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Abstract

The generation of construction and demolition (C&D) waste is substantial and continues to grow annually. Despite this,
only a limited portion of concrete byproducts have been repurposed using recycled concrete aggregates (RCAs) for con-
crete production. This study examines the feasibility of utilizing RCAs obtained from C&D waste in the production of
solid masonry blocks (SMBs) for higher cement-to-aggregate (C:A) ratios. RCAs were used as replacements for natural
coarse and fine aggregates in SMB manufacturing. The study assessed the influence of RCAs on the strength and dura-
bility properties of load-bearing SMBs. Results demonstrated a decline in strength and an increase in water absorption
(WA) as the C:A ratio shifted from 1:6 to 1:24. Under exposure to sulfuric acid, strength losses ranged from 36.92% to
62.59%, while thermal conductivity values varied between 1.467 W/m°C and 0.371 W/m°C. Furthermore, when subjected
to elevated temperatures of 200 °C to 800 °C, strength losses were observed to range from 1.87% to 65.80%. Nonetheless,
SMBs with C:A ratios from 1:6 to 1:18 complied with the performance standards set by Indian guidelines. By incorporat-
ing RCAs, this research promotes sustainable construction practices, reducing the environmental impact of SMB produc-
tion while enhancing their functional performance and durability.

Keywords Construction and demolition waste - Recycled concrete aggregates - Solid masonry blocks - Sustainable
construction - Circular economy

1 Introduction global C&D waste output. Despite this significant volume,

a survey conducted by the Centre for Science and Environ-

The rapid pace of urbanization has led to the generation of
significant volumes of C&D waste, which is highly hetero-
geneous and comprises materials such as concrete, bricks,
timber, metals, glass, plastics, gypsum, and excavated earth
[1]. C&D waste constitutes a significant part of the solid
waste sent to landfills, with daily waste including concrete
debris, bricks, tiles, sand, dust, wood, metals, plastic, and
cardboard. In India, data from the Ministry of Housing
and Urban Affairs in 2024 indicates that the country gen-
erates approximately 150 to 500 million tonnes of C&D
waste annually, contributing to about 35%40% of the
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ment reported that only about 1% of this waste was being
recycled. This low recycling rate has led to serious envi-
ronmental and social concerns, especially as the continued
reliance on concrete in the construction sector intensifies the
depletion of natural aggregates (NAs), thereby worsening
issues related to resource scarcity [2]. Currently, the pre-
dominant method for managing C&D waste is landfilling,
which often leads to secondary environmental pollution. To
address this issue, the development of low-carbon building
materials using C&D waste has gained significant attention
as a sustainable strategy for their reuse and recycling. This
shift reflects a broader movement toward environmentally
conscious construction practices that aim to reduce carbon
emissions and preserve natural resources. Although a large
portion of recycled C&D waste is typically downcycled for
use in lower-value applications such as road sub-base lay-
ers, engineering fill, or landfill cover, its use in high-value
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applications, particularly as a substitute for NAs in concrete,
remains limited.

Utilizing C&D waste to produce recycled aggregates for
concrete is a highly effective approach to managing solid
waste, offering two key advantages: conserving natural
resources and minimizing land use. Based on particle size,
crushed C&D waste can be classified into recycled pow-
der (<0.15 mm), fine recycled concrete aggregate (FRCA)
(0.15~5.00 mm), and coarse recycled concrete aggregate
(CRCA) (5.00~31.5 mm) [3]. These materials have been
successfully used as substitutes for NAs in mortar and con-
crete production. The development of recycled aggregate
concrete (RAC), composed of both FRCA and CRCA, con-
tributes to waste reduction, environmental protection, and
the preservation of dwindling natural aggregate reserves,
marking a significant step toward more sustainable con-
struction practices [4]. This approach significantly reduces
energy consumption and lowers emissions of CO,, NO,,
and other pollutants associated with aggregate produc-
tion. According to Hossain et al. [5], producing one tonne
of natural aggregates such as river sand or crushed stone
emits approximately 23-33 kg CO,-eq, whereas produc-
ing one tonne of FRCAs from construction and demolition
waste results in only about 12 kg CO,-eq. Similarly, the pro-
duction of natural coarse aggregates emits approximately
32 kg CO,-eq per tonne, compared to just 11 kg CO,-eq
for CRCAs from C&D waste. This demonstrates that utiliz-
ing RCAs in place of NAs significantly lowers greenhouse
gas emissions and mitigates other environmental impacts.
Studies show that incorporating RCAs from C&D waste can
provide considerable economic and environmental benefits,
including a 10-20% reduction in material costs, up to a 65%
decrease in greenhouse gas emissions, and a 58% reduction
in non-renewable energy use [6].

In cement-based concrete, increasing the proportion of
recycled aggregates often leads to reduced mechanical per-
formance, with aggregate size playing a significant role;
smaller recycled aggregates tend to result in lower concrete
strength due to higher water absorption and the presence of
adhered mortar [7]. The mechanical behaviour of RAC is
particularly influenced by the quality and quantity of recy-
cled aggregates, especially FRCAs under 4.75 mm. These
finer particles typically contain more contaminants and
weaker residual mortar, which can compromise the strength
and durability of RAC [8]. Therefore, optimizing the pro-
duction and utilization of FRCAs is critical to fully realizing
the benefits of RAC in sustainable construction [9].

Environmental pollution and high energy usage are
increasing concerns in the production of masonry units [10].
In India, burnt clay bricks have been a traditional masonry
material for centuries, making the country the second-larg-
est producer of these bricks worldwide after China [11].
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Recent research on SMBs has focused on promoting low-
carbon living and advancing green building practices, aim-
ing to eliminate the use of clay and foster the development
of eco-friendly SMBs. Significant studies have explored
the effective use of RCAs in producing concrete bricks and
blocks [12, 13]. Utilizing RCAs for mechanized moulded
bricks and blocks presents numerous benefits compared
to their use in structural concrete. These blocks and bricks
are typically manufactured using automated moulding
machines that shape concrete mixtures through vibration
and compaction. This method makes the workability of the
concrete, such as slump, less critical and requires less water
for the mixes than RAC utilized for structural purposes. The
resulting reduced water-to-cement (w/c) ratio enhances the
strength of the concrete, while reduced water content mini-
mizes creep and shrinkage in the hardened material [14].

Various researchers have explored the mechanical and
durability properties of blocks and bricks incorporating
recycled aggregates (RA). For instance, Poon et al. [15]
developed moulded bricks and blocks using CRCAs of a
10 mm maximum size. Experimental tests were conducted
to produce bricks measuring 225x%105x75 mm, where
natural coarse aggregates (NCAs) were substituted with RA
(both coarse and fine) at varying levels from 25 to 100%
in increments of 25%. The study assessed the compressive
strength (CS), flexural strength (FS), drying shrinkage, and
density of the bricks. Findings revealed that substituting
up to 50% of NCAs with RA had no significant effect on
the CS of the bricks. Nonetheless, at a full 100% replace-
ment level, the CS decreased by 27%, from 16.2 MPa to
11.8 MPa. Despite this decrease, the RAC bricks complied
with BS-6073 standards, meeting the minimum require-
ments for CS (>7 MPa) and FS (>0.65 MPa). Additionally,
the bricks and blocks performed well in drying shrinkage
and skid resistance evaluations.

