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A B S T R A C T

This study investigates the flexural behaviour of steel-reinforced concrete beams incorporating waste glass fine 
aggregate (GFA) and unprocessed waste coal ash, known as pond ash (PA), as sustainable alternatives to con
ventional materials. Driven by environmental concerns over natural sand extraction and the diminishing 
availability of fly ash for alkali-silica reaction mitigation, the research explores the combined use of GFA and PA 
to produce sustainable concrete. Concrete tests, including compressive strength, splitting tensile strength, and 
flexural strength, were conducted to evaluate the mechanical performance. A series of RC beams were cast with 
varying replacement levels of conventional fine aggregates by GFA (0 %, 20 %, and 40 %) and with ordinary 
Portland cement (OPC) partially replaced by 20 % of PA. The beams were tested under three-point bending at 28 
days and six months, with digital image correlation employed to capture crack propagation and deformation 
characteristics. The performance of beams was evaluated regarding crack initiation and propagation, crack width 
evolution, failure mode, load-deflection response, yield and ultimate loads, stiffness, ductility, and energy ab
sorption capacity. The results showed that while GFA increased cracking at 28 days, it reduced crack widths at 
six months. The addition of PA significantly decreased crack widths at both ages, enhancing serviceability. Yield 
and ultimate loads remained within ±10 % of the control for all mixes, indicating minimal structural compro
mise. These results demonstrate that waste glass and unprocessed pond ash can be successfully used in RC beams 
without sacrificing flexural performance, offering a practical path toward more sustainable structural concrete.

1. Introduction

Aggregates are fundamental to concrete, comprising about 80–85 % 
of a typical mix. However, their extensive use leads to the unsustainable 
consumption of local natural resources [1]. The extraction of natural 
sand, particularly for fine aggregates, leads to the erosion of river deltas 
and coastlines [2]. To address this environmental concern, researchers 
have been exploring alternative sustainable materials for aggregates. 
One such material is waste glass, which can be crushed and used as fine 
or coarse aggregate [3,4]. Glass is a vital material in modern society, 
known for its transparency, durability, and versatility in various appli
cations. However, glass waste, which constitutes around 7 % of global 
solid waste, poses significant environmental challenges as it takes mil
lions of years to decompose [5,6]. Recycling waste glass addresses this 
issue, but faces several obstacles. The standard recycling process in
volves sorting, cleaning, and melting waste glass, which is 
energy-intensive and costly. Producing high-quality recycled glass is 

difficult due to impurities and colour variations, making it challenging 
to meet quality standards [7]. As a result, the global glass recycling rate 
remains low, prompting interest in alternative uses for waste glass [8]. 
The use of waste glass eliminates the need for sorting and melting, 
increasing its recycling rate and conserving landfill space. Additionally, 
it helps mitigate natural resource depletion and reduces the environ
mental impact on river systems caused by sand extraction. Hence, using 
waste glass in concrete has the potential to tackle two significant envi
ronmental challenges. However, past studies have recognised two major 
problems with utilising waste glass in concrete.

Previous research has produced conflicting results on the impact of 
waste glass on concrete strength. Some studies reported a significant 
reduction in compressive strength when glass fine aggregates (GFA) are 
used to replace conventional fine aggregates, while others found mini
mal or even improved strength. For instance, De Castro and De Brito [9]
observed a 14 % reduction in strength with 20 % GFA, whereas Batay
neh et al. [10] noted a 40 % strength increase with a similar GFA 
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replacement. Meanwhile, Taha and Nounu [11] reported no significant 
effect on concrete strength even with 100 % GFA utilisation. This 
highlights the highly variable effects of GFA on concrete strength. 
Moreover, the use of glass in concrete poses the risk of Alkali-Silica 
Reaction (ASR), where amorphous silica in glass reacts with alkalis in 
cement, causing expansion and cracking [12,13]. Consequently, past 
studies have shown higher ASR expansion with glass aggregates [14,15]. 
For example, Abdallah and Fan [14] reported a 325 % increase in ASR 
expansion with 20 % GFA compared to the control. Nevertheless, pre
vious research has shown that low lime supplementary cementitious 
materials (SCM) such as class-F fly ash, ground granulated blast-furnace 
slag and metakaolin can mitigate ASR [16,17]. Fly ash (FA) has been 
shown to decrease ASR expansion when used with glass aggregates [18, 
19]. Our recent LCA findings have shown that replacing natural sand 
with 60 % GFA (<4.75 mm) can substantially reduce the environmental 
impact of concrete, such as lowering human carcinogenic toxicity by 
13 %, compared to conventional mixes [20]. Moreover, the production 
cost of GFA is estimated at just AUD 1.95 per tonne, making it a highly 
economical alternative to natural sand. When 60 % GFA is combined 
with 10 % FA as partial cement replacement, the reductions become 
more pronounced, achieving a 16.4 % decrease in embodied energy and 
an 18 % drop in global warming potential, while maintaining compa
rable mechanical performance [20]. However, FA is becoming scarce 
with the closure of coal power plants globally. This necessitates the 
exploration of a sustainable alternative to FA that can be utilised as an 
ASR mitigating SCM in concrete.

There exists another often-overlooked byproduct of the coal industry 
that could potentially play a role akin to FA in mitigating ASR in con
crete. Pond ash (PA) is the waste component of ash produced in coal 
power plants, typically disposed of in outdoor ash ponds or storage 
tanks, posing environmental risks [21]. In 2016, global coal combustion 
ash production was reported at 1221.9 million metric tons (Mt) per year, 
with only 63.9 % utilised, leaving 544.2 Mt as waste [22]. A 2022 survey 
indicated that approximately 5.1 million tonnes of ash waste were stored 
in onsite ponds, awaiting potential reuse [23]. Hence, it is crucial to seek 
methods to reclaim and reuse this resource, thereby minimising the 
negative environmental impacts. In this study, reclaimed PA is used with 
minimal processing to avoid additional environmental impacts from 
further processing. Due to its outdoor disposal, PA may be susceptible to 
impurities and moisture contamination. As a result, PA may exhibit 
significantly different physical and chemical properties compared to FA. 
Therefore, experimental studies are necessary to establish PA as a viable 
SCM alternative to FA. A previous study conducted by us demonstrated 
that PA can effectively mitigate ASR in glass mortar, similar to FA [24]. 
However, further research is required to evaluate its viability in con
crete. The successful utilisation of reclaimed PA in concrete could be a 
significant step forward in achieving sustainability goals within the 
construction industry.

Although numerous studies evaluate the physical, mechanical, and 
durability properties of concrete using waste glass, its adoption in the 
construction industry remains limited. This hesitance may stem from 
conflicting results on strength performance and concerns about dura
bility due to ASR. Furthermore, research on the structural applications 
of glass-added concrete is scarce, especially the behaviour of beams 
made with GFA concrete. Mustafa et al. [25] tested reinforced concrete 
beams with GFA for flexure and observed a 10.4 % increase in cracking 
load at 10 % GFA, and a 5.2 % decrease at 15 % GFA compared to control 
beams, while ultimate load and deformation showed insignificant 
changes. This indicates that GFA can be used in steel-reinforced concrete 
beams up to 15 % without significantly affecting flexural behaviour. 
However, studies on higher GFA percentages in concrete beams are 
lacking and crack initiation and propagation were not thoroughly 
investigated. Hence, this study replaced conventional fine aggregates 
with up to 40 % GFA in concrete beams and evaluated its effect on the 
flexural behaviour of the beams. Nevertheless, as discussed earlier, the 
high utilisation of GFA in concrete can lead to ASR expansion. To 

mitigate ASR in concrete incorporating GFA, PA was used as the SCM 
and was compared with FA, building on our previous demonstration of 
PA’s effectiveness in ASR mitigation [24]. Moreover, beams were tested 
at 28 days and six months to investigate the long-term behaviour of 
beams with GFA and PA. Along with beams, a comprehensive investi
gation was conducted to study the compressive, tensile and flexural 
strengths of the concrete. This study is significant because it investigated 
the use of two waste materials, GFA and pond ash, in concrete while 
providing a comprehensive structural assessment. This evaluation un
derscores the potential of these sustainable materials to deliver robust 
and reliable construction solutions.

