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This paper aims to evaluate the performance of masonry units manufactured in a
plant for the first-time using limestone calcined clay cement (LC3). Locally
available raw materials in Iraq were employed to produce the masonry blocks by
using an automated block maker in a local plant. In addition to the control ordinary
Portland cement (OPC) blocks, two types of LC3 masonry blocks were produced to
evaluate their performance. These two types were LC3 blocks made by replacing
25% and 50% of OPC with calcined clay and limestone, namely, LC3-75 and LC3-50
blocks, respectively. Following the production, the performance of the blocks was
assessed through compressive strength, absorption, and density tests. The results
showed that the values of compressive strength for LC3-75 and LC3-50 blocks, at
28 days, were 94% and 82% of OPC blocks, respectively. According to the

American Society for Testing and Materials, the compressive strength of LC3-75
blocks satisfied the requirements of loadbearing units, whereas that of LC3-50
blocks fulfilled the requirements of non-loadbearing units, in terms of compressive
strength and absorption. Compared with OPC blocks, the estimated reductions in
embodied carbon by utilizing LC3-75 and LC3-50 blocks were 18% and 36%, while
the reductions in mass were 0.9% and 1.7%, respectively.

© 2026 MIM Research Group. All rights reserved.

1. Introduction

Concrete blocks are among the most commonly used masonry units due to their ease of
manufacturing, affordability, durability, and many other benefits. Thus, they are utilized in
numerous applications such as bearing walls, partitions, fences, and other constructions. The
masonry unit is termed as a brick when its length, width, and height do not exceed 337.5 mm, 225
mm, and 112.5 mm, respectively, while it is called a block when any of these dimensions exceeds
the corresponding values [1]. Concrete blocks are generally produced as solid, cellular, or hollow
units [2, 3]. A hollow block has one or more voids, called cores or cells, that completely extend
through the full height of the unit [4] with a net cross-sectional area less than 75% of the gross area
in each plane parallel to the bearing surface [2]. Accordingly, a solid block has no voids, or has a
cross-sectional area equal to or greater than 75% of the gross area in each plane parallel to the
bearing surface [5]. Cellular blocks are units having one or more voids which do not penetrate their
full height [4]. Cellular units can be laid on a full bed mortar during the construction of the masonry
[6], preventing the waste of mortar, compared with hollow blocks in which mortar losses occur due
to dropping into open holes during the construction [7]. However, concrete blocks can also be
produced in other different shapes and dimensions depending on manufacturers and the standards
in a region. The modern concrete blocks are manufactured by casting their mixed components
(cement, aggregate, and water) by an automated block maker (vibro-compression machine).
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Due to the global urban development, massive quantities of cement are needed in the concrete
block industry worldwide. The huge quantities of produced cement result in large emissions of
carbon dioxide (CO2) [8], as manufacturing one ton of cement emits approximately one ton of CO>
[9], resulting in a negative impact on the global environment [10]. Additionally, the large
consumption of natural aggregate is another aspect in which the concrete blocks industry
contributes negatively to the planet. Therefore, researchers around the world have focused on
employing alternative materials in an attempt to make the masonry blocks ecologically friendly.
Accordingly, studies have examined various methods in the way of producing sustainable masonry
units with main aspects of partial or full replacements of aggregate, and/or partial or full
replacements of cement.

The replacement of aggregate by sustainable materials is one of the major approaches in producing
eco-friendly masonry units. In this approach, the substitution of different ratios of fine aggregate
by olive wood wastes was investigated to produce masonry blocks [11]. The results demonstrated
that the replacement ratios 25% and 50% leveled up the flexure strength of the blocks, compared
with the reference concrete blocks, whereas the compressive strength satisfied the requirements
of masonry non-loadbearing units according to ASTM. The performance of hollow blocks was also
evaluated by replacing a part of coarse aggregate with high density polyethylene (HDPE), low
density polyethylene (LDPE), and crumb rubber (CR) wastes [12]. The outputs indicated that HDPE
and LDPE concrete blocks satisfied the minimum requirements of compressive strength for
nonloadbearing masonry units according to ASTM specifications, while the CR concrete blocks
failed to give acceptable strength. Furthermore, experimental tests were carried out by [13] to
evaluate the suitability of replacing the fine aggregate in concrete blocks with quarry dust (the
waste of industrial stone crushing). The findings showed a comparable performance of the
proposed units with the conventional concrete loadbearing units, whereas the replacement ratio
of 30% led to better performance than the conventional loadbearing blocks. In addition, multiple
techniques were employed to develop energy efficient concrete hollow blocks by replacing
aggregate with various materials [14]. An expanded perlite (heated volcanic rock), an expanded
vermiculite (heated hydrated magnesium aluminum silicate), an expanded polystyrene (industrial
processed polystyrene), and a scoria (volcanic basalt rock) were used separately to substitute 30%
by weight of fine aggregate, 5% by weight of fine aggregate, 14% by volume of coarse aggregate,
and 100% of coarse aggregate, respectively. The results proved that all blocks satisfied the
requirements of compressive strength and absorption for non-loadbearing masonry units based on
ASTM, and could reduce 53% of energy consumption compared with the conventional blocks.

The partial replacement of cement is also an important approach which has been examined by
researchers around the world. Melted plastic wastes were utilized as a binder to produce masonry
blocks [15]. The wastes of high-density polyethylene (HDPE) and low-density polyethylene (LDPE)
were melted and mixed with a river sand with plastic to sand ratios of 1:1.5, 1:2, and 1:2.5. The
study revealed that the ratio of 1:1.5 of plastic (100% HDPE or 100% LDPE) was the best ratio to
achieve the optimal results of compressive strength and absorption. The authors recommended
using these blocks as non-loadbearing masonry units and to improve the process of melting and
manufacturing as a result of the higher cost of manufacturing compared with the commercial
blocks. Another researcher [16] evaluated the mechanical properties of eco-friendly hollow blocks
produced by replacing 10% of cement by fly ash, 20% by volume of aggregate by chipped PET bottle
wastes, and 40% by volume of aggregate by chipped wood wastes. In addition, Polyester fibers by-
products 30 mm- long were used as reinforcement for the block. The outputs revealed a reduction
in compressive strength and enhancement in tensile strength of the hollow blocks. The assessment
for the influence of replacing specific parts of cement and sand by wood ash and glass waste in
concrete blocks was carried out by [17]. The study found that the compressive strength of the block
enhanced for 15% and 10% replacement of cement and sand by wood ash and glass waste,
respectively. The challenge of this study was the availability of waste materials, especially the
wood ash to manufacture large quantity of masonry blocks. The partial replacement of cement was
also investigated by [18] to explore the performance of concrete blocks. A part of both the cement
and the fine aggregate were substituted with steel slag (by-product of steel manufacturing
industry). It was proven that incorporating 10% of steel slag as a binder and 35% as fine aggregate
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into block mixtures did not degrade the general performance of the blocks, whereas the flexure
strength increased compared with control mix except for the mix of substituting 10% of cement by
EAF-oxidizing slag.

To get benefits from the recycled materials, the researchers [19] designed a mix of agro-industrial
rejects, bio-briquette ash (BBA), and fly ash (FA) with alkaline activator solutions of sodium silicate
and sodium hydroxide to form a masonry block. It was concluded that BBA/FA of 1 and sodium
silicate to sodium hydroxide of 2 gives the maximum compressive strength (31 MPa) with
absorption of 1.5% and average density of 1841 kg/m3. A New technique was also presented by
[20] to produce masonry blocks made once with polypropylene (PP) and the second time with high
density polyethylene (HDPE) by using the rotational molding process (rotation and heating of the
polymer particles). The results showed that the performance of HDPE blocks is better than that of
PP blocks, and the authors concluded that HDPE blocks can be used in civil constructions provided
they pass the flammability test. An innovative mixture for developing masonry blocks based on a
combination of metakaolin with basalt, volcanic rock, powder is presented by [21]. The study
proved that the increase in basalt content significantly improved the compressive strength and
reduced the absorption, and that the ratio of 60:40 (metakaolin to basalt) provides the optimal
performance regarding the strength, durability and microstructure of the developed blocks.
Recently, a locally available pozzolana in Morocco was investigated to produce eco-friendly
compressed earth blocks [22]. Various percentages of pure pozzolana or in a combination with
conventional cement were examined as stabilizers for soil to evaluate the performance of the
proposed blocks. The study demonstrated that the natural pozzolana could be used as a potential
green stabilizer for compressed earth blocks in masonry constructions under low loads.

