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1. INTRODUCTION

ABSTRACT

The primary objective of this study is to evaluate the sustainability of highway sign supports
through field testing and finite element analysis. The study aims to develop a predictive mainte-
nance model to evaluate the service life of these structures. Sign support systems are important
structures in the Connecticut Department of Transportation (CTDOT) bridge management
system. Periodic sustainability inspections and maintenance activities are needed as a long-
term, cost-effective maintenance strategy. The research involved non-destructive field testing
of a cantilever-type highway sign support, followed by finite element modeling using Highway
Sign Structures Engineering (HSE) by SAFI software. Data from accelerometers, strain gauges,
and anemometers were collected and analyzed to validate the model. The experimental setup
was done in collaboration with CTDOT. The data was collected and analyzed, and it was used
to verify the three-dimensional finite element (FE) model developed, which was used to test
the structure's design capacity. The study found that the sign support structure experienced
significant wind loading on a few occasions, with stress levels reaching about 20% of its elastic
limit. The finite element model accurately predicted structural behavior under design load
conditions, demonstrating its potential for predictive maintenance applications.

Cite this article as: Salama, T., & Voghel, D. (2024). Sustainability evaluation of highway
sign support by field testing and finite element analysis. ] Sustain Const Mater Technol, 9(4),
305-314.

ify the three-dimensional finite element (FE) model devel-
oped, which was used to test the structure's design capacity.

This research performed a non-destructive field test of
a highway sign support to develop a finite element model
simulating the structure for behavior analysis due to limit-
ed state loads. The advancements in sensor technology and
data analysis have provided new opportunities for real-time
monitoring and predictive maintenance of these structures.
The experimental setup was in collaboration with the Con-
necticut Department of Transportation (CTDOT), where
the project focused on field instrumentation and testing of
a highway sign support that was a cantilever-type structure.
The data was collected and analyzed, and it was used to ver-

*Corresponding author.
*E-mail address: talats@ccsu.edu

The research shows the potential to increase the service life
of sign support structures, which is currently set at 34 years.
An event occurred on I-190 SB in Worcester, Massachu-
setts, that underscores the importance of this project. On
August 9™, 2022, a cantilevered sign support collapsed on
the roadway, obstructing the low-speed and middle lanes
(Fig. 1). Thankfully, no motorists were injured, and the Mas-
sachusetts Department of Transportation (MassDOT) had
the road cleared the following day [1]. Still, such an incident
illustrates the potential risk associated with these structures
and what can happen if they are not regularly maintained.

Published by Yildiz Technical University Press, Istanbul, Tiirkiye
BY _NC

This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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Figure 1. Collapsed sign support.

This and other similar instances highlight the need for
improved maintenance and monitoring of highway sign
supports. A Federal Highway Administration (FHWA)
study reported that poorly maintained sign supports can
become hazardous, especially when vehicles strike [2]. The
study underscores the importance of regular inspections
and preventive maintenance to ensure the structural in-
tegrity of these supports. The study published guidelines
emphasizing the critical role of maintenance in prevent-
ing accidents caused by damaged or missing signs. These
guidelines recommend regular cleaning, vegetation control,
and timely repairs to maintain the effectiveness and safety
of highway sign supports [2].

Recent studies have shown that regular maintenance
and inspection can significantly extend the service life of
highway sign supports. For instance, a survey by Tuhin
highlighted the importance of structural integrity and reg-
ular inspections to prevent failures [3]. Another study by
Patel (2024) discussed the design improvements and main-
tenance strategies for highway sign supports to enhance
their durability [4].

The American Association of State Highway and
Transportation Officials (AASHTO) has also updated its
guidelines for the structural supports of highway signs,
luminaires, and traffic signals, emphasizing regular main-
tenance and advanced materials [5]. These updates reflect
the latest research and technological advancements in the
field, providing a more robust framework for maintaining
highway sign support.

A survey focusing on asset management, design pro-
cess, inspection frequency, material usage, and failure types
was drafted and circulated to all the Departments of Trans-
portation (DOTs) to investigate sign support structures ef-
fectively. Data from each response was recorded, organized,
and interpreted to assess the common issues affecting sign
support structures and the effective management practic-
es of these structures. The first step in the development
process of the survey was to assemble and review current
practice, technical literature, research findings of recently
completed and ongoing projects, and procedures and codes
addressing highway sign support on deterioration models,
asset management, evaluation, and testing. The review fo-
cused on recent sign support risk assessment and field-test-
ing developments.

Figure 2. CTDOT Sign support inventory with perfor-
mance scale.

Documents published by state DOTs standardizing
elements of their sign support assets are evidence of
sound asset management. Several DOTs have published
Transportation Asset Management Plans (TAMPs) to
secure federal funds and comply with federal legislation,
specifically the Moving Ahead for Progress in the 21
Century (MAP-21) Act and the Fixing America's Sur-
face Transportation (FAST) Act [6]. Responsible for
approximately 1,654 sign supports, CTDOT has estab-
lished performance measures (Fig. 2) and maintenance
programs to manage sign support assets better. Supports
with a score of 0 have failed; a score of 9 indicates that
the support is in excellent condition. Assets receiving
scores between 5 and 9 are said to be in a State of Good
Repair (SOGR).

The NCHRP Report, 494 Structural Supports for High-
way Signs, Luminaries, and Traffic Signals, includes a sec-
tion discussing inspection, retrofit, repair, and rehabilita-
tion of fatigue-damaged support structures. The Federal
Highway Association (FHWA) assesses support as reason-
able and fair but is a poor system. Recent data suggests that
41.7% are in good condition, 56.9% are in fair condition,
and 1.4% are in poor condition [7]. CTDOT's TAMP com-
bines each rating system so that sign supports in good con-
dition correspond to scores 9-7, sign supports in fair condi-
tion correspond to scores 6 and 5, and sign supports in poor
condition correspond to scores 4-0 [6].

The sign supports maintained by CTDOT are catego-
rized by type, where 643 are cantilevered, 617 are entire
spans, and 394 are bridge-mounted [6]. A fourth type is
the butterfly support. The kind of support determines the
inspection interval, where full-span supports are inspected
every 6 years, and the cantilever and the bridge-mounted
supports are inspected every 4 years. If a support is fabricat-
ed out of aluminum, it shall be inspected every two years,
no matter the type of support [8].

A clearly defined maintenance schedule and an orga-
nized method for logging inspection data are crucial to
asset management. Other DOTs have implemented stan-
dardized documents, defining installation and inspection
methods, signing support selection criteria, and repairing
manuals [9]. The Wisconsin Department of Transportation
(WisDOT) has published a table of available sign support
types and selection criteria for each support [9]. WisDOT
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also has a chapter in its Facilities Development Manual
dedicated to standardized sign support structure designs
and selection processes [10]. These standardized designs
help contractors fabricate a reliable sign support structure
without redesigning the whole structure every time a job
comes out to bid. Also included on WisDOT's website is
a list of Load and Resistance Factor Design (LRFD) Stan-
dardized Overhead Sign Structure Plans [11]. Nebraska
Department of Roads (NDOR) published a complete in-
spection and installation manual for sign supports and
high mast lighting [12]. NDOR's manual includes pictures
of best practices concerning torquing, anchor bolt plump-
ness, plate connection tolerances, corrosion prevention,
and other necessary installation and inspection consider-
ations. Michigan Department of Transportation is the only
state DOT that has published a repair manual for sign sup-
port structures, indicating that most DOTs would replace
the whole structure entirely rather than make repairs [12].
A supplemental literature review was also conducted on
fatigue stresses, as these forces are attributed to most sign
support structure failures [13].

Life cycle planning is driven by one underlying princi-
ple: timely investments in an asset result in improved con-
dition over a more extended period and lower long-term
cost. CTDOT uses age-based deterioration curves based
on a 34-year service life to execute life cycle planning. The
condition-based models need more development to be suc-
cessfully implemented, so the age-based approach is strict-
ly adhered to. Once a sign support has reached the end of
its 34-year service life, they are replaced. If an age-based
modeling approach is being used, it is essential to have a
database documenting how old the assets are. According to
the Minnesota Department of Transportation data, 73% of
its overhead sign support structures are between 0 and 40
years old [14], which backs up CTDOT's 34-year service
life expectancy claim.

Setting long-term performance goals and proper life
cycle planning assists in scheduling sign support re-
placement and repair. CTDOT's TAMP outlines some
performance targets for sign support management. In
2019, it was projected that 96.6% of sign supports would
be in an SOGR by the end of 2020, and 95.2% of sign
supports would be in a SOGR by the end of 2022. A
10-year goal was also established by CTDOT's TAMP,
which set out to achieve a SOGR for 90% of sign sup-
ports. The decrease in the percentage of sign supports
in an SOGR around 2026 is due to a large number of
supports reaching their life expectancy simultaneously
(Fig. 3). CTDOT's TAMP maintains that funding for
sign supports will be approximately $4 million per year,
with the replacement of 40% of sign supports in poor
condition funded by other projects. It is noteworthy that
100% of the funds in the sign support budget go towards
replacement. Perhaps allocating some of those funds to-
wards repair could be more economical.

CTDOT estimates that it costs $140,000 to replace a
cantilever support, $250,000 to replace a full-span sup-
port, and $50,000 to replace a bridge-mounted support

Figure 3. CTDOT Sign support performance projections.

[2]. Since these assets are not cheap, selecting those that
need replacement the most is crucial. While common
sense would say those supports scoring lowest on the
SOGR scale will be replaced first, replacement criteria
are not entirely condition-based. Sign supports are of-
ten replaced because the sign panel size increases due to
changes in FHWA's Manual on Uniform Traffic Control
Devices (MUTCD) for Streets and Highways require-
ments. A bigger sign panel requires support stronger
than the existing support. Sometimes, projects that al-
ter the roadway can lead to the replacement of excellent
support. Other times, sign support projects are issued by
location, so every sign support along the designated cor-
ridor will be replaced regardless of its condition. These
non-condition-based replacements create the potential
for waste and excess cost, resulting in economic loss.

To combat the adverse effects of non-condition-based
replacements, CTDOT's TAMP outlines five investment
strategies: (1) Program sign support projects based on poor
conditions, (2) Reduce the number of sign supports by put-
ting signs next to the road whenever possible, (3) Increase
efforts to maintain the sign panel size by decrease the sign
legend spacing, (4) Overdesign sign supports with an aug-
mented factor of safety so they can support next-generation
sign panels, and (5) Reduce the number of bridge mounted
sign supports to decrease dead load supported by the bridge
and lower inspection costs.

Failure rates of sign support systems are scarce. Each
study for the project showed that significant structure col-
lapse occurs infrequently and can be avoided with preven-
tative analysis and a predictive failure model. Sign support
asset management is a topic that has not been extensively
studied [15]. However, developing predictive deterioration
models for sign support systems is feasible by identifying
key factors such as materials, age, location, and wind load-
ing. As cars and trucks pass under signs, the wind gradually
wears off them on the sign supports.

Specifically, the supports' welded joints are the pri-
mary degradation point. Failure analysis of the highway
sign structure and design improvement showed that
hairline fractures occur due to wind loads. Kipp et al.
[16] also revealed that analyzing the structures under
various wind loads is more practical than a pure stat-
ic load, as varying wind speeds can cause more damage
to structures over time. The study attempted to model
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Figure 4. Overhead highway sign support survey sent to the nation DOTs.

wind effects on different sign support systems and iden-
tify their weak points for future repair schedules. It was
concluded that the two critical points in the structure
were the midpoint of the span and the base of the col-
umns. The probability of failure and reliability of the
curves should depend on the lanes and the average dai-
ly traffic under each structure. This study also validated
using predictive computer modeling for measuring sign
support wind degradation.