2. Materials and test methods

2.1. Materials

This study utilised ordinary Portland cement (OPC) as the primary 
cementitious material and commercially available river sand as the main 
fine aggregate. Crushed waste glass, sourced from “iQRenew” in 
Queensland, Australia, was incorporated as a sustainable substitute for 
river sand. Commercially available gravel with a maximum nominal size 
of 20 mm was used as the coarse aggregate. Additionally, commercially 
available Class-F fly ash and pond ash from a coal power station in 
Queensland, Australia, were employed as SCMs to replace OPC partially. 
The raw materials used in this study are presented in Fig. 1.

Table 1 presents the physical properties of both GFA and river sand. 
The moisture content, a critical parameter in material analysis, was 
measured following the standardised procedure outlined in ASTM C566 
[26]. Furthermore, the absorption and densities of the materials were 
assessed following the guidelines given in ASTM C128 [27]. River sand 
exhibited a significantly higher moisture content and moisture absorp
tion in comparison to GFA.

Fig. 2 provides a visual comparison of the grading between GFA and 
river sand, illustrating their respective particle size distributions per 
ASTM C33 specifications [28]. Both the river sand and GFA used in this 
study conform to the ASTM C33 requirements for fine aggregates. The 
particle sizes of the cementitious materials were measured using a laser 
particle size analyser, which showed mean sizes of 15.9 µm for OPC and 
15.0 µm for FA. Due to its unrefined nature, PA exhibited a significantly 
larger mean particle size of 39.9 µm.

2.2. Mix design

The experimental program comprised several mixes with varying 
percentages of GFA and SCMs, as outlined in Tables 2 and 3. The study 
was conducted in two stages. In the first stage, a comprehensive inves
tigation was carried out to evaluate the effects of GFA and PA on con
crete properties (Table 2). In the second stage, selected GFA percentages 
and a single PA replacement level were used to assess the flexural 
behaviour of reinforced concrete (RC) beams (Table 3). The control mix, 
representing conventional concrete without GFA or PA, was designed to 
achieve a target 28-day cylinder strength of 30 MPa with a 5 % defective 
rate. In the first stage, to assess workability and mechanical properties, 
including compressive strength, splitting tensile strength, and flexural 
strength, conventional fine aggregates were replaced with GFA in 10 % 
increments up to 50 %, as detailed in Table 2.

The previous mortar study by the authors evaluated strength devel
opment with up to 100 % GFA replacement, increasing the GFA content 
in 20 % increments [24]. That study found minimal strength reduction 
up to 60 % GFA, with significant declines beyond that point. Based on 
these findings, the GFA content in the first-stage concrete study was 
limited to a maximum of 50 %. To evaluate the effect of PA on GFA 
concrete, OPC was replaced with PA in 10 % increments up to 30 %, 
with the GFA level fixed at 50 %. Equivalent binder replacement levels 
using FA were also prepared to allow comparison with PA. Across all 
mixes, the total water content and water-to-cement ratio were 
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maintained at 205 kg/m3 and 0.44, respectively. Adjustments were 
made based on aggregate moisture content and absorption data 
(Table 1) to ensure constant water content between all mixes.

After analysing the mechanical properties of concrete containing 
GFA and PA/FA in the first stage of the study, selected mix combinations 
were used for beam casting, as detailed in Table 3. The beam tests 
focused on 0 %, 20 %, and 40 % GFA replacement levels to evaluate 
both low and high GFA utilisation. To assess the effect of SCMs, addi
tional beams were prepared by incorporating 20 % PA or FA at each GFA 
level. While the mechanical property evaluation (Table 2) explored a 
broader range of GFA content (0–50 %) and PA/FA levels (up to 30 % at 
50 % GFA), the beam program was designed to target key combinations. 
This approach allowed the study to isolate and examine the structural 
implications of increasing GFA content and the inclusion of SCMs on the 
performance of concrete beams. Two identical sets of beams were cast 

Fig. 1. Raw materials; (a) GFA; (b) OPC; (c) PA; (d) FA.

Table 1 
Physical properties of GFA and river sand.

Property Sand GFA

Moisture content (%) 3.9 ​ 1
Water absorption (%) 0.48 ​ 0.3
Dry density (kg/m3) 2627 ​ 2438
SSD density (kg/m3) 2640 ​ 2451

Fig. 2. Particle size distributions.

Table 2 
Concrete mix proportions.

Mix designation Mix Proportions

Cement/Binder (kg/m3) Fine aggregate (kg/m3)

OPC Fly ash Fly ash % Pond ash Pond ash % Sand GFA GFA %

0GFA - 0FA - 0PA 466 581 0 0
10GFA - 0FA - 0PA 466 523 58 10
20GFA - 0FA - 0PA 466 465 116 20
30GFA - 0FA - 0PA 466 407 174 30
40GFA - 0FA - 0PA 466 349 232 40
50GFA - 0FA - 0PA 466 291 291 50
50GFA - 10FA - 0PA 419 47 10 291 291 50
50GFA - 20FA - 0PA 373 93 20 291 291 50
50GFA - 30FA - 0PA 326 140 30 291 291 50
50GFA - 0FA - 10PA 419 47 10 291 291 50
50GFA - 0FA - 20PA 373 93 20 291 291 50
50GFA - 0FA - 30PA 326 140 30 291 291 50
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using these mix designs: one tested at 28 days, and the other at six 
months. The six-month testing aimed to assess the long-term effects of 
GFA and PA utilisation, providing insight into the durability and struc
tural performance of these sustainable concrete mixes by comparing 
beams with and without SCMs over time.

Slump tests were conducted on fresh concrete per AS 1012.3.1 [29]
to evaluate workability. A cone (300 mm high; 200 mm bottom and 
100 mm top diameters) was placed on a clean, smooth steel base. Con
crete was added in three layers, each compacted 25 times with a stan
dard rod. After levelling, the cone was lifted vertically, and the slump 
was measured as the reduction in concrete height. It should be noted 
that the slump of GFA mixes was deliberately kept low to avoid excessive 
workability when PA or FA was added. The combined use of GFA and 
SCMs can significantly increase slump, leading to segregation as shown 
in 3.1. In practical applications, admixtures can be used to improve 
workability, especially for pumping.

2.3. Testing for mechanical properties of concrete

Cylinder specimens (100 mm × 200 mm) were cast per AS 1012.9 
[30] standard to evaluate compressive strength. Three cylinders per mix 
were poured in three layers and compacted with a vibrating table. After 
demoulding at 24 h, specimens were cured at 100 % humidity and 
tested at 28 days and six months using a universal testing machine at a 
rate of 20 MPa/min. Splitting tensile strength was determined according 
to AS 1012.10 [31]. Three specimens per mix were tested, with 

diameters measured at three points and lengths averaged from at least 
two measurements. Hardboard bearing strips were placed between 
platens, and the load was applied at 1.5 MPa/min until failure; the 
maximum force was recorded. Flexural strength was assessed using 
simple beams (100 mm × 100 mm, 350 mm long with a 300 mm 
effective length) per AS 1012.11 [32]. Two beams per mix were tested. 
First, any surface debris was removed, and then the beam was centred on 
rollers. A seating load up to 100 N was applied, followed by a continuous 
load at 2 kN/min. The maximum load was recorded, and the average 
width and depth at the failure section were measured to calculate the 
modulus of rupture.