The earlier studies in the field of producing eco-friendly masonry units indicates that the proposed
approaches generally have shortcomings or limitations when used in practical application.
Regarding the alternative binders, there is a lack in worldwide availability of these binders which
makes a difficulty to sustain the process of cement replacement under the global massive demand
of the masonry components. When it concerns to the replacement of aggregate, despite the
generally positive outputs of this option, the shortage of some materials (such as plastic and wood
wastes) and the cost of supplying others may affect the continued productivity of masonry units by
using these materials. However, the environmental and cost assessments of employing such
alternative materials are necessary to determine the feasibility of using them.

This study focuses on the trend of replacing the conventional cement with a cementitious material
that is less carbon footprint to produce environmentally friendly masonry units. Due to its
promising features in terms of strength, economic, and environmental aspects, limestone calcined
clay cement (LC3), was selected in this study to be investigated in producing masonry units.
Limestone calcined clay cement (LC3) is a potential environmentally friendly cement as it decreases
carbon dioxide (CO2) emissions up to 40% by decreasing the clinker content and the fuel
consumption in the process of cement production [23, 24], and reducing costs due to the natural
availability of clay [25]. To obtain the calcined clay, the clay is thermally activated generally from
600 °C up to 900 °C in order to transfer its minerals from the inactive state to the amorphous
(active) phase [26]. LC3 is generally produced by mixing three main constituents; calcined clay,
limestone, and cement/clinker, with water, in an appropriate proportion. Gypsum can also be
added to LC3 components for the purpose of balancing the sulfate and maintaining the ettringite
formation by providing calcium [27]. In the last few years there has been a considerable interest
by researchers to investigate the properties and behavior of this modern substance. Previous
studies, e.g., [28-34], revealed that LC3 systems (paste, mortar, or concrete) exhibit a promising
performance in terms of strength and/or durability. Further, studies in LC3 field reported that the
strength of LC3 blends, made with calcined clay containing a kaolinite of 40% or more, may exceed
those made with ordinary Portland cement (OPC) [31, 35]. Since LC3 is a new construction material,
research in this field is still limited to investigating its characteristics without moving toward
assessing its performance when used in structural components such as masonry constructions. As
a result, there are no previous studies that have examined the properties of plant-scale masonry
units made with LC3 binder, nor even have investigated the possibility of manufacturing LC3-based
masonry units in practice. The only study that came close to this field was the attempt presented
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recently by [36] to simulate the manufacturing of LC3 units by producing specimens of hollow
blocks in the laboratory. The study has utilized LC3-50 and LC3-35 binders to investigate the
feasibility of producing low-carbon units. The results showed that the values of compressive
strength for LC3-based blocks satisfied ASTM specifications for non-loadbearing masonry units.
However, because LC3-based blocks were produced by hand in the laboratory, the study lacked
both a sufficient methodology for manufacturing them in practice, and the real performance of LC3-
based blocks. Therefore, there is a clear lack in the feasibility and applicability of LC3 blends in
producing a sustainable binder for manufacturing masonry units in practice.

This study is a part of series of experimental studies concerned with the production of
environmentally friendly LC3 binder and its applications in civil engineering practice. The
significance of this research stems from it being the first study to explore the production and
performance of plant-scale masonry units made with LC3 binder. Manufacturing the blocks in a
plant reveals the actual properties of the proposed material under factory conditions such as
pressing, molding, and transformation, in addition to post-manufacturing conditions.
Furthermore, this study presents the first attempt of producing LC3 blocks by using locally available
raw materials sourced from Iraq. This study contributes to closing the gap between the theory and
practice, and promote the idea of practical manufacturing for LC3 masonry units by using available
raw materials. In addition, it paves the way for further studies in other regions worldwide to focus
on producing LC3 blocks in markets. These outcomes will support the global sustainable
development and offer an economical solution to the increasing demand for masonry units due to
globally urban development. The objectives of this work include investigating the viability of
producing LC3 blocks by using automated block maker in a plant, and then to evaluate the
performance of the blocks through compressive strength, absorption, and density. The study is
driven by the need to supply ecological and economically feasible masonry units instead of the
existing OPC-based units which are manufactured worldwide in huge quantities, leading to
negative impact on the environment. The work was started by collecting the locally available raw
materials and preparing them to produce LC3 binder. Then blocks were manufactured in a nearby
plant to assess the applicability of molding this new material in vibro-compression machine.
Finally, the experimental tests were carried out on the block specimens to evaluate their
performance through the compressive strength, absorption, and density characteristics.

2. Materials and Methods
2.1 Materials

The raw materials utilized for producing LC3 binder were clay, limestone, and commercial cement,
which were utilized in a preceding study [37]. The clay was sourced from Ramadi in central Iraq,
while the limestone was taken from Mosul in northern Iraq, and the cement was an ordinary
Portland cement provided from Al-Mass factory in Iraq. The chemical compositions for the clay,
limestone, and cement have been measured previously by using x-ray fluorescence (XRF) test,
while the mineralogical composition for the clay has been evaluated by x-ray diffraction (XRD) test
[37], as illustrated in Table 1 and Table 2, respectively. The values of specific gravity for clay and
limestone were 2.61 and 2.66, respectively, while their particle size distribution curves are shown
in Fig. 1. The clay was a low-grade clay, with a zero-kaolinite content and a thermogravimetric
analysis (TGA) graph as shown in Fig. 2 [37]. Following [38, 39], the concept of strength activity
index (SAI), which represents the percentage ratio of LC3 to OPC values of compressive strength for
mortars, has been adopted to verify the clay activation [37]. As can be seen in Fig. 3, the ratios of
SAI for the clay used in this study have been varied with the change of calcination temperature,
verifying the clay activation. Although the clay was a low-grade with null kaolinite, it yielded a
successful activation and a promising strength for LC3 mortars [37]. The cement was (Type I)
ordinary Portland cement satisfied the Iraqi specifications [40], with a Blaine fineness over 250
m2/kg. The aggregate employed in producing the blocks was a mix of crushed gravel and a river
sand mined from Samarra, in central Iraq, with a physical property as given in Table 3. The sieve
analysis for the aggregate was performed according to ASTM C33 [41], with a distribution as
reported in Table 4. Tap water was used in both mixing and curing processes.
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Table 1. Chemical compositions (oxides) for the raw materials [37]

Oxides Clay (%) Limestone (%) Cement (%)
Ca0 24.2 50.8 60.1
Si0; 37.8 2.0 16.2

Al203 9.1 1.8 49

Fe,03 6.6 0.4 4.4
MgO 5.1 4.2 2.1
SO3 1.7 0.1 3.4
LOI 11.1 39.1 5.9

Table 2. Mineralogical composition for the clay [37]

Mineral Quartz Calcite Dolomite [llite Chlorite

Content (%) 455 28.7 10.9 8.2 5.3

Table 3. Physical properties for the aggregate

Property Value
Specific gravity 2.67
Water absorption 25%

Fineness modulus 3.6

Table 4. Sieve analysis for the aggregate

. . 9.5 4.75 2.36 1.18 0.6 0.3 0.15
Sieve size

mm mm mm mm mm mm mm

Passing 4004 849% 58 40% 30% 23% 8%
percentage

2.2 Preparation of LC3 Binder

The extracted clay and limestone were initially smoothed out by using a metal rod in order to
reduce the clumps to be suitable for the grinding machine. Then, the clay and limestone were
ground separately by using a grinding machine. The fineness was controlled by sieving the obtained
powders to achieve a particle size of 75 um (or passing through a 75 pm sieve). A static calcination
of 750 2C, with 10 2C/min heating rate, for 30 minutes residence time in a laboratory furnace was
adopted.