Looking more at the types of sign supports specifically,
field testing and analysis of aluminum highway sign trusses
looked at how existing designs can be modeled to increase
their wind load capacity. The study by Barle et al. [17]
showed this to be the case by examining cantilever-type
and Type-III overhead sign supports. The conclusion was
that increasing the drag coefficient on these structures
could reduce the wind load. By analyzing these, we can see
that minor modifications to sign supports have a signifi-
cant impact.

Different types of sign supports have varying tolerances
for wind capacity and respond differently to stresses. Two
studies support this conclusion: by Yang et al. [18] and by
Ehsani et al. [19]. These two papers conclude that mono-
tubes rely on stiftness for reliability rather than strength
criteria, while the opposite is true for box truss structures.
Therefore, the type of sign support affects reliability if all
other factors are equal.

The idea of conducting regular inspections of ag-
ing models can identify problems before they occur. Al
Shboul et al. [20] analyzed predictive failure models and
showed that simulating wind speeds can comprehensively
approach predictive failure. This work supports the find-
ings of Barle et al. [17], who concluded that variable wind
speeds cause more wear and tear than static wind speeds.
The conclusions drawn by Al Shboul et al. [20] were used
to detect two severe fractures in signs that would have
otherwise gone unnoticed. This discovery was due to new
inspection practices [21]. While the study is more techni-
cal, the hypothesis suggests that wind is among the highest
risk factors for sign support degradation, primarily caused
by passing traffic underneath.

Reviewing related peer literature and their methods
reinforces the study's validity. Two key research publica-
tions on the topic are "Road Asset Management Systems"
by Miller et al. [22] and "Analysis of Traffic Sign Asset
Management Scenarios”" by Harris et al. [23]. These two
publications provided the basis for the approach to asset
management and categorization. Kruse et al. [24] demon-
strated how asset management using technology such as
GIS information can be effective. Their study supports the
subsequent research, highlighting the advantages of using
advanced software to monitor assets. Combined with a
predictive failure model, this can result in a more efficient
maintenance plan.
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2. METHODOLOGY

2.1. Survey

Studying the existing literature on sign support manage-
ment and structural analysis facilitated sound project design.
A survey focusing on asset management, design process,
inspection frequency, material usage, and failure types was
drafted and circulated to all DOTs to investigate sign sup-
port structures effectively. Each step, from writing the sur-
vey to sensor installation and data treatment, required us to
draw upon knowledge from articles discussing fatigue stress,
reports covering inspection procedures, and drawings stan-
dardizing sign support design. After sufficient literature re-
view, the survey was drafted (Fig. 4) and distributed to all
the United States Departments of Transportation. Data from
each response was recorded, organized, and interpreted to
assess the common issues affecting sign support structures
and the effective management practices of these structures.

Survey circulation was conducted by contacting three to
five individuals from each State DOT affiliated with a traf-
fic engineering division, a structures division, or a mainte-
nance division. Because sign supports are often considered
an ancillary asset, they usually fall under the jurisdiction
of the previously mentioned divisions. Any trends relating
to material usage, inspection techniques, design consider-
ations, and failure modes were identified.

The response rate was 46%, and graphical representa-
tions were constructed to show specific trends in the data.
The scatterplot (Fig. 5) plots inspection frequency against
the number of sign support structures. Each data point on
the scatterplot represents a DOT who participated in the
survey. The y-axis represents the years passed between
inspections, and the x-axis represents the number of sign
support structures a given DOT maintains. A linear regres-
sion was used to graph a line that best fit the recorded data.
Although the linear regression produces a relatively low R?
value, it's important to note that a DOT with as many as 34
times the sign support structures performs inspections at a
similar frequency.

The pie chart (Fig. 6) shows DOT estimates for sign
support life expectancy. Each section of the pie chart con-
stitutes a percentage of DOT response and corresponds to
an approximate life expectancy. 72% of DOTs claim sign
support structures can remain in service after 40 years,
potentially underestimating the service life estimated in
CTDOT's TAMP. Those DOTs reporting an estimated sign
support service life expectancy greater than 50 years also
commented on its response that repeated maintenance
would be performed on the structures before programming
a replacement. Other DOTs, however, reported that struc-
tures would be replaced before significant maintenance
was required. Other notable findings reported in survey re-
sponses include: (1) 29% of DOTSs reported that 25% to 48%
of their sign supports were constructed of aluminum, while
the other 71% reported over 93% of sign supports were
constructed of steel, (2) a revision to an anchor bolt tight-
ening procedure has reduced hardware section loss due to
corrosion, (3) Inspections are being prioritized based on
asset condition and location. Those structures in a worse

Figure 5. DOT Inspection frequency scatterplot.

Figure 6. Sign support life expectancy pie chart.

condition which require more maintenance and structures
located in areas exposed to adverse external factors (i.e.,
flood plains, snow belts) are being inspected at a higher fre-
quency, and (4) Other DOTs report annual inspection of
bridge-mounted sign supports indicating that these partic-
ular assets are high maintenance.

After polling the United States DOTS, it is apparent that
some DOTs are more diligent in managing assets beyond
pavements and bridges, like sign supports, than others [9].
Reading through various Transportation Asset Manage-
ment Plans published by different DOTs and analyzing sur-
vey responses has brought the most effective management
strategies to the surface.

The current modeling approach utilized by CTDOT is
an age-based approach rooted in the service life of the ac-
tual sign panel—not the sign support. After 17 years, the
sign panel is due for a replacement. Once the sign panel
is replaced twice, CTDOT determines that the sign sup-
port structure should also be replaced, resulting in a 34-
year service life. The current age-based modeling approach
may shorten the service life of sign support structures. The
project's primary objective is to develop and verify con-
dition-based models better. The condition-based models
need more development to be successfully implemented, so
the age-based approach is currently the only option. Once a
sign support has reached the end of its 34-year service life,
they are replaced. The experimental effort of this project is
meant to provide the CTDOT with a condition-based mod-
el to consider adopting.
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Figure 7. CTDOT Asset no. 21740.

Figure 8. Dimensions schematic of sign support 21740.

2.2. Instrumentation and Field Test

The CTDOT bridge management and maintenance
team coordinated the non-destructive condition assess-
ment field test. This task evaluated the compiled database
of sign supports in Connecticut and sorted the inventory to
identify suitable candidates for equipment installation. The
efforts were closely coordinated with CTDOT representa-
tives, key stakeholders such as transportation enforcement
and maintenance, and planning authorities.

In 2022, CTDOT sign support asset 21740, located over
I-384 in Manchester, Connecticut, was chosen for the field
test portion of the project (Fig. 7). The sign support type
is a Truss Arm Cantilever made of steel. This task involved
the use of a data acquisition system and instrumentation
that included (1) Anemometers to obtain wind velocity and
direction, (2) Accelerometers to obtain the acceleration re-
sponse of the structure, and (3) Strain Gauges to measure
the strain response of the structure. The accelerometer type
has a 5g sensitivity option for dynamic structural testing in
tough field conditions. Four strain gauges were installed at
the base of the pole of the overhead sign support structure,
four strain gauges at the top arm of the lattice structure
holding the arm, and one accelerometer and one anemome-
ter at the top arm. Figure 8 shows the dimensions schematic

Figure 9. Graph of the top strain gauges data for channel
1 - Up and down positions.

Figure 10. Graph of the top strain gauges data for channel
2 - East and west positions.

Figure 11. Graph of the bottom strain gauges data for chan-
nel 3 - North and south positions.

of the sign support. The equipment supplier field staff re-
quired one bucket truck provided by CTDOT for use during
the installation day. The instruments remained connected
to the structure for six months to collect data continuously.

3. RESULTS AND DISCUSSION

3.1. Field Test Results

The instrumentation system was installed and active for
six months, starting in November 2022. The data acquisition
system (DAS) collected the data from the various sensors
and saved it onto the system's hard drive. The drive was ac-
cessible remotely through a modem that transmitted the data
online and made it available through a software application.
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Figure 12. Graph of the bottom strain gauges data for chan-
nel 4 - East and west positions.

Figure 13. Graph of wind speed sensor.

Table 1. Experimental absolute maximum strain and stress values compared to yield limit

Micro-strain Ratio Percentage Stress MPa (ksi)
Strain limit 1,724 345 (50.0)
Top strain Up-Down 386 0.224 22.4% 77 (11.2)
Top strain East-West 281 0.163 16.3% 56 (8.2)
Bottom strain North-South 155 0.090 9.0% 31 (4.5)
Bottom strain East-West 133 0.077 7.7% 27 (3.9)

The following graphs, Figure 9, Figure 10, Figure 11, and Fig-
ure 12, provide the strain gauge data over time. Figure 13
presents the wind speed data over the same time frame.

The experimental results show that the top horizon-
tal arm experienced higher strains than the bottom of the
vertical pole. Further, the maximum strain was experi-
enced only once and reached a value of 380 micro-strain.
Otherwise, the strain range was between 50 micro-strain
and 130 micro-strain.

Table 1 compares the experimental data and the yield
limit, showing that the maximum strain reached after
months of testing and exposure to wind load was only
22.4% of the elastic yield capacity of the structure. This
indicates the strength and resilience of this sign support
structure and that significant potential strength remains
in the structure.

3.2. Finite Element Modeling and Verification

A finite element model (FEM) was developed to ana-
lyze the sign support that was field tested under various
design loads as specified by the American Association of
State Highway and Transportation Officials (AASHTO) -
LRED, titled ‘Structural Supports for Highway Signs, Lumi-
naires, and Traffic Signals (LTS)," [5]. This task focused on
improving the reliability of methods for determining traf-
fic loading on sign supports. The field data collected was
utilized to build the FEM three-dimensional sign support
structure using the software Highway Sign Structural Engi-
neering (HSE), created by the Structural Engineering Soft-
ware company SAFL

Verifying the FE model with the experimental data pro-
vided the opportunity to understand better the behavior of
the sign support and the loading influence. The model was

developed, and the wind load applied was the average value
of 28 km/hr (45 mph) obtained from the wind speed data.
The limit state values (Fig. 14) show that the vertical pole
has a value of 0.18 (18%) of the actual pole capacity, within
a 10% difference compared to the experimental data. Simi-
larly, the top horizontal cantilever arm has a limit state val-
ue of 0.10 (10%) of the capacity, which is, on average, about
8% less than the experimental data.

These results show that the model is accurate and can be
used to predict the behavior of the sign support at complete
design load capacity. The second model was then developed
with the whole design load applied by the AASHTO LRFD-
LTS code, which accounts for the wind load at the region
where the sign support is, namely Hartford, Connecticut.
The analysis results depend on including or excluding fa-
tigue stress in the limit state load combinations. Fatigue has
a significant impact on the results, as seen in Figure 15 and
Figure 16. Fatigue stress is so substantial that some sections
exceed their limit state.

The study's findings are based on a specific type of high-
way sign support structure (cantilever-type) and may not
directly apply to other sign supports. The results may vary
for different designs, materials, and environmental condi-
tions. The finite element analysis model relies on certain
simplified assumptions to make the problem workable.
These assumptions include idealized material properties,
boundary conditions, and load applications, which may
not fully capture the complexities of real-world scenarios.
The FEA model was validated using data from a single field
test. While the model agreed well with the test data, further
validation with additional field tests on different structures
would strengthen the confidence in the model's predic-
tions. Addressing these limitations in subsequent studies
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Figure 14. FE Model analysis due to wind load of 28 km/hr (45 mph) to simulate experimental data.

Figure 15. Limit states for all load combinations where results exclude fatigue.

will help to refine the models and improve the reliability of
the findings, ultimately contributing to the development of
more robust and sustainable highway sign support systems.

4. CONCLUSIONS

The research evaluated sign support management
strategies, including repair manuals, Transportation Asset
Management Plans, standardized drawings, and structure
selection criteria. The researchers gathered and analyzed

survey feedback from DOTs throughout the US. This ef-
fort initiated the second phase of the research work that
involved the instrumentation and testing of a highway
sign support structure.