Poon and Lam [16] carried out experimental investiga-
tions to evaluate the impact of different C:A ratios from 1:3
to 1:13 and aggregate types on the performance of concrete
paving blocks. Their findings indicated that CS decreased
with an increase in the C:A ratio and was closely associated
with the crushing strength of the aggregates; higher-strength
aggregates resulted in improved CS. WA of the blocks was
also found to be directly influenced by the WA properties of
the aggregates used. When using 100% RCA, the blocks did
not meet the required WA limits unless the C:A ratio was
reduced to 3. To produce high-quality, eco-friendly concrete
blocks entirely from recycled materials, the study recom-
mended using a 50:50 blend of recycled crushed glass and
RCA, with a C:A ratio of 4 or lower. In further research,
Poon et al. [17] analyzed the properties of concrete blocks
produced using low-quality RA. They found that fine RA
with higher soil content adversely affected the mechanical
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properties of the blocks, with increased use of low-grade fine
RA resulting in reduced strength and density. Nevertheless,
the study suggested that low-quality RA from construction
waste sorting facilities could be utilized for manufacturing
non-structural precast concrete blocks.

Similarly, Guo et al. [ 18] developed masonry blocks using
75% RCAs and evaluated their durability and mechani-
cal performance. Although RCAs have slightly decreased
the CS and durability of the blocks, concrete blocks with
75% RCAs met Chinese standards for drying shrinkage,
strength, and freeze—thaw resistance. The compressive and
shear behaviour of masonry prisms made with RAC blocks
and traditional mortar was similar to that of conventional
masonry units. Moreover, RAC masonry blocks demon-
strated a lower environmental impact than those made with
natural aggregate concrete. Significant research has explored
the viability of using RCAs in the manufacture of concrete
bricks, with a concentration on enhancing their physical,
mechanical, and durability characteristics while improving
performance and sustainability in construction. Further-
more, substantial efforts have been dedicated to develop-
ing concrete products such as paving blocks for light traffic
and curbs by partially or entirely substituting NCAs with
RCAs, achieving promising results [19, 20]. For instance,
Poon and Chan [21] demonstrated that the allowable con-
tamination level of RCAs in paving block production could
be increased from 1% to a maximum of 10%. These stud-
ies have shown that incorporating up to 100% CRCAs and
FRCAs is feasible for producing non-structural concrete
elements. However, achieving the required mechanical
properties on average necessitates higher cement content in
such precast applications.

Considering the novelty of the study, this research high-
lights the potential for a transformative approach in the con-
struction industry through the adoption of SMBs, aligning
with the United Nations'sustainability goals, particularly
in a resource-rich country like India. The proposed use of
RCAs not only reduces waste treatment costs and the con-
sumption of virgin materials but also lowers CO, emissions,
promoting environmentally friendly construction practices.
By integrating RCAs, which are abundantly available as
waste in India, into SMBs, the study opens avenues for
cost-effective and sustainable building materials, particu-
larly for affordable housing. The study highlights the criti-
cal role of adopting sustainable practices in construction by

Table 1 Chemical composition of the OPC and RCAs

utilizing recycled materials, minimizing reliance on natural
aggregates, and addressing waste management issues. The
evaluation of RCA performance in masonry blocks provides
valuable insights into their suitability for structural and non-
structural applications, contributing to environmental pres-
ervation, resource efficiency, and cost-effective construction
solutions with long-term durability benefits.

Despite this progress, limited research has focused
on the development of load-bearing SMBs using a full
replacement of NAs with RCAs obtained from C&D waste,
combined with reduced cement content achieved through
increased C:A ratios. This study aims to bridge this gap by
designing load-bearing RCA-based SMBs, thereby promot-
ing the large-scale recycling of C&D waste for sustainable
construction practices. The research employs 100% CRCAs
and FRCAs as replacements for NCAs and natural fine
aggregates (NFAs), respectively. The study focused on ana-
lyzing the impact of various C:A ratios on the physical and
mechanical properties of RCA-based SMBs and assessed
their durability performance.

2 Materials and characterization

The study utilized ordinary Portland cement (OPC), CRCAs,
FRCAs, and water as key ingredients for producing SMBs.
Specifically, an OPC of 43 grade was used, adhering to IS
269:2015 [22] standards, with a specific gravity of 3.15 and
fineness of 285 m*/kg. Table 1 presents the chemical com-
position of the OPC and RCAs, determined through X-ray
fluorescence (XRF) testing. The RCAs were sourced from
the demolition of a 50-year-old building on the Kasturba
Medical College campus in Manipal, Udupi district, Kar-
nataka, India.

Concrete construction and demolition waste collected
from the site was initially crushed using a jaw crusher,
resulting in ungraded and unsorted aggregates. These were
then mechanically sieved to separate them into CRCAs and
FRCAs. FRCAs were identified as particles passing through
a 4.75 mm sieve but retained on a 150-micron sieve. Com-
pared to natural sand, FRCAs exhibited a more angular
shape with some elongated and flat particles, along with a
significantly rougher surface texture, whereas natural sand
particles were generally rounded and smoother. Figure 1(a)
shows the FRCA used in this study. The physical properties

Compounds SiO, Al,O, Fe,0, CaO MgO K,0 Na,O SO, LOI
OPC 19.94 4.63 2.59 63.68 1.38 0.67 0.20 2.67 3.86
(%)

RCAs 38.40 11.70 5.17 29.50 0.99 1.50 1.35 0.34 10.07
(%)

*LOI: — Loss of Ignition
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Fig. 1 (a) FRCA below 4.75 mm
to 150-micron; (b) CRCA below
25 mm to 4.75 mm

Table 2 Physical and mechanical properties of RCAs

Properties Referred to CRCAs FRCAs
Fineness modulus 1S-383 [23] 7.26 3.22
Bulk density (kg/m®) 1S-2386 (III) [24]  1342.31 1335.83
Water absorption (%) 1S-2386 (111) [24]  3.95 6.96
Specific gravity 1S-2386 (I11) [24] 2.5 247
Voids (%) 1S-2386 (III) [24]  46.29 45.92
Impact value (%) 1S-2386 (IV) [25] 343 -
Crushing value (%) 1S-2386 (IV) [25]  38.66 -
Abrasion value (%) 1S-2386 (IV) [25]  39.67 -
Flakiness and Elongation 1S-2386 (I) [26] 22.89 -

Index (%)

of FRCAs were tested in accordance with IS 2386:1963
Part 3, and the results complied with the requirements of IS
383:2016, as presented in Table 2. CRCAs, which ranged in
size from 25 mm to 4.75 mm, were similarly segregated as
shown in Fig. 1(b) and underwent physical and mechanical
testing following IS 2386:1963 Parts 1, 3, and 4, with results
summarized in Table 2. These also met the IS 383:2016
specifications.

Furthermore, particle size distribution analyses for both
aggregate types were conducted as per IS 383:2016 and
were found to be within the permissible grading limits. The
optimal proportions of 40% FRCA and 60% CRCA were
determined based on the highest compaction test results.
Additionally, these proportions align with those commonly
used in low-grade concrete, as recommended by the Indian
standard IS 456:2000 [27].

2.1 X-ray diffraction (XRD) of OPC and RCAs

The XRD patterns of RCAs and OPC are illustrated in
Fig. 2. The OPC XRD pattern shows the presence of min-
erals such as alite (ICSD-4331 & 162744), belite (ICSD-
182052), and calcium silicate (ICSD-963), which facilitate
hydration upon exposure to water. The XRD analysis of
RCA patterns primarily displays quartz peaks, with smaller
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peaks for calcite and anorthite. The relatively low intensity
of calcite and anorthite peaks suggests their limited pres-
ence. Calcite could either form due to carbonation within
the original concrete over time or result from the initial
cement paste attached to the RCA surface [28]. The pres-
ence of quartz is likely linked to the mortar that remains
on the surface of the aggregates. Similar XRD patterns for
RCAs have been noted in research findings by M.C. Lim-
bachiya et al. [29] and Baifa Zhang et al. [30].