(a) (b)

Fig. 4. Ground raw materials for LC3 mixes (a) Calcined clay (b) limestone

The proportion 2:1 (two parts of calcined clay to a one part of limestone) was chosen to be added
to the cement, then the three ingredients were mixed drily in a drum mixer to obtain a homogenous
LC3 binder, and were finally sealed into airtight bags. The values of fineness, calcination
temperature, residence time, and proportions were taken from the previous study [37], which have
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been concluded after a thorough parametric study carried out on the same raw materials used in
the current work. Fig. 4 shows the calcined clay and limestone powders utilized in LC3 mixes in the
current study.

2.3 Block Mixtures

The design of block mixtures manufactured in a plant differs significantly from laboratory-based
design, as the plant conditions and parameters could not be controlled in the same way as they are
in the laboratory. The design of each batch of masonry units in a plant requires costly and excessive
tests [42] because it is affected by numerous factors, such as variation in moisture content of the
provided aggregate, changes in air temperature and humidity during the production, alteration in
compaction energy, consuming the production time, etc. Therefore, taking benefits from prior
experiences in block manufacturing as well as from the reported proportions in literature was a
helpful guidance in this work. It has been stated that the cement to aggregate ratios of 1:8 to 1:12
are typically used in block manufacturing [43], while the ratios 1:7, 1:9, and 1:11 are commonly
employed in the market of producing the structural masonry units [42]. Accordingly, the ratio 1:11
(1 binder portion to 11 aggregate portions) was adopted in this work, following [42, 43], especially
the manufacture plant was also programmed with this proportion. At this ratio, each cellular block
contained about 2 kg of binder. Regarding the water content of the mixes, there is no fixed water
content for all block mixes produced in the plant because it varies with the water content of
aggregate in a given supplied batch, Therefore, the water content of the mixes in this study was
designed after making trial mixes along with examining the quality of the produced blocks in the
plant, and reviewing the practical values that utilized in previous works [12, 42-45]. Accordingly,
the water-to-binder ratio (w/b) of 0.82, based on oven-dry aggregate, was adopted in this work.
This ratio led to a required water of 54 kg for each batch, based on 6.1% water content of moist
aggregate state at the time of mixing.

Three mixes were prepared to produce three main batches of cellular blocks (each batch has 60
blocks). This number of blocks was selected to cover the required units for conducting the required
experimental tests of this study and for further studies in this field. The first mix was the
conventional concrete blocks made with the ordinary Portland cement to act as a control mix,
identified as (OPC). The other two mixes were prepared by replacing 25% and 50% of cement by
limestone and calcined clay (with calcined clay to limestone ratio of 2:1), identified as (LC3-75) and
(LC3-50), respectively. The detailed proportions of the mixes are presented in Table 5.

Table 5. Proportions of the block mixes for the three batches (each batch produces 60 cellular
blocks)

Ingredients (kg)

Mix
Cement Calcined Clay Limestone Water Aggregate
OPC 120 0 0 54 1320
LC3-75 90 20 10 54 1320
LC3-50 60 40 20 54 1320
2.4 Block Geometry

The produced cellular blocks were stretcher-shaped masonry units which are commonly used in
Iraqi market. The nominal outside dimensions of the unit were 40 cm (length) x 20 cm (height) x
20 cm (thickness). The actual outside dimensions were 40 cm (length) x 19.5 cm (height) x 19.5
cm (thickness), representing the average dimensions of three specimens for each type, measured
according to ASTM C140 [46]. Each unit has two cores (cavities) closed at one end by a thin shell of
about 2 cm thickness, covering the entire area of the base. The closed end of the block has been
earlier designed by manufacturers mainly to facilitate laying mortar and reducing its wastage
during the construction. The average net cross-sectional area for the unit was calculated according
to ASTM (140 [46], by dividing the volume of the block’s solid material by the height of the block.
The volume of the block’s solid material was determined experimentally based on Archimedes
principle (the volume of submerged block is equal to the volume of displaced water). The value of
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block’s solid material for each type of blocks (OPC, LC3-75, and LC3-50 blocks) was taken as the
average value of three specimens for each type. The detailed dimensions of the unit are shown in
Fig. 5.
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(a)

Fig. 5. The geometry of the cellular block in this study (a) Top view, (b) 3D view (All
dimensions are in cm)

2.5 Block Production

The blocks were manufactured in the plant of Haj Muthanna, shown in Fig. 6, which is located in
Samarra. All the production parameters were fixed except the binder type, namely, OPC, LC3-75,
and LC3-50. The process of production for each batch was started by dry-mixing the aggregate with
the binder (OPC or LC3) in a rotary mixer, then water was added within about two minutes to the
dry mix while it was rotating to complete the wet mixing within additional two minutes. After that,
the fresh mix, which was in a uniform consistency for each type of units, was poured into conveyer
forklift, then transported to the automatic block maker. To ensure a uniform quality for all types of
units, the blocks were finally molded on a horizontal fair pavement by a combination of
compression hammering pressure and a vibration, as shown in Fig. 7(a). The compression pressure
of block maker machine was 28 kPa, with an average of 10 hammer strikes. The vibration was
applied by two vibrator motors (fixed at the upper punch and lower mold of the machine), each
one had a power of 3 hp, with 3000 rpm and 50 Hz frequency, applied for around 6 seconds.
Following the molding of blocks, a curing process was carried out after the hardening of blocks by
water spraying, as shown in Fig. 8, for 7 days (6 days in the plant and 1 day in the laboratory) to
maintain their moisture. The curing was carried out at air temperature ranging from 15 °C to 30
C, and a humidity of around 30%.

= — s

Fig. 6. The plant of Haj Muthanna for producing concrete blocks in Samarra

The seven-days curing time was adopted as it is the least curing period according to ACI 301-16
[47], and to be near to the practical curing period in the market which has been considered by [42].
At the age of six days, the blocks were collected and lifted successfully from the plant by a forklift
truck as shown in Fig. 7(b), then transported by a truck to the laboratory yard. A period of six days
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was chosen after ensuring visually that the produced units had acquired the appropriate strength,
as it was the first time of producing LC3 blocks.

(a) (b)