The sustainability evaluation of highway sign support
systems through field testing and finite element analysis has
provided valuable insights into these critical infrastructure
components' structural integrity and longevity. The study's
findings underscore the importance of regular maintenance
and inspection to ensure the safety and durability of high-
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Figure 16. Limit states for all load combinations where results include fatigue.

way sign supports. The field testing in collaboration with
the Connecticut Department of Transportation (CTDOT)
revealed that the sign support's top horizontal arm experi-
enced higher strains than the bottom of the vertical pole.
The maximum strain recorded was 380 micro-strain, which
is 22.4% of the elastic yield capacity of the structure. This
data highlights the areas of the structure most susceptible
to stress and potential failure, providing a basis for targeted
maintenance efforts.

The finite element model was developed and veri-
fied using the field test data, which accurately predicted
the behavior of the sign support under various loading
conditions. The model demonstrated that the structure
could reach its design capacity, mainly when considering
fatigue loading. This finding suggests that the current de-
sign standards are adequate but could benefit from en-
hancements to address long-term fatigue stresses. The
research emphasizes the need for a comprehensive asset
management approach that includes regular inspections,
timely maintenance, and advanced modeling techniques
to predict and mitigate potential failures. By adopting
these practices, transportation agencies can enhance the
safety and reliability of highway sign supports, ultimately
contributing to a more sustainable and resilient transpor-
tation infrastructure.

The study's recommendations for prioritizing repairs
based on the condition and age of the sign support, de-
signing structures to resist long-term fatigue stresses,
and conducting further research on different types of
sign supports are crucial for extending the service life
of these structures. In conclusion, the study provides
a robust framework for evaluating the sustainability of
highway sign support systems. The combination of field
testing and finite element analysis offers a powerful tool

for understanding the behavior of these structures under
various conditions and making informed decisions about
their maintenance and design. Future research should
continue to explore the application of these methods to
other types of sign supports and to develop more refined
models that can further enhance the safety and longevity
of highway infrastructure.
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1. INTRODUCTION

ABSTRACT

This experimental study investigates the behavior of sustainable high-strength reinforced con-
crete (HSRC) beams when cement is partially replaced with ground granulated blast furnace
slag (GGBS) and sand with iron filings (IF). Eight rectangular HSRC beams were experienced
to four-point loading to examine the effects of these substitutions. The cement was replaced
with GGBS at three percentages (10%, 30%, and 50%), with and without a 10% substitution
of sand by IE The results showed that substituting 30% GGBS caused a minor reduction in
beam strength, while higher GGBS percentages (above 30%) led to a more significant decrease.
However, adding 10% IF improved the beams' strength, demonstrating its potential as a re-
inforcing material. All beams exhibited similar failure patterns under peak loads. Similarly,
the load-deflection behavior of all beams showed consistent patterns across different config-
urations. However, beams of an optimum replacement consisting of 30% GGBS and 10% IF
can support larger values of load-carrying capacity, moment-resisting capacity, and energy
absorption than those with other mixtures. The study shows that while GGBS could enhance
sustainability, it should be judiciously adopted to maintain structural integrity. Contrariwise,
IF shows excellent potential in improving the HSRC beams with improvement in sustainabil-
ity. It tends to create a balance in material substitution to optimize performance and environ-
mental impacts in concrete structures.

Cite this article as: Hassan, S. A., & Altai, S. L. (2024). Flexural behavior of sustainable high-
strength RC beams with GGBS and iron filings incorporation. J Sustain Const Mater Technol,
9(4), 315-326.

coarse aggregates demonstrate higher ultimate load and de-
flection capacities for RC beams [1]. Similarly, researchers

Applications of waste material in RC beams have been
developed as a relatively new research area to increase con-
struction sustainability and tackle some environmental
problems originating from conventional concrete produc-
tion. Past research has investigated various waste materials
that can be partially used to substitute conventional aggre-
gates or cement in RC beams. In this connection, the clean
coal bottom ash and coal fly ash replacement of fine and

*Corresponding author.
*E-mail address: eng.saif.hadi@uobabylon.edu.iq

have also made attempts to utilize spent garnet as a replace-
ment for fine aggregate, exhibiting enhanced material be-
havior and reduced failure under impact loads in RC beams
[2]. In minor uses, ceramic waste powder tends to decrease
environmental impacts and, with that, even CO, emissions
in higher percentages, almost invariably affecting com-
pressive strength and load-carrying capacity negatively [3].
Other wastes used in tests were granular plastic, crumbed
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rubber, waste newspaper, and crushed bricks—all of which
decreased compressive strength but are still possibly useful
for minor structural uses [4, 5]. Recycled concrete aggregate
has also shown some strength in maintaining and even im-
proving the mechanical properties of RC beams, obtaining
higher compressive strength compared to the ones using nat-
ural aggregates [6]. Waste glass and agricultural by-products
like rice husk ash have also been applied; these materials give
some advantages regarding ductility and sustainability [7, 8].
The addition of fibers, namely polypropylene glass fibers and
waste aggregates, further developed the flexural capacity and
ductility of the RC beams [9]. All these studies reflect the po-
tentiality of waste materials for reducing environmental im-
pacts and enhancing the RC beams' structural performance,
thus promoting greener construction methodologies.

As industrial waste production rises, factory and me-
chanical plant byproducts are recognized for construction
applications. One example is ground granulated blast fur-
nace slag (GGBS), a by-product of blast furnaces in the
steel and iron industries. Researchers have explored ways to
reduce the environmental footprint of GGBS, enabling its
use in concrete structures as a partial or complete replace-
ment for traditional cement. Consequently, depending on
the size of the concrete structure and the quantity of GGBS
employed, a significant amount of this by-product can be
removed from the environment, along with its economic
advantages. The partial substitution of GGBS for cement
substantially improves the strength of concrete in compar-
ison to normal concrete [10-14]. The compressive strength
of concrete rises with an increase in the proportion of GGBS
up to a specific limit, i.e., the optimal substitution of GGBS,
after which compressive strength diminishes [15-18]. The
optimal substitution of GGBS was found to be 55%, accord-
ing to [15], and [16] reported it to be 10%. However, [17]
observed that GGBS exhibits no influence on the concrete
strength up to a replacement level of 20%, after which the
concrete strength declines. This manifestation is attributed
to unreacted GGBS functioning as a filler material.

Furthermore, when utilized in place of some of the ce-
ment, GGBS slows down the hydration process, causing a
decrease in the strength of the concrete [19]. The compres-
sive strength of a concrete mixture containing cement, fine
and coarse aggregates with partial replacement with GGBS,
fly ash, and recycled aggregates demonstrates improved re-
sults compared to conventional concrete mixes [20]. The
flexural behavior of RC beams and the ones with GGBS is
comparable [21, 22]. However, the flexural strength of con-
crete with 60% GGBS content significantly increased com-
pared to 0% GGBS. In comparison, a minor decrease was
observed at 40% replacement, and a substantial decrease
occurred at 80% replacement [23]. The characteristics of
the beams without GGBS closely resemble those in which
70% of the cement is substituted with GGBS [24]. However,
for beam specimens with GGBS of 90%, both stiffness and
strength were lower than those without GGBS by 16% and
6%, respectively. In RC beams, GGBS as a complete replace-
ment for cement was experimentally examined [25]. The ul-
timate load of RC beams with GGBS that failed in flexure

was 83% of those without GGBS. Recent studies highlight
that GGBS significantly enhances the sustainability perfor-
mance, engineering properties, and life cycle assessment of
high-strength self-compacting geopolymer concrete com-
posites, making it an optimal choice for sustainable con-
struction [26-33]. Experimental research has also shown
that GGBS enhances the performance of previous concrete,
particularly in terms of chloride resistance and sustainabil-
ity benefits [34].

Iron filing (IF) is another by-product of the milling, fil-
ing, or grinding of finished iron products. Numerous studies
have investigated replacing sand with fly ash, stone powder,
and copper slag. IF is among the waste products that can ef-
fectively replace sand in concrete. Iron-containing waste ma-
terials were first explored for manufacturing heavy concrete
in 2011 [35]. The compressive strength of concrete produced
with IF as sand replacement exhibited a 3.5% increase for the
10% replacement level and a 13.5% increase for the 20% re-
placement level. However, at the 30% replacement level, there
was a decrease of 8% [36]. The concrete achieved optimal
strength with a 20% substitution of sand with IF and parti-
cles of waste glass[37]. The compressive and flexural strength
decreased after replacing sand with IF by 20%, which was
suggested to be the optimal amount for sand replacement
with IF. The highest compressive strength of concrete can be
attained with IF at 12%, after which it begins to decline [22].
A previous study [36] found that when sand is replaced with
IF, the compressive strength overperforms by 30%. A con-
siderable improvement in compressive strength was attained
when the sand was entirely replaced with IF [38].

Previous studies have extensively explored the use of
waste materials in RC beams to enhance sustainability and
structural performance. However, there are notable gaps in
understanding the optimal use of these materials. While
materials like coal bottom ash, fly ash, spent garnet, and
ceramic waste powder have been investigated, their effects
on compressive strength at high replacement levels remain
a concern, as they can lead to strength reductions. Using
fibers such as polypropylene and glass has also improved
flexural capacity and ductility. Still, the specific interactions
between these fibers and other waste materials like GGBS
and IF are not fully understood. GGBS is recognized as a vi-
able cement substitute, with research indicating that a 55%
replacement level optimizes concrete strength. However,
too much GGBS can diminish strength, and the ideal bal-
ance for strength and sustainability remains unclear. Like-
wise, while IF has shown promise as a sand replacement,
especially in boosting compressive strength, the long-term
impacts and ideal replacement ratios to sustain structural
integrity need further investigation.

This study seeks to bridge existing gaps by examining
the combined influence of GGBS and IF on high-strength
reinforced concrete (HSRC) beams, particularly their ef-
fects on flexural behavior, crack patterns, energy absorp-
tion, and overall structural performance. The research aims
to offer deeper insights into the optimal use of these mate-
rials to enhance the sustainability and functionality of con-
crete structures.



J Sustain Const Mater Technol, Vol. 9, Issue. 4, pp. 315-326, December 2024

317

Figure 1. Materials used in the experiments. (a) GGBS, (b) IE.

Table 1. Materials used in the mixture of each specimen

Specimen ID* Cement (kg/m?) GGBS (kg/m®) GGBS/cement (%) Sand (kg/m?) IF (kg/m’®) IF/sand (%)
BGOF0 570 0 0% 640 - -
BGI10F0 513 57 10 % 640 - -
BG30F0 399 171 30 % 640 - -
BG50F0 285 285 50 % 640 - -
BGOF10 560 0 0% 576 64 10 %
BGI10F10 504 56 10 % 576 64 10 %
BG30F10 392 168 30 % 576 64 10 %
BG50F10 280 280 50 % 576 64 10 %

*B refers to beam, G (0,10,30,50) refers to GGBS content percentage of cement replacement, and F (0,10) refers to IF percentage of replacement of the

sand. GGBS: Ground granulated blast furnace slag; IF: Iron filings.

2. EXPERIMENTAL PROGRAM

2.1. Materials

Cement (Portland cement type I), aggregate, superplas-
ticizer, and various other materials (such as GGBS and IF)
were the components used to produce the concrete mixture.
The sand and gravel were washed to remove any dust deemed
to be unwelcome, after which they were dried and placed in
a container prepared for use later. In Figure 1, the GGBS and
IF were utilized in the experiments—the use of GGBS and
IF were implemented as partial replacements for cement and
sand, respectively. Table 1 shows the usage of GGBS and IF
as a partial replacement. As shown in Table 1, the following
quantities of materials were employed to achieve one cubic
of mixing. The amount of water used was 125 kg/m®. The
amount of sand used was 640 kg/m?, while the amount of
gravel used was 1075 kg/m?. The amount of superplasticiz-
ers (EUNIFLOW 260) was 6 kg/m’. It was determined that
the reinforcing bars used in the experiments were made of
45-grade steel (i.e., yield stress 450 MPa) after they were put
through the testing procedures outlined in ASTM A370.

