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Abstract: The global challenge faced due to the impact of the construction industry on climate change,
along with the issues surrounding sustainable waste disposal, has necessitated various research on
using waste products as eco-friendly alternatives in construction. In this study, the avoidance of
waste disposal through landfills in Australia was encouraged by incorporating lime kiln dust (LKD)
and tire rubber waste (TRW) into masonry mixes to manufacture green bricks. Furthermore, the
investigations in this article highlight the use of mercury intrusion porosimetry (MIP) to determine
the durability of the LKD-TRW bricks when exposed to freeze–thaw (F-T) cycles by examining the
pore size distribution within the bricks. The LKD waste was blended with ground granulated blast
furnace slag (GGBFS) at a 70:30 blending ratio and combined with the TRW in stepped increments
of 5% from 0 to 20% to produce these eco-friendly bricks. The compressive strength (CS), flexural
strength (FS), frost resistance (FR), pore size distribution according to mercury intrusion porosimetry
(MIP), and the water absorption (WA) properties of the bricks were assessed. The CS and FS values
at 28 days of curing were recorded as 6.17, 5.25, and 3.09 MPa and 2.52, 2, and 1.55 MPa for 0, 5,
and 10% TRW contents, respectively. Durability assessments using the F-T test showed that the
bricks produced with 0% TRW passed as frost-resistant bricks. Furthermore, the results from the
MIP test showed a total pore volume of 0.033 mL/g at 3 µm pore size for the 0% TRW content,
further confirming its durability. Hence, the 0% LKD-TRW bricks can be utilized in cold regions
where temperatures can be as low as −43 ◦C without deteriorating. Lastly, WA values of 7.25, 11.76,
and 14.96% were recorded for the bricks with 0, 5, and 10% TRW, respectively, after the 28-day
curing period. From all of the results obtained from the laboratory investigations, the LKD-TRW
bricks produced with up to 10% TRW were within the satisfactory engineering requirements for
masonry units.

Keywords: flexural strength; compressive strength; freeze–thaw; pore size distribution; water absorption

1. Introduction

Significant research has been carried out on waste for producing sustainable materials
used in construction [1–3]. This is because prevalent observations reported by research
show that they all center on addressing two principal challenges [2,4–6]: The first challenge
relates to reducing the consequences associated with climate change by promoting the
utilization of alternative binder materials (ABMs) in place of ordinary Portland cement
(OPC) in the construction industry [2,4,7,8]. Additionally, due to the rapid population
growth, development of industries, extension of urbanization, and consumerism, signifi-
cant increases in the production of municipal, industrial, and agricultural waste have been
recorded [9,10]. Hence, the second major challenge pertains to finding a solution for how
these wastes can be disposed of sustainably, where the emphasis is placed on avoiding
disposing of them through landfills, thereby averting adverse environmental and health
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impacts [10–14]. Furthermore, Agyeman et al. [15] have shown serious concerns about
the rate at which waste is generated globally. They reported that about 1.3 billion tons of
waste was generated in 2015. It was projected that this will increase to about 2.2 billion
tons/year by 2025, with the 15-year projected per capita waste generation rate rising from
about 1.2 to about 1.42 kg/person/day. They further reported that specialists have alerted
governments and individuals that waste generation associated with population growth
will continue to rise unless individuals and organizations revise how natural resources
and waste are used and reused. Furthermore, other problems—such as the high carbon
dioxide (CO2) emissions associated with the firing of clay bricks [3,16,17], and the rate
of population growth, which has necessitated the construction of more civil engineering
infrastructure, thereby leading to a gradual depletion of aggregates used as construction
materials—have also been identified [1,14,18–22]. Due to these alarming reports, govern-
ments at various levels, alongside organizations and institutions, have adopted the reduce,
reuse, and recycle method of waste disposal. This will aid in significantly reducing the
quantity of waste that would eventually be dumped on available land. Similarly, increased
awareness and research into using these wastes as additives in construction have become
imperative. Hence, constant research on their application and utilization in producing
green engineering structures, as additives or replacements to conventional construction
materials, is increasing [7,8,14,23–26].