3 Experimentation
3.1 Mix design

SMBs were produced using varying C:A ratios of 1:6, 1:8,
1:11, and 1:13, based on recommendations from different
literature [31, 32]. Additional mix ratios were explored by
progressively increasing the C:A ratios to 0.01:15, 1:18,
1:21, and 1:24 until the mixtures no longer met the strength
requirements outlined in IS 2185 (Part 1) — 2005 [31].
These ratios aimed to create load-bearing SMBs. While the
required strength for load-bearing structures varies between
ASTM, British, and Indian standards, the Indian standard
was chosen for this study due to its higher requirement
threshold and wider application, targeting a CS of 5 MPa
to identify the best combination. The parameters studied
included the cement content and the proportion of RCAs
in the C:A ratios. Eight concrete block mixes were devel-
oped, each containing different amounts of OPC and RCAs.
These masonry blocks incorporated 100% RCA, consisting
of both CRCAs and FRCAs. The mix details are presented
in Table 3, showing the quantities required to produce
one cubic meter of load-bearing SMBs. The different C:A
ratios were expressed by their weights, where'C'represents
OPC,'A'represents RCAs, and the numbers indicate the
weight proportions. Based on the findings of the literature,
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Table 3 Mix proportions
Mix ratio (C:A) Water (kg/m®) OPC ~ FRCAs CRCAs wic
(kg/m’)  (kg/m?) (kg/m?)
1:6 153 306 725 1114 0.5
1:8 123 245 774 1189 0.5
1:11 94 189 819 1259 0.5
1:13 82 164 839 1290 0.5
1:15 72 145 855 1313 0.5
1:18 61 123 872 1340 0.5
1:21 53 107 885 1360 0.5
1:24 47 95 895 1375 0.5

the w/c ratio for all mixes was kept constant at 0.5 [10, 32],
with slump values maintained between 0 and 10 mm.

3.2 Manufacturing of SMBs

The SMB samples were produced in the research lab using
a dry-mix technique, as outlined in various studies [17, 32].
Initially, CRCAs and FRCAs were combined with OPC in a
drum mixer and mixed for 3 to 5 min to achieve a uniform
blend. Afterwards, a calculated amount of water was intro-
duced, and the mixing process was carried on for another
4 to 8 min until a homogeneous, low-workability mix with
a slump value between 0 and 10 mm was obtained. As we
all know, RCAs demonstrate increased WA, which may
decrease the overall properties of the concrete mix. There-
fore, the aggregates were soaked in water for one hour
before mixing. This one-hour soaking time was determined
through multiple trials, with saturation intervals of 10 min,
until the WA properties of the RCAs had minimal impact

2-Theta (Deg)

on the mix. In the dry-mix method, the pre-soaked water
did not alter the w/c ratio, as the absorbed water by the RA
contributed to cement hydration during the hardening phase
[32]. The uniform mix was then poured into steel moulds
measuring 300 mm x 200 mm x 200 mm, as specified by IS
2185 (Part 1) — 2005 [31]. The mixture was layered in three
stages, and each layer was compacted by using the vibro
compaction technique by placing the moulds on a vibrator
table. After compaction, the moulds were left undisturbed
for 24 h while wrapped with plastic sheets at the top to allow
the initial strength to develop and stored under dry labora-
tory conditions where temperatures vary between 25 °C to
30 °C, as recommended by IS 4562000 [27]. The curing
process was performed at 90% humidity and a temperature
of 27+3 °C. After one day, the block specimens were de-
moulded and kept moist by covering them with wet gunny
bags for 28 days to complete the curing process.

3.3 Tests conducted
3.3.1 Hardened density

The hardened density of the SMBs was evaluated following
the method specified in IS 2185 (Part 1) — 2005 [31]. The
blocks were first dried in a ventilated oven at 100 °C and
then cooled to room temperature. Their dimensions were
measured to calculate the net volume (Vnet) based on their
length, width, and height. The blocks were subsequently
weighed to obtain their dry mass (My,,), following standard
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protocols. The hardened density (p,) was then determined
using Eq. 1.

Pb = Mdry/vnet (1)

3.3.2 Compressive strength

The CS of the SMBs was measured in accordance with the
test procedures outlined in ASTM C90-09 [33]. These CS
tests were performed 28 days after the blocks were pro-
duced. A testing device with a loading capacity of 3000 kN
was utilized to measure the CS. The load was applied to the
standard-sized masonry blocks of 300 mm x200 mm at a
constant rate of 5 kN/s. For each mix ratio, three specimens
were tested, following the ASTM C90-09 guidelines [33].

3.3.3 Flexural strength

The FS of the SMBs was assessed following the procedure
described by Dayaratnam, P —1987 [34], in accordance with
IS 48601968 [35], after 28 days of curing. The experi-
ment employed a three-point bending technique featuring
a support span of 225 mm and a block height of 200 mm.
It was conducted on a hydraulic universal testing apparatus
that can support a maximum load of 300 kN. The load was
applied progressively to the standard-sized masonry blocks
of 300 mm x 200 mm at a rate of 10 kN/min. Three samples
from every mix proportion were tested according to the rel-
evant standards.

3.3.4 Water absorption

The WA properties of the SMBs were evaluated following
IS 2185 (Part 1)—2005 [31]. After 28 days, the WA was
determined by submerging oven-dried block samples in
water at normal temperature for 24 h. The blocks were then
removed and allowed to drain on a wire mesh for one min-
ute. Any excess water from the surface was removed using
a dry cloth, and the specimens were immediately weighed
(Mwet). Following this, all specimens were dried in a
vented oven at 100 °C to 115 °C for 24 h until two consecu-
tive weighings, taken two hours apart, showed a moisture
loss of no more than 0.2% of the previously recorded dry
mass (Mg,,). The WA percentage was calculated using Eq. 2
as the proportion of the absorbed water mass to the mass of
the specimen after it had been oven-dried.

(Mwet — Mdry)

Water absorption, in % =
P 0 Mdry

x 100 2)
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3.3.5 Sorptivity

Sorptivity refers to a porous material's ability to take in and
expel water via capillary action. This test was performed
on oven-dried concrete test specimens for different ratios of
blocks, which are 100+6 mm diameter discs with a length
of 50+ 3 mm, in line with ASTM C1585- 04 [36]. The sam-
ples were initially stored within a desiccator inside an oven
maintained at a temperature of around 5042 °C for 3 days,
then partially submerged in water, with the level maintained
approximately 1 to 3 mm above the base. The lateral water
flow was prevented by sealing the surrounding surface using
self-sticking plastic adhesive tape. The water absorbed at
various intervals of time was measured, and the sorptivity,
or rate of WA, was determined using Egs. 3 and 4.

. Ty
‘T laxd 3)
i =S\t 4)

3.3.6 Acid attack

At present, there are no standardized methods for evaluat-
ing SMBs under sulfuric acid attack. Nonetheless, the test
was conducted in accordance with procedures described
in the literature [37], with ASTM C1898-20 [38] provid-
ing general guidelines for assessing concrete's resistance
to chemicals. To evaluate the acid resistance of SMBs with
varying C:A ratios, the samples were submerged in a 5%
sulfuric acid (H,SO,) solution for 90 days by weight of
water under controlled laboratory conditions. Throughout
this period, the pH of the masonry solid blocks was con-
sistently monitored using both a pH meter and litmus paper
to ensure it remained within the range of 2 and 3. Measure-
ments were taken every 15 days and compared to the initial
reference value. If any fluctuation in pH was observed dur-
ing this interval, additional acid was introduced to the solu-
tion as needed to maintain the desired pH range of 2 and
3, as required. After being taken out from the solution, the
samples were examined for loss of mass and strength using
Egs. 5 and 6.

