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Abstract  This article investigates the use of powder 
waste glass (PWG) as partial replacement of cement for the 
production of Concrete Masonry Units (CMU) using a lab 
experimental program. Initially, an optimum level of 
partial replacement of cement with PWG was determined 
in the preliminary experimental tests on mortar mixtures 
incorporating PWG. Mixtures with 100% cement were also 
produced for comparison with the PWG modified mixtures. 
Test results of the main experimental program confirmed 
the viability of 15 wt.% replacement of cement with fine 
PWG having median particle size of 18 µm towards 
production of CMU with enhanced strength and durability 
attributes. The use of PWG as partial replacement cement 
benefitted the later-age strength and durability of the 
resulting cementitious mixture. At 56 and 90 days of ages, 
the PWG mixture-based CMU achieved about 12% higher 
strength than that of control CMU. Furthermore, eight-day 
cumulative water sorption of PWG-based CMU was 
recorded to be 43% less than that of normal CMU. 
Similarly, a 10% reduction in the dry density of the 
hardened CMU produced with PWG was recorded in 
comparison to that of control CMU produced with 100% 
cement. The inclusion of PWG as partial replacement of 
cement was observed to increase the initial and final setting 
times and slightly reduce the flow characteristic of the 
resulting cementitious mixtures. The use of PWG for the 
production of CMU blocks is viewed as an excellent 
practice for the production of strong, durable, light, 

economical and eco-friendly masonry construction. 

Keywords  Concrete Masonry Units, Powder Waste 
Glass, Strength, Durability, Economy 

1. Introduction
Masonry is an ancient and one of the most popular 

methods of construction, which is still used for the 
construction of various types of low- rise structures [1, 2]. 
In addition to the traditional burnt clay bricks, CMU have 
been extensively used as the building blocks of a masonry 
structures. These include the structures made of 
load-bearing and non-load bearing masonry walls. Over 
the years, the use of CMU as masonry building units has 
taken over traditional clay bricks mainly due to their 
energy efficient production, lower CO2 emission during 
manufacturing, enhanced durability and better surface 
finishing as compared to the burnt clay bricks [3-5]. In 
2020, approximately 62.13 million square meters of 
concrete blocks were produced in the UK [6]. The US 
production was estimated to be 522.6 billion masonry units 
by the end of 2020. It has been forecasted that the global 
concrete block and brick manufacturing shall reach 2.3 
Trillion by the end of 2027 at a growth rate of 2.4% during 
the 2020-2027 period [7]. 
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In spite of the popularity of the use of CMU in masonry 
construction, its overall production has considerable 
carbon footprints and is regarded as an energy-intensive 
production similar to the production of other cementitious 
products involving the use of Portland cement [8-12]. This 
attribute is brought about by the emission of about 0.9 
tonne of CO2 associated with the production of each tonne 
of Portland cement [13, 14]. Besides, the production of 
Portland cement is highly energy-intensive being third to 
the production of aluminum and steel production among 
the common construction materials [4, 15]. The 
construction industry is going to face the challenge of 
increasing demand for built-infrastructure in the coming 
years as the world population has been estimated to reach 
9.7 billion by the year 2050 [16]. This will translate into 
huge demand of construction materials including cement 
products such as concrete and CMU which eventually will 
result into a significant increase in cement production, 
resulting into more complicated environmental issues 
arising from its production. It is therefore urgently required 
to devise strategies meant to mitigate the damaging 
environmental effects of cement production. Although the 
global cement industry has taken considerable measures to 
reduce the carbon emissions from cement production and 
enhance the energy efficiency of its production. These 
include; lowering the direct CO2 intensity of cement (tonne 
of carbon dioxide per tonne of cement [tCO2/t cement]) to 
0.52, lowering the thermal energy intensity of clinker 
(gigajoule per tonne of clinker [GJ/t clinker]) to 3.3 from 
the exiting value of 3.5, and reducing the clinker to cement 
ratio to 0.64 from the existing ratio of 0.65 [17, 18]. 
However, much needs to be done on urgent basis in this 
regard.  

Researchers have suggested various approaches to bring 
the current construction industry practices within the fold 
of sustainable, environmentally-friendly, and energy 
efficient developments. These include the use of various 
industrial and agriculture wastes as partial replacement of 
cement and / or aggregate for the production of concrete, 
mortar, and CMU [8, 19-22]; use of low carbon energy 
sources [5]; consumption of less cement in concrete 
mixtures by specifying later age strengths as the required 
design strengths [23], and using cement of higher strength 
class in concrete and mortar mixtures [24]. Out of these a 
number of studies have reported the effectiveness of the 
use of waste materials for the manufacture of various 
cementitious formulations [9, 10, 15, 25, 26]. Waste glass 
which forms part of the municipal solid waste stream, 
when reduced to powder size has been identified to be a 