To address the challenges associated with the production and use of OPC in construc-
tion, different researchers have proposed various ABMs in their respective studies. Chin
et al. [22] investigated the use of agro-industrial wastes (quarry dust, shells from oil palm
fruit, ash from palm oil fuel, and limestone) for producing sustainable bricks. For the brick
production, the coarse aggregates were fully replaced with the shells from the oil palm fruit.
OPC was partially replaced with 20% ash obtained from the palm oil fuel, and another 20%
by weight of the cement was replaced with limestone, which acted as an admixture. Lastly,
fine aggregates were replaced with 50% quarry dust. The results showed that the bricks
produced in this study had a lower strength-to-weight ratio of about 0.18. However, when
compared to conventional bricks produced with OPC, the sustainable bricks had better late
strength development characteristics due to the pozzolanic properties of the ash obtained
from the palm oil fuel.

In another study performed by Putra et al. [8], bottom ash from non-woody biomass
was investigated as a suitable alternative to OPC. In their study, the ashing of different
residues from agricultural products was carried out to obtain biomass ash with a high
silica content and pozzolanic properties. The results showed that the spelt husk ash and
foliage emerged as the biomasses with the most promising properties when compared to
OPC. Furthermore, Miah et al. [27] investigated the durability and long-term performance
of concrete produced with alternative cementitious materials (ACMs) for up to 900 days.
In their study, slag and fly ash were used as alternatives to OPC in producing concrete.
The OPC was replaced by weight in stepped increments of 10% from 0 to 30%, and then
45% and 60% replacements were also considered. Short-term assessments at 14, 28, 60,
and 90 days and long-term assessments at 120, 365, 730, and 900 days were carried out,
and the samples were cured with water. The results showed that the concrete produced
with 30% fly ash and 30% slag replacements, had a continuous increase in strength with
age up to 900 days when compared to concrete that was produced with OPC, which did
not show a significant increase in strength for the long-term assessment. Additionally,
scanning electron microscopy (SEM) performed on the samples showed that the concrete
with 30% fly ash and 30% slag had dense interfacial transition zones, whereas the OPC
concrete had thick and large cracks and interfacial transition zones. Hence, they concluded
that the concrete samples prepared with 30% fly ash and 30% slag had properties that
outweighed the OPC samples.

The natural aggregates (coarse and fine) used to produce concrete are under pressure
due to the increased demand for housing, thereby resulting in a gradual depletion of these
non-renewable natural resources [7,8,14,23–26]. Hence, replacing these natural aggregates
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has become essential. Different industrial waste products, including bottom ash, copper
slag, crushed glass aggregate, crushed hardened concrete waste, crushed spent fired clay
bricks, waste tire-crumb rubber, and waste foundry sand, have been studied as potential
replacements for fine aggregates in concrete [14,20,28–30]. Research on the use of waste
from foundry sand (WFS) as a fine aggregate that was used to replace natural sand for
concrete production was carried out by Bilal et al. [20]. Their research aimed to enhance the
preservation of the Earth’s natural resources (sand) while providing the best use of the WFS
as an industrial waste product. Slump and strength tests (splitting tensile strength, flexural
strength, compressive strength) at 7, 28, 56, and 91 days of curing were carried out on both
the control and modified samples, for which OPC was used as the cementing agent. WFS
was added to five different mixes (M1–M5) ranging from 0 to 40% in stepped increments
of 10%. Compressive strength tests were performed when the samples attained ages of
7, 28, 56, and 91 days. It was observed from the results that the concrete mix comprising
30% replacement of WFS (M4) resulted in the samples having peak compressive strengths
when compared to other mixes, including the control sample (M1). It was also noted that
the strength increase trend of all of the samples containing WFS (M2–M5) was similar to
that of the control concrete (M1). The similarity in the trends observed could have been
because of the existence of the fine particles in the WFS, which acted as an excellent packing
material and eventually resulted in the production of a denser concrete mix [20]. Similar
improvements were observed in the flexural strength and splitting tensile test results. It
was thus concluded from their research that WFS is a suitable candidate for the partial
replacement of natural sand in making concrete, at an optimal substitution of 30%.

In another study by Ahmed et al. [30], the effects of coated and uncoated rubber on
the flexural behavior of reinforced concrete (RC) beams were investigated. This research
was carried out to conserve the naturally occurring fine sand and divert the waste rubber
from ending up in landfills. In their study, crumb rubber replaced natural fine sand in
varying proportions of 5, 10, and 20% by volume. The bond between the crumb rubber
particles and the concrete mix needed to be improved; to achieve this, slurries from fly ash
and OPC were used as coatings for the crumb rubber particles. The results showed that the
samples’ compressive strengths improved by an average of 8.5% and 17.5% for the mixes
produced from crumb rubber particles coated with OPC and fly ash slurries, respectively.
Furthermore, the beams produced with fly-ash-coated crumb rubber exhibited the highest
flexural capacities among all of the steel RC beams.