Mass loss (%) = My = Mz x 100 %)
My

wherein:

M, mass of masonry blocks after curing and before

exposure to the attack (kg)

M, mass of masonry blocks after full exposure to the

attack (kg)



Emergent Materials (2025) 8:6017-6037

6023

Strength loss (%) = Jew = Jez 4 (6)

fckl

wherein:fck, CS of masonry blocks after curing and
before being subjected to attack (MPa)

fck, CS of masonry blocks after being subjected to
attack for 90 days (MPa)

3.3.7 Sulfate attack

Sulphates are commonly present in paints and plastering
mortars, and their effects on masonry blocks can manifest as
either internal or external sulphate attacks. External sulphate
attack is typically simulated by immersing the specimens
in a 5% sulfate solution. To assess the resistance of SMB
specimens to sulphate attack, they were immersed in a solu-
tion comprising 5% magnesium sulphate (MgSO,) solution
for 90 days by weight of water. At the end of the duration
of exposure, the specimens were weighed, and the change
in the percentage of mass was determined in comparison to
their initial mass using Eq. 5. Additionally, the SMB sam-
ples underwent a CS test. The findings were contrasted with
the CS values of conventional masonry blocks, which were
cured for 28 days without being exposed to sulfate condi-
tions. Ultimately, the percentage decrease in strength was
calculated using Eq. 6, as referenced in studies [39, 40].

3.3.8 Chloride attack

Masonry blocks exposed to certain environments are sus-
ceptible to chloride attack, as chloride ions can penetrate the
binder. The resistance of SMB specimens to chloride attack
was evaluated using a method similar to that employed for
acid and sulphate attack tests. The samples were submerged
in a 5% sodium chloride (NaCl) solution for 90 days by
weight of water. Following the duration of exposure, the
SMB samples were weighed, and the change in the percent-
age of mass was calculated in relation to their original mass
using Eq. 5. Additionally, the SMB samples underwent a CS
test. The outcomes were contrasted with the CS values of
SMBs cured for 28 days without being exposed to chloride
conditions. The percentage reduction in strength was then
calculated using Eq. 6, as referenced in [37, 39].

3.3.9 Thermal conductivity

Thermal conductivity quantifies the heat transfer through
concrete via conduction. The thermal conductivity test for
SMB specimens with various C:A ratios was performed
after 28 days of the curing period, following the guidelines
of BS EN 12667:2001 [41]. The test utilized a heat flow
meter technique and a guarded hot plate system with 2 disc

specimens of the same mix ratios. The specimens for differ-
ent mix ratios were prepared in the form of rounded discs
having a thickness of 20 mm and a diameter of 180 mm.
The thermal conductivity was evaluated by subjecting all
masonry specimens of different C:A ratios to a temperature
varying from 30 °C to 70 °C, with intervals of 10 °C.

3.3.10 Temperature resistance

Resistance of the SMBs to high temperatures after curing for
28 days was evaluated by keeping the samples in an elec-
tric furnace with a heating capacity of 1200 °C. The SMB
specimens of different C:A ratios were exposed to different
ranges of temperature from 200 °C to 800 °C, with 200 °C
intervals, for two hours each. After the specified duration
of heating, the SMB samples were removed and left to cool
naturally. Subsequently, their weight and CS were mea-
sured. These values were then compared to the initial mea-
surements taken from conventional masonry blocks prior to
testing. Ultimately, the percentage change in mass and CS
was calculated [39, 42].

3.3.11 Ultrasonic pulse velocity test

The Ultrasonic Pulse Velocity (UPV) test was conducted
to evaluate the internal quality and homogeneity of SMBs,
identifying potential defects such as cracks or voids. After
28 days of curing, UPV measurements were performed on
150 mm concrete cubes of various mix ratios using a Pro-
ceq Pundit PL-200 device with 54 kHz transducers, follow-
ing ASTM C597 [43] and IS 516 (Part 5/Sec 1): 2018 [44].
Transducers were placed on opposite faces with a couplant
gel, and calibration was done using a standard rod. Each
sample was tested three times, and the average value was
recorded for analysis.

3.3.12 Rapid chloride penetration test

The Rapid Chloride Penetration Test (RCPT) was conducted
by following the procedure specified in ASTM C1202 [45].
The test specimens consisted of concrete discs with a diam-
eter of 100 mm and a thickness of 50 mm, made from cylin-
drical specimens with a diameter of 100 mm and a height of
200 mm, representing different SMB concrete mix ratios.
These specimens were cured in gunny bags for around
28 days. After curing, the specimens were trimmed with a
water-cooled diamond saw. Three discs of 50 mm each were
taken from the central part of the 200 mm cylinders, dis-
carding the upper and lower portions. The curved surfaces
of the 100 mm diameter discs were coated with epoxy or
plastic after surface drying to ensure impermeability. The
RCPT was conducted on SMB concrete specimens with
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various mix ratios over 28 days, and the results for each test
were the mean average of 3 specimens.

4 Results and discussion
4.1 Hardened density

The hardened density of SMBs across different mix propor-
tions is shown in Table 4. The reported values reflect the
average outcomes derived from three specimens per mix.
The analysis revealed a decline in hardened density as the
RCA content increased. For all mix ratios, the hardened
density was lower compared to the 1:6 mix ratio, with
reductions ranging from 1.75% to 9.77%. Specifically, the
hardened density of SMBs decreased from 2243 kg/m3 for a
C:Aratio of 1:6 to 2024 kg/m3 for a 1:24 ratio. Furthermore,
within each C:A ratio, the hardened density showed a step-
wise decrease, ranging from 0.98% to 1.75% compared to
the preceding ratio. This reduction in density is significantly
influenced by the properties of RCAs, such as their density
and heterogeneity, which include particle size distribution,
fines content, and the bonding efficiency of aggregates dur-
ing the vibro-compaction process [46]. Higher mix ratios
contribute to a lower bulk density, reduced specific gravity,
and increased porosity, collectively leading to diminished
hardened density. The results comply with the acceptance
criteria specified in IS 2185 (Part 1)—2005 [31] and ASTM
C90 [33], which require minimum densities of 1800 kg/m3
and 2000 kg/m3, respectively.

4.2 Compressive strength

The CS of SMBs with varying C:A ratio is presented in
Table 4, highlighting both dry compressive strength (DCS)
and wet compressive strength (WCS) after a curing period
of 28 days. For the WCS assessment, the blocks were sub-
merged in potable water for around 24 h prior to testing in
a compression strength testing machine. The results indi-
cated a decline in both DCS and WCS as RCA content
increased, signifying that higher C:A ratios lead to reduced

SMB strength. At higher C:A ratios, reduced cement content
resulted in DCS reductions of 11.49% to 82.17% and WCS
reductions of 14.25% to 86.27% compared to the 1:6 mix
ratio. This strength loss is primarily attributed to reduced
cement hydration product formation at higher ratios due to
lower cement content, increased porosity, and the absorbent
nature of RCAs.The CS of SMBs for C:A ratios from 1:6 to
1:24 ranged from 25.97 MPa to 3.35 MPa for both DCS and
WCS. A gradual reduction in CS was observed for mixes
from 1:6 to 1:15, with decreases ranging from 10.09% to
18.01%, while mixes from 1:18 to 1:24 exhibited more pro-
nounced reductions, ranging from 15.74% to 56.21% com-
pared to the previous ratio.