Fig. 8. Curing of manufactured blocks in the plant by water spraying

2.6 Experimental Tests

To provide a general assessment of LC3 cellular blocks, three key experimental tests; namely,
compressive strength, absorption, and density, were conducted for the produced blocks. Based on
ASTM C140 [46], compressive strength testing of the units was carried out at 3, 7, and 28 days to
investigate the strength and its growth for each type of blocks. As the 28-days compressive strength
is an essential factor for the strength of masonry units, three specimens were tested for each type
of units (OPC, LC3-75, and LC3-50). Furthermore, due to the limited number of LC3 units, two
specimens were tested at 7 days, for each type of units, and one specimen was tested at 3 days, for
L(C3-75, and LC3-50 units, while three specimens were tested for OPC units. The compressive
strength tests were conducted at 3 and 7 days to take a general insight about the strength
development at early ages. The blocks were prepared before conducting the compressive strength
test by removing protrusions from the upper and lower surfaces to ensure a uniform loading
distribution. Next, a capping by using a thick steel loading plate was carried out to distribute the
compression load uniformly on the entire area of the specimen. Prior to pressing, each block was
placed so that its cores (cavities) were directed vertically. The loading rate was implemented by
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applying an initial loading at any convenient rate, up to one-half of the expected maximum load,
then applying the remaining loading at a uniform speed for a duration of 1 to 2 minutes. The value
of compressive strength for each unit was calculated by dividing the maximum compressive load
by the net cross-sectional area of the unit. The net cross-sectional area of the unit was determined
according to ASTM C140 [46], by dividing the volume of the unit’s solid material by its height. The
volume of the block’s solid material was determined experimentally based on Archimedes principle
(the volume of submerged block is equal to the volume of displaced water). In addition, to compare
with Iraqi specifications [48], the values of compressive strength were also computed based on
loaded gross area for each specimen. The strength index, which represents the maximum
compressive strength of a given unit to that of OPC unit, was employed to evaluate LC3 blocks with
respect to OPC blocks. Fig. 9 shows a set of cellular blocks taken randomly from the units that were
tested for compressive strength at 3, 7, and 28 days. The compressive strength tests were
conducted using 2000 kN compression machine, as shown in Fig. 10, at the laboratories of
Department of Civil Engineering, University of Samarra.
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Fig. 10. Compressive strength test (a) OPC blocks (b) LC3-75 blocks (c) LC3-50 blocks
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The absorption was determined, after 28 days, by testing three specimens from each type of units
according to ASTM C642 [49]. Each selected specimen was dried in an oven at a temperature of 100
2C to 110 °C for at least 24 hours to compute its oven-dry mass (W,). Next, the specimen was
submerged in a water, for not less than 48 hours, the surface moisture removed before weighting
the specimen to obtain its saturated surface-dry mass (Ws). The absorption was finally calculated
by taking the percentage ratio of the difference between two masses (W; - Wy) divided by the oven-
dry mass (W,). The specimens used in absorption tests were also used to evaluate the oven-dry
density for the blocks in each type, after 28 days. According to ASTM C140 [46], the mass of each
submerged specimen (W;) was obtained from the previous absorption test. Next, the value of oven-
dry density was calculated by multiplying the density of water (1000 kg/m3) by the ratio of (W) to
(Ws - W), as stated by ASTM C140 [46]. Itis worth noting that the same specimens that were used
in evaluating the absorption and density were also used in the calculations of aforementioned net
cross-sectional area.

2.7 Estimation of Environmental Benefits

The calculations of the reductions in embodied carbon due to utilizing LC3 substances are beyond
the scope of this study. Precise information regarding the calcination outputs of clay and non-clay
minerals, the methods of extraction, transportation, grinding, calcination, and others, are all
necessary for conducting accurate environmental analysis for CO, emissions. However, the
preliminary reduction in embodied-carbon by using LC3 blocks could be estimated simply based on
the quantity of cement in a mixture, following the computations of CO; emissions that have been
reported in literature.

The value of embodied carbon due to producing LC3-75 and LC3-50 binders in this work were
estimated by computing the summations of the emitted CO; for the cement, calcined clay, and the
calcite after calcination. For the cement, the calculations were established on the basis that
producing one tonne of OPC releases about one tonne of CO; [9] [50]. Regarding calcined clay, the
computations were based on the assumption that manufacturing one tonne of calcined clay
liberates about 0.3 tonne of CO, emissions, which has been stated by [50]. Furthermore, CO;
emissions due to the presence of calcite in clay were also considered because calcite (CaCO3)
releases CO; due to decarbonization in calcination process between 600 2C and 800 2C [51]. The
emissions of calcite were computed based on its percentage in clay, provided that each one tonne
of calcite releases about 0.44 tonne of CO; emissions, due to the calcination of calcium carbonate
[52]. The overall emissions of LC3 binders were then compared with those liberated from OPC
binder to estimate the reductions in embodied carbon of utilizing LC3-75 and LC3-50 products in
this work.

3. Results and Discussion
3.1 Cross-Sectional Area, Density, and Absorption

The gross and net cross-sectional areas are basic parameters in computing the mechanical
properties for the masonry units. On the other hand, density gives an indication for the quality and
soundness of the masonry units, while absorption gives an indication of the performance and
durability [53-55] along with the bond strength of the units [8]. The average values of the physical
properties; gross (total) and net cross-sectional areas, dry density, and absorption for the
manufactured blocks in this work are illustrated in Table 6.

It can be seen from Table 6 that the percentage of the net cross-sectional area for all types of blocks
were less than 75%. This percentage puts the blocks closed to the classification of hollow masonry
units based on Canadian standard [2], which defines the hollow masonry unit as a unit with a net
cross-sectional area less than 75% of the gross area in each plane parallel to the bearing surface.
Table 6 also shows that the values of the dry density for LC3 blocks were slightly less than the value
of the dry density for OPC blocks, and they were decreased as the cement replacement increased.
The results indicated reductions value of 0.9% and 1.7% in density for LC3-75 and LC3-50 blocks,
respectively. The slight decrease in the density of LC3 blocks could be attributed to the larger
volume of micro voids in LC3 as opposed to OPC blends, as recorded by [34], lower density of
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calcined clay and limestone, and lesser development of hydration products, compared with
conventional cement [56]. Furthermore, the values of the density for both OPC and LC3 blocks were
identified as normal weight densities according to ASTM C90 [5], which classifies the value equals
or greater than 2000 kg/m3 as a normal weight density. It is worth noting that the decrease in
density for LC3 blocks led to slightly lighter weights for these blocks, compared to OPC blocks, as
shown in Table 5. The achieved reduction in the density for LC3 blocks has many benefits, including
lowering the weight of the masonry units, resulting in a lighter construction, compared with those
built with OPC units. Further, the lighter blocks make the handling and construction faster and
more comfortable for the workers in the site. In addition, light-weight blocks reduce the overall
cost and the emissions caused by trucks’ transportation.

Table 6. Average values for the computed physical properties of the blocks

Property Type of Block
OPC LC3-75 LC3-50
Length (mm) 400 400 400
Width (mm) 195 195 195
Height (mm) 195 195 195
Gross Area (mm2) 78000 78000 78000
Net Area (mm?2) 52596 52147 51720
Net Area / Gross Area (%) 67.4 66.9 66.3
Dry Density (kg/m3) 2162.5 2144.0 2126.4
Mass (kg) 22.18 21.80 21.45
Absorption% (COV) 5.88 (9.0%) 7.12 (2.6%) 7.72 (4.2%)
Absorption in kg/m3 (COV) 127.14 (9.0%) 152.73 (2.6%) 164.08 (4.2%)

Regarding the absorption, it is illustrated in Table 6 that the values of absorption for LC3 blocks
were higher than those for OPC blocks, and they were increased as the cement replacement
increased. The increase in absorption for LC3-75 and LC3-50 blocks were 21% and 31%, compared
to OPC blocks, respectively. Numerous earlier studies have revealed that LC3 systems exhibit lower
absorption characteristics compared with OPC systems due to the positive contribution of
pozzolanic and filler effects of LC3 blends [57] [58]. The increase in absorption values for LC3 blocks
could be attributed to the large surface area of unreacted calcined clay in LC3 blends, as reported
by [32], and/or to the low content of kaolinite in raw clay [59]. Therefore, for LC3 blocks in this
study, the recorded higher absorption could be linked mostly to the null content of kaolinite in the
clay utilized in developing LC3 binder, or might be related to other parameters, which need further
excessive investigations. However, the obtained values of absorption for both types of LC3 units
(7.12% and 7.72%) satisfied the Iraqi standard specifications for the grade A of loadbearing blocks,
which requires a maximum absorption ratio of 15% [48]. Additionally, the values of absorption
capacity for LC3-75 and LC3-50 blocks were 152.73 kg/m3 and 164.08 kg/m3, respectively. These
values conformed to the minimum requirements of ASTM C90 for the loadbearing masonry units
[5], which stipulates, for normal weight density, a maximum of 208 kg/m3 for three units and 240
kg/m3 for individual units.