2.2. Test Beam Specimens
Eight HSRC beams were cast and tested. The HSRC
beams were cast in two sets (four in each). In the first

set, HSRC beams were cast to investigate the impact of
varying GGBS content percentages on beam strength. In
contrast, the second set consists of beams with IF and
the exact varying GGBS content percentages as in the
first set. After placing the steel frame inside the form-
work, which was cleaned and oiled earlier, the concrete
was poured into it. The concrete was left inside the form-
work for two days to ensure it had enough strength to
be unmolded. Beams were constantly sprayed with water
and covered with a plastic sheet to keep them as moist
as possible. Reinforcing bars of 16mm diameter were
used as flexural rebars, while reinforcing bars of 6 mm
were used as stirrups. Figure 2 shows the layout of the
HSRC beams designed according to the ACI code [39]
with flexural reinforcing bars of 2¢16 mm and stirrups
of 12¢6 mm at a spacing of 150mm. Two ¢ 6mm re-
bars were used at the top to hold the stirrups in place
during casting. At 35 days of age, the beams were tested,
during which measurements were taken for load in kN
and midspan deflection in mm, as well as observations
of the mode of failure and crack pattern. Figure 3 shows
the beam molded and curing. Three 150 mm by 300 mm
cylinders were cast for each beam tested to determine its
compressive strength.
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Figure 2. HSRC beam layout.

(a) (b)

Figure 3. Beam molded and curing. (a) Beam molded. (b) Curing.

This study divided the beam specimens into two
groups according to the materials' composition. In the
first group, no GGBS was used, and the IF percentages
were 0%, 10%, 30%, and 50% in the four beam speci-
mens, respectively. The second group used a constant
10% GGBS across all beam specimens, with IF percent-
ages of 0%, 10%, 30%, and 50%. GGGBS and IF partially
replaced cement and sand in the concrete mix. Six HSRC
beams were tested with varying compositions: three con-
tained GGBS at 10%, 30%, and 50%, respectively, while
others included 10% IF in addition to GGBS. The control
beam, BGOFO, contained neither GGBS nor IF. The beam
BGOF10 had 10% IF only. The beams BG10F0, BG30FO0,
and BG50F0 contained 10%, 30%, and 50% GGBS, re-
spectively, without IE. Conversely, the beams BG10F10,
BG30F10, and BG50F10 each included 10% IF alongside
their respective GGBS percentages. The weights of ce-
ment, sand, GGBS, and IF used in the concrete batches
are detailed in Table 1.

2.3. Test Setup

Utilizing a universal loading cell machine with a
maximum capacity of 600 kN, a monotonic test was
performed on four point-loading beams, as depicted in
Figure 4. The ratio of shear span to beam depth was 3.5,
which was determined by the fact that each loading point
was positioned 200 millimeters away from the center of
the beam to induce flexural failure. A dial gauge with an
accuracy of 0.02 millimeters was attached to the bottom
face of the beam being tested to measure the midspan
deflection. Once the tested beam could no longer sup-
port additional loads, the testing was terminated because
of failure. While the beam was being loaded, the crack

Figure 4. Test setup.

pattern was recorded on the surface of the beam that was
being tested. A rate of one kilonewton per second was
applied to the load. During the process of loading the
beam, the load and deflection were measured, and at the
same time, the crack pattern was meticulously examined
and marked.

The testing procedure for determining the stress-strain
behavior of a concrete cylinder involves using a universal
compressive testing machine that applies a compressive
load to the cylinder. A dial gauge is attached to measure
the longitudinal deformation, as shown in Figure 5. Three
cylinders measuring 150 mm by 300 mm were cast for each
beam tested to capture stress-strain curves and determine
peak compressive strength. This setup enables precise strain
measurement, essential for evaluating the concrete's elastic-
ity and compressive strength.
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Table 2. Compressive strength of cylinders

Specimen ID Compressive strength (MPa)
BGOFO0 60
BG10F0 64
BG30F0 73
BG50F0 70
BGOF10 61
BG10F10 67
BG30F10 73
BG50F10 71

3. RESULTS AND DISCUSSION

These experiments were conducted to gain a deeper un-
derstanding of the sustainability-related behavior of HSRC
beams. The following sections detail the experimental re-
sults, including crack patterns, load capacity, and deflec-
tion curves. These findings are presented in the following
sections. Additionally, an explanation is provided for how
these results behave.

3.1. Cylinder Specimens

The compressive strength of the average value of the
compressive strength of three (150x300) mm cylinders
of all the tested beams is shown in Table 2. The baseline
specimen (BGOF0) demonstrates a compressive strength
of 60 MPa. As additive levels of (GGBS and IF) increase,
compressive strength rises notably, peaking at 73 MPa for
BG30F0 and BG30F10. This increase suggests enhanced
load-bearing capacity due to a denser and more robust con-
crete matrix. However, when additives (GGBS and IF) reach
a higher concentration in both groups, as seen in BG50F0
and BG50F10, the compressive strength declines slightly to
70 MPa and 71 MPa, respectively. This reduction indicates
that excessive additives may lead to brittleness, limiting the
concrete's overall stability under load.

Regarding the stress-strain response shown in Figure
6, all cylinder specimens initially behave similarly up to
around 15 MPa, showing a linear increase in stress as strain
is applied, indicating stable load-bearing capacity across
mixtures. Beyond this point, however, the effects of addi-
tives become more pronounced. Cylinder specimens with
10-30% additives continue to gain compressive strength,
peaking around 73 MPa, while those with 0% or excessive
additives start to plateau.

3.2. Beam Specimens

3.2.1. Crack Patterns

The HSRC beams, after failure, depicted in Figure 7,
show distinct cracking patterns influenced by varying IF
ratios and GGBS content. The analysis of these beams
revealed that cracks typically initiated at loads between
24 kN and 29 kN, depending on the material composi-
tion. Beam Specimens without GGBS, like BGOF0 and
BGOF10, began cracking at around 24 kN and 26 kN, re-
spectively. The cracks were closely spaced and propagat-
ed quickly, indicating a lower resistance to crack forma-

Figure 5. Measuring the stress-strain curve (left image is
before testing, right image is after testing).

Figure 6. Stress-strain curves of tested cylinders.

tion and growth. However, the addition of IF in BGOF10
slightly improved crack resistance, delaying the onset of
cracking and slightly controlling crack propagation.

Beams incorporating GGBS exhibited enhanced
crack resistance, with BG10F0 and BG30F0 showing
crack initiation at 27 and 26 kN, respectively. The cracks
in these beams were spaced wider apart, reflecting the
beneficial effects of GGBS in improving the concrete's
microstructure and delaying crack propagation. 30%
GGBS optimizes crack resistance by enhancing the mi-
crostructure through improved particle packing and
reducing voids. This level maintains a balance between
cementitious properties and filler effect, which pre-
vents excessive cracking. In contrast, 50% GGBS delays
crack initiation further due to enhanced packing but
compromises overall strength as the cement matrix be-
comes overly diluted. When combined with IF, as seen
in BG10F10 and BG30F10, the cracking load increased
to approximately 28 kN and 29 kN, with the cracks be-
ing more controlled and evenly spaced, demonstrating a
synergistic effect of the two materials.
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Figure 7. HSRC beams after testing.

The most significant improvement was observed in
BGS50F0, where the high GGBS content delayed crack initi-
ation to around 29 kN. This specimen exhibited the widest
crack spacing and the smallest crack widths, showing the
highest resistance to crack propagation even at higher loads.
Across all beam specimens, crack propagation slowed sig-
nificantly once the load exceeded 70 kN to 75 kN, with final
failure characterized by widening flexural cracks in the up-
per-middle span. The variations in cracking patterns across
the beam specimens underscore the importance of GGBS
and IF in enhancing the structural performance and dura-
bility of HSRC beams.

3.2.2. Load Capacity

One of the characteristics studied is the load capacity
of the HSRC beams incorporating various GGBS content
with or without IE. Table 3 illustrates the peak load re-
sults for all HSRC beams. The highest peak load record-

Table 3. Peak load of tested beams

Specimen ID Peak load (kN)
BGOF0 122.3
BGI10F0 118.6
BG30F0 120.6
BG50F0 112.9
BGOF10 120.7
BG10F10 114.1
BG30F10 123.8
BG50F10 119.3

ed at 123.8 kN was noted for BG30F10, while the lowest
peak load measured at 114.1 was observed for BG10F10.
The compressive strength of the concrete was somehow
diverse due to differences in the GGBS content percent-
age added to some beam specimens. However, all HSRC
beams failed in flexural mode. The experimental results
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Figure 8. GGBS content percentage vs. peak load of beams
with GGBS.

showed that both GGBS and IF undoubtedly influence the
behavior of HSRC beams. The optimal performance of
30% GGBS is due to its ability to act as a non-reactive filler
that enhances the density without significantly reducing
the cement's binding capabilities. However, at 50% GGBS,
the dilution of cement content reduces load-bearing ca-
pacity. Adding 10% IF further supports the load capacity
by reinforcing the tensile properties, effectively distribut-
ing stresses, and reducing crack formation. Even though
all HSRC beams failed in a flexural mode, loads at which
HSRC beams failed were distinguishable.

Furthermore, the experiments revealed that HSRC
beams with different percentages of GGBS exhibited
slightly different strengths [21, 22]. GGBS is a very fine
material and experiences no chemical reactivity. Hence,
GGBS functions solely as a filler. Due to the fineness and
lack of chemical reactivity of the GGBS, as the percentage
of replacement increases, the strength of the HSRC beams
gets greater until a certain percentage is reached, at which
point the strength starts to decrease [15, 18]. This per-
centage is called the optimal percentage of replacement.
However, it is very challenging to maintain this percent-
age practically, along with other in-situ circumstances.
Suggesting a prescribed percentage that can provide the
best strength is better. Three different percentages of
GGBS were suggested (i.e., 10%, 30%, and 50%) of the
weight of the cement. As the GGBS content percentage
increases, the need for water content rises, leading to a
drop in compressive strength. In addition, the cement
content responsible for the chemical binding of concrete
components lessens.

Moreover, the findings from the experiment indicat-
ed that when the GGBS content percentage increases, the
peak load of the beams drops. The beams BG50F0 and
BG10F10 were the only two with the lowest strength com-
pared to all other beams. However, BG30F10 showed the
highest strength among all beams. The peak load of the
beam (BG50F0) with 50% of GGBS content percentage
drops 8% of the control beam. However, the best GGBS
content percentage is 30%, unlike what was found by [15,
18]. Because the strength starts to deteriorate as the GGBS
content percentage increases after a certain point.

Specimen ID  Peakload (kN) Compressive strength (MPa)*
BGOF0 122.3 100%
BGI10F0 118.6 97%
BG30F0 120.6 99%
BG50F0 112.9 92%

*The calculated percentage relative to the control beam BGOF0. GGBS:
Ground granulated blast furnace slag.

When it comes to decision-making, it all comes down to
the structural designer, who may prioritize the utilization of
GGBS even though it may compromise the strength of the
structure.

3.2.2.1. Effect of GGBS Replacement

A comparison in terms of load capacity between the
HSRC beams utilizing GGBS and those without GGBS is
presented in this section. GGBS, acting as a non-reactive
fine material, functions as a filler in concrete [17]. The
strength increases or stays unchanged as GGBS content
percentage rises until reaching a certain point, after which
the strength declines [15-18] (Table 3). For HSRC beams,
this behavior is noticeable in Figure 8. In addition, re-
placing the cement with GGBS partially underperforms
the beam in terms of peak load. The peak load for beams
BG10F0 and BG30F0 is 118.6 and 120.6, respectively,
approximately 1-3% less than the control beam (Table
4). However, when utilizing a GGBS content percentage
of 50%, the peak load of the beam BG50F0 drops by 8%.
This behavior is predicted as the GGBS content percent-
age increases due to the chemical non-reactivity of the
GGBS. This behavior suggests that as the GGBS content
percentage exceeds 50%, the load capacity may drop pro-
portionally. The performance at 30% GGBS is near-op-
timal because it improves the concrete's microstructure
without significantly compromising the chemical binding
provided by the cement. Exceeding this threshold leads
to performance declines as the cement matrix weakens,
highlighting the critical balance needed in GGBS content.