The WCS results were consistently lower than the DCS
values due to water acting as a lubricant within the perme-
able pores, reducing the interparticle bonding resistance
and increasing susceptibility to particle displacement [47].
The wet-to-dry CS ratio ranged from 0.94 to 0.72 for all
the mix ratios. Mixes with lower C:A ratios, such as 1:6
and 1:8, exhibited smaller differences between WCS and
DCS due to their higher cement content, which positively
influenced strength. This higher cement content facilitated
additional hydration of unreacted cement particles during
immersion, partially offsetting the strength loss caused by
water presence [48]. The results comply with the IS 2185
(Part 1)-2005 [31] standard, which requires a minimum
CS of 5 MPa for load-bearing SMBs, achieved by mixes
ranging from 1:6 to 1:21. Additionally, the ASTM C90 [33]
standard, which specifies a minimum CS of 13.1 MPa, was
satisfied by mix ratios of 1:6 to 1:13 under both wet and dry
conditions for load-bearing SMBs.

The hardened density of SMBs is strongly correlated
with their CS. An increase in density typically results in
higher CS, whereas a reduction in density leads to a cor-
responding decrease in strength. The density of SMBs is
primarily determined by the packing density or packing
behaviour of the concrete during production. This packing
behaviour influences the formation of pores or voids within
the concrete and affects the block's strength and density. As
illustrated in Fig. 3(a), regression analysis indicates that
the relationship between hardened density and CS is best

Table 4 Physical and mechanical properties of SMBs with varying mix ratios

Mix ratio (C:A) Hardened density in kg/m®

Compressive strength in MPa

Flexural strength in MPa Water absorption in %

Dry Wet Dry Wet
1:6 2243 25.97 24.40 6.92 4.73 1.58
1:8 2204 22.99 20.92 5.37 3.59 1.93
1:11 2182 19.65 17.15 3.98 2.66 2.36
1:13 2161 17.41 14.78 3.22 2.16 2.79
1:15 2132 15.65 12.78 2.45 1.64 3.16
1:18 2095 13.19 10.27 1.98 1.33 3.54
1:21 2060 10.23 7.65 1.34 0.90 4.12
1:24 2024 4.63 3.35 0.92 0.62 4.51
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Fig. 3 Regression analysis results of SMBs: (a) Correlation between hardened density and CS; (b) Correlation between CS and FS; and (c¢) Cor-

relation between CS and WA

represented by a linear function with a high correlation coef-
ficient (R2) of 0.984.

4.3 Flexural strength

The FS results for the SMBs are tabulated in Table 4, rep-
resenting the average of three measurements. These results
exhibited a trend similar to that of CS, with both dry and
wet FS values decreasing as the RCA content increased. For
example, at higher C:A ratios, the reduction in cement con-
tent led to a decrease in dry FS by 22.46% to 86.72% and
wet FS by 24.03% to 86.98% compared to the 1:6 mix ratio.
The FS values of SMBs ranged from 6.92 MPa to 0.62 MPa
across C:A ratios of 1:6 to 1:24 under both dry and wet con-
ditions. Additionally, the FS declined with each successive
mix ratio, with reductions ranging from 18.96% to 32.48%.
Importantly, the FS of all block specimens significantly
exceeded the requirement of 10% of the CS, as outlined by

Dayaratnam, P (1987) [34], and complied with the standards
specified in IS 4860-1968 [35].

The failure patterns of SMBs were predominantly
marked by diagonal shear cracks caused by elevated local
tensile stresses within the blocks. Vertical cracks were also
observed at the centre of the blocks, which ultimately failed
as the cracks branched out into diverging shear fractures.
A regression analysis presented in Fig. 3(b) demonstrates
a strong linear relationship between CS and FS, yielding a
correlation coefficient (R2) of 0.91.

4.4 Water absorption

WA is a crucial property of masonry blocks, as it signifi-
cantly affects their durability and the bond strength between
the blocks and mortar in construction. Excessive WA can
weaken the blocks by increasing porosity, which com-
promises their structural integrity and reduces strength.
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Conversely, lower WA rates reflect higher-quality blocks
that are more resistant to weathering and better maintain
their structural integrity. Both the quality of the blocks
and their bond with mortar are influenced by WA, thereby
impacting the overall strength of the structure [49, 50]. For
all mix ratios ranging from 1:6 to 1:24, the WA values var-
ied between 1.58% and 4.51%. The percentage of WA for
SMBs increased with each successive mix ratio, showing
an increment of 9.40% to 22.41% compared to the previous
ratio. This rise in WA at higher mix ratios can be attributed
to the increased voids and the absorbent characteristics of
RCAs. At higher mix ratios, the RCA content exceeded the
cement content, leading to a weaker interfacial transition
zone (ITZ) and higher WA in the blocks. The WA results,
as shown in Table 4, confirm that all values remain well
below the maximum allowable limit of 10%, as specified in
IS 2185 (Part 1)—2005 [31]. Since the WA rates are within
permissible limits, there is minimal impact on the strength,
durability and long-term performance of the SMBs, ensur-
ing that the structural integrity remains uncompromised.

The increased proportion of RCAs predominantly influ-
ences the WA properties of SMBs. Furthermore, the reduced
cement content and the presence of adhered mortar on the
surfaces of the aggregates contribute to higher WA in these
blocks. A regression analysis, shown in Fig. 3(c), indicates
that the strongest correlation between CS and WA is rep-
resented by a linear function with a high correlation coef-
ficient (R2) of 0.98.

Fig. 4 Sorptivity of the SMBs for 8.0

4.5 Sorptivity

The sorptivity values of SMBs for different C:A ratios are
depicted in Fig. 4, presenting the rate of sorption per unit
area of SMB discs as a function of the square root of time.
The findings reveal that sorptivity increases progressively
with higher C:A ratios, primarily due to a rise in void con-
tent, which enhances WA. SMBs with lower C:A ratios
demonstrated significantly lower sorptivity compared to
those with higher ratios. After six hours of sorption, the
sorption rates per unit area were measured at 1.65 mm,
2.11 mm, 2.33 mm, 3.28 mm, 3.86 mm, 5.16 mm, 5.87 mm,
and 6.39 mm for C:A ratios of 1:6, 1:8, 1:11, 1:13, 1:15,
1:18, 1:21, and 1:24, respectively. Following the final sorp-
tion stage, the recorded sorption rates per unit area were
4.15 mm, 5.23 mm, 5.35 mm, 5.94 mm, 6.18 mm, 6.69 mm,
6.81 mm, and 7.49 mm for the same C:A ratios. According
to Uzoegbo [51] and Sathiparan N et al. [52] the sorptivity
coefficient (in mm/h®?) is used to evaluate the quality of
masonry blocks, with the following classifications: less than
6 mm is considered excellent, 6—12 mm is good, 12—15 mm
is poor, and greater than 15 mm is very poor. Based on this
classification, SMBs with C:A ratios of 1:6 to 1:13 fall into
the excellent category, while those with ratios of 1:15 to
1:24 are categorized as good.