2.4. Flexural test on steel-reinforced concrete beams

2.4.1. Design and beam specimen preparation
A total of 18 steel-reinforced concrete (RC) beams were cast and 

tested under three-point bending to investigate the flexural behaviour of 
concrete incorporating GFA and PA/FA. All beams had cross-sectional 
dimensions of 100 mm × 250 mm and a total length of 1400 mm 
(Fig. 3). An effective span of 1300 mm was used for testing, with 50 mm 
at each end of the 1400 mm beam reserved for seating on the supports. 
The design of the beams was carried out according to Eurocode 2 (EC2) 
[33], ensuring flexural failure governed the response rather than shear 
failure. Longitudinal reinforcement consisted of four deformed steel bars 
with 10 mm diameter, positioned equally at the top and bottom faces, 
while 10 mm diameter stirrups were provided at 150 mm spacing. All 

Table 3 
Concrete mixes for evaluating the flexural behaviour of beams.

Beam designation Mix Proportions

Cement/Binder (kg/m3) Fine aggregate (kg/m3)

OPC Fly ash Fly ash % Pond ash Pond ash % Sand GFA GFA %

0GFA - 0FA - 0PA 466 581 0 0
20GFA - 0FA - 0PA 466 465 116 20
40GFA - 0FA - 0PA 466 349 232 40
0GFA - 20FA - 0PA 373 93 20 581 0 0
20GFA - 20FA - 0PA 373 93 20 465 116 20
40GFA - 20FA - 0PA 373 93 20 349 232 40
0GFA - 0FA - 20PA 373 93 20 581 0 0
20GFA - 0FA - 20PA 373 93 20 465 116 20
40GFA - 0FA - 20PA 373 93 20 349 232 40

Fig. 3. Beam geometry and reinforcement details.
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reinforcement bars, including the top, bottom, and stirrups, were made 
from the same steel with a characteristic yield strength of 500 MPa. This 
reinforcement configuration corresponded to a longitudinal reinforce
ment ratio of 1.26 % and a stirrup ratio of 1.047 %. The shear span ratio 
was maintained at 3.04 for all beams. The beams were designed to 
promote flexural failure by ensuring a relatively high shear 
span-to-depth ratio of 3.04, which is well above the typical threshold of 
2.0 that differentiates shear-dominated behaviour from flexural behav
iour. Additionally, the stirrup ratio of 1.047 % and the use of closely 
spaced ϕ10 stirrups at 150 mm provided sufficient shear reinforcement 
to prevent premature shear failure. This configuration ensures that the 
beams fail in flexure, as intended, with yielding of the longitudinal 
reinforcement governing the ultimate load response.

The relatively small beam dimensions used in this study were 
selected to enable a material-focused evaluation of flexural behaviour, 
cracking characteristics, and serviceability under controlled laboratory 
conditions. While small-scale specimens may not fully replicate the load 
distribution and crack patterns of full-size members, such scaled testing 
is widely accepted in early-stage research to investigate fundamental 
material responses [34,35]. However, it is acknowledged that the size 
effect, which refers to the reduction in nominal strength as structural 
size increases, can influence parameters such as cracking load, deflec
tion, and failure mode, particularly in shear-critical members. As noted 
by Jin et al. [36], geometrically scaled specimens may exhibit different 
stress redistribution and failure mechanisms due to variations in energy 
dissipation and crack propagation. Although the present study focuses 
on flexure-dominant behaviour, future investigations involving 
full-scale or larger beams are recommended to verify the applicability of 
the observed performance trends to real-world structural elements.

Fabricated steel cages were positioned inside well-lubricated 
moulds, with a 15 mm concrete cover to the main reinforcement bars, 
as illustrated in Fig. 4(a). The relatively small cover thickness was 
adopted to accelerate potential environmental effects on reinforcement 
over the six-month curing period, facilitating an early assessment of 
material durability. Concrete was carefully poured and compacted using 
a poker vibrator to minimise segregation while ensuring adequate 
consolidation (Fig. 4(b)). After demoulding at 24 h, specimens were 
stored in a controlled environment until testing at 28 days and six 
months.

2.4.2. Loading and instrumentation
A loading frame equipped with a 300 kN load cell attached to a 

hydraulic loading system was utilised to apply an incrementally 
increasing load to the beams until failure, as depicted in Fig. 4(c). A 
roller placed beneath the load cell facilitated the transfer of the load to 

the top surface at the midpoint of the beam. The three-point bending 
setup was chosen for its favourable conditions for flexural failure. A laser 
displacement sensor was positioned underneath the beam at the 
midpoint to measure the mid-span deflection of the beam. A data logger 
was used to record both applied load and mid-span deflection. The 
loading was applied manually using a hydraulic system, with the rate 
controlled visually by monitoring load and time data collected from the 
data logger to ensure a slow and consistent loading process. Addition
ally, digital image correlation (DIC) was employed to investigate the 
crack propagation behaviour of the beams. One side of the beam was 
first painted white, and small black dots were drawn using ink and a 
roller provided in the DIC kit. A high-resolution camera (ISM-LENS- 
GP013) connected to an Imetrum System Controller (SC-1) was used to 
record the response of the beam during testing. The videos were ana
lysed using Video Gauge 5.4.4 (Imetrum Ltd.) and ZEISS Correlate (Carl 
Zeiss AG), both commercial DIC software packages, to generate strain 
maps and quantify crack propagation.

3. Results and discussion

3.1. Workability

The workability of fresh concrete was evaluated through slump tests, 
and the influence of GFA content and SCM incorporation is presented in 
Fig. 5. Increasing GFA content led to a gradual reduction in workability 
(Fig. 5(a)), with minimal impact up to 30 % GFA content. This trend has 
been previously reported [37–39] and is primarily attributed to the 
angular and irregular morphology of GFA particles.

As revealed by SEM images (Fig. 6), GFA granules exhibit sharp 
ridges and rough surfaces, which increase inter-particle friction 
compared to the smoother, rounded grains of natural river sand, thereby 
reducing the fluidity of fresh concrete. This hypothesis is further 
corroborated by the findings of Surendran and Akhas [40], who 
demonstrated that processing waste glass into smoother, cubical shapes 
led to a measurable improvement in workability by approximately 10 %. 
Their results affirm that angularity plays a dominant role in governing 
the workability of GFA concrete and that eliminating angular features 
can partially restore the flow characteristics impaired by crushed glass.

The incorporation of PA and FA significantly enhanced the work
ability of GFA concrete compared to OPC-only mixes (Fig. 5(b)). SEM 
analysis (Fig. 7) shows that PA and FA particles are predominantly 
spherical and smooth, reducing internal friction and improving particle 
packing. This phenomenon is consistent with previous findings 
regarding the effect of fly ash on concrete rheology [41,42]. Further
more, PA mixes demonstrated superior workability compared to FA 

Fig. 4. (a) steel reinforcement cage inside the formwork; (b) concrete pouring and compaction; (c) Load setup and instrumentation; (d) hydraulic pump unit.

V. Fernando et al.                                                                                                                                                                                                                               Engineering Structures 343 (2025) 121122 

5 



Fig. 5. Impact on the slump; (a) by increasing GFA; (b) by replacing OPC with PA/FA for 50 % GFA concrete.