3.2 Compressive Strength

The compressive strength is a crucial characteristic that can provide an indication for the
mechanical properties of the blocks [12], and develops a perception of its strength to support the
applied loads within the masonry. In the present work, the compressive strength experiments for
three groups of masonry units (OPC, LC3-75, and LC3-50 blocks) were conducted to examine the
ability of the proposed LC3 units to withstand loading compared with the conventional cement
blocks. The results of the compressive strength (C.S.), based on gross area calculations, along with
the values of strength index (S.I.) for the OPC, LC3-75, and LC3-50 blocks at 3, 7, and 28 days are
reported in Table 7, and represented graphically in Fig. 11. These values of compressive strength
were calculated based on gross cross-sectional area of the blocks (total loaded area), following the
Iraqi standards [48]. The values of the coefficient of variation (COV) are also presented in Table 7,
in which the abbreviation (N/A) is associated with a single tested specimen.
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As can be shown from Fig. 11 that the OPC blocks achieved the highest values of compressive
strength at all ages as LC3 blends were made with low grade calcined clay, which usually leads to
lower values of compressive strength due to the lower reactivity of calcined clay and limestone
compared with OPC [60], [33]. Additionally, it can be noticed from Fig. 11 that the growth of
compressive strength of LC3 systems, especially LC3-50, at early ages (3 and 7 days) was less than
OPC’s, but it boosted at later age (28 days). These results are aligned with previous studies [30],
[61], and they were attributed to the various proportions of tricalcium silicate (C3S) and dicalcium
silicate (C2S) components in OPC and LC3 mixes, which control the development of strength at early
and late ages, respectively [30]. The slow growth of compressive strength for LC3 systems with high
contents of CC and LS can be proven from the values of strength index for the blocks made with
LC3-50, which were 32% and 54% at 3 and 7 days, respectively, while the value was raised
significantly to 82% at 28 days, as illustrated in Table 7. It is important to note that although the
values of compressive strength at 3 and 7 days provide useful insights, the small number of tested
blocks at these early ages limits the generalization of these results. Therefore, these outputs can be
considered as preliminary observations, while larger number of specimens is recommended for
future works to validate these findings.

Table 7. Values of compressive strength (C.S.), based on gross area calculations, and strength
index (S.1.) for the blocks

Type of 3 days 7 days 28 days
Block C.S. (MPa) S.IL C.S. (MPa) S C.S. (MPa) S
(CoV) (Cov) (Cov)
6.28 6.80 9.86
p 1009 1009 1009
OPC (4.5%) 00% (2.6%) 00% (7.9%) 00%
4.63 6.18 9.29
3. 0 0 0
LC3-75 (N/A) 74% (10.0%) 91% (0.6%) 94%
2.02 3.69 8.06
3. 0 0 0
LC3-50 (N/A) 32% (N/A)* 54% (0.2%) 82%
* The result for one of the specimens was discarded due to technical error.
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Fig. 11. Compressive strength of the blocks, based on gross area calculations

Furthermore, it can be observed from the values of compressive strength in Table 7 that, at the age
of 28 days, the compressive strength of OPC blocks reached 9.86 MPa, while those of LC3-75 and
LC3-50 were 9.29 MPa and 8.06 MPa with remarkable strength index values of 94% and 82%,
respectively. These obtained values of compressive strength for both systems of LC3 blocks at 28
days satisfied the minimum requirements of the Iraqi standard specifications for the grade A of
loadbearing blocks, which stipulates a minimum average value of 7 MPa based on the total loading
area of the unit, provided that the value for each unit is not less than 6 MPa [48].
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It is noteworthy to point out that the value of strength index for LC3-50 block at 28 days (82%) was
higher than the strength index for LC3-50 mortar at 28 day (72%), which has been presented in
[37], by using the same characteristics of calcined clay and limestone and the same proportion (2:1
of CC to LS ratio). The increase in strength index could be attributed to the positive effect of the
compaction of block maker machine by applying both vibration and compression.

To compare with the requirements of ASTM C90 [5], the average values of compressive strength
for OPC, LC3-75, and LC3-50 blocks, based on net area calculations, at 28 days are illustrated in Table
8. In addition, the minimum recorded values of compressive strength for the specimens in each
type of blocks are also given in Table 8. According to these values, LC3-75 blocks reported a net
area compressive strength of 13.89 MPa, conforming to the minimum requirements for the
loadbearing units of ASTM C90, which obliges a minimum value of 13.8 MPa for three units and 12
MPa for individual units, based on net area calculations. On the other hand, the net area
compressive strength of LC3-50 was 12.15 MPa, which did not meet the minimum requirements for
the loadbearing units of ASTM C90 [5], but it satisfied the requirements of nonloadbearing units,
which stipulates a minimum average value of 4.14 MPa based on the net area of the unit, provided
that the value for each unit is not less than 3.45 MPa.

Table 8. Values of compressive strength, based on net area calculations, for the blocks

Type of Block Average Compressive Strength at 28 Minimum Recorded Compressive
days in MPa (COV) Strength at 28 days (MPa)
OPC 14.63 (7.9%) 13.27
LC3-75 13.89 (0.6%) 12.95
LC3-50 12.15 (0.2%) 11.44

3.3 Failure Modes

In order to deepen the understanding of behavior for LC3 blocks under compression and compare
it with those of OPC blocks, the failure modes under compression for the blocks were investigated.
The primary failure mode observed was the splitting of the units, characterized by vertical cracks
in the webs across all block types, as shown in Fig. 12.

(a) (b) (@
Fig. 12. Splitting failure mode in webs (a) OPC block (b) LC3-75 block (c¢) LC3-50 block

The splitting is caused by the lateral expansion of the unit during the compressive loading, which
induces horizontal tensile forces in the webs, leading to vertical cracks in the material which has a
poor tensile strength. This failure mode with its interpretation was also proven by previous studies
for concrete blocks within prisms under compression [62], [63]. In addition to web splitting, other
failure modes were recognized in the face shells of OPC and LC3 blocks, which were inclined cracks
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in the face shell, and vertical cracks at the connection between the central web and the face shell,
as shown in Fig. 13(a) and Fig. 13(b). The inclined cracks could be attributed to the combined
effects of the vertical compressive force and the tension induced due to the expansion of the unit,
while the vertical cracks could be linked to the high tensile stresses at the connection plane.
Furthermore, LC3-50 blocks showed inclined cracks and local spalls at the face shells, as shown in
Fig. 13(c) and Fig. 13(d). The local spalling of material could be related to the loss of bearing under
high compressive stress.

(c) (d)

Fig. 13. Failure modes (a) cracks in face shells of OPC block (b) cracks in face shells of LC3-50
block (c) cracks and spalling in face shells of LC3-50 block (d) spalling in face shells of LC3-50
block

3.4 Estimated Reductions in Embodied Carbon

Strength is not the only important consideration in the production of masonry units; the
environmental advantages are also crucial in order to lessen the ecological damage that the cement
industry causes, especially that the concrete units consume an extensive amount of cement. The
calculations of reductions in embodied carbon for using LC3 blocks of this study were carried out
by using simple estimations of CO; emissions limited to the quantities of OPC, calcined clay, and
calcite in block mixtures. The quantity of cement in LC3-50 binder was 50% of the total substance,
while clay formed two-thirds of the remaining 50%, as the ratio of calcined clay to limestone was
2:1. Similarly, the quantity of cement in LC3-75 binder was 75% of the total substance, while the
clay was formed two thirds of the remaining 25%. The emissions related to OPC and calcined clay
were calculated based on each one tonne of OPC liberates about one tonne of CO», and each one
tonne of calcined clay releases 0.3 tonne of CO;, respectively. The additional emissions caused by
the calcination of calcite were calculated by multiplying its content in mixture (28.7% of clay
content in a given mixture) by its approximated CO; emissions (0.44 tonne per 1 tonne of calcite).
The emissions due to the limestone were neglected because the limestone is utilized in LC3 systems
without calcination. Table 9 summarizes the values of CO, emissions and the achieved preliminary
reductions in embodied carbon by using LC3blocks. It can be seen from this table that the maximum
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estimated carbon reduction was 36% associated with utilizing the proposed LC3-50 blocks. As
stated before, LC3 could reduce CO; emissions up to 40% [23] [24]. For the clay employed in this
work, the presence of calcite with a considerable content increased CO; emissions for the clay, and
consequently decreased the embodied carbon reduction to 36%. This contribution of calcite in CO;
emissions has been proven by [51]. Regarding LC3-75 blocks, it can be noticed from Table 9 that
their higher cement content, compared with those of LC3-50, led to a half carbon reduction (18%)
compared with LC3-50 blocks.