viable partial replacement of cement for production of 
concrete [27-29]. The suitability of PWG for use in 
concrete as partial replacement of cement is dual: firstly; a 
huge quantity waste glass is annually produced worldwide. 
Alone in U.S. the production of waste glass was estimated 
to be 12.3 million tons in 2018 which works out to 4.2% of 
all municipal solid waste [30]. Huge part of this waste glass 
can be consumed in concrete in the form of PWG as partial 
replacement of cement [31-34]. Secondly; the use of PWG 
results in significant enhancement of the strength and 
durability attributes of the resulting concrete mixtures 
[35-37]. Both aspects associated with the use of PWG in 
concrete shall result into an economical and durable 
concrete production which is environmentally friendly, as 
well.  

Although a significant number of studies exist on the use 
of traditional supplementary cementitious materials (SCM) 
for the production of CMU, this study evaluates the use of 
PWG as an SCM in the cementitious mixture for the 
manufacturing of CMU. The suitability of the PWG 
containing cementitious mixture for the production of 
CMU has been experimentally investigated from the 
standpoint of strength, durability, and economy of the units 
and resulting masonry structure. Based on the results of 
preliminary lab tests, a 15 wt.% replacement of cement 
with PWG has been chosen to be the optimum for the 
production of CMU. 

2. Materials and methods 

2.1. Materials 

PWG having physical properties as shown in Table 1 
was used as 15 wt.% replacement of cement for the 
production of CMU. Type-I Portland cement conforming 
to ASTM C-150, fine aggregate having fineness modulus 
of 2.75, and tap water were used for the production of the 
PWG and control mixtures in the experimental program. 
Figure 1 shows the particle size distribution of PWG and 
cement, while Table 2 presents the chemical composition 
of the two materials. 

Table 1.  Physical properties of PWG 

Specific 
gravity 

Specific 
surface area 

Median 
particle 

size 

Moisture 
content 

2.43 g/cm3 4885 cm2/g 18 µm 0.12% 
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Figure 1.  Particle size distribution of glass and cement 

2.2. Methodology 

2.2.1. Preliminary Mortar Mixtures 

Based on the given physical and chemical characteristics 
of the PWG, it was necessary to ascertain a suitable level of 
cement replacement with PWG. Consequently, in order to 
determine the optimum PWG content in the CMU mixtures, 
preliminary mixture designs were produced with 1:2.75 
cement to sand ratio having water to cement ratio of 0.47. 
In these mixtures cement was replaced with PWG at 15 and 
25 wt.%. These mixtures were evaluated in terms of their 
compressive strengths at 1, 7, and 28 days of mixture ages. 
For each of the mixture design two replicates were tested. 
Each of the test result represents an average of three test 
readings. Based on these test results, mixture designs were 
formulated for the production of CMU in the main testing 
program. 

2.2.2. Specimens Preparation 
Cube mortar specimens having the size of 50 mm of the 

preliminary mixtures were produced to carry out 
compressive strength test of these mixtures according to 
the guidelines of ASTM C-109. Figure 2 shows the view of 
some of the mortar cubes produced in the preliminary 
testing. These specimens were water cured in the lab until 
their age of testing. Hollow CMU shown in Figure 3, 
having the size of 40 cm (length) x 20 cm (width) x 19.5 cm 
(height), area of 430 cm2, face shell thickness of 3 cm, and 

web thickness of 2.85 cm were produced with normal and 
PWG based mixtures according to the mixture design 
presented in Table 3. Ingredients of the mixtures were first 
dry mixed in a pan mixer for 5 minutes. After that, water 
was added and further mixing was carried out until 
homogeneous mixtures were obtained. Mixtures were then 
transferred to casting unit and poured into molds and 
compressed with hydraulic compressor. CMU were 
demolded after 24 hrs. and stored in curing tank until their 
age of testing. 

2.2.3. Fresh Mixture Properties 

Standard consistency and setting times and flow 
characteristics of the fresh, normal and PWG-based 
mixtures were evaluated and are shown in Table 4. In the 
preliminary testing, the flow characteristics of the PWG 
mixture produced with 15 wt.% replacement of cement 
with glass were  found to be convenient for the production 
of CMU. 

2.2.4. Compressive Strength Tests of CMU 

All of the normal and PWG based CMU were tested in 
compression after curing in water. Upon completion of the 
curing period, specimens were taken out of curing tank one 
day prior to the testing and allowed to dry. Specimens were 
then capped with Hydrastone plaster and tested in 
compression. For each mixture two replicates were 
produced and each of the test reading is the average of 
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three test readings. 