MIP, which is used to analyze pore size distribution in samples, has been widely used
and recommended as an effective method of examining pore sizes within the structure of
concrete and mortar materials [31], as well as for understanding the engineering properties
of soils [32]. Lapierre et al. [33] measured the permeability and mercury intrusion of clay
soils found in Louisville and concluded that the permeability of the soil could not be
predicted exclusively by using data from pore size distribution alone, because other factors
contributed to the controlled flow through a porous medium. Delage and Lefebvre [34] used
a combination of MIP and SEM test results to discuss the microstructure of remolded and
undisturbed delicate Champlain clay from St. Marcel. It was suggested in the study that
inter-aggregate and intra-aggregate porosity regimes existed in the remolded specimens
when compared to the undisturbed samples. The authors further reported that a collapse
of the soil’s inter-aggregate pores was observed due to the consolidation of the clay soil,
while the intra-aggregate pores remained almost intact. Ma [31] presented tips on the pore
size measurement of cement concrete and mortars using MIP. The research reported factors
and controls that should be in place for successful acquisition of MIP data. Furthermore, it
was reported that MIP is a valuable test when performing comparative assessments of the
pore refinements that occur within a given system or sample, as well as when working out
horizontal comparisons of various systems [35]. Additionally, parameters determined from
MIP tests are useful for the establishment of property–microstructure relations which can
be both statistically and physically meaningful [36,37].
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In summary, this study utilized industrial waste (LKD and GGBFS) in combination
with TRW for brick production to address the prevalent challenges identified by the studies
highlighted above. The production of these novel bricks will achieve three aims: Firstly,
this study will address the concerns surrounding the increasing amount of CO2 associated
with the production and use of OPC, by fully replacing OPC with LKD and GGBFS wastes.
Secondly, the increase in construction and the depletion of natural sand underscore the need
to investigate TRW as a sustainable alternative to sand, thereby decreasing its exploitation.
Thirdly, MIP has been promoted as a quantitative method of understanding the pore
size distribution in clay soils, cement concrete, and cement mortar samples. However,
limited recent research has been conducted on its use to evaluate the pore size distribution
within brick samples. This study was conceived to bridge this knowledge gap, using MIP
to assess the effect of freeze–thaw (F-T) cycles on the pore size distribution within the
LKD-TRW bricks.

2. Materials Used in the Study

LKD and GGBFS: LKD and GGBFS were combined in a 70:30 blend ratio for brick
production.

LKD has been identified as a possible replacement for OPC due to its high calcium
content, alongside other compounds that highlight it as a favorable alternative binder
material (ABM) [5,14,38]. Other compounds in LKD include SiO2, Al2O3, Fe2O3, and MgO,
which are also in OPC in similar proportions [14].

Ground granulated blast furnace slag (GGBFS) is a supplementary cementitious mate-
rial (SCM) composed of CaO and SiO2 in good proportions. This composition, in combina-
tion with the CaO, SiO2, Al2O3, Fe2O3, and MgO from the LKD, was responsible for the
strength obtained in the bricks produced [14]. Table 1 shows the chemical compositions of
the LKD and GGBFS used in this study. Specific gravity (Gs) values of 2.75 and 2.65 were
obtained for the LKD and GGBFS, respectively.

Table 1. Oxides present in LKD and GGBFS.

Sample
Chemical Composition (%)

CaO SiO2 Al2O3 Fe2O3 MgO K2O Na2O SO3

LKD 63.42 20.04 4.90, 3.49 1.11 0.35 0.43 2.35
GGBFS 42.1 33.1 13.2 0.3 6.5 - 0.5 2.0

Tire rubber waste (TRW): The properties and engineering applications of TRW have
been previously reported in publications concerning its environmental, economic, and
technical benefits [10,13]. However, a prevalent challenge of strength reduction persists
in concretes produced with TRW. This is due to the hydrophobic nature of the rubber
material and the difference in stiffness between the cement paste and the rubber parti-
cles [39,40]. This results in incomplete bonding between the cement paste and the rubber
aggregates; hence, cracks easily occur when the samples are loaded externally. To address
this shortcoming and enhance the mechanical properties of the rubberized samples, surface
treatment of TRW with 10% (w/v) sodium hydroxide (NaOH) solution was carried out as
recommended by previous research [14,41,42]. Furthermore, sieve analysis and Gs tests
were carried out on the TRW crumbs, and values of 2.96 and 0.77 were obtained for the fine-
ness modulus (FM) and Gs, respectively. The FM value obtained for the TRW was within
the recommended limits from prior research [43,44], and as specified by codes [45,46] for
fine aggregates. Hence, the fine TRW used in this study could partially replace fine natural
aggregates (sand), since it possessed similar grading properties to the sand aggregates, as
shown in Figure 1.
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Figure 1. Particle size distribution of TRW and sand.