The above-mentioned outputs, which represent preliminary embodied carbon estimates,
demonstrate the environmental benefits that can be achieved through the use of LC3-50 and LC3-
75 blocks manufactured in this work. According to United States Green Building Council (USGBC),
the sustainable (eco-friendly) design and construction can be defined as the practice which
eliminates or reduces the negative impact of the building on the environment and on the building’s
occupants as well [64]. Consequently, LC3-50 and LC3-75 blocks presented in this study could be
considered as eco-friendly masonry units because they are able to reduce the negative ecological
impacts resulted from CO; emissions, compared with the conventional OPC units.

Table 9. Estimated CO; emissions and reductions in embodied carbon for LC3 products in this
study

LC3 Product CO2 Emissions Reduction in Embodied Carbon
(per tonne of LC3) (compared with OPC)
LC3-50 blocks 0.64 tonne 36%
LC3-75 blocks 0.82 tonne 18%

4. Conclusions

This study examined the viability of employing limestone calcined clay cement (LC3) to produce
new eco-friendly blocks. The produced blocks were assessed through a number of essential
features, namely, the applicability of manufacturing LC3-based masonry units in a plant, by using
the block maker machine, compressive strength, density, and absorption. Based on the results of
this work, the following conclusions can be drawn:

e The production process of LC3-75 and LC3-50 cellular blocks in a market plant by using the
automated block maker machine proceeded successfully, similar to the manufacturing
process of conventional OPC blocks. Also, the produced LC3 blocks were collected and lifted
normally by a forklift truck after six days of casting.

e Locally available raw materials in Iraq, especially low-grade clay, can be used to manufacture
LC3 masonry units with a promising performance. The results of compressive strength and
absorption for the produced LC3-75 cellular blocks satisfied the corresponding values of
loadbearing units, while those of LC3-50 cellular blocks fulfilled the relevant values of
nonloadbearing walls. The compressive strength at 28 days of LC3-75 and LC3-50 blocks
achieved strength index values of 94% and 82%, compared with OPC blocks, respectively.
The achieved values of compressive strength satisfied the requirements of the Iraqi standard
specifications for the grade A of loadbearing blocks. In addition, by comparison with ASTM
standards, these values for LC3-75 blocks fulfilled the requirements of loadbearing masonry
units, while the values of LC3-50 blocks satisfied only the requirements of nonloadbearing
masonry units. Regarding the absorption, LC3-75 and LC3-50 blocks recorded an increase in
absorption of 21% and 31%, compared with OPC blocks, respectively. However, the reported
absorption values also satisfied the requirements of the Iraqi standard specifications for the
grade A of loadbearing blocks and the requirements of ASTM for loadbearing masonry units
as well.

e The produced LC3 blocks provided slightly lighter weights of masonry units, which can offer
many constructions, economic, and environmental benefits, compared with those
manufactured with the conventional cement. The values of density for LC3-75 and LC3-50
blocks reported 2144 kg/m3 and 2126 kg/m3, with reductions of 0.9% and 1.7%,
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respectively, compared with OPC blocks. According to ASTM standards, these blocks are
considered as normal weight masonry units.

e The manufactured LC3 blocks could be considered as low-carbon masonry units because their
preliminary reductions in embodied carbon were 18% and 36% for LC3-75 and LC3-50 units,
respectively, compared with the commercial cement units.

5. Limitations of Study

While the experimental work of this study provides significant contribution to the field of eco-
friendly masonry structures, it is important to identify the limitations of this study to understand
the boundaries of its applications, and to improve the future studies in this line. One of the major
limitations is the variation in mineralogical composition for the clay, which affects the selection of
calcination technology and the obtained characteristics of the calcined clay. Achieving a unique
optimum calcination process for a clay deposit in a region requires a longer time to collect suitable
number of clay samples and conducting a series of optimization process for all the variables. In
addition, satisfying the uniformity of calcination technology is difficult to be controlled by using a
laboratory static calcination. Regarding the production of masonry units, the homogeneity of
produced blocks in plant cannot be guaranteed in a high level of accuracy as a result of combined
effects due to many factors related to materials, production, and curing conditions. Moreover,
testing masonry units inherently involves a high scatter in outputs due to impacts of non-
uniformity. To reduce the impact of these factors, a larger number of specimens and more
laboratory resources would be useful to obtain more accurate results. Finally, further studies are
recommended to develop deeper knowledge for the benefits of LC3 cellular blocks. These studies
could be conducted in shrinkage, freeze-thaw and wetting-drying resistance, carbonation, chloride
ingress, sulfate resistance, efflorescence, long-term strength beyond 28 days, field validation, LC3-
based masonry behavior, thermal conductivity, and full environmental assessment. These studies
will promote the present concrete block manufacturing to the point where the eco-friendly units,
proposed in this study, are adopted in practice in order to enhance the global sustainable
development.

Acknowledgement

The authors would like to express their gratitude to Haj Muthanna, the owner of concrete block plant, for his
great help in manufacturing the blocks of this study in his plant. Also, the authors wish to thank the
Department of Civil Engineering at the University of Samarra for providing the laboratory for mixing LC3
blends and testing the block specimens. The authors would also like to thank the engineers: Abdulkhaliq
Salim, Mustafa Mohammed, Barzan Khalaf, and Yousuf Hasan for their appreciated help in implementing the
compressive strength tests.

References
[1] Hendry AW, Sinha BP, Davies SR. DESIGN OF MASONRY STRUCTURES. 1st Ed., Canadian Standards
Association, Ontario, Canada: Canadian Standards Association; 2004, p. 271.

https://doi.org/10.4324/9780203362402.

[2] CSA S304.1. Design of masonry structures, Canadian Standards Association, Ontario, Canada: Canadian
Standards Association; 2004.

[3] Peter Domone, John Illston. Construction Materials - Their Nature and Behaviour. 4th Editio. Spon Press;
2010.

[4] Concrete Block Association. A Guide to Selection & Specification. British Precast 2017.

[5] ASTM C90. Standard Specification for Loadbearing Concrete Masonry Units, American Society for Testing
and Materials; 2017.

[6] Concrete Block Association. Cellular Blocks. British Precast 2007.

[7] Rostam D, Ali T, Atrushi D. Economical and Structural Feasibility of Concrete Cellular and Solid Blocks in
Kurdistan  Region. ARO, The Scientific Journal of Koya University 2016;4:1-7.
https://doi.org/10.14500/aro0.10113

[8] Prakash R, Srividhya S, Sivakumar S, Neelamegam P. Experimental Study on Mechanical and Durability
Behaviour of a Sustainable Masonry Block Incorporating Agricultural and Industrial Wastes. Indian
Journal Of Science And Technology 2024;17:830-40. https://doi.org/10.17485 /ijst/v17i9.70.

17


https://doi.org/10.4324/9780203362402
https://doi.org/10.14500/aro.10113
https://doi.org/10.17485/ijst/v17i9.70

Husain and Jomaa’h / Research on Engineering Structures & Materials x(x) (xxxx) xx-xx

[9] Monteiro PJM, Miller SA, Horvath A. Towards sustainable concrete. Nature Materials 2017;16:698-9.
https://doi.org/10.1038 /nmat4930.

[10] Krishnan S, Emmanuel AC, Shah V, Parashar A, Mishra G, Maity S, et al. Industrial production of limestone
calcined clay cement: experience and insights. Green  Materials  2019;7:15-27.
https://doi.org/10.1680/jgrma.18.00003.

[11] Antoun M, Issa CA, Aouad G, Gerges N. Sustainable masonry blocks : Olive wood waste as substitute for
fine aggregates. Case Studies in Construction Materials 2021;15:e00590.
https://doi.org/10.1016/j.cscm.2021.e00590.

[12] Al-Tarbi SM, Baghabra Al-Amoudi OS, Al-Osta MA, Al-Awsh WA, Ali MR, Maslehuddin M. Development of
eco-friendly hollow concrete blocks in the field using wasted high-density polyethylene, low-density
polyethylene, and crumb tire rubber. Journal of Materials Research and Technology 2022;21:1915-32.
https://doi.org/10.1016/j.jmrt.2022.10.027.