3.2.2.2. Effect of IF Replacement

One of the main aims of this experiment is to exam-
ine the effect of IF content percentage on the behavior of
the HSRC beams. The results showed that utilizing IF in
the concrete impacted the behavior of the HSRC beams, as
shown in Figure 9. Table 5 shows that the peak load of the
beam BGOF10 is within only 1% compared to the control
beam, even though the compressive strength of the beam
BGOF10 was 1% higher than the control beam. The addition
of IF shows some improvement in gaining extra strength in
comparison to the control beam, even though the control
beam with 10% of IF (BGOF10) failed at a load of 1% lower
than the control beam (i.e., 120.7 kN) but almost the same
displacement (i.e., 33.4 mm). Incorporating 10% IF is par-
ticularly beneficial as it enhances tensile properties and re-
inforces the matrix, helping to control cracks. Unlike higher
percentages, which can introduce inconsistencies, this lev-
el provides the best results without disrupting the overall
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Figure 9. GGBS content percentage vs. peak load of beams
with and without IE.
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Figure 10. Peak load of beams with IF.

Figure 11. Load-deflection and moment-deflection curves
of all HSRC beams.

structural integrity. The beams (BG30F10 and BG50F10)
gained strength of around 2% and 6%, respectively, com-
pared to corresponding beams without IE The insignificant
margin of strength reduction implies the potential advan-
tage of utilizing IF as a partial replacement for sand.

3.2.2.3. Composite Effect of GGBS and IF Replacement

Studying the behavior of HSRC beams with both GGBS
and IF is one of the main subjective. The combined effect
of GGBS and IF may seem somewhat challenging since it
deals with two different materials with different mechani-

Table 5. Peak load of beams with GGBS

Specimen ID Peak load (kN) Specimen/BGOF0*
BGOF0 122.3 100%
BGOF10 120.7 99%

*The calculated percentage relative to the control beam BGOF0. GGBS:
Ground granulated blast furnace slag.

Table 6. Peak load of beams with GGBS

Specimen ID Peak load (kN) Specimen/BGOF0*
BGOFO0 120.7 100%
BGI0F10 114.1 95%
BG30F10 123.8 103%
BG50F10 119.3 99%
BGOF0 120.7 100%

*The calculated percentage relative to the control beam BGOF0. GGBS:
Ground granulated blast furnace slag.

cal and physical properties. The combination of 30% GGBS
and 10% IF demonstrated the best structural performance
due to the complementary effects of improved microstruc-
ture and enhanced crack resistance. Higher GGBS per-
centages, while beneficial for crack delay, slightly reduced
overall beam strength, confirming that a balanced approach
is necessary for optimal results. Unlike the beams without
IF shown in Figure 8, where beams with a higher GGBS
content percentage experience a higher drop in peak load
than that of the control beam, beams with IF shown in Fig-
ure 10 exhibit slightly different behavior. Table 6 illustrates
that the peak load of beam BG10F10 drops 5% compared to
the control beam. However, with a GGBS content percent-
age of 30% and an IF content percentage of 10%, the peak
load rises by 3% compared to the control beam. When the
GGBS content percentage was changed to 50%, the beam
BG50F10 failed at a rate of 1% lower than the control beam.
The more content of GGBS and IF with less compromise
in the strength of the HSRC beams is the most favorable.
Hence, HSRC beams with a GGBS content percentage of
50% and an IF content percentage of 10% with a drop in
strength of only 1% may appear to be the better choice to
keep the strength and utilize as much GGBS and IF as a
partial replacement as possible.

3.2.3.Load-Deflection Curves

The relationship between load and moment versus mid-
span deflection of all eight HSRC beams drawn in Figure
11 reflects the overall behavior of the beams subjected to
external loads. The moment is calculated as half of the total
load multiplied by the shear span, which is 0.7 m. AIl HSRC
beams exhibit two slopes of stiffness, which is the slope of
the tangent. The first steep stiffness characterizes the elastic
behavior, whereas the second shallow stiffness denotes the
plastic behavior. HSRC beams carry loads during the initial
stiffness while experiencing deformations approximately
linearly. However, as the beam experiences plastic behav-
ior in the concrete, steel, or both, its ability to sustain loads
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Figure 12. Load-deflection and moment-deflection curves
of beams with GGBS.

Figure 14. Load-deflection and moment-deflection curves
of beams with 10% of GGBS.
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Figure 13. Load-deflection and moment-deflection curves
of beams with and without IF.

uniformly diminishes, significantly reducing beam stiff-
ness. All HSRC beams showed the same behavior, gradual-
ly increasing strength up to failure. The following sections
present the deflection curves in detail.

3.2.3.1. Effect of GGBS Replacement

The load-deflection curves of the beams BGOFO,
BG10F0, BG30F0, and BG50F0 are shown in Figure
12. Partial replacing the cement with GGBS can slight-
ly change the overall behavior of the beams. The results
show that the control beam has the highest plastic stiff-
ness compared with other beams. Meanwhile, the beam
BG50F0 experiences the lowest stiffness. The consider-
able proportion of GGBS content results in a decline in
compressive strength, thereby contributing to the re-
duced overall beam strength observed. The plastic stiff-
ness of the beam BG30FO0 is higher than the other two
beams, BG10F0 and BG50F0.

3.2.3.2. Effect of GGBS Replacement

The load and deflection of the control beam and BGOF10
are shown in Figure 13, which illustrates the relationship
between the two. On the whole, the two beams behave in
a virtually identical manner. The peak load, on the other
hand, varies by one percent. Even though the compressive
strength of the beam BGOF10 increases, the beam's behav-
ior does not change due to the 10% IF content percentage.

Figure 15. Load-deflection and moment-deflection curves
of beams with 30% of GGBS.

Additionally, due to the similarity in behavior, the engi-
neering community may be encouraged to use the IF as a
partial replacement for the sand.

3.2.3.3. Composite Effect of GGBS and IF Replacement

The results demonstrate a subtle variation between the
combined influence of GGBS and IF compared to utilizing
either material independently. Figure 14 shows the load-de-
flection curves of the control beam, BGOF10 and BG10F10.
The control beam shows higher plastic stiffness than the
other two beams. Adding 10% GGBS and IF underper-
forms the beam, while the beam with only 10% GGBS be-
comes stiffer. Figure 15 shows the load-deflection of the
control beam, BG30F0 and BG30F10. The beam BG30F0
shows a drop in plastic stiffness compared to the control
beam. However, an improvement in the plastic stiffness of
the HSRC beams was noticed when a 30% GGBS and a 10%
IF were utilized. The load-deflection curves of the control
beam, BG50F0 and BG50F10, are drawn in Figure 16. The
beam BG50F0 shows a distinguishable decrease in plastic
stiffness compared to the other two beams. However, the
plastic stiffness of beam BG50F10 is greater than BG50F0.
This type of response may be due to the interaction of the IF
with the concrete, which may improve the overall strength
of the beam. It can be concluded that the overall strength
of the HSRC beams can be improved by substituting GGBS
and IF with a certain percentage.
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Figure 16. Load-deflection and moment-deflection curves
of beams with 50% of GGBS.

3.2.4. Energy Absorption

The energy absorption versus midspan deflection
curves for all tested beams, illustrated in Figure 17, offer
valuable insights into the energy dissipation capabilities of
beams with varied levels of GGBS and IF as partial replace-
ments. Initially, all beams show a linear increase in ener-
gy absorption with rising midspan deflection, reflecting a
consistent elastic response up to about 10 mm. Beyond this
point, energy absorption rises slower as deflection increas-
es, indicating a shift to plastic deformation.

Beams with a 30% GGBS substitution (BG30F0 and
BG30F10) demonstrate slightly higher energy absorption at
more significant deflections than the control beam (BGOF0)
and other specimens. This trend suggests that 30% GGBS
optimally enhances energy absorption, potentially due to
better microstructural packing and material density. On the
other hand, beams with a higher GGBS content (BG50F0
and BG50F10) show a slight decrease in energy absorption,
indicating that an excessive GGBS percentage might reduce
the material's energy dissipation effectiveness.

The addition of 10% IF in beams shows marginal im-
provement in energy absorption over the deflection range
in beams like BG10F10 and BG30F10, which indicates
some reinforcing effects. This is especially the case for the
BG30F10, where 30% GGBS combined with 10% IF im-
proves the energy absorption capacity compared to other
formulations. All these results suggest that, for a balance
between GGBS and IF contents, an optimum allows HSRC
beams to dissipate more energy when subjected to loads
and to be more deformation-resistant. The best overall per-
formance is achieved by combining the highest percent-
age of GGBS with 10% IF, showing the possibility of these
eco-friendly binders for structural applications requiring
high energy dissipation and durability.

4. CONCLUSIONS

This study described the flexural performance of some
HSRC beams manufactured to incorporate GGBS and IF as
different binders. Extensive experiments were conducted to
test conventional and modified HSRC beams due to various
treatments to obtain important information about material
performance on compressive strength and flexural behav-

Figure 17. Energy absorption versus deflection curves of all
HSRC beams.

iors. The experimental results indicated that the replace-
ment of cement by 30% GGBS yielded a minimum loss in
strength, around 1-3%, compared to the control beam—
within the limit for use in structural applications. On the
contrary, higher cement replacement by 50% GGBS result-
ed in a peak load reduction of approximately 8%, which ev-
idenced the adverse effects of the content of GGBS in high
percentages. Adding 10% IF to beams with 30% GGBS con-
tent increased the peak load by 3% and showed that an in-
teraction between GGBS and IF leads to improved perfor-
mance of RVA beams. The beams without GGBS (BGOF0)
had the highest capacity among all the tested beams.

In contrast, the beams containing 50% GGBS result-
ed in the most significant reduction, emphasizing the im-
portance of optimizing GGBS content to maintain beam
strength. The beams, on the other hand, with a combination
of GGBS and IF, showed characteristic resistance to the ap-
pearance of cracks and controlled the propagation of cracks
to ensure further durability. Indeed, 30% GGBS and 10% IF
gave the optimum performance that balanced sustainable
issues with strength. Actual results underline that GGBS
should not be higher than the optimum 30% replacement
to maintain optimum structural integrity, and additional
reinforcement benefits could be realized with IF when in-
corporation was at 10%. Other recommendations for the
future include studying the durability of the HSRC beams
with GGBS and IF under extreme environmental condi-
tions of high temperature and moisture. A follow-up study
may also establish the economic feasibility of using such
materials in large-scale building projects, ensuring that
GGBS and IF will positively contribute to the environment
and be cost-effective when put into practical use.
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1. INTRODUCTION

ABSTRACT

The ongoing alkali-silica reaction (ASR) in concrete can be halted by dryness, which is im-
portant for repairing ASR-suffered concrete structures. Drying of the concrete establishes an
ASR-dormancy period until the end of the dryness. The residual expansion of such concrete
after the ingress of water—the end of the dormancy period—is a significant risk, especially for
repair works. In this experimental study, the post-dormancy expansion of various mixtures
prepared by eight different Portland cement and three different supplementary cementitious
materials (SCM) were tested using an accelerated mortar bar test. After accelerated ASR ex-
pansions, an ASR-dormancy period was established by keeping the specimens dry for seven
years; the residual ASR expansions of the specimens were tested by the same accelerated meth-
od. The effect of pre-dormancy reactions on the residual expansions was discussed through
two perspectives. The post-dormancy expansion behavior of mixtures without or with insuffi-
cient SCM indicated that expansions were primarily driven by the swelling of old gel, whereas
in specimens with sufficient SCM, the dominant mechanism was new gel formation, a result of
lower pre-dormancy expansions due to the ASR-mitigating effect of SCMs.

