash in Malawi since the country does not depend on fossil
fuels for power generation, making LC3 production a cost-effective alternative to OPC and
other blended cements.

Other researchers studied the effects of limestone calcined clay pozzolana (LCCP) on
the engineering properties of mortar and concrete, focusing on variations in initial setting
times and compressive strength [17]. They concluded that the induction duration and
initial setting time of cement paste reduce with an increased cement replacement level.
Higher or similar compressive strength could be registered for all the LCCP blends as
compared to ordinary Portland cement. Although these results were insightful, it should
be acknowledged that the quality of clay and limestone has a bearing on the performance
of LC3 and might be even better for Malawian-based samples.

Ez-zaki et al. (2021) assessed factors that control fresh state properties of limestone-
calcined clay cement in comparison with Portland and binary cements, by combining
rheological measurements with setting time determination and the evaluation of plastic
shrinkage [18]. It was concluded that plastic shrinkage occurs from the mixing to the setting
of fresh paste and governs microstructural changes due to settlement and evaporation.
Several studies reported that low-grade clays with kaolinite content of about 40% may be
used for LC3 with good mechanical and durability performance of concrete [7,16,19,20].
On the other hand, other investigations concluded that calcined clays may increase water
demand due to the fineness and large specific surface area of the particles, owing to the
amorphous structure of kaolinite that results in a loss in workability [19,21].

The durability properties of cementitious materials are critical for the design of con-
crete structures. Durability issues of LC3 concrete such as porosity, carbonation, chloride
diffusion, and steel reinforcement corrosion have been pursued by various researchers.
Dhandapani et al. assessed the pore structure of concrete with LC3, OPC, and fly ash
cements using mercury intrusion porosimetry [22,23]. Compared to Portland cement-based
binders, it was observed that LC3-based materials offer a much-refined microstructure,
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further confirmed by low conductivity results. Khan et al. (2018) focused on address-
ing issues related to carbonation when calcined clay dosages of 15%, 30%, and 45% at a
calcined-clay-to-limestone ratio of 2:1 were used [21]. The results indicated that concrete
with LC3 and 15% dosage showed higher carbonation resistance than concrete with OPC.
Nguyen et al. (2020) [24] and Rengaraju et al. (2019) [25] evaluated the chloride diffusion
resistance of concrete with LC3 using three series of concrete batches. Two dosages with
15% and 20% of the cement were replaced by a mixture of calcined clay and limestone in a
ratio of 2:1. The results revealed that the use of LC3 in concrete significantly increases its
resistance to chloride diffusion and provides better protection of steel against corrosion.

Pillai et al. (2019) have reported concrete parameters such as chloride diffusion
coefficient, aging coefficient, and chloride threshold for cement mixtures containing OPC
and blends of OPC with pulverized fuel ash (PFA) or LC3 [26]. The parameters were used
to establish the service life of the two construction elements. The results showed that
construction with LC3 possesses longer service life with a much smaller carbon footprint.

Although the literature indicates the good performance of LC3-based cementitious
materials, there are variations in the properties of raw materials used for various studies.
The raw materials are mainly country-specific whose characteristics depend on the geo-
logical formations. It is anticipated that Malawian-based raw materials will produce LC3
systems with specific characteristics owing to the unique geological nature of the country.

There are significant quantities of natural raw materials such as limestone and kaoli-
nite clays to produce cost-effective and sustainable limestone calcined clay cement (LC3)
in Malawi [2]. The limestone and dolomite resources in Malawi are estimated to be over
800 million tons in the form of metamorphic marble in the southern region. The kaolinite
clay and gypsum are estimated to be over 14 million tons and 8000 tons, respectively, in
the central region. Irrespective of abundant resources, LC3 production in Malawi is not
yet explored due to the unavailability of substantive information about the characteristics
of clays and limestone, guidelines on LC3 system formulations, strength, and durability.
However, attempts have been made to characterize some clays and limestone in Malawi
for potential application in LC3 production [27]. It is therefore imperative to investigate
the properties of LC3 with mineral constituents sourced in Malawi in order to establish
a potential replacement of OPC to manufacture low-cost, sustainable, durable, and re-
silient construction. It should be acknowledged that the highest percentage of housing
stock in Malawi is unreinforced masonry with fired bricks [28]. LC3 is a potential binder
for soil-stabilized blocks that can replace fired bricks thereby promoting environmental
conservation. It is anticipated that LC3 production could foster the creation of small to
medium business enterprises in the mining sector, which is a pillar in Malawi’s Vision 2063
agenda [29].