4.6 Acid attack

Acid attack, particularly from sulfuric acid, severely affects
concrete SMBs through a dissolution mechanism. Acid infil-
tration into concrete leads to the dissolution of the cement

the different mix ratios
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Fig.6 (a)Percentage of mass loss in the SMBs after sulphuric acid exposure; (b) Strength loss of the SMBs after 90 days of sulphuric acid exposure

paste binder, resulting in the formation of soft, soluble gyp-
sum. This gypsum interacts with water and tricalcium alu-
minate, leading to the development of expansive ettringite.
The expansion caused by ettringite contributes to mass loss
in acid-exposed concrete samples, creating tensile stresses
that induce microcracks and spalling [53, 54]. Figure 5(a)
depicts the deteriorated SMB specimens following exposure
to acidic solutions with pH levels of 2 and 3 for 90 days.
Visual inspection revealed significant surface degradation,
including binder disintegration and aggregate exposure.
The mass changes in RAC SMBs due to acid immersion
are illustrated in Fig. 6(a). It was observed that the mass of
SMBs marginally diminished following 28 days of expo-
sure to the acidic solution, with mass loss increasing after
90 days of acidic exposure for both pH conditions. Mass

loss was more noted in SMBs subjected to a pH of 2 com-
pared to those exposed to a pH of 3. For a pH of 3, mass loss
ranged from 1.13% to 4.46% after 28 days and from 1.41%
to 5.28% after 90 days for SMBs with C:A ratios from 1:6
to 1:24. In contrast, for a pH of 2, mass loss ranged from
7.11% to 10.67% after 28 days and from 8.89% to 13.02%
after 90 days for the same C:A ratios. Sulfuric acid exhib-
its a high reactivity with calcium hydroxide [Ca(OH),], one
of the principal products of cement hydration, resulting in
the formation of soluble compounds such as calcium sulfate
(CaSO,4 2H,0). These reaction products are prone to leach-
ing, which initiates structural deterioration in concrete. The
presence of RCA tends to intensify this degradation process
due to its inherent characteristics, including higher porosity,
residual cementitious paste, and increased specific surface
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area. These features facilitate acid penetration and enhance
chemical reactivity, thereby accelerating the breakdown of
cement matrix components. Consequently, concrete con-
taining RCA is more susceptible to mass loss and mechani-
cal strength reduction under sulfuric acid exposure [55].
The CS of RCA-based SMBs was assessed in accordance
with ASTM standard procedures. Figure 6(b) illustrates the
CS and the percentage strength loss of SMBs with various
C:A ratios after 90 days of exposure to sulfuric acid. For
mix ratios ranging from 1:6 to 1:24, the CS ranged from
23.13 MPa to 3.15 MPa at pH—3 and from 16.38 MPa to
1.73 MPa at pH—2. The strength loss after 90 days of sulfu-
ric acid exposure was between 10.92% and 32.01% for a pH
of 3 and between 36.92% and 62.59% for a pH of 2.

4.7 Sulfate attack

The effect of magnesium sulfate on SMBs was character-
ized by notable chemical degradation, resulting in mass loss
and strength reduction. Visual observations of the blocks, as
shown in Fig. 5(b), revealed slight deterioration in SMBs,
including corner disintegration and surface damage after
being exposed to magnesium sulfate solution for 90 days.
The mass variations in SMBs due to sulfate attack are tabu-
lated in Table 5. The results showed a slight reduction in
mass after being immersed in the magnesium sulfate solu-
tion for 28 days, with a further increase in mass loss after
being exposed to the solution for 90 days. The mass loss of
SMBs exposed to magnesium sulfate ranged from 1.08% to
2.49% after 28 days and from 1.27% to 3.08% after 90 days
for C:A ratios between 1:6 and 1:24. The CS of SMBs was
evaluated following ASTM standard procedures. Table 5
presents the percentage strength loss of SMBs with differ-
ent C:A ratios after 90 days of magnesium sulfate exposure.
For mix ratios ranging from 1:6 to 1:24, CS values ranged
from 23.45 MPa to 3.32 MPa after 90 days of exposure,
with strength losses varying between 9.70% and 28.37%.
The reduction in CS is directly related to the mass loss, sug-
gesting that both factors play a substantial role in the over-
all performance of SMBs when subjected to sulfate attack.

The results align with previous studies, indicating that an
increase in recycled aggregate content leads to greater mass
loss in concrete subjected to magnesium sulfate solutions.
For instance, concrete with 100% recycled aggregate exhib-
ited nearly double the mass loss compared to concrete with
no recycled aggregate because of the lower density and
higher porosity of RCA, which facilitates sulfate ingress
and deterioration [56]. Additionally, the combination of
increased RCA and reduced binder content leads to a com-
pounded effect on durability and weakens the cement matrix
and aggregate bond, increasing permeability and allowing
sulfate ions to penetrate more easily, resulting in mass and
strength loss in SMBs [57].

4.8 Chloride attack

Chloride diffusion in concrete causes chloride ions (CI) to
react with hydrated cement, forming corrosion byproducts.
These accumulate in pores and cracks, worsening micro-
cracks, weakening the ITZ, and resulting in mass and strength
loss [58, 59]. Visual inspections of the blocks, depicted in
Fig. 5(c), revealed effects comparable to those caused by
sodium chloride attack. After 90 days of exposure to sodium
chloride, SMBs exhibited slight deterioration, including salt
deposition on the surface, corner disintegration, and surface
damage. Other researchers have also shown similar findings
on RAC blocks [54]. Changes in mass were analyzed by
comparing the mass loss after 28 days of curing with SMBs
subjected to 28 and 90 days of chloride exposure. Varia-
tions in mass over different exposure periods are shown in
Table 5. The mass loss of SMBs exposed to sodium chloride
ranged from 0.67% to 2.36% after 28 days and from 0.83%
to 2.81% after 90 days for C:A ratios between 1:6 and 1:24.
Sodium chloride can trigger chemical reactions in concrete,
such as the leaching of calcium hydroxide and the forma-
tion of Friedel's salts, which weaken the concrete matrix and
increase mass loss. The higher porosity of RCA compared to
natural aggregates exacerbates these effects by facilitating
greater penetration of sodium chloride ions, leading to more
pronounced mass loss over time [60, 61]. The CS of SMBs

Table 5 Mass and strength loss of SMBs subjected to sulfate and chloride exposure

Mix ratio (C:A) Sulfate attack Chloride attack
Mass loss in % Strength loss in % Mass loss in % Strength loss in %
28 days 90 days 28 days 90 days
1:6 1.08 1.27 9.70 0.67 0.83 6.37
1:8 1.34 1.63 10.82 1.03 1.24 7.99
1:11 1.69 2.06 16.82 1.47 1.73 10.41
1:13 1.86 2.30 19.12 1.56 1.92 11.55
1:15 2.11 2.48 24.40 1.70 2.05 15.57
1:18 2.19 2.61 25.45 1.80 2.12 18.88
1:21 2.39 2.92 26.11 1.95 2.37 20.29
1:24 2.49 3.08 28.37 2.36 2.81 23.01
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Fig. 7 Thermal conductivity characteristics of SMBs for different
mixes

was tested to ensure compliance with ASTM standard pro-
cedures. Table 5 shows the percentage strength loss of SMBs
with varying C:A ratios after 90 days of exposure to sodium
chloride. For mix ratios ranging from 1:6 to 1:24, CS values
ranged from 24.32 MPa to 3.57 MPa, with strength losses
ranging between 6.37% and 23.01% after 90 days of expo-
sure. The CS loss due to sodium chloride attack is gener-
ally proportional to the amount of RCA used. A higher RCA
content often results in greater strength reductions, as the
material's characteristics increase its susceptibility to salt-
induced deterioration.