2.2.5. Cumulative Water Absorption Test 
Water absorption of CMU was determined according to 

the provisions of ASTM C-1585 for normal and PWG 
based mixtures. After demolding, the CMU were first 
saturated according to ASTM C1202 and then conditioned 
by placing them in environmental chamber for three days at 
a temperature of 50°C and relative humidity of 80%. After 
three days, samples were removed from chamber and their 
mass readings were recorded. Dimensions of surface to be 
exposed to water were also measured. All surfaces of 
samples were sealed with silicon gel except the bottom 

surface which was to be exposed to water. Mass of sealed 
samples was recorded and then placed in a pan having 
water in it so that sample surface is 2 mm below the water 
level. Saturated mass of the CMU were recorded at 
prescribed intervals until 42 days. 

2.2.6. Dry Density 
Dry density of normal and PWG based CMU was 

determined at mixture ages of 28 and 90 days. The net 
volume of the CMU blocks was determined using water 
displacement method. Subsequently, dry density was 
calculated as mass of the CMU over the net volume.  

Table 2.  Chemical composition of glass and cement 

Material SiO2 Na2O CaO Al2O3 MgO K2O Fe2O3 LOI 

PWG 73% 9.5% 8.5% 7.3% 0.7% <1% <1% 0.5% 

Cement 20.5% 0.40% 65.25% 6.25% 2.25% 0.5% 2.5% 2.4% 

 

Figure 2.  View of the mortar specimens produced in the preliminary testing 

  

(a)                                              (b) 

Figure 3.  Views of CMU produced in the experimental program: (a) normal (b) PWG 

Table 3.  Mixture designs 

Mixture 
type 

Cement to aggregate 
ratio 

Water to cementitious material 
ratio 

Water reducing 
agents 

% Replacement of cement with 
glass 

Normal 1:8 0.24 1.95 ml/kg of cement 0 

PWG 1:8 0.24 2.0 ml/kg of cement 15 
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Table 4.  Fresh mortar properties 

Mixture type Standard Consistency 
(%) 

Initial setting time 
(min.) Final setting time (min.) Mortar Flow (mm) 

Normal 26.9 116 215 114 

PWG 25 141 240 108 

 
3. Results and Discussions 

3.1. Compressive Strength of the Mortar Mixtures 

Figure 4 presents the compressive strength test results 
for mortar specimens. It is noted that the 15 wt.% PWG 
mixture produced higher compressive strength as 
compared to that of the 25 wt.% PWG mixture at all testing 
ages. Although both of the PWG-based mixtures show 
lower strength as compared to that of normal mixture, at 
later age (28 days), the compressive strength of 15 wt.% 
PWG mixture is comparable to that of normal mixture’s 
compressive strength. These results confirm the findings of 
previously published studies [26, 38, 39]. Due to the slow 
nature of the pozzolanic reaction of PWG with the hydrates 
of cement, these mixtures develop later age strength which 
is comparable or even higher than that of the normal 
mixture strength. A significant gain in compressive 
strength at 90 days of age of mixture produced by partially 
replacing cement with milled glass has been reported in 
earlier studies as well [40]. 

3.2. Standard Consistency, Setting Time, and Mortar 
Flow 

Results of standard consistency, setting time and mortar 
flow tests are presented in Table 4. 

Standard consistency of cementitious mix tends to 
slightly decrease with the inclusion of PWG. Furthermore, 
the presence of PWG is seen to delay the initial and final 
setting times of the resulting cementitious paste. The 
increase in the setting times and slight reduction in 
consistency of the PWG-based mixture may be the result of 
the dilution effect caused by inclusion of PWG in the 
mixture. Decrease in mortar flow as result of inclusion of 
PWG may be the result of the loss of moisture in the 
mixture due to the presence of the tiny PWG particles 
noting that the average particle size of the PWG used in 
this experimental program is considerably smaller than that 
of cement. The smaller particle size of PWG consequently 
results into increase in the surface area of the material 
causing a loss of moisture in the cementitious system and a 
decrease in the flow of mortar. The decrease in mortar flow 
characteristics caused by PWG confirms the finding of the 
earlier researchers as well [41]. 

3.3. Compressive Strength of CMU 

Results of compressive strength test of CMU are 
presented in Figure 5. It is noted that the compressive 

strength of CMU produced with 15 wt.% replacement of 
cement with PWG is slightly less than that of the CMU 
made with control mixture at 28 days of age. This trend is, 
however, reversed at the age of 56 days wherein the PWG 
mixture CMU achieves about 13% higher strength than 
that of control CMU. Similar results are observed at 90 
days of mixtures age wherein the PWG-based CMU show 
about 12% higher strength than that of control CMU. The 
increase in the later-age strength of the PWG-based CMU 
higher than that of the control CMU is thought to be the 
effect of the pozzolanic reaction of the PWG with the 
hydrates of cement which results into pore filling effect 
caused by the production of secondary calcium silicate 
hydrates (C-S-H). The secondary C-S-H is produced 
through the conversion of calcium hydroxide to C-S-H 
during the pozzolanic reaction. The pore filling effect of 
PWG ultimately results into densification of the 
cementitious microstructure and hence increases in 
compressive strength of the CMU. The ability of PWG to 
undergo pozzolanic reaction and the consequent 
microstructure refinement of the resulting mixture has been 
reported in some earlier studies as well [39, 42, 43]. Above 
test results suggest that cement can be replaced at 15 wt.% 
with PWG for the production of CMU with enhanced 
compressive strength characteristics. The PWG-based 
CMU shall be an eco-friendly production of masonry units 
resulting into reducing the carbon foot prints of the 
masonry construction. 