Cite this article as: Beglarigale, A. (2024). Accelerated alkali-silica reaction after a seven-year
ASR-dormancy period. ] Sustain Const Mater Technol, 9(4), 327-334.

and urethane-based continuous fiber sheets, and concrete
jacketing [5] as well as novel methods such as applying bac-

Alkali silica reaction is one of concrete's significant and
commonly seen durability problems; therefore, innumera-
ble studies have been carried out for decades worldwide to
understand its nature and overcome its deleterious effects.
Since Stanton's paper [1], dealt with the chemistry of ASR,
many test methods have been developed to analyze the reac-
tivity of aggregates and to assess the effectiveness of various
ASR-mitigation approaches. However, there are still many
ASR-suffered structures and many at risk of being suffered.
Therefore, the repair and maintenance works—techniques
include, but are not limited to, injection of epoxy resins
into cracks [2], precast prestressed concrete confinement
[3], CERP sheet bonding [4], surface coating using acrylic

*Corresponding author.

teria-containing grout to the surface of ASR-suffered con-
crete [6]—have been carried out for many years worldwide
and will be executed in the future.

A successful repair must be accompanied either by a
waterproofing application or drainage/removal of water in
contact with the concrete. In other words, the dryness of the
ASR-suffered concrete must be ensured— such as improve-
ment of drainage, sealing surface of the structure to prevent
water ingress, and silane treatment of the structure [7]—to
halt reactions (ASR-dormancy period) and to avoid swell-
ing of the existing ASR gel. Otherwise, the reaction and the
expansion will continue; thus, the deterioration will occur
again. Daidai et al. [3] have reported that the water trapped
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Table 1. The additive content of the Portland cement used in this study

Cement type

Additive content

CEMI-1 (CEM 142,5R)

CEMII-1 (CEM II/B-M (L-W) 42,5 R)
CEMI-2 (CEM 142,5 R)

CEMII-2 (CEM II/B-M (L-W) 42,5 R)
CEMI-3 (CEM 142,5 R)

CEMII-3 (CEM II/A-M (V-LL) 42,5 R)
CEMI-4 (CEM 142,5 R)

CEMII-4 (CEM II/A-LL 42,5 R)

None

24% fly ash (calcareous) and 6% limestone
None

22% fly ash (calcareous) and 7.5% limestone
None

6.98% fly ash (siliceous) and 5.95% limestone
None

10% limestone

inside the concrete before the injection repair and surface
coating works was the main reason behind the continuous
expansion of the repaired bridge concrete. They have also
emphasized that penetration of the drainage water and de-
icing salts to the repaired concrete bridge piers accelerated
the ASR reactions. The ASR-dormancy period can be main-
tained as long as the concrete is dry.

The ASR-dormancy period established by preventing
water ingress will be over whenever water penetrates any
ASR-suffered concrete. To the best of the author's knowl-
edge, only one scientific paper dealt systematically with the
post-dormancy (after 14 14-month drying period) ASR
expansions [8]. Multon and Toutlemonde [8] have inves-
tigated the effect of moisture conditions and transfers on
ASR-suffered concrete specimens. They showed that water
supply causes new ASR expansions in the ASR-suffered
dry concretes. However, there is a lack of information re-
garding the effects of pre-dormancy expansion levels and
supplementary cementitious material usage on post-dor-
mancy expansions. This study endeavored to understand
this matter through accelerated reactions and a seven-year
ASR-dormancy period (7Y-DP). It can also shed light on
using recycled concrete aggregates obtained from ASR-suf-
fered concrete structures.

2. EXPERIMENTAL PROGRAM

2.1. Materials

Two different cement types, Ordinary Portland cement
(CEM I 42.5R) and Portland composite/blended cement
(CEM 1II 42.5R), supplied by four different producers,
were used in this study. The contents of these eight ce-
ments are presented in Table 1. The fly ashes used in this
study were Class-F fly ash (FF) and Class-C fly ash, ac-
cording to the ASTM C618-19 [9]. Moreover, a ground
granulated blast furnace slag (S) was used in this study.
The chemical compositions of the cement and the SCMs
are presented in Table 2.

The reactive aggregate was an andesitic basalt,
crushed and quarried from the Aliaga region north of
Izmir, Turkey. Its ASR potential, albeit no reported case
in structures, has been observed in a few studies up to
now [10-14]. The studies conducted by Copuroglu et al.
[15] and Yuksel et al. [11], for instance, revealed that the
fine fraction of this aggregate caused, respectively, 0.55%

and 0.5% expansions (14-day) in accelerated mortar bar
test. The mineralogical and microstructural characteris-
tics of the aggregate were studied in detail by Copuro-
glu et al. [15]. They revealed that the primary source of
the observed expansion can be explained by the reactive
glassy phase of the basalt matrix having approximately
70% SiO, [15].

2.2. Preparation of Specimens

Mortar bars with 25x25x285 mm dimensions were
prepared according to ASTM C1260 [16] and ASTM C
1567 [17] with a water-to-binder ratio of 0.47 and a sand-
to-binder ratio of 2.25. The replacement ratios of fly ashes
were, respectively, 30% and 25% (by cement weight)— the
maximum recommended ratios in the TS13515 [18] stan-
dard —for the CEMI and CEMII cement. These ratios were
45% and 30% for the Slag.

2.3. Accelerated Mortar Bar Test

The initial lengths of mortar bars were measured imme-
diately after demolding, prior to immersion in 80 °C water
for 24h. After that, the lengths of mortar bars immersed in
the 80 °C NaOH solution were measured periodically. As
the primary purpose of this research was to scrutinize the
effects of pre-dormancy expansion levels on the post-dor-
mancy expansions, it was aimed to have different expansion
ranges before the 7Y-DP; therefore, various (almost deter-
mined randomly) exposure durations were applied—of
course, not so divergent (42-59 days). After the last length
measurement, the specimens were taken from the solution
and dried; then, they were stored in plastic storage box-
es. They were kept in the boxes for more than seven years
(7Y-DP) until the post-dormancy measurements. A similar
measurement procedure was carried out after the 7Y-DP up
to 43 days as if the specimens had just been demolded. In
other words, each one of the specimens had gone through
at least 42 days of accelerated ASR expansion, then a 7-year
dormancy period (dried), and again 43 days of accelerated
ASR expansion.

3. RESULTS AND DISCUSSION

In the ASTM C 1260 method, aggregate is usually
considered reactive if the cement-aggregate combinations
(mortar bars) immersed in the 80 °C NaOH solution exhib-
it expansions greater than 0.10% after 14 days of exposure
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Table 2. The chemical compositions of the cement and the SCMs

Si0, ALO, FeO, CaO MgO Na,O KO0 Cl SO, Free Losson Total
CaO ignition alkali

CEMI-1
(CEM142,5R) 18.48 4.40 3.12 64.13 135 044 0.78 0.006 3.51 1.34 3.75 0.95
CEMII-1
(CEMII/B-M (L-W) 42,5R) 23.36 7.98 3.50 54.03 1.81 123 092 0.073 340 232 2.85 1.83
CEMI-2
(CEM142,5R) 20.68 6.24 2.34 62.28 1.50 023 097 0.008 3.12 0.95 2.14 0.87
CEMII-2
(CEMI1I/B-M (L-W) 42,5R) 2211 7.56 2.63 55.92 148 023 1.03 0.009 326 1.55 5.27 0.90
CEMI-3
(CEM142,5R) 19.57 4.65 3.00 63.07 1.55 021 0.87 0.010 3.00 4.08 0.78
CEMII-3
(CEMII/A-M (V-LL) 42,5R) 21.7 6.68 2.92 56.96 217 037 086 0.008 2.60 4.84 0.93
CEMI-4
(CEM142,5R) 19.27 4.78 3.75 63.39 2.16 0.13 0.61 0.0085 292 1.81 2.99 0.53
CEMII-4
(CEM II/A-LL 42,5 R) 1790 4.28 3.15 61.53 3.00 0.12 1.02 0.01 2.82  1.00 6.09 0.79
CF
(Class-C fly ash) 41.52 19.52 4.34 22.61 2.26 1.02 141 3.11 4.24 0.91 1.94
FF
(Class-F fly ash) 52.38 17.14 10.23 <0.00111 4.676 0.197 1.526 0.003 0.444 0.01 0.77 1.20
S
(GG-Blast Furnace Slag) 43.58 10.62 1.06 33.19 729 026 0.77 0.0096 0.40 0.08 0.76

according to ASTM C 1778-20 [19]. In addition, combi-
nations of SCMs and aggregates (ASTM C 1567) [17] that
result in an expansion of less than 0.10% after 14 days are
considered an "acceptable” level.

As mentioned earlier, the ASR-mitigation ability of
SCMs, after all now, is a well-known phenomenon; there-
fore, this study endeavors to focus on the further expansion
of various specimens following a relatively long ASR-dor-
mant period. However, the 14-day expansions should be
briefly evaluated. Despite the concerns regarding the severe
test conditions of the accelerated mortar bar (AMB) test,
Bérubé et al. [20] have emphasized that it can be applied for
evaluation of the ASR-mitigation performance of SCMs as
long as the test period is restricted to 14 days.

As shown in Figure 1, the performance of the blend-
ed cement, type II (CEMII), depends, obviously, on their
additive contents. The CEMII-1 and CEMII-2 had signifi-
cantly lower— of course, they were not below the critical
level— expansions compared to those of the CEMs, while
the expansions of the 3™ and 4" CEMIIs were almost the
same with the CEMIs. Given the contents of the blended
cement, these results are expected outcomes; the CEMII-1
and 2 include 22-24% fly ash, but none in the CEMII-4 and
only ~7% in the CEMII-3.

The utilization of the FF and S had almost similar ef-
fects and could keep the expansion of the mortars, no mat-
ter the cement type, below the critical level. However, the
CF couldn't do so. In other words, the 30% and 25% re-
placement ratios were insufficient for the class C fly ash. The

Figure 1. The expansions of the mortar bars before and af-
ter the 7Y-DP.

relatively poorer performance of class C fly ashes is not an
unexpected nor unknown outcome [11, 21].
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Figure 2. The expansions of the mortar bars before and after the 7Y-DP.

The expansions of the mortar bars after the 7Y-DP will
be evaluated through two different types of graphs: 1) Ig-
noring the expansion values before the 7Y-DP as if the
specimen were subjected to the NaOH solution for the first
time, 2) Continuous (cumulative expansion) curves; as if
there was no a dormancy period.

Figure 2 shows the expansions of the mortar bars before
and after the 7Y-DP. It is obvious that the pre-7Y-DP (48
days) reactions considerably reduced the post-7Y-DP ex-
pansions of all CEMI mixtures as compared to the pre-7Y-
DP's expansions — as pointed out earlier, this 7-year can be
considered as a period in which ASR reactions is halted, for
example, by preventing water ingress. This behavior is also
valid for the plain CEMII mixtures; nevertheless, the extent
of the decrement, as expected, is not high for the CEMII-1
and CEMII-2 mixtures—because the pre-7Y-DP expansions
were lower than those of the other plain CEMI/CEMII mix-
tures. It must be mentioned that the CEMII-1 and 2 include
22-24% fly ash, but none in the CEMII-4 and only ~7% in
the CEMII-3. Generally speaking, the higher the pre-7Y-DP
expansion of a mixture reaches, the lower post-7Y-DP ex-
pansion would be—of course, compared to its pre-7Y-DP
expansions. This fact is much more apparent in the plain
CEMI mixtures with no ASR-mitigation mechanism. In
other words, a great extent of the possible accelerated ASR
reactions/or expansions—given the severe test condition of
the AMB test, it is not necessary to have the same expansion

level in the site even up to the end of service life of a real
structure—that can be observed in these mixtures within a
certain period had already occurred prior to the 7Y-DP.