Sand: A gradation test was carried out to determine the particle size of the sand, and
an FM of 2.47 was obtained. A Gs of 2.61 was also obtained for the sand sample. It is
recommended that an FM within the range of 2.3–3 [45,46] or 2.2–2.8 [47] is suitable for
brick production.

Water-reducing agent (WRA): In this study, Sika Plastiment®-45 WRA was incorpo-
rated to improve the workability of the mix.

3. Experimental Program for Rubberized Brick Production

In this research, the laboratory mix design of the rubberized brick was carried out to
achieve 3 MPa as a minimum compressive strength, which is the recommended strength
for masonry units under the non-load-bearing category [48,49]. We used 1.0 part by weight
of the lime kiln dust-ground granulated blast furnace slag (LKD-GGBFS) blend to 3.0 parts
by weight of natural sand as the fine aggregate, and a water–binder ratio of 0.45 was
considered for the mix.

A trial mix design was performed to determine the final mix that would be used for
the brick production (Table 2). A total of 63 bricks were cast for the trial mix, using a
constant water–binder (w/b) ratio of 0.45. The mix design that had compressive strength
(CS) greater than 5 MPa [49] and contained a higher amount of LKD was considered for
producing the final bricks. Hence, the 70:30 (LKD-GGBFS) blend ratio was picked to be the
final blending ratio that was used in the brick production.

Table 2. Blend ratios and corresponding compressive strength (CS).

LKD-GGBFS/Sand Ratio LKD-GGBFS Blend Ratio 28-Day CS (MPa)

1:3 90–10 1.67
1:3 80–20 3.69
1:3 70–30 6.17
1:3 60–40 10.49
1:3 50–50 8.71
1:3 40–60 11.94
1:3 30–70 12.04

To improve the workability of the mix, an average of 1.5% of water-reducing agent,
based on the LKD-GGBFS weight, was added to the mix. The natural fine sand was
partially replaced by the tire rubber waste (TRW) at 5%, 10%, 15%, and 20% increments by
the volume of the sand.
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Production and Curing Procedure

• The mixing procedure for producing the bricks was carried out following the Aus-
tralian standards [48,49]; thereafter, the mix was placed in formworks that had been
greased for easy de-molding.

• Vibration of the mix in three layers was carried out on a vibrating table. The first and
second layers were vibrated for about 40 s each, and the final layer was vibrated for
about 120 s. After the vibration was completed, the mix in the formwork was leveled
to achieve a smooth and, leveled surface.

• After 48 h, the bricks were de-molded, sprayed with water, and wrapped with nylon
film to enhance moist curing in an environment with an average humidity of 79%
(±5%) and an average temperature of 19 ◦C (±5 ◦C), as shown in Figure 2.

• Hydration of the samples by spraying was carried out on alternate days until the
curing ages of 7, 14, and 28 days. After each curing period, the brick samples were
unwrapped as needed and tested.
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4. Tests Carried Out on the Bricks

Tests carried out on the bricks included the following:

• Compressive strength (CS) test

A compression test is usually carried out to ascertain the peak stress that any sample
can withstand. The compression test was carried out using the MTS compressive strength
testing machine. The testing machine comprises two flat steel plates: one in a firm position,
upon which the masonry unit was placed, while the other is a movable plate, which was
responsible for transmitting the load to the sample when the load was applied. The plates
were arranged in such a way that the centroid of the masonry unit coincided with the center
of the plate thrust. The load was applied at a uniform rate of 4 mm/min, and the load
that caused the failure in the masonry unit was noted. For each TRW content considered,
three samples were tested, and their average compressive strength was computed. The
testing procedure was carried out in line with codes [48–50], and the CS was computed
using Equation (1) below, as required by AZ/NZ-4456.4- [50]:

CS =
Ka (1000P)

A
(1)

where

Ka = Aspect ratio factor determined by the height-to-thickness of the brick;
P = Load that caused failure of the brick (kN);
A = Area of the brick (mm2);
CS = Computed compressive strength (MPa).
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• Flexural strength (FS) test

An FS test is usually carried out on bricks to assess their ability to withstand bending or
flexural stress. It is carried out to investigate the structural integrity and breaking resistance
when a load is applied to a brick. The information from an FS test is crucial for engineering
and construction applications, ensuring that the bricks tested meet the required strength
for construction purposes.