In this study, the strength and physico-chemical properties of LC3 blends with raw
materials sourced in Malawi were investigated. The LC3 constituents were characterized
using thermogravimetric (TGA), X-ray fluorescence (XRF), and X-ray diffraction (XRD)
analyses. Two types of ternary cement systems namely, LC3-50 (50% clinker content) and
LC3-40 (40% clinker content) were investigated. The fresh properties were determined by
standard consistency and setting time tests. The strength at 28 days strength was measured
at varying calcined clay-to-limestone and water-to-cement ratios. Finally, the porosity of
the better-performing LC3 system was determined and a strength-porosity relationship
was established.

2. Materials and Methods
2.1. Materials

The raw materials for manufacturing LC3 systems were clay, limestone, clinker,
and gypsum. The clay soil was sampled from Lithipe in Central Malawi, (—14.172479,
34.114961). Limestone was obtained from the mining site in Balaka, Southern Malawi
(—15.042424, 35.050234). The map showing the location of the raw materials source is
shown in Figure 1. Clinker was obtained from a local Lafarge cement manufacturing
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distributor in Blantyre, conforming to the international requirements for Portland ce-
ment. Natural gypsum was collected from the deposit in the Dowa district located in
Central Malawi.

Source of clay

Liongwe =

city Source of limestone

Cy
] Central region

] Southern region

Figure 1. Geographical locations of sampled clay and limestone in Malawi. Image adapted from
Maduekwe and de Vries (2019) [30].

2.2. Methods
2.2.1. Materials Preparation

Limestone, gypsum, and clinker were ground separately to produce a fine powder.
The clay soil was initially pulverized and sieved using a 75 um sieve. Only volumes finer
than 75 um were used for preparing LC3 systems. Calcined clay was produced using a
static calcination process, where a 50 g clay sample was heated at 800 °C in a mulffle furnace
for 30 min. The loss on ignition (L.O.I.) index and the mineralogical composition of LC3
constituents obtained by means of X-ray fluorescence (XRF) are shown in Table 1.

Table 1. XRF analysis of LC3 constituents and L.O.I. index.

Chemical Composition (Oxides, %)

Compound
Clinker Clay Calcined Clay Limestone Gypsum

Na,O 0.03 0.009 0.003 0.003 0.003
MgO 4.00 0.12 0.20 9.20 4.80
AlLO; 7.35 29.44 36.03 1.65 1.90
Si0, 34.07 48.15 46.71 6.45 1.50
P,0Os5 0.36 0.06 0.06 0.034 0.00
SO; 1.19 0.06 0.83 0.34 52.5
Cl 0.03 0.007 0.004 0.002 0.005
KO 0.65 0.3 0.35 0.05 0.01
CaO 52.17 0.44 0.71 47.26 32.01
TiO, 0.3 0.40 0.43 0.057 0.02
MnO 0.004 0.02 0.022 0.018 0.004
FepOs 2.58 29 3.35 0.61 0.07
LO.L 0 18.09 11.30 34.32 717

The limestone used sampled in Balaka (Malawi) contained a significant amount of
magnesium oxides (MgO) at 9.2%, which might affect the strength development of cement
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pastes due to the formation of brucite during hydration [31,32]. The calcination tempera-
ture and kaolinite content of clay were determined by means of TGA and XRD analyses,
respectively. The results are shown in Figure 2.
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Figure 2. (a) TGA profiles and (b) XRD patterns of raw clay and calcined clay.

The TGA results showed that dehydroxylation of kaolinite to metakaolin occurred in
the region of 400-600 °C with a weight loss of approximately 9%, indicating an initial kaoli-
nite content of 63%. The calcination temperature was therefore determined at 800 £ 10 °C
to ensure the full dehydroxylation of kaolinite, in agreement with previous studies [7,33].
The XRD patterns for the raw clay showed the presence of kaolinite as a dominant mineral
phase. The peak at around 12° 26 associated with kaolinite further confirmed high content
from TGA analysis, whilst no kaolinite phases are visible in the calcined clay pattern after
calcination.