The source of the post-7Y-DP expansions is the swell-
ing of the old gel (absorption of water by the dry gel) and
further ASR reaction, thus forming a new gel. The swelling
of the old gel is more likely to be the dominant mechanism
in the mixtures with higher pre-7Y-DP expansions, or at
least, the contribution ratio of the post-7Y-DP expansions
was higher in such mixtures. In other words, the residual
available reactive silica would be limited in the mixtures in
which there was no or insufficient SCM. Multon and Tout-
lemonde [8] showed that absorption of water (re-wetting)
by old gel at any time of the life of an ASR-damaged struc-
ture can cause rapid swelling. This phenomenon was also
reported in a few studies that dealt with the ASR reactiv-
ity of recycled concrete aggregates (RCA) obtained from
ASR-suffered concrete. The expansion of old gel in the RCA
is considered one of the contributing factors to the high-
er expansion (concrete prism test) of the RCA-containing
concrete compared to the concrete containing the same
virgin reactive aggregate [22, 23]. In addition, one of the
reasons behind the lower expansion of the same RCA in
AMBT was attributed to the loss of the old gel—that would
swell by absorbing the moisture—as a result of further
crushing of the coarse RCA to produce sand-size fraction
for the test [22, 24].
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Figure 3. The cumulative expansions of the mortar bars before and after the 7Y-DP.

The post-7Y-DP expansions of S-containing and
FF-containing mixtures were almost the same level as those
of the pre-7Y-DP (43-day), even though the pre-7Y-DP ex-
posure period (57-59 days) of them was 9-11 days longer
than that of plain (48 days) mixtures. This finding shows
that a significant amount of the ASR reaction/expansion
was delayed owing to the ASR-mitigation effect of the S and
FF; therefore, the specimens expanded almost like the pre-
7Y-DP —except the first 14 days in which the ASR-miti-
gation effect of SCMs are much more dominant (it will be
discussed later)— as if they were subjected to the NaOH
solution for the first time and did not have an ASR history. It
can be assumed that the contribution ratio of the new ASR-
gel (post-7Y-DP gel) on the expansion was higher in these
mixtures. On the other hand, the CF-containing mixtures
acted almost like the plain mixtures because of the poor-
er ASR-mitigation performance of the class C fly ash. In
other words, the 30% and 25% CF replacement ratios were
not sufficient to delay the ASR reaction of, respectively, the
CEMI and CEMII mixtures; therefore, a great extent of the
possible accelerated ASR reactions/or expansions that can
be observed in these mixtures within a certain period of
time had already occurred before the 7Y-DP. It should be
noted that the pre-7Y-DP exposure period (42 days) was
even one day shorter than that of the post-7Y-DP; it was 15
and 17 days shorter than the post-7Y-DP exposure periods
of S-containing and FF-containing mixtures, respectively.

The abovementioned behavior would be more evident if the
pre-7Y-DP exposure period were extended.

An interesting point comes out when the post-7Y-DP
expansions are cumulatively added to the pre-7Y-DP curves
as if there was no dormancy period (Fig. 3). Meanwhile,
it should be noted that ASR-induced expansion is perma-
nent and cumulative in the presence of water [8]. Multon
and Toutlemonde [8] have reported that the shrinkage of
ASR-suffered concrete due to drying at 30% RH had per-
fectly the same kinetics and range— no matter the condi-
tions of ASR-induced damage and the direction of mea-
surements— as for the sound concrete. They have stated
that the drying shrinkage cannot balance the expansion;
thus, the expansions and cracks are irreversible [8].

As shown in Figure 3, the appearance of the cumula-
tive curves is almost like continuous ASR expansions, as if
there were no 7Y-DP—especially S and FF-containing mix-
tures. Moreover, the increasing rates of the initial portion
of the post-7Y-DP expansions almost match the pre-7Y-DP
expansion trends. This behavior can be considered solid
proof for the finding of Multon and Toutlemonde [8], who
showed that water absorption by the dry old gel at any time
can cause rapid swelling. If not, the formation of new gel—
without the expansion of the old gel— would cause lower
expansion rates. This phenomenon is much more critical
for the mixtures in which there was no or insufficient SCM.
As pointed out earlier, the residual available reactive silica
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Table 3. The levene and ANCOVA analysis results

Mixture Levene ANCOVA Mixture Levene ANCOVA
(Sig.) P—T int. (Sig.) (Sig.) P—T int. (Sig.)
CEMI-1 0.207 0.001 CEMI-1+S 0.125 0.88>0.05
CEMII-1 0.666 0.003 CEMII-1+S 0.134 0.124>0.05
CEMI-2 0.126 0.001 CEMI-2+S 0.123 0.108>0.05
CEMII-2 0.559 0.001 CEMII-2+S 0.71 0.47>0.05
CEMI-3 0.186 0.001 CEMI-3+S 0.76 0.007
CEMII-3 0.096 0.001 CEMII-3+S 0.70 0.40>0.05
CEMI-4 0.134 0.001 CEMI-4+S 0.142 0.276>0.05
CEMII-4 0.070 0.001 CEMII-4+S 0.230 0.916>0.05
CEMI-1+FF 0.316 0.014 CEMI-1+CF 0.341 0.001
CEMII-1+FF 0.215 0.005 CEMII-1+CF 0.164 0.001
CEMI-2+FF 0.204 0.001 CEMI-2+CF 0.342 0.001
CEMII-2+FF 0.331 0.37>0.05 CEMII-2+CF 0.568 0.002
CEMI-3+FF 0.290 0.015 CEMI-3+CF 0.295 0.001
CEMII-3+FF 0.216 0.001 CEMII-3+CF 0.251 0.001
CEMI-4+FF 0.299 0.003 CEMI-4+CF 0.161 0.001
CEMII-4+FF 0.248 0.001 CEMII-4+CF 0.211 0.001

would be limited in these mixtures for the post-7Y-DP peri-
od, so the source of such post-7Y-DP expansion rates could
not, certainly, be just the formation of a new gel.
Asmentioned earlier, a significant amount of the ASR re-
action was delayed owing to the ASR-mitigation effect of the
S and FF; therefore, it can be assumed that the contribution
ratio of the new ASR-gel (post-7Y-DP gel) on the expansion
was higher in these mixtures. The reason behind the same
increasing rate of the very initial portion of the post-7Y-DP
expansions as the very last portion of the pre-7Y-DP expan-
sions can be explained not only by the rapid swelling of the
old gel but also by the early formation of new ASR gel—
that no longer could be suppressed by the ASR-mitigation
effect of SCMs in AMBT (80 °C NaOH solution). It should
be remembered that AMBT can be applied to evaluate the
ASR-mitigation performance of SCMs as long as the test
period is restricted to 14 days [20]. There are vital differ-
ences between the ASR mitigation mechanisms of SCMs in
the AMBT and those in other test methods. Reduction in
the permeability of the matrix due to the pozzolanic reac-
tion of SCMs is the dominant ASR-mitigation mechanism
in the AMBT [25] as the solution continually supplies alkali.
Therefore, higher impermeability strengthens the cemen-
titious matrix's resistance against the ions' diffusion [25].
Diminution in the alkalinity of the matrix itself is, of course,
one of the mechanisms, but it is not the main reason, as in
the concrete prism methods [26]. Such a high impermeabil-
ity was no longer the case beyond 14 days due to the contin-
uous formation of cracks in the very early post-7Y-DP ASR
reactions. Thus, the formation of new gel would be almost
like that in the mixtures with insufficient SCMs. Although
in natural structures and realistic conditions, such high ex-
pansion is not likely to occur in the SCM-containing mix-
tures, these results show that the ASR-mitigation capacity of
SCMs would be limited after the repairing work conducted

on a structure deterjorates under extreme conditions. But,
of course, the primary purpose of using SCMs in this study
was to scrutinize the effects of the pre-dormancy expansion
levels on the post-dormancy expansions. Beyond 14-day, as
mentioned earlier, AMBT is not a suitable test method for
analyzing the ASR-mitigation behavior of SCMs; in future
studies, the effect of dormancy period on the ASR-mitiga-
tion behavior could be investigated in the test methods hav-
ing more realistic test conditions like concrete prism test.

In addition to assessing the initial increasing rates and
the appearance of the curves, a series of statistical analyses
were also conducted on each of the 32 mixtures to under-
stand better the overall trends of the pre-7Y-DP and post-7Y-
DP expansion curves. The Levene test was applied to mea-
sure the homogeneity of variances between the pre-7Y-DP
and post-7Y-DP period data. According to the Levene test
results, since "p" was less than 0.05 in all mixtures (Table 3),
it was proven that the variances of both periods were homo-
geneous at the 95% significance level. Then, an analysis of
covariance (ANCOVA) was applied between both periods.

In the ANCOVA test, the significance of "Period—Time"
(P-T) interaction was used to assess whether the effect of
time on a dependent variable, ASR expansions, differs across
the periods. This interaction term captures any systematic
change in the trend or rate between the two periods. If P
(significance) is less than 0.05, it suggests that the relation-
ship between time and expansion differed between periods.
A significant P-T interaction would indicate that ASR trends
changed after the 7Y-DP. In this case, either the dormancy
or the pre-7Y-DP expansion/reaction levels —that is more
likely to be, as discussed earlier in detail— might have al-
tered the trend of post-7Y-DP expansions relative to that of
pre-7Y-DP. On the other hand, no significant P-T interac-
tion (p=0.05) suggests that the ASR cumulative expansion
curve continued after the 7Y-DP without substantial alter-
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ation. In other words, in such mixtures, the ASR reaction
was delayed to a great extent —owing to the ASR-mitigation
effect of some of the SCMs— so that it could be interpreted
that the contribution ratio of the new ASR-gel (post-7Y-DP
gel) on the expansion was much higher in these mixtures.
The P-T interaction's Sig. (p) values obtained from
ANCOVA analysis of each mixture's data are presented in
Table 3. The SCM-containing mixtures highlighted by the
black color in the table have no significant P-T interaction
(p>0.05), implying no statistically meaningful difference in
slopes between the periods. In other words, the ASR reac-
tion was delayed to a great extent, so the contribution ratio
of the new ASR-gel (post-7Y-DP gel) to the expansion was
much higher in these mixtures than in the other SCM-con-
taining mixtures. As can be seen, this phenomenon was
dominant only in the GGBFS-containing mixtures.

4. CONCLUSIONS

It can be interpreted from the test results that rapid swell-
ing of old (and dry due to an extended drying/or dorman-
cy period) ASR gel and formation of new gel can cause re-
markable expansions again—no matter the mixture type or
pre-dormancy period—in an ASR-suffered concrete (in which
reactions were halted by dryness) whenever water can contin-
ually ingress into it for a long time. The post-dormancy ex-
pansion behavior of the mixtures without or with insufficient
SCM revealed that the swelling of old gel was the dominant
mechanism behind the expansions. On the other hand, the
formation of new gel was the dominant reason in the spec-
imens with sufficient SCM, which had lower pre-dormancy
expansions due to the ASR-mitigation effect of the SCMs. The
mechanisms above should be considered in the repair works of
ASR-suffered structures. It can be concluded that an ASR-dor-
mancy period established by water drainage or sealing of con-
crete, probably accompanied by repair work, will end if water
can again ingress into the concrete. The level and rate of the
post-dormancy expansions will be highly dependent on the
extent of the pre-dormancy reactions, the gel formed, and the
post-dormancy conditions. The other important parameters,
such as the chemical compositions of old gel and post-dor-
mancy moisture content, should be assessed in future studies.
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1. INTRODUCTION

ABSTRACT

This study investigated the effects of Groundnut Shell Ash (GSA) on clay samples for mak-
ing sustainable and low-cost building materials. The clay-GSA composites' physical, chemical,
thermal, and mechanical properties were evaluated to assess their suitability for construction.
The results revealed that the addition of GSA to the clay matrix had a significant impact on
various properties of the samples. The physical characterization showed that GSA was finer
and lighter than clay, making the composites more flowable. Chemical analysis indicated that
clay and GSA were rich in SiO,, AL,O,, and Fe O, with the clay exhibiting high SiO, content
suitable for brick manufacturing. The composites had lower electrical resistance and higher
conductivity with more GSA, which could enable temperature monitoring. Thermophysical
testing demonstrated that the composites had better thermal insulation properties with more
GSA, as shown by higher specific heat capacity and lower thermal diffusivity. The compos-
ites absorbed more water with more GSA, indicating higher porosity due to finer particles.
The composites had similar bulk density to sandcrete blocks, implying adequate load capacity.
Mechanical testing revealed lower flexural strength but higher abrasion resistance with more
GSA. The optimal GSA content for strength was 10.0%. More GSA resulted in more voids and
weaker bonds. The study provided insights for further research and development.