The samples that were cured for 7, 14, and 28 days were set up as shown in Figure 3
a,b and tested according to codes [51]. The loading rollers were brought into contact with
the top of the brick sample, and then a seating load that did not exceed 100 N was applied
to the brick sample. The uniformity of the bearing of the rollers was checked, and their
positions were marked on the sides of the bricks, as shown in Figure 3, before proceeding
with the loading.
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The samples were loaded at a constant rate of 0.3 mm/min until they fractured (failure
occurred), and the modulus of rupture was calculated using Equation (2) below, as required
by codes [51]:

fc f =
PL(1000)

BD2 (2)

where

fcf = Flexural strength (MPa);
P = Maximum applied force indicated by the testing machine (kN);
L = Span length (mm);
B = Average width of the specimen at the section of failure (mm);
D = Average depth of specimen at the section of failure (mm).

It was important to note that the fractures did not occur outside the middle third of
the span length (indicated with blue lines, as required by code AS 1012.11) [51]. Figure 3
shows the brick samples before and after testing using the MTS testing machine, showing
that the fracture occurred within the middle third of the span.

• Freeze–thaw (F-T) test

F-T tests are usually performed to estimate the resistance and durability of a concrete
sample to resist deterioration when exposed to repeated freeze–thaw cycles [48]. This is
because F-T is considered to be one of the durability properties of bricks and has been iden-
tified as one of the major factors in brick degradation [52–54]. It has also been established as
a qualitative and direct method used to assess the durability of bricks [52–54]. Furthermore,
it has been reported that bricks are porous building materials that usually contain some
amount of moisture within their structure. This moisture has a direct influence on the
bricks’ properties such as shrink and expansion, strength, resistance to external conditions,
and vapor permeability [55]. The durability of the bricks was tested by assessing their
resistance to F-T, as described in code EN 772-22 [56].

The resistance to F-T was assessed by exposing the bricks to 10 F-T cycles. The F-T
tests were carried out on the rubberized bricks that contained 0, 5, and 10% TRW. Samples
prepared with 15 and 20% TRW were not considered, due to their low strength. After the
bricks had been cured by hydration for the specified durations, three bricks for each TRW
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content considered were selected randomly and placed in a chamber, where the internal
temperature was lowered from 22 ◦C to −43 ◦C (71.6 ◦F to −45.4 ◦F) and then increased
back to 11–17 ◦C (51.8–62.6 ◦F) within 12 hours (hrs). Each cycle comprised 9 hhrs of
freezing and 3 hrs of thawing in water. The freezing was limited to 9 hrs because the
temperature in the chamber was as low as −43 ◦C. The bricks were weighed and recorded
at the successful completion of each cycle. This was used to calculate the change in the
mass of the brick, and the average values of the three bricks in each case were used for
computations. Additionally, the appearance of surface changes after the F-T cycles of the
bricks was also assessed.

• Mercury intrusion porosimetry (MIP) test

The distribution of the pore sizes in the bricks was characterized using MIP as a
common method recommended by researchers [57–60]. The samples used for the MIP
test were crushed samples obtained from the bricks that were exposed to the F-T test and
air-dried for 60 days, and from the samples that were not exposed to F-T cycles but were
left in the open outside for a period of no less than 60 days. This was done to compare
the effects of the F-T test on the pore sizes of the bricks. The retrieved samples were dried
in an oven at a temperature of 105–110 ◦C for 24 h to ensure that all of the pores were
free from any form of retained or trapped water [60,61]. The MIP test was performed on
an AutoPore IV 9500 Version 2.03.00 with a maximum pressure of about 207 MPa and a
contact angle value of 130◦. The tests were conducted at low and high pressure levels,
which permitted the evaluation of the pore size distribution in the range from about 350 µm
(µm) to 6 nanometers (nm).