Fig. 6. SEM images of (a) river sand, (b) GFA.

Fig. 7. SEM images of (a) cement, (b) FA, (c) PA.

Fig. 8. Impact on compressive strength; (a) by increasing GFA; (b) by replacing OPC with PA/FA for 50 % GFA concrete.
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mixes. Although FA particles are also spherical, they exhibited greater 
agglomeration, whereas PA particles were more dispersed, minimising 
clustering and further improving flowability. These observations suggest 
that PA can offer not only comparable pozzolanic reactivity but also 
better fresh-state workability relative to FA when combined with high 
levels of GFA content.

3.2. Mechanical properties of GFA concrete

3.2.1. Compressive strength
The influence of GFA incorporation on the compressive strength of 

concrete at 28 days and six months is shown in Fig. 8(a). The results 
indicate a gradual increase in 28-day compressive strength with 
increasing GFA content, reaching a 16.4 % improvement at 50 % GFA. 
Similar strength enhancements with GFA have been observed in prior 
studies [37,43]. Previous researchers, such as Jamellodin et al. [43], 
attributed strength improvements to enhanced bonding at the 
GFA-cement paste interface. However, experimental observations from 
the prior mortar study conducted by the authors challenge this expla
nation [24]. In that study, compressive strength increases were negli
gible when coarse aggregates were removed, suggesting that the 
strength gain in GFA concrete arises primarily from mechanical inter
locking between the irregular GFA granules and the surrounding coarse 
aggregates, rather than interfacial bond improvements. At six months, 
the increasing trend became more pronounced, with a 20.4 % strength 
enhancement at 50 % GFA.

This delayed strength development is consistent with the potential 
pozzolanic activity of waste glass. Previous investigations [44–46] re
ported that the amorphous silica present in waste glass can react with 
calcium hydroxide [Ca(OH)₂], resulting in additional calcium silicate 
hydrate (C-S-H) formation at the aggregate interface (ITZ). This 
behaviour was observed at six months in our previous mortar study, 
which demonstrated enhanced bonding at the ITZ between GFA parti
cles and the cement matrix [20,24], as shown in Fig. 9. The improved 
ITZ likely increases the concrete’s resistance to crack initiation and 
propagation. This secondary reaction likely improves the microstructure 
over time, contributing to the long-term strength gain observed in GFA 
concrete.

Fig. 10 shows the failure modes of the tested cylinders under 
compression. The inclusion of 50 % GFA improved the concrete’s 
resistance to compressive stress, as evidenced by significantly fewer 
cracks compared to the control specimen at 28 days. At six months, the 
control cylinder also exhibited fewer cracks than its 28-day counterpart, 
reflecting strength development over time. Similarly, the six-month 
specimen with 50 % GFA demonstrated crack patterns comparable to 
its 28-day equivalent, reinforcing the trend of enhanced compressive 
behaviour observed in the strength results.

The effect of replacing OPC with PA or FA on compressive strength 
for 50 % GFA concrete is shown in Fig. 8(b). At 10 % replacement levels, 

PA marginally improved strength relative to the OPC-only mix, whereas 
FA resulted in a slight strength reduction. At 20 % and 30 % replace
ment, both PA and FA caused progressive strength losses, although PA 
consistently performed better than FA. This strength reduction is pri
marily attributed to the dilution of CaO, as both PA and FA possess lower 
calcium contents compared to OPC [24]. The superior performance of 
PA relative to FA is linked to its higher alumino-silicate content (Al2O3 
and SiO2), which enhances pozzolanic activity and promotes the for
mation of additional C-S-H and calcium aluminate hydrate (C-A-H) 
phases [47]. These secondary products densify the matrix and partially 
offset strength reductions caused by reduced cement content. At six 
months, the compressive strength differences between the OPC, PA, and 
FA mixes were diminished (Fig. 8(b)). At 10 % and 20 % replacement 
levels, both PA- and FA-incorporated concretes achieved strengths 
comparable to the OPC control, indicating that pozzolanic reactions 
compensated for initial dilution effects over time. However, at 30 % 
replacement, significant strength reductions were still observed, with PA 
and FA mixes showing 19.3 % and 18.6 % reductions, respectively. 
Although FA has significantly finer particle sizes than PA, PA still ach
ieved comparable performance to FA in both short- and long-term 
strengths, demonstrating the viability of using pond ash as a substitute 
for FA in terms of strength performance. The 28-day tested cylinders also 
demonstrate superior compressive resistance with PA, as the PA speci
mens exhibited fewer cracks than the FA specimens. Notably, the PA mix 
showed less cracking than the 28-day control as well, aligning with the 
observed compressive strength results. At six months, both FA and PA 
specimens displayed similar failure patterns, reflecting the comparable 
strength development observed in the test data.

Despite the overall increasing trend in compressive strength, some 
fluctuations were observed at intermediate GFA levels, particularly at 
six months. These variations may arise from the heterogeneous nature of 
waste glass, which includes inconsistencies in particle shape, size dis
tribution, and local packing density. Such irregularities can influence 
the microstructure of the concrete and promote the formation of micro 
voids, ultimately affecting strength development [48,49]. Additionally, 
minor inconsistencies in mixing, compaction, or internal moisture dis
tribution may become more pronounced over time, particularly in 
concretes containing angular or non-uniform particles like GFA. Similar 
variability has been reported in previous studies, indicating that such 
strength fluctuations are within the expected performance range of 
concrete made with recycled materials [37].

3.2.2. Tensile strength
Fig. 11(a) shows that splitting tensile strength increases steadily as 

the proportion of GFA rises. At 50 % GFA replacement, tensile strength 
is about 16.5 % higher than in the control mix. A similar upward trend at 
lower GFA levels was observed by Abdallah and Fan [14] and Borhan 
[50]. The same mechanism that raised compressive strength at higher 
GFA levels, namely increased aggregate interlocking, also appears to 

Fig. 9. SEM images of: (a) 28-day mortar with 100 % GFA; (b) 91-day mortar with 100 % GFA [20].
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underlie the observed increase in tensile strength. From 0 % to 30 % 
GFA, the increase in tensile strength is relatively modest despite the 
incremental rise in GFA content. This is likely because, at low replace
ment levels, the quantity of GFA particles is insufficient to develop 
significant mechanical interlocking throughout the matrix. However, at 
40 % and 50 % GFA, a more noticeable increase in tensile strength is 
observed. This can be attributed to the higher concentration of angular 
GFA particles, which enhances inter-particle contact and interlocking. 
As the amount of GFA increases, the likelihood of overlapping and 
bridging between adjacent particles also rises, allowing the aggregate 
network to resist tensile cracking more effectively. This densified in
ternal structure contributes to better tensile stress distribution and 

explains the sharper gains in tensile strength at higher GFA replacement 
levels.

Fig. 11(b) presents the effect of PA and FA on tensile strength for 
concrete containing 50 % GFA. Replacing 10 % of OPC with PA or FA 
lowers tensile strength relative to the 100 % OPC mix; PA causes a 
slightly larger reduction than FA at this level. At 20 % replacement, the 
two SCMs produce almost identical strength losses. At 30 % replace
ment, PA outperforms FA: tensile strength in the PA mix is only 11.5 % 
lower than in its 10 % counterpart, whereas the FA mix shows a 32 % 
drop from its 10 % level. This behaviour confirms that PA provides a 
more stable tensile-strength response than FA at higher replacement 
levels.