Two ternary cement systems, LC3-50 and LC3-40, were prepared with a Portland
cement replacement at 50% and 40% by mass, respectively. For both systems, three series
were designed with varying calcined clay to limestone (CC/LS) ratios of, respectively, 1:1,
2:1, and 3:1. For each series, the water to cement (w/c) ratio was kept at 0.45, 0.5, and 0.6.
The gypsum content was chosen at 5% by mass in both series to ensure suitable mechanical
strength development [19]. The series mix designs are summarized in Table 2.

The workability of the cement systems, and the effect of the calcined clay content,
were measured by determining standard consistency, and initial and final setting times,
following the methodology reported in ASTM C187 and ASTM C191, respectively [34,35].
The paste for both initial and final setting times was prepared using the predetermined
normal consistency of each cement system.

2.2.2. Specimen Preparation for LC3 Mortars

Three mortar prismatic specimens for compressive strength and water absorption rate
were measurements were prepared in accordance with BS EN 196-1:2016 using standard
sand [36]. After mixing and casting, the specimens were kept in a temperature-controlled
environmental chamber at 21 °C and relative humidity of 90% for 24 h. Specimens were
then demolded and placed in a water-curing tank for 27 days. After curing, mortar prisms
from each cement system and series were air-dried and tested for mechanical strength
following the standard BS EN 196-1:2016 [36].

2.2.3. Pore Size Distribution and Electron Microscopy Imaging

Mercury Intrusion Porosimetry (MIP) was used to measure the pore size distribution
of the mortar samples cured for 28 days. Prior to MIP measurements, the hydration was
halted by isopropanol exchange for three days [37]. The pore diameters were measured in
the range between 0.65 mm and 0.003 um. A micromeritics AutoPore V9600 porosimeter
(Micromeritics Instrument Corporation, Norcross—GA, USA) was used. The pressure
applied by the porosimeter was in the range of 0—420 MPa with a constant contact angle
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of 140°. Scanning electron microscopy (SEM) imaging and chemical analysis was carried
out on selected samples using a Zeiss Sigma HD FEG-SEM (Zeiss, Oberkochen, Germany).
Secondary electron (SE) imaging and energy dispersive spectroscopy (EDS) X-ray analysis
was performed under high vacuum conditions with a beam energy of 20 kV, and a 60 um
diameter final aperture, with a resulting beam current of 1.5 nA.

Table 2. Mix design for LC3-50 and LC3-40 series, at varying calcined clay-to-limestone (CC/LS)
ratios by mass and water-to-cement (w/c) ratios by mass. The relative content (%wt.) of clinker,
calcined clay, limestone, and gypsum is also reported.

LC3-50
Calcined Clay to Clinker Calcined Clay Limestone Gypsum Water to Cement
Limestone (CC/LS) Ratio % % % % (w/c) Ratio
1:1 50.0 22.50 22.50 5.0 0.45
1:1 50.0 22.50 22.50 5.0 0.5
1:1 50.0 22.50 22.50 5.0 0.6
2:1 50.0 30.00 15.00 5.0 0.45
2:1 50.0 30.00 15.00 5.0 0.5
2:1 50.0 30.00 15.00 5.0 0.6
3:1 50.0 33.75 11.25 5.0 0.45
3:1 50.0 33.75 11.25 5.0 0.5
3:1 50.0 33.75 11.25 5.0 0.6
LC3-40
Calcined Clay to Clinker Calcined Clay Limestone Gypsum Water to Cement
Limestone (CC/LS) Ratio % % % % (w/c) Ratio
1:1 40.0 27.50 27.50 5.0 0.45
1:1 40.0 27.50 27.50 5.0 0.5
1:1 40.0 27.50 27.50 5.0 0.6
2:1 40.0 36.67 18.33 5.0 0.45
2:1 40.0 36.67 18.33 5.0 0.5
2:1 40.0 36.67 18.33 5.0 0.6
3:1 40.0 41.25 13.75 5.0 0.45
3:1 40.0 41.25 13.75 5.0 0.5
3:1 40.0 41.25 13.75 5.0 0.6

2.2.4. Specimen Preparation for Water Absorption Measurements

The specimens for water uptake characteristics were prepared in the same manner as
those prepared for the compression test in Section 2.2.2. From the water uptake test, two
properties were measured, namely the surface rate of water absorption and the saturation
water absorption. The specimens were initially oven dried for 24 h at 60 °C. The water
absorption rate of absorption was performed following the methodology outlined in ASTM
C1403-15 [38] by placing oven-dried specimens into contact with water and the capillary
absorption rate was measured after 2 h, 72 h, and 120 h.