Fig.8 The changes in SMB
surfaces after being exposed to dif-

ferent temperatures g

4.9 Thermal conductivity

The thermal conductivity of SMBs with varying C:A ratio
is depicted in Fig. 7 in accordance with BS EN 12667:2001
[41] standards. Results indicate that thermal conductiv-
ity decreases as the C:A ratio increases. This behaviour is
attributed to the relationship between thermal conductivity
and density; a higher RCA content reduces the density of
the concrete, leading to lower thermal conductivity. Pre-
vious studies have similarly reported that the concrete's
thermal conductivity values are directly correlated with its
density and the RCA content [62]. The thermal conductiv-
ity of SMBs decreases with both rising temperatures and
increasing C:A ratios. At 30 °C, the thermal conductivity
value ranges from 1.467 W/m°C to 0.521 W/m°C, while at
approximately 70 °C, it varies between 0.523 W/m°C and
0.371 W/m°C for different C:A ratio SMBs. The proportion-
ate decrease in thermal conductivity of SMBs at different
temperatures compared to SMBs with a C:A ratio of 1:6
ranges from 1.62% to 64.51%.

4.10 Temperature resistance

Visual inspection of colour changes, spalling, and surface
cracks is commonly recommended to assess the damage to
RCA-based SMBs exposed to high temperatures. As shown
in Fig. 8, the surfaces of SMBs exposed to temperatures
up to 800 °C exhibited noticeable changes. At 400 °C, the
surfaces of SMBs with different C:A ratios largely retained
their original colour and appearance. Cracks began to
appear at 600 °C, and at 800 °C, the spalling was witnessed,
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Fig. 9 (a) Mass loss of the SMBs after being exposed to different degrees of temperature; (b) Strength loss of the SMBs after being exposed to

different degrees of temperature

likely due to pore pressure generation and crack transmis-
sion associated with spalling behaviour [39, 63].

Mass loss for the SMB samples increased progressively
with rising temperatures, as depicted in Fig. 9(a). SMBs
with different C:A ratios experienced mass losses ranging
from 0.44% to 13.24% as the temperature rose from 200 °C
to 800 °C. Blocks with higher C:A ratios exhibited greater
mass loss, ranging from 0.58% to 13.24%, compared to those
with a C:A ratio of 1:6. This mass loss is mainly because of
the depletion of cement hydration products and the evap-
oration of free and confined water, particularly due to the
degradation of calcium hydroxide (Ca(OH),). These find-
ings align with observations from prior studies by Janotka
and Nurnbergerova [64]. At 800 °C, significant mass loss
occurred across all mixes, largely due to the evaporation of
all absorbed water in the concrete, a phenomenon also noted
by Ramesh et al.[65].

After heat treatment, the cooled SMB samples were
tested for CS, with results shown in Fig. 9(b). All SMBs,
regardless of C:A ratio, exhibited a progressive increase in
strength loss at temperatures of 200 °C to 800 °C. Strength
losses ranged from 1.87% to 5.69% at 200 °C, 5.85% to
22.25% at 400 °C, 19.84% to 38.44% at 600 °C, and
23.24% to 65.80% at 800 °C. The results presented in the
figures primarily focus on SMBs exposed to temperatures
up to 600 °C. It is because at 800 °C, all the blocks with dif-
ferent C:A ratios fractured into pieces, as depicted in Fig. 8.
Blocks with lower C:A ratios demonstrated less strength
loss compared to those with higher ratios at all tempera-
ture levels. The reduction in strength is primarily due to the
water-vapour transition within the concrete's interlayers,
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Table 6 UPV and RCPT test results of SMBs for different mix ratios

Mix ratio (C:A) Ultrasonic pulse velocity Rapid
inm/s chloride

penetration
in coulomb

1:6 3722.50 792.48

1:8 3564.25 982.35

1:11 3406.00 1058.23

1:13 3369.75 1675.78

1:15 3333.50 2121.12

1:18 3166.75 3088.17

1:21 3005.00 4449.64

1:24 2785.00 4904.64

which creates high internal pressures. Additionally, at ele-
vated temperatures, aggregate expansion and cement paste
shrinkage weaken the ITZ, and the bond between aggregates
and cement paste, which combines with the decomposition
of hydrated cement products, leads to significant degrada-
tion and strength reduction [66].

4.11 Ultrasonic pulse velocity test

Table 6 presents the tabulated UPV test results for SMBs
with varying C:A ratios. For each specimen, three indi-
vidual readings were recorded, and the average UPV was
calculated. The data in Table 6 indicates that SMBs with
higher C:A ratios exhibited lower UPV values compared to
those with lower C:A ratios. The average UPV for masonry
blocks with C:A ratios ranging from 1:6 to 1:24 was
between 3722.5+ 186 m/s and 2785+ 139 m/s, respectively.
The reduction in UPV values at higher C:A ratios can be
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primarily attributed to the increased void content or porosity
in the blocks, resulting from the lower packing density of
SMBs with higher C:A ratios.

The UPV of SMBs shows a strong linear correlation with
both CS and hardened density. Higher UPV values indi-
cate greater strength and density, largely influenced by the
packing density of the concrete, which affects internal void
formation. Regression analysis demonstrates a strong lin-
ear relationship, with correlation coefficients of R2=0.98
for UPV-CS and R2=0.97 for UPV-density, highlighting
the reliability of UPV as an indicator of concrete quality in
SMBs, as shown in Fig. 10(a) and (b).

4.12 Rapid chloride penetration test
The RCPT for SMBs was conducted in accordance with

ASTM C1202 [45], focusing on various C:A ratios after a
28-day curing period. The RCPT values were assessed for

C:A ratios ranging from 1:6 to 1:24, with the results shown
in Table 6. The measured RCPT values varied between
792.48 C and 4904.64 C for these ratios. This test was per-
formed to evaluate the accuracy and performance of the
results, ensuring their direct correlation with those obtained
from the UPV test. The RCPT and UPV tests provide com-
plementary insights, with the RCPT value generally increas-
ing as the UPV value decreases and vice versa. The packing
density of the concrete significantly influences the UPV
values of masonry blocks during block production. This
packing behaviour, which impacts the formation of voids or
pores within the concrete, plays a crucial role in determin-
ing both the UPV and RCPT values. A regression analysis
presented in Fig. 10(c) reveals a strong linear correlation
between UPV and RCPT, with a correlation coefficient (R2)
of 0.92, indicating a robust relationship.
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5 Microstructure properties
5.1 SEM

The SEM analysis of SMBs with different C:A ratios, as
shown in Fig. 11 [32], reveals a consistent trend: increas-
ing the C:A ratio results in a less dense and more porous
microstructure. This is primarily due to the reduced cement
content, which limits the formation of hydration products,
particularly calcium silicate hydrate (C-S-H) gel, nega-
tively impacting the mechanical behaviour of the blocks.
Figure 11(a), representing the 1:6 mix, shows a compact
and homogeneous microstructure without visible pores,

10pm EHT=1000kV
WO 05 mm

Sigw A= 51
Vage 200KX

Time 123007

10um BT # 10008V Signw A« SEY Dete 26 Myt 204
W= 95 mm Mg+ 200KX Time 124936

cracks, or unreacted cement particles. This dense matrix
corresponds to the highest compressive strength values
(DCS and WCS), reaching 25.97 MPa. The slight difference
between dry and wet strengths (wet-to-dry ratio of 0.94)
suggests effective hydration and a cohesive internal struc-
ture. Durability assessments under acidic exposure further
validate its superior performance, with minimal mass losses
(1.41% at pH<3.0 and 8.89% at pH<2.0) and moderate
strength reductions (10.92% and 36.92%, respectively). The
dense microstructure effectively limits acid infiltration and
reduces the leaching of calcium compounds.