Fig. 10. Failure modes of tested cylinders for compression: 28-day cylinders; (a) 0 GFA-0FA-0PA, (b) 50GFA-0FA-0PA, (c) 50GFA-20FA-0PA, (d) 50GFA-0FA-20PA, 
and six-month cylinders; (e) 0GFA-0FA-0PA, (f) 50GFA-0FA-0PA, (g) 50GFA-20FA-0PA, (h) 50GFA-0FA-20PA.

Fig. 11. Impact on tensile and flexural strength; (a) by increasing GFA; (b) by replacing OPC with PA/FA for 50 % GFA concrete.
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3.2.3. Flexural strength
Fig. 11(a) illustrates that flexural strength, expressed as modulus of 

rupture, declines almost linearly as the GFA level increases. The control 
mix attains the highest value, while the 50 % GFA mix gives the lowest. 
Comparable reductions were documented by Limbachiya [51], Taha and 
Nounu [52] and Sharifi et al. [53]; each study attributed the decline in 
flexural capacity to the smooth, flat surfaces of crushed glass, which 
inhibit mechanical interlock with the cement matrix, and to microcracks 
in GFA that were generated during the crushing process. Fig. 11(b) 
shows the influence of replacing OPC with PA or FA in concrete con
taining 50 % GFA. At a 10 % replacement level, flexural strength re
mains largely unchanged, although PA is marginally lower than FA. 
When the replacement ratio reaches 20 %, both SCMs reduce strength 
relative to the control, with PA performing slightly better than FA. At 
30 % replacement, PA falls below both the FA and OPC mixes. The 
progressive strength decline is mainly caused by the dilution of the 
cement paste, while the elevated workability of the PA and FA mixes 
adds further risk. Highly fluid concrete can segregate if consolidation is 
insufficient, producing weak planes that reduce flexural capacity [41], 
which explains the lower performance of PA, as it exhibited higher 
workability than FA.

With the mechanical properties of the GFA concretes established, the 

discussion now turns to the flexural performance of the steel-reinforced 
concrete beams, with particular attention to crack propagation as well as 
the load-deflection response.

3.3. Flexural behaviour of steel-reinforced concrete beams

3.3.1. Failure mode and crack propagation
DIC was used to map surface strains and track crack development in 

all beams, as illustrated in Figs. 12 and 13. Unlike manual crack-marking 
methods, DIC provides full-field strain data that allows each crack to be 
linked precisely to the corresponding load step. For every beam, the first 
visible crack formed at mid-span, where the bending moment and tensile 
stress are highest. As the load increased, additional cracks gradually 
developed in the direction of the supports, with all cracks widening and 
extending further into the compression zone. Mid-span cracks remained 
almost vertical, reflecting pure flexure, whereas cracks closer to the 
supports displayed increasing inclination because shear stresses 
contributed to diagonal tension. As the load continued to increase, the 
beams eventually failed in flexure, with no further load increase 
observed.

At 28 days, the beam with 20 % GFA showed earlier crack initiation 
and more rapid crack growth than the control without GFA, whereas the 

Fig. 12. DIC strain maps for crack propagation analysis of 28-day beams (Access the animation).
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40 % GFA beam exhibited slightly better resistance than the 20 % level, 
as can be observed in Fig. 12. The GFA mixes, however, developed wider 
cracks than the control once the load exceeded about 40 kN, which 
mirrors the flexural-strength reductions discussed in 3.2.3. Introducing 
20 % PA or FA improved crack resistance across all GFA levels; the PA 
and FA beams displayed fewer and narrower cracks than the corre
sponding OPC beams, although their final failure was more abrupt and 
therefore less ductile than OPC counterparts.

As shown in Fig. 13, at the six-month test age, the behaviour 
changed. Both 20 % and 40 % GFA beams performed similarly to the 
control, indicating an age-related improvement in crack resistance with 
GFA. Adding 20 % PA further reduced crack widths and slowed crack 
propagation relative to both OPC and 20 % FA beams for every GFA 
level up to about 45 kN. The FA beams also improved over the OPC 
beams, but to a slightly lesser extent. In contrast with the 28-day results, 
failure of the PA and FA beams at six months was less sudden, suggesting 
that the pozzolanic reaction of the SCMs had enhanced the tensile-zone 
microstructure and moderated crack growth.

Although visual observation of crack propagation offers some insight 
into cracking behaviour, it is insufficient for a comprehensive assess
ment. Therefore, the DIC data were further analysed to quantify the load 
at which the first crack appeared and to track the progression of the 
principal crack as the load increased. These measurements provide a 
more robust and objective basis for evaluating and comparing the 

cracking performance of the beams.

3.3.2. Crack Initiation Load
The load at which the first crack appeared is presented in Fig. 14. The 

data indicate that increasing GFA content led to the initial crack forming 
earlier, specifically at 28 days. This behaviour can be explained by the 
smooth, flat surfaces and pre-existing microcracks in the GFA, which 
contributed to the reduction in flexural strength in GFA concrete at this 
stage. However, at six months, an opposite trend emerged. The control 
beam with 0 % GFA and 100 % OPC exhibited a reduction in the crack 
initiation load from 28 days to six months, suggesting deterioration over 
time. In contrast, beams with 20 % GFA performed slightly better at six 
months compared to 28 days, while beams with 40 % GFA showed a 
significant improvement at the six-month mark. This highlights GFA’s 
ability to enhance the beam’s resistance to environmental degradation 
over a longer period, compensating for the initial weakness and 
contributing to the durability of the concrete.

At 28 days, incorporating both PA and FA significantly delayed crack 
initiation, particularly in beams with 20 % and 40 % GFA. This delay is 
attributed to improved compaction from increased workability and 
reduced thermal cracking. It has been demonstrated that FA lowers heat 
generation by moderating the hydration reaction [54], thereby miti
gating thermal cracking. Similar effects are observed with PA, which, 
due to its high workability and low CaO content, contributes to higher 

Fig. 13. DIC strain maps for crack propagation analysis of six-month beams (Access the animation).
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cracking loads. By six months, PA beams exhibited behaviour similar to 
OPC beams, while FA beams performed slightly better than their OPC 
counterparts. Both PA and FA outperformed the OPC control without 
GFA. This improvement is attributed to the pozzolanic materials’ ability 
to enhance the microstructure through additional C-S-H formation, 
which improves resistance to environmental effects [55]. However, PA 
beams showed lower crack initiation loads than FA beams across all GFA 
levels at six months. The lower reactivity of PA may be due to its larger 
particle size, which results in weaker interaggregate bonds. Despite this, 
both PA and FA provided better serviceability in GFA-concrete beams 
compared to OPC.

3.3.3. Load vs crack width analysis
Fig. 15 plots crack width against load for all beams, providing a 

direct measure of serviceability. For each beam, the width of the first 
visible crack, which was typically the most critical, was tracked and 
measured as the load increased using DIC data to generate consistent 
crack width versus load curves. In the OPC series at 28 days, the in
clusion of GFA increased the crack width: beams with 20 % and 40 % 
GFA developed wider cracks than the control as the load rose. This 
response is attributed to the smooth faces of crushed glass, which bond 
less effectively with the cement matrix, and to the greater friability of 
glass compared with natural sand [52,56]. At six months, every beam 
displayed larger crack widths than its 28-day counterparts in the OPC 
series. However, in contrast to the 28-day results, where increasing GFA 
content led to wider cracking, the six-month results revealed a reduction 
in crack widths with higher GFA levels. This behaviour can be explained 
by two contributing factors. The improved bond between GFA and the 
cement matrix, resulting from the pozzolanic activity of GFA, is a key 
factor contributing to the reduced crack widths observed in the 
six-month beams with higher GFA content. Moreover, in an electro
chemical corrosion study, Wei et al. [57] observed that higher GFA 
content in concrete cylinders reduced rebar corrosion, primarily due to 
decreased concrete porosity. In addition, previous research has shown 
that GFA granules, being impermeable, act as physical barriers that limit 
the ingress of water and ions, thereby enhancing durability [58,59]. 
These factors may also contribute to the reduced crack widths observed 
in beams with higher GFA levels at six months. Hence, the larger crack 

widths observed in the six-month OPC beams may be reasonably 
attributed to the slight degradation of the steel reinforcement over time. 
Although no visual evidence of corrosion was identified, the consistent 
increase in cracking in all OPC beams, coupled with the reduction in 
cracking in GFA-containing beams, supports this hypothesis. Further
more, the compressive strength results show no indication of material 
degradation in the concrete matrix itself, as strengths increased at six 
months across all mixes. Therefore, in the absence of concrete deterio
ration, reinforcement degradation remains the most plausible explana
tion for the observed long-term cracking behaviour.