3. Results and Discussions
3.1. Effect of Limestone on Calcined Clay Ratio Standard Consistency and Setting Time

The effects of the calcined clay to limestone (CC/LS) ratio on the standard consistency
of LC3-50 and LC3-40 are summarized in Figure 3.

The results showed that the standard consistency (%) of both LC3-50 and LC3-40
systems increased with an increasing CC/LS ratio. The standard consistency of LC3-50
varied between 37.5% and 42.5%, whilst LC3-40 ranged between 38.8% and 45%, with
consistency values increasingly proportional to the calcined clay content. In comparison,
LC3-40 exhibited a standard consistency of 1.9% higher than LC3-50. This is due to the
nature of calcined clay, mainly composed of amorphous metakaolin. Amorphous phases
provide a large surface area for water absorption due to their disordered arrangement
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of molecules that allows penetration and dissolution of the water. Therefore, the higher
the metakaolin content, the higher the quantity of water required to achieve cement paste
consistency [19,39]. The effect of the (CC/LS) ratio on the setting times is shown in Figure 4.
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Figure 4. Variation of setting times (a) Initial setting time (b) final setting time.

Initial and final setting times were reduced with an increase in calcined clay content in
both cement systems. LC3-50 showed delayed initial and final setting times compared to
LC3-40, with initial setting time varying between 210 min at 1:1 CC/LS ratio and 120 min
at 3:1 CC/LS ratio. On the other hand, the initial setting time for LC3-40 varied between
90 min at the 1:1 CC/LS ratio and 40 min at the 3:1 CC/LS ratio. An increase in clinker
factor in the cement system from 0.4 to 0.5 resulted in a delayed initial setting time by
two-fold. Final setting times showed similar trends with the values of LC3-50 ranging
between 336 min at 1:1 CC/LS ratio and 275 min at 3:1 CC/LS ratio. In the case of LC3-40,
the final setting time was recorded between 255 min at a 1:1 CC/LS ratio and 135 min at a
3:1 CC/LS ratio. The final setting times for LC3-50 and LC3-40 were reduced by 61 min and
120 min, respectively. Reducing the clinker factor from 0.5 to 0.4 resulted in an accelerated
setting time of almost 100 min. BS EN 197-1:2011 recommends initial setting times for
conventional cements (strength class 32.5 MPa) should be greater than 75 min, thus all
LC3-50 cement systems and LC3-40 at 1:1 CC/LS comply with the required setting time [40].
However, the reduction in setting time could be attributed to a high rate of hydration in the
presence of reactive metakaolin in calcined clay, leading to faster calcium silicate hydrates
(C-5-H) nucleation that resulted in a build-up of bridges between cement particles [18]. On
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the other hand, the delay in setting time with the reduced clinker factor could be attributed
to the modifications of the chemical equilibria of the cement in the presence of calcined
clay, coupled with lower hydration rate, thus retarding portlandite precipitation and the
subsequent setting [18,41,42].

3.2. Compressive Strength and SEM Images of LC3 Systems

The 28 day compressive strength of systems LC3-50 and LC3-40 at varying CC/LS
ratios at w/c ratios are shown in Figure 5.

50 50

2 20 N % 20 \ \\\ \
S s \\ 15-3\ s g5 § % \
Calcined CIay/Li;n:)stone :C/LS) ratio Calcined CIay/Lim(e;t)one (CCILS) ratio
.
8 10 §

Calcined Clay/Limestone (CC/LS) ratio

(©)

Figure 5. 28-day compressive strength of LC3-50 and LC3-40 at (a) 0.45 w/c ratio, (b) 0.5 w/c ratio
and (c) 0.6 w/c ratio.