[13] Thomas R V., Nair DG. Quarry Dust As A Fine Aggregate Replacement in Concrete Masonry Blocks for
Sustainable Construction. International Journal of Sustainable Construction Engineering and Technology
2023;14:267-76. https://doi.org/10.30880/ijscet.2023.14.04.020.

[14] Al-Tarbi SM, Baghabra Al-Amoudi OS, Al-Osta MA, Al-Awsh WA, Shameem M, Sharif Zami M.
Development of energy-efficient hollow concrete blocks using perlite, vermiculite, volcanic scoria, and
expanded polystyrene. Construction and Building Materials 2023;371:130723.
https://doi.org/10.1016/j.conbuildmat.2023.130723.

[15] Awoyera PO, Nwokolo P. Melted plastics as the exclusive binder for masonry units: A sustainable
solution for the construction industry. Materials Research Proceedings 2025;48:626-33.
https://doi.org/10.21741/9781644903414-68.

[16] Hanuseac L, Barbuta M, Bejan L, Rosu R, Timu A. Experimental Study on Hollow Blocks with Wastes.
Proceedings 2020;63. https://doi.org/10.3390/proceedings2020063079.

[17] Prarthana PVT, Silva RCL De, Subramanium P, Prabagar |. Preparation of Concrete Block Incorporated
with Wood Ash and Waste Glass Powder. Proceedings of the Technical Sessions 2024;40:81-8.

[18] Sim Y, Oh S, Song C, Lee S-C, Hong G. Utilization of steel slag for sustainable concrete blocks: Laboratory
study on water absorption, flexural strength, carbon dioxide capture, and volumetric expansion. Journal
of Building Engineering 2025;111:113335. https://doi.org/10.1016/j.jobe.2025.113335.

[19] Rathod N, Chippagiri R, Gavali HR, Ralegaonkar R V. Development of Sustainable Masonry Blocks Using
Industrial Rejects and Alkali Activation. RILEM Bookseries 2021;29:357-68.
https://doi.org/10.1007/978-3-030-51485-3 24.

[20] Ferreira T, Mendes GA, Oliveira AMD, Dias CGBT. Manufacture and Characterization of Polypropylene
(PP) and High-Density Polyethylene (HDPE) Blocks for Potential Use as Masonry Component in Civil
Construction. Polymers 2022;14. https://doi.org/10.3390/polym14122463.

[21] Ngayakamo B, Christiansen S. Eco-friendly metakaolin-basalt geopolymer blocks : A sustainable building
material alternative. Next Sustainability 2025;6:100188. https://doi.org/10.1016/j.nxsust.2025.100188.

[22] Bennis A, Zniker H, Ghassane A, Charif S, Bouslihim A, Nouemssi GA. Eco-friendly production of
compressed earth blocks with Moroccan pozzolana as a cement alternative. Research on Engineering
Structures & Materials 2026;12:61-79. http://dx.doi.org/10.17515/resm2025-1001ma0702rs.

[23] Scrivener K, Dekeukelaere A, Avet F, Grimmeissen L. Financial Attractiveness of LC3. LC3-Project / Ecole
Polytechnique Fédérale de Lausanne 2019.

[24] Gettu R, Patel A, Rathi V, Prakasan S, Basavaraj AS, Palaniappan S, et al. Influence of supplementary
cementitious materials on the sustainability parameters of cements and concretes in the Indian context.
Materials and Structures 2019;52:1-11. https://doi.org/10.1617/s11527-019-1321-5.

[25] Jaskulski R, Jézwiak-NiedZwiedzka D, Yakymechko Y. Calcined clay as supplementary cementitious
material. Materials 2020;13:1-36. https://doi.org/10.3390/mal13214734.

[26] Hanein T, Thienel K-CC, Zunino F, Marsh ATMM, Maier M, Wang B, et al. Clay calcination technology:
state-of-the-art review by the RILEM TC 282-CCL. Materials and Structures 2021;55:3.
https://doi.org/10.1617/s11527-021-01807-6.

[27] Zunino F, Scrivener K. The reaction between metakaolin and limestone and its effect in porosity
refinement and mechanical properties. Cement and Concrete Research 2021;140.
https://doi.org/10.1016/j.cemconres.2020.106307.

[28] Maraghechi H, Avet F, Wong H, Kamyab H, Scrivener K. Performance of Limestone Calcined Clay Cement
(LC3) with various Kkaolinite contents with respect to chloride transport. Materials and
Structures/Materiaux et Constructions 2018;51. https://doi.org/10.1617/s11527-018-1255-3.

[29] Dhandapani Y, Sakthivel T, Santhanam M, Gettu R, Pillai RG. Mechanical properties and durability
performance of concretes with Limestone Calcined Clay Cement (LC3). Cement and Concrete Research
2018;107:136-51. https://doi.org/10.1016/j.cemconres.2018.02.005.

[30] Marangu JM. Physico-chemical properties of Kenyan made calcined Clay -Limestone cement (LC3). Case
Studies in Construction Materials 2020;12:e00333. https://doi.org/10.1016/j.cscm.2020.e00333.

18


https://doi.org/10.1038/nmat4930
https://doi.org/10.1680/jgrma.18.00003
https://doi.org/10.1016/j.cscm.2021.e00590
https://doi.org/10.1016/j.jmrt.2022.10.027
https://doi.org/10.30880/ijscet.2023.14.04.020
https://doi.org/10.1016/j.conbuildmat.2023.130723
https://doi.org/10.21741/9781644903414-68
https://doi.org/10.3390/proceedings2020063079
https://doi.org/10.1016/j.jobe.2025.113335
https://doi.org/10.1007/978-3-030-51485-3_24
https://doi.org/10.3390/polym14122463
https://doi.org/10.1016/j.nxsust.2025.100188
http://dx.doi.org/10.17515/resm2025-1001ma0702rs
https://doi.org/10.1617/s11527-019-1321-5
https://doi.org/10.3390/ma13214734
https://doi.org/10.1617/s11527-021-01807-6
https://doi.org/10.1016/j.cemconres.2020.106307
https://doi.org/10.1016/j.cemconres.2018.02.005
https://doi.org/10.1016/j.cscm.2020.e00333

Husain and Jomaa’h / Research on Engineering Structures & Materials x(x) (xxxx) Xx-xx

[31] Babafemi AJ, Knobel H, Kolawole JT, Oyebanjo OM, Bukalo NN, Paul SC, et al. Performance of Selected
South African Kaolinitic Clays for Limestone Calcined Clay Cement. Applied Sciences (Switzerland)
2022;12:1-23. https://doi.org/10.3390/app122110751.

[32] Kafodya I, Basuroy D, Marangu JM, Kululanga G, Maddalena R, Novelli VI. Mechanical Performance and
Physico-Chemical Properties of Limestone Calcined Clay Cement (LC3) in Malawi. Buildings 2023;13.
https://doi.org/10.3390/buildings13030740.

[33] Ram K, Flegar M, Serdar M, Scrivener K. Influence of Low- to Medium-Kaolinite Clay on the Durability of
Limestone Calcined Clay Cement (LC3) Concrete. Materials 2023;16:1-18.
https://doi.org/10.3390/ma16010374.

[34] Abdulgader M, Khalid HR, Ibrahim M, Adekunle SK, Al-Osta MA, Ahmad S, et al. Physicochemical
properties of limestone calcined clay cement (LC3) concrete made using Saudi clays. Journal of Materials
Research and Technology 2023;25:2769-83. https://doi.org/10.1016/j.jmrt.2023.06.114.

[35] Scrivener K, Avet F, Maraghechi H, Zunino F, Ston ], Hanpongpun W, et al. Impacting factors and
properties of limestone calcined clay cements (LC3). Green Materials 2018;7:3-14.
https://doi.org/10.1680/jgrma.18.00029.