At 28 days, both PA and FA markedly reduced crack widths at every 
GFA level relative to OPC counterparts. PA achieved the narrowest 
cracks for the 0 % and 20 % GFA mixes, whereas FA gave similar per
formance across all GFA contents. The benefit is linked to the higher 
workability of the PA and FA concretes (Fig. 5(b)), which promotes 
better consolidation, closer aggregate packing and fewer voids. Lower 
peak hydration temperatures provided by the SCMs further limit ther
mal cracking during early curing. The six-month data confirm that PA 
and FA continue to enhance crack resistance. All PA and FA beams 
exhibited smaller crack widths than the corresponding OPC counterparts 
at the same age. FA outperformed PA in the 0 % and 20 % GFA mixes, a 
difference that reflects the finer particle size and higher reactivity of fly 
ash, but both SCMs produced substantial gains over OPC. The continued 
improvement is attributed to microstructural densification that results 
from ongoing pozzolanic reactions, which fill pores with additional C-S- 
H. As with the OPC mixes, raising the GFA content reduced crack widths 
in the PA and FA beams at six months. This outcome can be attributed to 
the combined effects of the pozzolanic activity of GFA and the reduced 
porosity and moisture ingress due to the impermeable nature of glass 
particles, as discussed above.

3.3.4. Load vs deflection behaviour of concrete beams
Fig. 16 presents the curves that relate load to mid-span deflection for 

every beam at 28 days and six months. All curves follow a similar profile, 
which indicates that neither GFA nor the two SCMs caused major 
changes in overall flexural response. Subtle differences emerge, how
ever, when characteristic points are compared. These points include the 
load at first yield of the tensile steel, the ultimate load, the initial elastic 

Fig. 14. Crack Initiation Load.
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slope, and the total area under each curve. Table 4 lists the numerical 
values, and Fig. 17 illustrates them, providing the basis for the more 
detailed discussion that follows on yield load, ultimate capacity, stiff
ness, ductility, and energy absorption.

3.3.4.1. Yield load. The yield load was identified on each load- 
deflection curve as the point where the initially linear response began 
to deviate, indicating the onset of yielding in the tensile reinforcement 
[60]. These values are illustrated in Fig. 17(a). In the OPC series at 28 
days, replacing sand with 20 % or 40 % GFA did not alter the yield load 
relative to the 0 % GFA beam, which shows that early-age reserve ca
pacity is governed mainly by steel. After six months, all three OPC mixes 
displayed a modest decline, averaging about 5 %, even though 
compressive strength had risen.

Replacing 20 % of OPC with PA or FA altered the short-term 
response. At 28 days, beams with 0 and 20 % GFA, and both SCMs 
recorded yield loads that were slightly below their OPC counterparts, 
reflecting the lower early-age compressive strength of the PA and FA 
mixes. By six months, this shortfall had almost vanished because 
continuing pozzolanic reactions densified the compression zone and 
strengthened the matrix. A different pattern emerged when GFA content 
reached 40 %. Both PA and FA produced yield loads marginally higher 
than the OPC beam, with 40 % GFA at both ages. The improvement may 

arise from two complementary mechanisms. First, the high GFA content 
lowers permeability and therefore slows moisture and chloride ingress, 
limiting beam degradation. Second, the pozzolanic reactivity of the 
supplementary materials and GFA refines the pore network [24,61]. In 
the long term, FA performed slightly better than PA at every GFA level, 
an outcome linked to the finer particle size of FA. Finer particles provide 
a larger reactive surface, leading to greater microstructural densifica
tion, whereas the coarser PA particles react more slowly and thus deliver 
a smaller increase in yield load [24].

3.3.4.2. Ultimate failure load. The ultimate failure load was taken as the 
highest load recorded on each curve after the reinforcement had yielded, 
as illustrated in Fig. 17(b). Across the full matrix of mixes, the values at 
28 days and six months fell within a narrow band. A single divergence 
appeared at 28 days for the beams that combined 40 % GFA with either 
PA or FA; these specimens carried a slightly higher ultimate load than 
the corresponding OPC beam. The gain is linked to reduced thermal 
cracking and superior compaction produced by the more workable 
pozzolanic concretes, both of which help preserve the compression zone 
until the reinforcement reaches full plasticity.

Apart from this modest benefit, neither GFA content, binder 
replacement, nor curing age produced a significant change, especially in 
six-month beams. This limited variation is expected in flexure-dominant 

Fig. 15. Load (kN) vs crack width (mm) plots created by the data obtained from DIC.
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reinforced concrete beams, where failure occurs after yielding of the 
steel reinforcement. Once yielding begins, the contribution of concrete 
strength becomes secondary, as the beam’s load-carrying capacity is 
governed primarily by the plastic hinge mechanism formed in the steel 
[62]. Therefore, variations in concrete composition, such as GFA or PA 
content, do not significantly influence the ultimate load. Most impor
tantly, the use of alternative waste materials did not adversely affect the 
ultimate failure capacity of the beams, reinforcing their suitability for 
use in structural concrete applications.

3.3.4.3. Flexural stiffness. Flexural stiffness for each beam was calcu
lated from the slope of the initial straight segment of the load-deflection 
curve. These values are plotted in Fig. 17(c). In the OPC series at 28 days, 
increasing GFA from 0 % to 40 % produced only minor changes, con
firming that early-age stiffness depends mainly on the elastic modulus of 
the concrete matrix, which was similar across those mixes. However, by 
six months, a noticeable reduction in stiffness was observed in all OPC 
beams. While the concrete compressive strength continued to increase 

over time, the reduction in stiffness may be attributed to the cumulative 
effects of internal microcracking, drying shrinkage, reduced bond effi
ciency between concrete and reinforcement, and potential early-stage 
reinforcement degradation due to environmental exposure. Drying 
shrinkage, in particular, is common in all concrete elements and can 
introduce internal tensile stresses that weaken the bond and induce 
microcracking, even in the absence of external loading [63]. Although 
no direct evidence of corrosion was observed, the uniform reduction 
across all OPC beams suggests that some early deterioration mechanism 
may have compromised stiffness. The beams were stored in a temperate 
climate with daily temperature fluctuations ranging from below 5 ◦C at 
night to above 20 ◦C during the day. This thermal cycling, combined 
with ambient humidity, may have further contributed to internal 
microcracking or degradation of the concrete and reinforcement. This 
interpretation aligns with previous studies indicating that stiffness 
degradation in ageing RC elements can result from bond deterioration, 
shrinkage effects, and microstructural changes [64,65].