The compressive strength reduced with an increase in calcined clay content for both
LC3-50 and LC3-40 at 0.45 w/c ratio. The maximum compressive strength values of LC3-50
were 36.8 MPa, 39.2 MPa, and 30.6 MPa for 0.45, 0.5, and 0.6 w/c ratio, respectively. For
LC3-40, the maximum strength values were 22.3 MPa, 31.9 MPa 29.1 MPa for 0.45, 0.5,
and 0.6 w/c ratios, respectively. The lowest strength (5.1 MPa at 0.45 w/c ratio and 3:1
CC/LS ratio) was attributed to the low workability of the cement mixture. Low compaction
of the fresh mortar resulted in an increase in the pore volume of hardened mortar and
ultimately low strength [43,44]. Additionally, the high calcined clay content and subse-
quent high pozzolanic reactivity resulted in reduced levels of dissolved portlandite in the
liquid phase, inhibiting the full hydration of metakaolin phases and, in turn, hindering the
final strength [45]. Segregation of aggregate in the cement mortar due to water in excess
of the amount required for hydration is also a possible cause of low-strength develop-
ment [44,46,47]. LC3-40 was expected to have lower strength than LC3-50 systems due to
the reduced initial amount of Portland cement clinker.
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According to BS EN 197-1:2011 [40] and BS EN 413-1:2011 [48] specifications, specimens
in series LC3-50 with CC/LS ratio of 1:1 complied with the strength requirements for
conventional Portland pozzolana cement (PPC) whilst LC3-40 series met the requirements
for masonry cement. Furthermore, samples in series LC3-50 with 0.5 w/ ¢ ratio also showed
the strength requirements for standard Portland cement for all CC/LS ratios. At a w/c ratio
of 0.6, for all CC/LS ratios, both LC3-50 and LC3-40 series complied with masonry cement
strength requirements. Based on the standard strength requirements for PPC, LC3-50 at
0.5 w/c ratios can potentially replace standard Portland cement [27].

3.3. Pore Size Distribution and SEM Images

Based on the strong performance, the pore size distribution of selected samples from
the LC3-50 system series was measured, and the results are shown in Figure 6.
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Figure 6. Pore size distribution of LC3-50 system at (a) 1:1 CC/L (b) 2:1 CC/L (c) 3:1 CC/L.

The cumulative pore volume ranges between approximately 0.08 and 0.13 mL/g for
all LC3-50 series. Samples at a w/c ratio of 0.6 showed the highest cumulative pore volume
for series at CC/LS ratios of 1:1 and 2:1. However, at the highest calcined clay content
(3:1 CC/LS) samples at a w/c ratio of 0.45 showed a higher cumulative pore volume,
suggesting that the water-to-cement ratio influences the hardened pore structure [49]. This
effect is in fact more evident in the pore size region of capillary pores; the higher the w/c
ratios for 1:1 CC/LS and 2:1 CC/LS, the larger the pores. All cumulative pore volume
curves present a generalized lognormal with sigmoidal distribution except for samples at a
w/c ratio of 0.45 with the highest clay content (3:1 CC/LS), which exhibits two inflection
points. This is indicative of two-phased volume intrusion; the first phase could be due to
an intrusion into the micro-cracks or air pockets at the sand-cement interfaces, whereas the
second phase could be attributed to intrusions into interconnected pores of the hydrated
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cement. The critical pore entry sizes at various w/c ratios and CC/LS ratios are shown in
Figure 7.
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Figure 7. Differential intruded volume for LC3-50 system at (a) 1:1 CC/LS (b) 2:1 CC/LS
(c) 3:1 CC/LS.

The bimodal differential intruded volume curves are shown for all mortar series in
the LC3-50 system. The curves indicate the coexistence of both coarse and fine pores in
the hardened mortar microstructure. The critical pore entry sizes range between 0.019 um
and 0.08 pm and the total porosity is between 2.6% and 10.6%, respectively. The values are
consistent with the findings reported in previous work [49-51].

The morphological images of LC3-50 that exhibited superior strength properties are
shown in Figure 8. The SEM images showed variations in the composition of elements
from different points of analysis. For site 1 (2:1 CC/LS series at w/c ratio of 0.45), the
three elements with relatively high percentages are O, Ca, and Si, suggesting the pres-
ence of calcium silicate hydrate (C-5-H) phases. For site 2 (2:1 CC/LS series at w/c ratio
of 0.5), the dominant elements (composition > 10%) are O, Si, C, and Ca indicating the
presence of C-S-H phases and carbo-aluminates. The latter contributes to space-filling,
thus reducing porosity, and resulting in enhanced overall strength. The positive effects
of carbo-aluminates precipitation on the mechanical properties have been reported else-
where [41,52,53], confirming the higher compressive strength exhibited by LC3-50 systems
ata 2:1 CC/LS ratio with w/c ratio of 0.5 (approximately 40 MPa). For site 3 (3:1 CC/LS
series at w/c ratio of 0.6), the dominant elements are O, Fe, Si, C, and Ca. The site is
considered to have intermixing of compounds, namely C-S-H, tetra-calcium ferrite (C4F)
and carbo-aluminates.
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Figure 8. Selected SEM images and chemical mapping for LC3-50 system series with the highest
strength. (a) 2:1 CC/LS ratio at w/c ratio of 0.45; (b) 2:1 CC/LS ratio at w/c ratio of 0.5; and (c) 2:1
CC/LS ratio at w/c ratio of 0.6.