3.4. Water Absorption 

The eight-day cumulative water sorption test results of 
normal and PWG-based CMU are shown in Figure 6. The 
PWG-based CMU blocks showed significantly lower 
moisture sorption as compared to that of normal CMU. 
After 8 days of continuous exposure to moisture, about   
43% reduction in cumulative moisture sorption was 
recorded for the PWG-based CMU as compared to that of 
normal CMU. This reduction in water sorption can be 
attributed to microstructure improvement of cementitious 
matrix brought about by the inclusion of PWG in the 
mixture. The pore filling and pore refinement effect caused 
by the PWG results in significantly enhancing the moisture 
barrier characteristics of the resulting mixture and hence 
reduction in the moisture absorption. This finding confirms 
the outcome of some of the earlier studies [44]. It is to be 
noted that the improvement in moisture barrier 
characteristics significantly improves the durability of the 
cementitious materials as most of the durability issues in 
cement-based materials are caused by the moisture 
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transport into these materials which carry with them 
deleterious ions [45, 46]. Enhanced durability of the 
PWG-based CMU means that their use in masonry 
construction will result into the longevity of the service life 
of the relevant structures. 

3.5. Dry Density of Hardened CMU 

Density of hardened normal and PWG-based CMU 
blocks at 28 and 90 days of mixtures ages is presented in 
Figure 7. The inclusion of 15 wt.% PWG resulted in about 
10% reduction in the dry density of the PWG-based CMU 

in comparison to that of normal CMU. The reduction in dry 
density of PWG-based CMU may be explained based on 
the lower specific gravity of the PWG as compared to that 
of Portland cement. The reduction in dry density of the 
CMU will result into reduction in the dead load on the 
masonry structure which eventually will require the design 
of various structural members with smaller geometric 
dimensions. It can therefore be stated that the use of 
PWG-based CMU will result in the construction of 
economical masonry construction: firstly; through use of 
less cement in the mixture and secondly; through 
considerable reduction in the dead load of the structure. 

 

Figure 4.  Compressive strength test results of mortar mixtures 
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Figure 5.  Compressive strength test results of CMU 

 

Figure 6.  Eight days cumulative water sorption test results of normal and PWG-based CMU 
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Figure 7.  Dry density test results of normal and PWG-based CMU 

4. Conclusions 
Based on the outcome of the experimental results of this 

study, following conclusions are drawn: 
1. Partial replacement of cement with PWG resulted in 

production of CMU that have enhanced strength and 
durability as compared to that of the normal CMU. 
The use of 15 wt.% of PWG as cement replacement 
resulted into 13 and 12% increase in compressive 
strength of CMU at 56 and 90 days of mixture ages, 
respectively as compared to that of CMU made of 
normal (control) mixture. The improvement in the 
strength and durability characteristics of CMU are 
brought about by the microstructure improvement of 
the hardened cementitious mixture caused by the pore 
filling effect and pozzolanic reaction of PWG with the 
hydrates of cement. 

2. The use of PWG as partial replacement of cement (at 
15 wt.%) towards production of CMU resulted into 
huge reduction in their water sorption characteristics 
pointing at the enhancement of their durability 
attribute brought about by the pore refinement effect 
of PWG through its pozzolanic reaction. It is to be 
mentioned that the improvement in moisture barrier 
characteristics of the CMU produced with PWG will 
have significantly enhanced service life, noting that 
most of the deteriorations in hardened cementitious 

mixtures are caused by the ingress of water in these 
materials. 

3. About 10% reduction in the dry density of hardened 
CMU realized through 15 wt.% replacement of cement 
with PWG, is viewed as an important achievement 
towards economizing the construction of built 
infrastructure as the significant reduction in the 
self-weight of masonry structure will allow to design 
structural members with smaller geometric cross 
sections. 

4. The use of PWG for the production of CMU blocks is 
a viable practice that has significant environmental 
benefits and is in line with the principles of 
sustainability towards an eco-friendly construction of 
civil infrastructure. 

5. A numerical quantification of the reduction in CO2 
emissions and cost of masonry achieved through the 
replacement of 15 wt.% cement with PWG towards 
production of CMU, will be a good topic for future 
investigation. 
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