Incorporating PA or FA led to lower beam stiffness at 28 days 

Fig. 16. Deflection (mm) vs load (kN) plots.
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compared to OPC mixes, consistent with the reduced early-age strength 
and slower hydration of pozzolanic binders. However, in all binder 
groups, including OPC, FA, and PA, stiffness increased with higher GFA 
content. Beams with 40 % GFA exhibited the highest stiffness values at 
both 28 days and six months, indicating that GFA contributes positively 
to stiffness development even at early ages. This improvement can be 
attributed to several mechanisms. The angular shape and rigidity of GFA 
enhance internal aggregate interlock, while its impermeable nature re
duces moisture ingress, helping to mitigate long-term degradation. The 
pozzolanic ability of GFA, as discussed before, can cause the improve
ment at six months [20,24]. Moreover, at six months, the stiffness dif
ference between PA or FA beams and their OPC counterparts narrowed 
or even reversed, with PA and FA beams showing higher stiffness in 
many cases. This is attributed to the continued pozzolanic reaction of 
SCMs, which improves the microstructure and supports long-term 
stiffness retention [20,24]. Overall, the combined use of GFA with PA 
or FA enhances flexural stiffness over time. Moreover, PA consistently 
performs on par with FA, reinforcing its suitability as a sustainable SCM 
alternative.

3.3.4.4. Displacement ductility. Displacement ductility, calculated as the 
ratio of mid-span deflection at ultimate load to deflection at first steel 
yield (Fig. 17(d)), provides a measure of each beam’s ability to deform 
inelastically. Adding GFA did not meaningfully alter ductility; values at 
28 days and six months remained comparable across the 0, 20 and 40 % 
mixes. The six-month beams, however, were slightly less ductile than 
their 28-day counterparts. This reduction follows the same trend 
observed in flexural stiffness and may be attributed similarly to the ef
fects of drying shrinkage and temperature variations, which can induce 
microcracks and accelerate long-term degradation of the beams. These 
factors can limit strain development and reduce the beam’s ability to 
undergo plastic deformation prior to failure [63].

At 28 days, beams incorporating PA or FA exhibited significantly 
higher ductility compared to OPC mixes, with values ranging from 2.8 to 
4.0 versus 2.4–2.8 in the OPC group. This increase can be attributed to 
better compaction and reduced thermal cracking. These characteristics 
collectively delay crack coalescence and preserve bond integrity during 
inelastic deformation. However, within both the PA and FA series, 
ductility tends to decrease as GFA content increases to 40 %, though 
beams with 40 % GFA combined with PA or FA still exhibited higher 
ductility than their OPC counterparts. This decline can be attributed to 
reduced internal cohesion and compaction challenges at higher GFA 
levels, as the angular shape and low water absorption of glass particles 
lead to reduced slump and stiffer mixes, as observed in Fig. 5(a). Inad
equate consolidation in low-slump mixes can lead to entrapped air and 
poor matrix homogeneity, reducing the beam’s capacity for inelastic 
deformation. It can also weaken the bond between concrete and rein
forcement, further limiting post-yield ductility [66]. At the six-month 
mark, however, both PA and FA beams generally exhibit ductility 
values similar to those of the OPC beams. This may be due to long-term 
changes in the microstructure, such as increased stiffness from 
continued pozzolanic reactions and matrix densification, which can 
reduce deformation capacity. Additionally, environmental exposure 
over time may have influenced bond conditions or microcracking 
similarly across all mixes, thereby minimising the ductility advantage 
initially observed in the SCM beams.

3.3.4.5. Fractural toughness. The energy absorption of the beams, 
determined by calculating the area under the load-deflection curves, 
serves as an indicator of beam toughness, as shown in Fig. 17(e). At 28 
days, energy absorption fluctuated with GFA content, showing a modest 
increase at 20 % GFA before decreasing at 40 %. This pattern may be 
attributed to the friability of GFA [56] and its influence on matrix 
cohesion, where moderate additions enhance particle interlock and 
toughness, but higher levels introduce weaker zones that reduce fracture 
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energy. However, at six months, the opposite trend is observed, with 
higher GFA content leading to higher energy absorption. This behaviour 
is likely attributed to the discussed pozzolanic activity of GFA, which 
enhances bond strength between the aggregate and the cement matrix 
over time, requiring more energy to initiate failure.

At 28 days, beams containing PA or FA exhibit significantly higher 
energy absorption compared to OPC beams across all GFA levels. This 
improvement is attributed to reduced thermal cracking and improved 
compaction, which increase bond strength and decrease internal voids, 
thereby raising the energy required to fracture the concrete. However, 

Fig. 17. a) Yield load (kN); (b) Ultimate failure load (kN); (c) Stiffness (kN/mm); (d) Displacement ductility (mm/mm); (e) Energy absorption (kNmm).
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by six months, PA- and FA-modified beams generally performed on par 
with OPC beams, although individual values fluctuated slightly above or 
below their OPC counterparts across different GFA levels. This decline 
may be linked to the same long-term degradation mechanisms that 
affected flexural stiffness and ductility, such as microcracking, reduced 
bond performance, and possible early-stage reinforcement deterioration 
due to environmental exposure. These factors can compromise the en
ergy dissipation capacity of the beams, thereby reducing fracture 
toughness at later ages [67,68].

3.4. Assessment of serviceability

Ensuring serviceability is as critical as achieving adequate strength in 
concrete design. Serviceability means the structure continues to perform 
its intended function under service loads throughout its lifespan. This 
requires controlling crack widths and limiting deflections. Excessive 
deflection can be unsightly and uncomfortable, while inadequate crack 
control may lead to durability issues such as reinforcement corrosion. 
EC2 was chosen to conduct the assessment due to its comprehensive 
serviceability and ultimate limit state criteria, suitability for novel ma
terials, and widespread adoption in concrete design [33,69]. EC2 [33]
limits the crack width to 0.3 mm and prescribes a maximum deflection 
of the effective span divided by 250 (5.2 mm for the beams in this 
study). Fig. 18(a) shows the load corresponding to a 0.3 mm crack width 
(P0.3Cr), determined by DIC analysis, and the load at the maximum 
allowable deflection (Pm.def.) derived from load-deflection data via 
linear interpolation. These results are also presented in Table 4. Higher 
values of the load corresponding to P0.3Cr and Pm.def. indicate a greater 
capacity to maintain serviceability under higher service loads.

The data reveal that in nearly all beams, P0.3Cr is reached before Pm. 

def., except for PA beams with 0 % and 20 % GFA at 28 days. At 28 days, 
increasing GFA reduces P0.3Cr, indicating diminished serviceability of RC 
beams. Fig. 18(b) shows the percentage change in P0.3Cr from 28 days to 
six months. The control beam without GFA shows a 53.8 % reduction 
over this period. However, at six months, beams with higher GFA levels 
exhibit an increase in P0.3Cr, outperforming the control. These results 
indicate that although GFA may adversely affect serviceability in the 
short term, it can enhance long-term performance.

The addition of PA significantly increased P0.3Cr at both 28 days and 
six months, indicating improved serviceability. At 40 % GFA, PA effec
tively offset the discussed reduction in P0.3Cr with only GFA at 28 days. 
At 28 days, PA yielded notably higher P0.3Cr than FA for 0 % and 20 % 
GFA levels and showed modest improvement at 40 % GFA. At six 
months, although PA performed slightly below FA across all GFA levels, 
it still outperformed beams without SCMs. In particular, at 40 % GFA, 
PA raised P0.3Cr to levels comparable to the 28-day beam with 40 % GFA 
and PA, and even to the control. Although PA was primarily used as an 

ASR mitigation SCM, these results demonstrate its effectiveness in 
enhancing serviceability when combined with GFA in RC beams. 
Notably, PA helps counteract the negative impact of GFA on service
ability, making it an ideal addition to GFA concrete.