The Bogue-Lerch strength values as reported in Beaudoin and Odler (2019) ranks tetra-
calcium alumino-ferrite (C4AF) phases as lowest during the early stages of hydration [54].
Hence, the lower strength exhibited by LC3-50 with 3:1 CC/LS at a w/c ratio of 0.6
(approximately 31 MPa) could be attributed to the formation of C4AF, counteracting the
strength-enhancing effects of carbo aluminates phases. The microstructural development
of LC3 systems from 21 randomly selected points of the cement mortar using SEM-EDS is
presented by the Si/Ca and Al/Ca ratios shown in Figure 9. The scatter of the composition
is relatively high, indicating a non-uniform consumption of silicate and alumina in calcium
aluminate silicate hydrate (C-A-5-H) phases and also greater inter-mixing of the aluminates
with the final product, as reported in literature [55,56].
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Figure 9. Si/Ca vs. Al/Ca scatter plot ratio values for LC3-50 samples with higher strength.

3.4. Relationship between Compressive Strength and Porosity

Several models have been proposed to predict the strength of the cement mortar as a
function of its porosity [57-61], summarize in Table 3.

Table 3. Prediction models of porous materials.

Model Equation Parameters Material
Balshin [57] oc=0,(1— p)b L oo, b Ceramic materials
Ryshkevitch [58] o = ogekp o,k Mortar containing Al,O3 and

ZI’OZ

Schiller [59] oc=nln (%) N Sulfate plasters
Hasselman [60] Tc=0,—cp 0o, C Refractory materials
Xudong-Chen modified N 2\ 105 2 Ordinary Portland cement
Zheng model [61] 7 =00 [(%) <1 - PS)} os Pes M mortar

1 g, is Strength at zero porosity, 2 p. is the percolation porosity at failure threshold.

The regression analysis of all LC3-50 system series irrespective of their w/c ratios
and CC/LS ratios were used in prediction models, and results are shown in Figure 10a. A
linear relationship between compressive strength and total porosity, obtained from MIP
measurements, has been found, with a coefficient of correlation of 0.66. This indicates that
the strength of the cementitious materials is influenced by porosity. The regression analysis
was then compared with the prediction models (Figure 10b). Whilst the measured strength
values vary considerably as opposed to the predicted ones, the models however were
developed for specific cementitious materials, and the effects of the water-cement ratio are
not incorporated in the model parameters. The strength is also dependent on other factors,
such as age, curing conditions, and mineralogical composition of the starting materials, as
demonstrated in the previous section. Therefore, adequately choosing model parameters
must be carefully considered for the prediction of the strength of cement-based materials.
However, the general trends are consistent for both predicted and measured values.
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Figure 10. Relationship between compressive strength and total porosity (a) for experimental data;
and (b) comparison with values obtained from strength prediction models.
3.5. Capillary Water Absorption
The capillary surface water absorption test was performed on selected specimens at a
w/cratio of 0.5, based on the compressive strength results. The results for both LC3 systems
(LC3-50 and LC3-40) are shown in Figure 11. Specimens exhibited a high initial water
absorption rate (0 to 60 min) for both LC3-50 and LC3-40 system series. After 24 h, LC3-50
samples with 1:1, 2:1, and 3:1 CC/LS ratios showed rates of surface water absorption of
66.07 g/100 cm?, 67.85 g/100 cm?, and 74.92 g/100 cm?, respectively.
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Figure 11. Surface water absorption rates of LC3 systems at (a) 1:1 CC/LS ratio (b) 2:1 CC/LS ratio
(c) 3:1 CC/LS ratio.