In contrast, Figs. 11(b) and (c), representing 1:11 and 1:15
mixes, display higher porosity, micro-voids, and unhydrated
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Fig. 11 SEM of SMB made of mix ratio (a) 1:6; (b) 1:11; (¢) 1:15; (d) 1:21 [32]
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Fig. 12 XRD of SMBs made of
mix ratios 1:6, 1:11, 1:15, and 1:21
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Q-Quartz, C-Calcium silicate hydrate, CH-Calcium hydroxide, E-Ettringite, K-Kyanite, CC-Calcite
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cement particles. These features contribute to a significant
decrease in strength—by 11.49% to 18.01% relative to the
1:6 mix—and increased water absorption. The porous struc-
ture facilitates acid ingress, accelerating the degradation of
hydration products and compromising durability. The most
severe microstructural damage is evident in Fig. 11(d) for
the 1:21 mix, which shows prominent macrocracks and
abundant unreacted cement grains. This results in a drastic
decline in mechanical strength, with DCS and WCS reduced
by 82.17% and 86.27%, respectively, compared to the 1:6
mix. Additionally, this mix experienced the highest mass
losses after acid exposure.

Overall, increasing the C:A ratio leads to a progressive
deterioration in microstructure, mechanical performance,
and acid resistance. In contrast, lower C:A ratios yield
denser, more cohesive matrices that enhance strength and
chemical durability. These observations are consistent with
findings by Pengfei Ren et al. [67] and Rahul Singh et al.
[9], highlighting the critical role of adequate binder content
in ensuring the structural integrity and longevity of SMBs
under aggressive conditions.

5.2 XRD

The X-ray diffraction (XRD) patterns of all the SMB mixes
are shown in Fig. 12. Analysis of these patterns indicates
that the incorporation of RCA did not lead to significant

2-theta (Degree)

changes in the mineralogical composition of the mixes.
The predominant mineral phases identified across all mixes
include quartz, calcite, calcium hydroxide, ettringite, kya-
nite, and calcium silicate hydrate (C—S—H). Quartz is pri-
marily associated with the presence of natural sand and
aggregates, while the peaks for calcite, calcium hydroxide,
and ettringite correspond to cement hydration products. The
presence of C—S—H, a crucial hydration product contributing
to strength and durability, confirms the ongoing hydration
reactions and suggests that RCA did not hinder the forma-
tion of this vital compound. Although kyanite was detected
in minor quantities, it still contributed to the overall miner-
alogical profile. The consistency of the mineral phases, with
only slight variations in peak intensities, further supports
the conclusion that RCA, used as a secondary material, did
not interfere with hydration processes or the development
of key binding phases. These observations are consistent
with previous studies on concrete prepared using OPC and a
combination of natural and artificial aggregates [68].
Despite the similarity in XRD patterns, the physical
and mechanical properties of the blocks showed a clear
dependency on the RCA content. The mix with a 1:6 ratio
demonstrated the most favourable performance, including
higher compressive strength, reduced water absorption, and
improved durability. In contrast, mix ratios of 1:11, 1:15,
and 1:21 exhibited a gradual decline in performance metrics
as the RCA content increased. This discrepancy between
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mineralogical consistency and mechanical performance can
be attributed to the fact that XRD peak intensities do not
directly reflect structural properties. Instead, the effective-
ness of hydration product formation, particularly C—S—H,
calcium hydroxide (CH), and ettringite, plays a more criti-
cal role in determining the structural integrity of the mate-
rial. While hydration products were present across all mixes,
higher RCA content likely caused a dilution effect, limiting
the formation of new hydrated phases and weakening the
microstructure. Notably, a significant reduction in the quartz
peak intensity was observed in the 1:21 mix, suggesting
possible mineral transformation under experimental condi-
tions. It may be due to enhanced interactions between quartz
and reactive components, potentially promoting pozzolanic
reactions and the consumption of amorphous silica, leading
to the formation of secondary hydration products such as
C—S-H gels. These transformations could account for the
observed decline in quartz peak intensity and the associ-
ated decrease in mechanical performance. These insights
underscore the necessity of combining mineralogical analy-
sis with performance-based evaluations when assessing the
suitability of RCA in masonry block production.

It can also be noted that the lower intensity in the 1:6
mix is a result of its higher binder content, which leads to
the formation of more amorphous phases (like C-S—-H gel)
that naturally produce weaker diffraction peaks. On the
other hand, the 1:21 mix's pattern appears slightly unusual
because of the lower binder content, which results in less
formation of hydration products like C-S—H. In contrast, the
1:11 and 1:15 mixes strike a better balance between binder
and aggregate, which is why their XRD curves appear more
distinct and well-defined.

6 Conclusions

This study focused on producing load-bearing solid masonry
blocks using 100% recycled concrete aggregates and exper-
imentally evaluating their strength and durability charac-
teristics. The commercial production of such blocks has
the potential to alleviate the demand for natural aggregate
resources while mitigating environmental pollution associ-
ated with construction and demolition waste. Based on the
analysis of the experimental findings related to the strength
and durability performance of the recycled concrete aggre-
gate solid masonry blocks, the following conclusions were
derived:

1. The compressive and flexural strengths of the blocks
declined as recycled concrete aggregate content
increased and cement content decreased under both
dry and wet conditions. However, mixes up to a 1:21

@ Springer |5 coo

ratio continued to meet the strength requirements as per
Indian standards for load-bearing applications, indicat-
ing sufficient mechanical performance under environ-
mental stress.

2. Water absorption and sorptivity increased with higher
recycled concrete aggregate content as the cement-
to-aggregate ratio increased from 1:6 to 1:24, reflect-
ing the porous nature and adhered mortar of recycled
aggregates. Despite the higher values, all measurements
remained within the permissible limits of Indian stan-
dards, confirming the acceptable moisture-related dura-
bility of the blocks.

3. Solid masonry blocks with higher recycled con-
crete aggregate content exhibited increased mass and
strength loss as the cement-to-aggregate ratio increased
from 1:6 to 1:24 when exposed to sulfuric acid, mag-
nesium sulfate, and sodium chloride after 90 days. The
deterioration was more pronounced at higher cement-
to-aggregate ratios due to elevated porosity and weaker
matrix-aggregate bonds, indicating reduced resistance
to aggressive chemical environments.

4. Elevated temperatures ranging from 200 °C to 800 °C
resulted in progressive mass and strength loss, particu-
larly in blocks with higher recycled concrete aggregate
content and lower binder levels. The degradation was
primarily due to the decomposition of hydration prod-
ucts and increased internal pore pressure, demonstrat-
ing the impact of RCA on thermal stability. Mass loss
ranged from 0.44% to 13.24%, while strength loss var-
ied between 1.87% to 65.80% across this temperature
range.

5. Thermal conductivity reduced with increasing recycled
concrete aggregate content, ranging from 2.58% to
43.65%, across successive mixes at various tempera-
tures, indicating improved thermal insulation proper-
ties. This characteristic supports the use of recycled
concrete aggregate-based blocks in thermally efficient
building envelopes.

6. Considering the combined effects of mechanical, ther-
mal, and durability, a cement-to-aggregate ratio of up
to 1:18 is recommended for producing structurally reli-
able, load-bearing masonry blocks using recycled con-
crete aggregates.
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