The use of the Maage factor, as proposed by Maage [62], has been identified and
acknowledged as an indirect method used to grade the resistance of bricks that have been
subjected to F-T cycles [63,64]. The Maage factor, which is based on experimental data,
presents a statistical model with two main variables: the total volume of pores (PV), and
the proportion of pores with a specific diameter larger than 3 µm (P3), which are partially
saturated due to the meniscus effects, as shown in Equation (3) below:

Fc =
3.2
PV

+ 2.4 (P3) (3)

where

Fc = Calculated frost resistance number/frost durability index;
PV = Intruded pore volume (cm3/g or mL/g);
P3 = Percentage of the pores with diameters greater than 3 µm.

Equation (3) was used to compute and determine the extent of the produced bricks’
durability, where values of Fc > 70 represent durable bricks, and Fc < 55 represents non-
durable bricks. Fc values between 55 and 70 represent bricks with uncertain frost durability
properties [62].

Research by Koroth, [52], Mensinga, [53], Elert et al. [65], and Stryszewska and
Kanka [66] has shown precisely that the large pores within the samples are responsi-
ble for the good resistance of clay bricks to F-T cycles. Furthermore, pores larger than 3 µm
in diameter have a beneficial effect on the frost resistance of bricks [55,62]. This section
examines the influence of raw materials’ (LKD-GGBFS blend and TRW) characteristics
on the porosity, pore volume, and pore size distribution, which were used to assess the
LKD-TRW bricks.

• Water absorption test

After 28 days of curing had elapsed, the samples were subjected to cold water absorp-
tion (WA) tests. The WA tests were conducted on the bricks to investigate their durability
properties, which include their quality, their behavior in weathering, and their degree of
burning. A water absorption value not exceeding 20% provides better resistance to damage
by freezing [48,50,67,68]. Furthermore, WA tests can be used to determine the degree of
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compactness in bricks, because water is absorbed by pores in bricks and, thus, with an
increase in pores, the water absorbed by the bricks increases. Hence, bricks with WA of
less than 3% can be referred to as vitrified. The WA tests were carried out per codes AS
3700 [48], AS-NZ-4456.14 [50], IS:1077-2:1992- [67], and IS 3495-2 [68]; after the tests, water
absorption was computed using Equation (4) below:

W =
(M 2 − M1)

M1
× 100% (4)

where

W = Water absorption (%);
M1 = Weight of brick after oven-drying for 24 h (g);
M2 = Weight of brick after soaking in water for 24 h (g).

5. Discussion of Results from the Tests
5.1. Compressive Strength (CS) and Flexural Strength (FS)

Table 3 shows the CS and FS results obtained for the samples that contained vary-
ing contents of TRW, while Figures 4 and 5 show the plots for the CS and FS obtained,
respectively.

Table 3. Compressive strength and flexural strength of rubberized bricks.

TRW (%) Hydration (Days) Compressive Strength (MPa) Flexural Strength (MPa)

0 7 3.23 1.72
0 14 4.22 1.92
0 28 6.17 2.52
5 7 1.54 1.2
5 14 3.79 1.81
5 28 5.25 2
10 7 0.76 0.82
10 14 2.44 1.43
10 28 3.09 1.55
15 7 0.1 0.32
15 14 1.1 0.92
15 28 2.08 1.20
20 7 0.04 0.21
20 14 0.5 0.73
20 28 0.68 0.82
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It can be observed from Figures 4 and 5 that, with an increase in TRW content, there
was a reduction in both CS and FS. Furthermore, it can be observed that with increasing
hydration duration from 7 to 28 days, there was an increase in both CS and FS. Additionally,
the bricks produced with up to 10% TRW replacement passed the FS requirements for
concrete bricks, which range between 1.4 and 3.4 MPa [69]. As required by standards, the
bricks that contained 10 and 5% TRW met the non-load- and load-bearing requirements for
masonry units, respectively, [49]. It can be concluded that the bricks produced with up to
10% TRW passed the CS and FS requirements for units that can be used in small buildings.

A theoretical model that can be used to correlate the CS and FS of the green bricks was
developed. The exponential, linear, power, and logarithmic models were produced, and the
model that gave correlation coefficients (R) of almost 1 was selected as the most acceptable
relationship. Hence, the power model was selected as the most acceptable relationship,
which is consistent with the work carried out by Oke and Abuel-Naga [14], as shown in
Table 4. Figure 6 shows the relationship between the CS and the FS of the bricks.
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From the above models, the model that can be used to predict the FS of the TRW bricks
in the absence of a test is the power model, which is expressed in Equation (4) below:

fcf = 0.9519fc
0.4729 (5)

where

fcf = Flexural strength;
fc = Compressive strength.