On the other hand, LC3-40 with 1:1, 2:1, and 3:1 CC /LS ratios indicated a rate of surface
water absorption after 24 h of 66.84 g/100 cm?, 75.93 g/100 cm?, and 80.23 g/100 cm?,
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respectively, slightly higher than specimens in LC3-50 series. The reduced water absorption
for LC3-50 specimens could be due to the higher rate of hydration, resulting in a refined
pore structure [62,63]. Conversely, an increased surface water absorption for samples with
the higher calcined clay content for both LC3 systems is attributed to a higher amount of
unreacted metakaolin; its large surface area favors water uptake [18,19]. The maximum
water uptake values (%) after 24 h for the two LC3 systems at a w/c ratio of 0.5 are shown
in Figure 12.

al mLC3-50 wLC3-40
10.7 10.9

-
N
T

-
o
T

Maximum water uptake (%)
oo

1:1 2:1 3:1
Calcined Clay/Limestone (CC/LS) ratio

Figure 12. Maximum water uptake at 24 h for the LC3-50 and LC3-40 systems at a w/c ratio of 0.5
and varying calcined clay/limestone (CC/LS) ratios.

Both LC3 systems showed similar values of maximum water uptake, approximately
an average of 4.0% and 10.5% for the LC3-50 and LC3-40 series, respectively. The higher
absorption for LC3-40 is proportional to the total porosity at critical pore entry sizes. Thus,
the higher water uptake is attributed to the combined effect of the high volume of pores,
otherwise filled with hydration products in the LC3-50 series, and the amorphous nature of
the unreacted metakaolin. Higher water uptake might also facilitate chloride transport in
cement mortar, a phenomenon that affects its long-term durability.

4. Conclusions

In this study, the strength and physico-chemical properties of LC3 systems in Malawi
were investigated. Cement mortar specimens were prepared at water-to-cement (w/c)
ratios of 0.45, 0.5, and 0.6 and calcined clay-to-limestone (CC/LS) ratios of 1:1, 2:1, and 3:1,
respectively. The effects of (CC/LS) ratios on standard consistency and setting time, and
the effects of w/c and CC/LS ratios on compressive strength and porosity were studied.
The results presented in this work allowed for the following conclusions to be drawn:

1.  Increasing the calcined clay to limestone ratio resulted in an increased standard
consistency of LC3-50 specimens, varying between 37.5% at 1:1 CC/LS ratio and
42.5% at 3:1 CC/LS ratio whilst for LC3-40 ranged between 38.75% at 1:1 CC/LS ratio
and 45% at 3:1 CC/LS ratio. This is attributed to an increased amount of amorphous
metakaolin in the clay-rich systems, implying that LC3-40 samples require more water
than LC3-50 to achieve suitable workability for maximum hydration.

2. LCB3-50 samples showed delayed initial and final setting times compared to those in
LC3-40. The lower clinker factor and high calcined clay content in the LC3 systems
are associated with accelerated setting time. Conversely, the presence of more reactive
phases such as metakaolin is responsible for the accelerated setting time.

3. Both LC3 systems complied with the strength requirements outlined in international
standards. LC3-50 samples with a CC/LS ratio of 2:1 can achieve strength values com-
parable with standard Portland Pozzolana Cement, whilst the strength of the LC3-40
system is comparable with one of the masonry cements. It is therefore recommended
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to use LC3-50 systems in order to realize a significant reduction in carbon footprint
with acceptable strength.

4. The critical pore entry sizes of LC3-50 systems at w/c of 0.45, 0.5, and 0.6 range
between 0.019 um and 0.08 um with total porosity values between 2.6% and 10.6%,
indicating a well-refined microstructure.

5. Specimens in the LC3-50 system with high calcined clay content (3:1 CC/LS ratio)
and low w/c ratio (0.45) exhibited a bimodal pore distribution due to the coexistence
of air pockets and hydrated cement compounds in the microstructure.

6. LC3-50 specimens showed values of maximum surface water absorption up to 60%
lower than LC3-40, in line with porosity measurements.

7. The LC3-50 series provides a better environmental performance; the amount of CO,
emission is expected to reduce by almost 50% owing to the reduced amount of clinker
required to produce LC3-50.

Based on the findings abovementioned, further work will be conducted on LC3-
50 systems, focusing on their microstructure development and heath of hydration, and
the influence of accelerated aging and damage on the mineralogical composition and
overall durability.
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