3.5. Experimental vs. theoretical cracking moments and ultimate 
capacities

This section aims to assess whether EC2-based design equations 
remain valid for reinforced concrete beams made with non-conventional 
materials such as GFA, FA, and PA. While the EC2 framework is widely 
used for conventional concrete, limited research exists on its accuracy 
and reliability when applied to sustainable concrete mixes with high 
waste content. This section provides a comparative analysis between 
experimentally measured and theoretically predicted cracking and ul
timate moments. The findings offer practical insights into the conser
vatism and limitations of existing design models for these novel 
concretes and suggest where adjustment factors may be warranted for 
long-term safety or serviceability. The theoretical cracking load (Mcr,theo) 
is determined using the design model from EC2 [33] (Eq. 1). The mean 
tensile strength of concrete (fctm) is calculated using Eq. 2 from EC2 [33]. 

Mcr,theo =
fctmIu

(h − xu)
(1) 

fctm = 0.3f2/3
ck (2) 

Iu =
bh3

12

+ bh
(

h
2
− xu

)2

+ (αe − 1)
[
As(d − xu )

2
+As2(xu − d2 )

2
]

(3) 

xu =
bh2

2 + (αe − 1)[Asd + As2d2]

bh + (αe − 1)[As + As2]
(4) 

fck is the characteristic compressive strength experimentally deter
mined for each mix as presented in Table 4. Additionally, Ie represents 
the second moment of area of the uncracked transformed section, xu is 
the distance from the neutral axis to the extreme top fibre, and h is the 
height of the beam. The beam width is denoted by b, while As and As2 
represent the areas of tensile and compressive reinforcement, respec
tively. The modular ratio αe refers to the ratio of the Young’s modulus of 
steel to that of concrete. Fig. 19 shows the ratio of the Mcr,theo to the 
experimental cracking moment (Mcr,exp), corresponding to the first crack 
appearance loads discussed in 3.3.1.

At 28 days, the control beam without GFA or SCMs exhibited a 
cracking moment 57 % higher than predicted. With 20 % GFA, the 

Fig. 18. Load corresponding to: (a) the 0.3 mm crack width (P0.3Cr) and (b) maximum permissible deflection (Pm.def.).
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experimental cracking moment was 14 % higher than predicted, 
whereas at 40 % GFA, it was 10 % lower. These results suggest that the 
EC2 model [33] is reasonably accurate for lower GFA levels but may 
require revision for RC beams with higher GFA content to ensure a 
higher margin of safety. At six months, the experimental values closely 
matched the predicted ones, suggesting that the design model should be 
revised to be more conservative in the long term, particularly for GFA 
concrete without SCM.

At 28 days, the inclusion of FA/PA results in a significant increase 
over the predicted values, attributable to the factors discussed in 3.3.1. 
In particular, for beams with 20 % and 40 % GFA, both FA and PA 
achieved significantly higher safety margins than beams with GFA 
alone, indicating that the EC2 model [33] is more conservative for 
beams incorporating GFA and SCMs. At six months, however, FA/PA 
beams exhibited lower conservative cracking moments with reduced 
safety margins, without the pronounced increase observed at 28 days. 
This suggests that while the EC2 model [33] may be viable for ensuring 
short-term conservatism, additional safety factors may be considered to 
meet the serviceability limit state for long-term performance.

The theoretical ultimate load, Mu,theo, is calculated using the simpli
fied rectangular stress block analysis described in EC2 [33]. Aₛ denotes 
the area of the tensile reinforcement, fyk and fck represent the charac
teristic strengths of the steel rebar and concrete, respectively, and b is 
the width of the beam. z represents the lever arm, defined as the distance 
between the tensile and compressive resultants, and a denotes the depth 
of the equivalent rectangular stress block in the concrete section. The 
equations were derived using a stress block coefficient of 0.8 and partial 
safety factors of 1.5 for concrete and 1.15 for steel rebar. 

M = 0.87Asfykz (5) 

z = d −
a
2

(6) 

a = 1.63
Asfyk

fckb
(7) 

Fig. 19 presents the ratio between Mu,theo and the experimental ulti
mate load, Mu,exp, which corresponds to the yield loads discussed in 
3.3.2. At 28 days, the ultimate capacities show safety margins between 
22 % and 32 % for beams with GFA, FA, and PA, confirming the viability 
of the EC2 model [33] for RC beams with GFA and PA at the ultimate 
limit state. However, at six months, the safety margins drop to 
15 %-26 %, suggesting that additional safety factors may be needed for 
long-term performance.

4. Conclusions

The following conclusions were drawn based on the results of this 
study. 

• Increasing GFA improved concrete strength. At 28 days, 50 % GFA 
boosted compressive strength by 16.4 %, rising to 20.4 % at six 
months, indicating its pozzolanic activity. Only 10 % of PA matched 
OPC and FA strength at 28 days, while 20 % of PA achieved similar 
strength as OPC and FA at six months, suggesting PA’s potential as a 
strength-wise FA alternative.

• GFA increased the cracking tendency at 28 days but reduced it by six 
months. PA significantly decreased crack widths at 28 days 
compared to OPC and slightly outperformed FA. By six months, PA 
showed marginally higher crack widths than FA but remained well 
below the OPC series, demonstrating its effectiveness in GFA con
crete beams for serviceability.

• The inclusion of GFA and PA did not significantly affect the yield or 
ultimate loads of beams at 28 or six months. A slight decrease in yield 
load at six months was observed across all beams, potentially due to 
beam degradation over time. Variations in this decrease in yield load 
suggest that GFA and PA may mitigate beam degradation. GFA acts 
as an impermeable barrier against external attacks, while PA en
hances the microstructure through pozzolanic reactions, creating a 
denser matrix.

• All beam types showed reduced stiffness at six months compared to 
28 days, further suggesting beam degradation. While GFA did not 
significantly affect stiffness in OPC beams, beams with PA showed 
improved stiffness at six months as GFA content increased, indicating 
reduced rebar degradation due to microstructural enhancement. 
Both PA and FA showed similar effectiveness in enhancing stiffness.

• GFA did not significantly affect displacement ductility. Fracture 
toughness decreased with higher GFA content at 28 days but 
improved at six months, indicating stronger bonds due to GFA’s 
pozzolanic activity. Both displacement ductility and energy absorp
tion were enhanced by PA and FA at 28 days, which is attributed to 
reduced thermal cracking and improved compaction. By six months, 
the performance of both PA and FA closely aligned with that of OPC 
beams.

• In the short term, GFA adversely affected serviceability, but its long- 
term impact was positive. Furthermore, incorporating PA markedly 
improved serviceability at both stages, demonstrating its value 
beyond merely mitigating ASR in GFA concrete beams.

• Adjustments to safety factors may be needed for serviceability limit 
state design in GFA-SCM beams, particularly for crack control, while 
refinements to ultimate limit state design are recommended to 
enhance long-term conservatism.

Fig. 19. (a) Experimental vs theoretical cracking moments and (b) Experimental vs theoretical ultimate capacities.
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The results of this study strongly support the use of waste glass in 
structural applications, along with pond ash as an ASR mitigation SCM, 
with up to 20 % OPC replacement. With pond ash, up to 40 % of waste 
glass can be utilised in structural beams. This study also contributes to 
sustainability goals in the construction industry by demonstrating that 
two waste materials can be effectively used in structural concrete.
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