5.2. Freeze–Thaw

• Physical appearance of the bricks before and after F-T

After the cycles, the samples were visually inspected for changes on the surface, as
shown in Figures 7a,b and 8a,b. If there were no signs of change in the specimens, this
implies that the samples were qualitatively assessed as resistant [55].
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It can be observed that the samples that were prepared without TRW (Figure 7a,b)
had no physical changes before and after the 10 cycles, but the samples that had 5 and
10% TRW had some abraded spots on the surface of the bricks, as shown in Figure 8a,b.
This shows that the samples that had no TRW content exhibited better F-T durability and
were classed as frost-resistant bricks. The samples that contained 5 and 10% TRW were
classified as non-frost-resistant bricks. In practical applications, frost-resistant bricks are
termed frost-durable bricks [62,63].

• Mass change of the bricks during the F-T test

The mass change in the brick samples was also monitored during the F-T cycles. After
each cycle, the bricks were weighed, and average values were taken. Figure 9 shows the
plots of the F-T cycles against the mass change.
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It can be observed from the plots in Figure 9 that there was not much mass change
recorded for the brick samples that had 5 and 10% TRW. Bogas [70] has suggested that the
voids inside the lightweight aggregates or concretes may function as expansion chambers,
where the generated hydraulic pressure resulting from water freezing in the pore structure
of the concrete is released, hence the negligible mass change. However, more surface
changes were observed in the samples with 5 and 10% TRW. Verbeck and Landgren [71]
and Mehta and Monteiro [72] reported that the surface changes usually result from the
expansion of saturated aggregates near the surface of the specimen, which is followed by
the disintegration of the surrounding cement paste (in this case, the LKD-GGBFS blend).
When the water inside the aggregates is frozen, a pressure that leads to the failure of
aggregates or disrupts the surrounding cement paste is generated, which was observed
on the surface of the rubberized brick samples [70,72]. For the 0% TRW samples, the mass
change was very evident, especially at the beginning of the test, and this can be attributed
to the absorption and retention of water and the absence of TRW in the mix. Furthermore,
the surface of the 0% TRW samples experienced no changes after the 10 cycles, because no
expansion occurred near the surface of the bricks, due to the absence of TRW particles.

5.3. Mercury Intrusion Porosimetry (MIP)

Figures 10 and 11 show plots of the cumulative distribution and log-differential
distribution of the pore sizes, respectively, for the samples subjected to F-T cycles (F-T) and
those not subjected to F-T cycles (NO F-T).
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As observed in Figure 10 for both exposures (F-T and NO F-T), the pores with diam-
eters greater than 3 µm were about 37%. Furthermore, the cumulative curves gradually
became flat at pore diameters of about 0.1 µm, so we can safely conclude that, regardless of
the TRW content, all of the bricks had about 63% of pores with diameters less than 3 µm.
Hence, the average cumulative intrusion volume of 0.093 mL/g at 3 µm represents the total
pore volume of the sample. However, for the samples exposed to F-T cycles, the PV values
obtained were 0.1309 mL/g, 0.1747 mL/g, and 0.2035 mL/g for the 0, 5, and 10% TRW
samples, respectively. Referring to Equation (4) and computing Fc with the obtained PV
values, the brick samples that had 0% TRW fell under the durable region, the brick samples
containing 5% TRW fell within the uncertain region, and the samples with 10% TRW fell
in the non-durable region. A similar trend was observed for the samples not exposed to
F-T cycles (NO F-T). PV values of 0.1433 mL/g, 0.2 mL/g, and 0.2014 mL/g were obtained,
respectively, and the brick samples that had 0% TRW again fell under the durable region.
The brick samples containing 5% and 10% TRW fell within the uncertain and non-durable
regions, respectively. However, it was observed that the samples with 5 and 10% TRW (NO
F-T) and 10% TRW (F-T) had similar pore size distribution, with high mercury intrusion,
while the samples with 5% TRW (F-T) had a dissimilar pore size distribution, highlighting
a lower volume of mercury intrusion. It can be concluded that the size of the pores larger
than 3 µm in diameter contributed beneficially to the low mercury intrusion within the
5% F-T bricks [55,62], even though the 5% TRW (F-T) samples had abraded spots after the
freeze–thaw cycles.