[36] Bakera T, Malchiodi B, Hafez H, Scrivener K. Low-Carbon Concrete Hollow Blocks as a Sustainable
Solution for Affordable Houses. In: Milani G, Ghiassi B, editors. 18th International Brick and Block
Masonry Conference, Cham: Springer Nature Switzerland; 2025, p. 914-20.

[37] Husain MA, Jomaah MM. Compressive Strength of Eco-Friendly Limestone Calcined Clay Cement (LC3)
Made with Iraqi Raw Materials. Internnational Journal on Engineering Applications 2026. Accepted
Article.

[38] Pinheiro VD, Alexandre ], Xavier G de C, Marvila MT, Monteiro SN, de Azevedo ARG. Methods for
Evaluating Pozzolanic Reactivity in Calcined Clays: A Review. Materials 2023;16.
https://doi.org/10.3390/mal16134778.

[39] Korkmaz AV. Mechanical activation of diabase and its effect on the properties and microstructure of
Portland cement. Case Studies in Construction Materials 2022;16.
https://doi.org/10.1016/j.cscm.2021.e00868.

[40] Iraqi Standard Specifications-No. 5. Portland cement Central Organization for Standardization and
Quality, 2017.

[41] ASTM C33/ C33M. Standard Specification for Concrete Aggregates, American Society for Testing and
Materials; 2008.

[42] Frasson Jr. A, Casali JM, Oliveira AL, Prudencio Jr. LR. A mix design methodology for concrete block units.
15th International Brick and Block Masonry Conference-Brazil 2012:27.

[43] Jablonksi N. Mix designs for concrete block. The Aberdeen Group 1996;98:2-5.

[44] Ramesh, Harshani, Karthikeyan Ganesan PRR. A Study on mechanical behavior of Eco-friendly Light
Weight Concrete (LWC) blocks wusing industrial wastes. Materials Protection 2025.
https://doi.org/10.62638/ZasMat1271.

[45] Waroonkun T, Puangpinyo T, Tongtuam Y. The Development of a Concrete Block Containing PET Plastic
Bottle Flakes. Journal of Sustainable Development 2017;10:186.
https://doi.org/10.5539/jsd.v10n6p186.

[46] ASTM C140/140M. Standard Test Methods for Sampling and Testing Concrete Masonry Units and
Related Units, American Society for Testing and Materials; 2008.

[47] ACI 301-16. Specifications for Structural Concrete. American Concrete Institute; 2016.

[48] Iraqi Standard Specifications-No. 5. Concrete Loadbearing units, Central Organization for
Standardization and Quality Control; 2017.

[49] ASTM C642. Standard Test Method for Density, Absorption, and Voids in Hardened Concrete, American
Society for Testing and Materials; 2006.

[50] Kanagaraj B, Anand N, Alengaram U], Raj RS, Karthick S. Limestone calcined clay cement (LC3): A
sustainable solution for mitigating environmental impact in the construction sector. Resources,
Conservation & Recycling Advances 2024;21:1-12. https://doi.org/10.1016/j.rcradv.2023.200197.

[51] Zunino F, Boehm-Courjault E, Scrivener K. The impact of calcite impurities in clays containing kaolinite
on their reactivity in cement after calcination. Materials and Structures/Materiaux et Constructions
2020;53. https://doi.org/10.1617/s11527-020-01478-9.

[52] Hollanders S. Mineralogical study of the pozzolanic properties of calcined clays. Arenberg Doctoral
School, Ku Leuven 2017.

[53] Nurain Izzati MY, Suraya Hani A, Shahiron S, Sallehuddin Shah A, Mohamad Hairi O, Zalipah ], et al.
Strength and water absorption properties of lightweight concrete brick. IOP Conference Series: Materials
Science and Engineering 2019;513. https://doi.org/10.1088/1757-899X/513/1/012005.

[54] Akash Ray, Hossain S, Minhaj Ul Islam, Rafia Islam, Anika Anjum Biva, Ishrat Jahan Shatu, et al.
Comparison of Compressive Strength and Water Absorption Characteristics of Cement stabilized Earth

19


https://doi.org/10.3390/app122110751
https://doi.org/10.3390/buildings13030740
https://doi.org/10.3390/ma16010374
https://doi.org/10.1016/j.jmrt.2023.06.114
https://doi.org/10.1680/jgrma.18.00029
https://doi.org/10.3390/ma16134778
https://doi.org/10.1016/j.cscm.2021.e00868
https://doi.org/10.62638/ZasMat1271
https://doi.org/10.5539/jsd.v10n6p186
https://doi.org/10.1016/j.rcradv.2023.200197
https://doi.org/10.1617/s11527-020-01478-9
https://doi.org/10.1088/1757-899X/513/1/012005

Husain and Jomaa’h / Research on Engineering Structures & Materials x(x) (xxxx) xx-xx

Blocks Reinforced with Banana and Jute fibers. Journal of Bioprocessing and Biomass Technology
2024;3:85-9. https://doi.org/10.11113 /bioprocessing.v3n2.58.

[55] Proafio C, Rodriguez M, Andrango A, Quilumba |, Paspuel L, Guevara ], et al. Evaluation of the physical
and mechanical properties of pressed blocks and Caramelo blocks used in infill masonry for framed
structures. Research on Engineering Structures & Materials 2025;11:3405-
25.http://dx.doi.org/10.17515/resm2025-1320me1106rs.

[56] Fatima M, Rashid K, Ahmad M, Ju M, Saleem M, Junaid M. Development and comparative assessment of
low-carbon LC 3 and geopolymer blocks through pressure casting. Journal of Building Engineering
2025;104:1-19. https://doi.org/10.1016/j.jobe.2025.112379.

[57] Boakye K, Khorami M, Saidani M, Ganjian E, Tyrer M, Dunster A. Performance of a Single Source of Low-
Grade Clay in a Limestone Calcined Clay Cement Mortar. Buildings 2024;14:93.
https://doi.org/10.3390/buildings14010093.

[58] Renuka V, Rao SV, Tadepalli T. State-of-the-art Review on Limestone Calcined Clay Cement (LC3) and its
Recent Advances. Iranian Journal of Science and Technology, Transactions of Civil Engineering
2026;50:83-112. https://doi.org/10.1007 /s40996-025-01857-8.

[59] Rehman MU, MacLeod AJN, Aldridge L, Collins FG, Tang ZQ, Gates WP. Differences in hydration kinetics
and phase development of Australian bentonite and kaolinite based limestone calcined clay cements.
Materials and Structures 2025;58:226. https://doi.org/10.1617/s11527-025-02743-5.

[60] Sun |, Zunino F, Scrivener K. Hydration and phase assemblage of limestone calcined clay cements (LC3)
with  clinker content below 50 %. Cement and Concrete Research 2024;177.
https://doi.org/10.1016/j.cemconres.2023.107417.

[61] Sheikh MD, Jamil T, Ayub T, Khan AUR, Bilal SM, Hu C. Comparative Study on LC3-50 with OPC Concrete
Using Raw Materials from Pakistan. Advances in Materials Science and Engineering 2023;2023.
https://doi.org/10.1155/2023/5503670.

[62] Mohamad G, Loureng¢o PB, Roman HR. Mechanics of hollow concrete block masonry prisms under
compression: Review and prospects. Cement and Concrete Composites 2007;29:181-92.
https://doi.org/10.1016/j.cemconcomp.2006.11.003.

[63] Chhetri N. Impact of Unit Web Height on the Structural Performance of Concrete Masonry Prisms. 2022.

[64] Pearce AR, Ahn YH, HanmiGlobal. Sustainable Buildings and Infrastructure: Paths to the Future. First
edition. Routledge; 2012.

20


https://doi.org/10.11113/bioprocessing.v3n2.58
https://doi.org/10.1016/j.jobe.2025.112379
https://doi.org/10.3390/buildings14010093
https://doi.org/10.1007/s40996-025-01857-8
https://doi.org/10.1617/s11527-025-02743-5
https://doi.org/10.1016/j.cemconres.2023.107417
https://doi.org/10.1155/2023/5503670
https://doi.org/10.1016/j.cemconcomp.2006.11.003