The bimodal trend observed in Figure 11 illustrates that two distinct pore sizes were
present in the bricks, irrespective of the exposure conditions: macro- and micropores. The
amount of TRW played a significant role in forming these pores, because the presence of
the rubber created additional pores within the brick’s matrix, leading to a higher intrusion
volume (pink and green curves for 10% TRW F-T and 10% TRW NO F-T, respectively). For
the 0% TRW sample (yellow curve for F-T), a peak intrusion volume of 0.095 mL/g was
recorded within the micropores section, after which the curve flattened. This indicates
that, at 0% TRW, the intrusion was very low due to the sample’s micropore sizes, which
translated to durability irrespective of the effect from the F-T cycles. For the other samples
(5% and 10%), the intrusion volumes were higher when compared to the 0% TRW content,
resulting in the bricks being classed as uncertain and non-durable.

5.4. Water Absorption

The results obtained for the WA tests are shown in Figure 12. It can be observed from
the plot that, as the TRW content increased from 0% to 10%, the presence of the TRW created
more pores, which were filled with water, leading to a higher WA in the brick samples.
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The brick samples with 0% and 10% TRW had the lowest and highest WA, respectively.
It can be concluded that the WA obtained in this study meets requirements of less than
20% [48,50,67].
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Following ASTM C62 [73], brick samples with water absorption values not exceeding
22% and 17% are recommended in moderate and severe exposure conditions, respectively.
Furthermore, ASTM C90-22 [74] specifies a maximum water absorption of 15% for normal-
weight bricks and 12% for lightweight units. Hence, the rubberized bricks produced in
this study passed the requirements for units that can be used in severe and moderate
exposure conditions.

6. Conclusions and Recommendations

In this study, strength properties considering the CS and FS tests, as well as durability
properties considering the freeze–thaw (F-T), mercury intrusion porosimetry (MIP), and
water absorption (WA) tests, were used to determine the durability of green bricks produced
with LKD, GGBFS, and TRW waste. From the laboratory experiments, analysis, and
validations performed, the following conclusions can be drawn:

• The brick samples produced with 0, 5, and 10% TRW had CS and FS results of 6.17, 5.25,
and 3.09 MPa and 2.52, 2, and 1.55 MPa respectively. As standards require, these bricks
passed the specifications for load- and non-load-bearing units for small buildings [49].
Additionally, the bricks produced with up to 10% TRW replacement passed the FS
requirements for concrete bricks, which range between 1.4 and 3.4 MPa [69]. Thus, it
can be concluded that the bricks produced with up to 10% TRW passed the CS and FS
requirements for masonry units that can be used in small buildings.

• The power model developed in this study can be used to predict the flexural strength of
the green bricks in the absence of a test. However, verification of the model considering
different cementitious materials, types and sizes of aggregates, curing durations, and
curing regimes can be performed.

• For the F-T tests, the brick samples produced with 0% TRW were seen to have no
physical changes after 10 cycles of F-T. Hence, the samples produced with 0% TRW
can be classed as frost-resistant bricks or frost-durable bricks, which can be used in
environments where temperatures can be as low as −43 ◦C. The samples with 5 and
10% TRW had some physical changes on their surface in terms of delamination. Hence,
the bricks produced with 5 and 10% TRW are not recommended for cold regions where
temperatures can drop as low as −43 ◦C.
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• The results of the MIP tests carried out on the brick samples containing 0, 5, and 10%
TRW showed that two distinct pore sizes were present in the bricks. The bricks that
had 0% TRW fell under the durable region, which was confirmed by their surface
appearance after the F-T cycles. Furthermore, a peak intrusion volume of 0.095 mL/g
was recorded for the 0% TRW (F-T), after which the curve flattened. This translates to
durability, irrespective of the effect of the F-T cycles. The brick samples containing 5
and 10% TRW fell within the uncertain and non-durable regions, respectively, which
can be attributed to the presence of the TRW in the bricks.

• WA tests performed on the samples showed that the bricks met the <20% standard
requirements for WA. The WA values recorded for the bricks that contained 0, 5, and
10% TRW were 7.25, 11.76, and 14.96%, respectively.

In conclusion, the bricks assessed in this study passed all of the durability tests
performed. However, it is recommended that further studies using a smaller amount of
TRW (<5%) should be performed to investigate the durability (F-T and MIP) properties of
the green bricks.
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