Cite this article as: Emah, J. B, Edema, A. A., Ekong, S. A., Oyegoke, D. A., Robert, U. W,, &
Fasuyi, E O. (2024). Thermophysical, strength, and electrical properties of clay modified with
groundnut shell ash for building purposes. ] Sustain Const Mater Technol, 9(4), 335-345.

through thermal treatment, which involves firing clay bricks
at high temperatures in a kiln [2, 3]. Another effective mod-

Humans are blessed with various natural resources, in-
cluding clay soil, which can be used for multiple applica-
tions. However, clay soil needs to be stabilized for shelter
construction due to its inherent challenges, such as low
strength, high volumetric change, and susceptibility to wa-
ter damage [1]. One way to overcome these drawbacks is
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ification technique is chemical treatment using Portland
cement [4, 5]. While these methods can improve the physi-
co-mechanical properties of clay bricks, they also come with
potential dangers. Thermal treatment requires high energy
and emits carbon dioxide, contributing to environmental
issues as a greenhouse gas. Cement dependency is uneco-
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Figure 1. Appearance of (a) clay soil, (b) groundnut shells, and (c) GSA.

nomical due to rising building material costs [6], and the
cement industry emits approximately 1.5456 million tons of
carbon dioxide into the environment annually [7].

As a result, there has been a growing interest in finding
alternative stabilizing agents, mainly focusing on waste val-
orization for sustainable economic purposes. Realizing that
materials with high economic and financial values could be
thrown into dustbins [8], man's yearning for the develop-
ment of industrialization has taken an alarming dimension
[9]. Researchers have explored the use of various waste ma-
terials, such as textile ash waste [10], rice husk ashes [11],
sugarcane bagasse ashes [12], and corn cob ashes [13],
which have shown promising potential in improving the
properties of clay-based composites compared to cement.
Fly ash and slag have also been studied for modifying clay
soil with positive results [14-16]. These studies indicate that
waste materials can be utilized effectively to enhance clay
soil's mechanical and resistance properties for construction.

More so, Ubi et al. [17] treated lateritic soil with ground-
nut shell ash (GSA) for sub-base material in road construc-
tion. They observed that, at 6% content of the GSA, maxi-
mum dry density increased from 1.78Mg/m® to 2.15Mg/m’
while the optimum moisture content decreased from 18.5%
to 10%. Arthi et al. [18] used GSA to stabilize expansive
clay. They found that the investigated properties (maximum
dry density, moisture content, and unconfined compression
strength) were satisfactory using 10% of the GSA. Sathip-
aran et al. [19] investigated the density, water absorption
rate, compressive, flexural, impact, durability, and thermal
characteristics of stabilized earth blocks produced by uti-
lizing GSA. The study's conclusion suggests that the blocks
have some promise for significantly reducing the amount
of cement needed in the building sector. Sujatha et al. [20]
utilized GSA to stabilize locally available highly compress-
ible clay soil and then evaluated consistency limits, com-
paction characteristics, undrained cohesion, and modulus
of elasticity of the soil. They reported that the GSA could
be a viable economic alternative in constructing roads and
stabilizing soil as a bearing medium.

This study investigates GSA-modified clay materials'
thermophysical, strength, and electrical properties to de-

termine their suitability for building purposes. In addition
to examining the thermophysical and strength properties,
specific electrical properties of the clay-based samples
are also evaluated to assess their self-sensing capabili-
ties. Groundnut shells were chosen for this study because
they are underutilized and generated in large quantities as
waste during groundnut (Arachis hypogaea L.) process-
ing. Ajeigbe et al. [21] noted that groundnut yield could
amount to 41.3 million tons from 24.6 million hectares,
with China, India, Nigeria, the USA, and Mayaamer as the
countries in which it is produced. The shells have been
used for various purposes, such as sculpture making [22],
biodiesel production [23], heavy metal adsorption [24],
and carbon nano-sheet formation [25]. However, improp-
er waste management practices, such as open burning and
indiscriminate dumping, have adverse effects on the envi-
ronment and public health, highlighting the urgent need
to address this issue.

2. MATERIALS AND METHODS

2.1. Materials

The primary materials used in this study were ground-
nut shells, pink clay soil (with a wet and plastic nature), and
potable water. These materials were obtained from Uyo Lo-
cal Government Area of Akwa Ibom State, Nigeria.

2.2. Processing of the Clay and Preparation of

Groundnut Shell Ash (GSA)

The clay soil (in small clusters) was spread on a large
aluminum tray daily and dried under direct, intense sun-
light. Each day, it was weighed after drying, put in a plastic
container, and covered correctly. The drying process was
discontinued when its weight remained constant for more
than five consecutive days of the measurement. The dried
clay soil was then crushed using a hammer and screened
through a 2-mm sieve. The groundnut shells were soaked in
water for 24 hours to remove impurities, followed by com-
plete drying. The dried shells were incinerated in a 20 kW
electric furnace at 500 °C for 3 hours to obtain groundnut
shell ash (GSA). Figure 1 shows the appearance of the clay
soil, groundnut shells, and GSA.
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Figure 2. Setup for electrical resistance measurement.

2.3. Analysis of the Processed Materials

The clay and GSA were divided into two portions, with
one portion of each material used for analysis. The angle of
repose was determined using the fixed funnel method [1].
In this experiment, a material was poured through a plastic
funnel onto a predetermined base with known roughness
properties. As the material accumulated in a conical shape,
the height and radius of the heap were measured within the
range of 2.5 cm to 10.0 cm. Seven sets of these measure-
ments were obtained and utilized to create a graph plotting
the height against the radius. The angle of repose was then
determined by calculating the slope of the graph and apply-
ing the inverse tangent rule:

@=tan™! (S) (1)

where @ = angle of repose and S= slope of the graph.

Particle size analysis of the clay was conducted using
the hydrometer method of sedimentation according to the
standard procedure outlined in [26]. The loose density of
the materials was calculated as the ratio of their mass to
untapped volume [27]. Using an energy-dispersive X-ray
fluorescence spectrometer (Spectro X-lab 2000), the ma-
terials were analyzed for chemical composition [28], and
their loss on ignition was determined as the decrease in
mass during firing [29].

2.4. Sample Fabrication

The remaining portions of each material were used to
prepare the samples. Various volume fractions of GSA were
considered on an untapped (loose) dry basis. The measured
proportions of GSA were added to a fixed clay volume and
thoroughly mixed. Moistening of each material mix was car-
ried out using a 1:4 volumetric ratio of water to clay. The re-
sulting mixtures were compacted with a load of 80 kg for 6
hours. Samples for electrical characteristics evaluation were
formed into rectangular shapes measuring 50 mm x 28 mm x
15 mm and cured for 18 hours by sprinkling with water for six
hours (to keep their surfaces moist) before testing. Two iden-
tical copper plates (each with a length of 49 mm and width
of 10 mm) were used as electrodes, embedded to a depth of
5 mm and separated by a distance of 35 mm symmetrically

from the ends of each sample. Samples for thermophysical
property evaluation were developed in circular molds mea-
suring 110 mm in diameter and 7 mm in thickness.

In comparison, samples for strength property examina-
tion were formed in molds with dimensions of 220 mm x
33 mm x 14 mm. The samples were fabricated in triplicates
for each formulation, and all were dried to constant weight
before testing. In this study, the samples were sun-dried for
14 days and then in an electric oven (Model N30C, Genlab)
set at 105 °C for about 24 hours. Each sample was weighed
before the commencement and at certain intervals during
the oven-drying schedule. This oven-drying and weighing
process was continuous until no further reduction was no-
ticed in the mass.

2.5. Sample Testing

2.5.1. Electrical Resistance, Temperature Coefficient of

Resistance, and Thermal Constant

Figure 2 illustrates this study's setup employed for con-
ducting electrical resistance measurements. A larger ther-
mal insulant, specifically a plywood plate, was utilized to
ensure a consistent upward heat flow from the hotplate
through the test sample (without heat absorption from the
sides). Additionally, an aluminum block (with a height of
80 mm and diameter of 75 mm) was employed to protect
the plywood from potential damage caused by direct con-
tact with the heating element.

Before initiating the heating process, the electrodes were
adequately insulated with cotton wool. These electrodes
were then connected to the probe of an LCR meter (Model
No. 9183). Furthermore, a digital thermometer probe was
securely clamped to establish firm contact with the top of
the sample. The control dial on the hotplate was adjusted to
a suitable level for controlling the heat flow.

During the heating process, temperature monitoring
and measurement were carried out using the thermometer,
and the resistance of the sample was read from the meter at
five °C intervals starting from 30 °C. The mean resistance
values and their corresponding standard error values were
computed for each formulation.

The temperature coefficient of resistance was deter-
mined using the following equation:

a= [R%) 100 % )

where a represents the temperature coeflicient of re-
sistance, R is the electrical resistance at infinity, AR is the
change in electrical resistance of the sample corresponding
to a change in temperature, AT.

Furthermore, the value of the thermal constant, B, for
each sample was deduced by plotting In R against the in-
verse of the absolute temperature, T, based on the following
relation [30-32]:

R= R,exp [IE] (3)

where R denotes the mean electrical resistance of the
sample.
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2.5.2. Water Absorption Coefficient and Bulk Density

The water absorption coefficient of the samples was
evaluated using the technique described by Ekong et al.
[33]. Figure 3 depicts the experimental setup, where a sam-
ple was suspended above water in a transparent vessel using
a strong wire. The scale level was adjusted until the sample
was submerged approximately 4 mm from its lower end.
The timing of water penetration into the sample was ini-
tiated, and the mass of the sample was recorded every 15
seconds. At each time interval, the mass of absorbed water
(the difference between the dry mass of the sample and the
scale reading) was determined. The water absorption coef-
ficient, w, was graphically deduced based on the acquired
data using the following relation:

= ) (4)

where M, represents mass of the absorbed water, A is
the surface area of the sample through which water verti-
cally penetrates, and t is the duration of water penetration.

Regarding bulk density, a digital weighing scale (S.MET-
TLER - 600 g) was used to measure the mass of each dry
sample. The bulk volume was determined using a modified
water displacement method [34], and the bulk density was
calculated as follows [35, 36]:

M
pP=7 (5)

Where p denotes the bulk density of the sample, M, rep-
resents the mass of the sample, and V is the bulk volume of
the sample.

2.5.3. Thermal Conductivity

Each sample's thermal conductivity was assessed using
the Modified Lee-Charlton's Disc Apparatus Technique,
following the methodology described elsewhere [37]. The
experimental setup included two identical discs (with a di-
ameter of 110 mm and thickness of 10 mm) and a cylindri-
cal aluminum block, as reported by Robert et al. [38]. An
electric hotplate (Lloytron E4102WH) served as the heat
source. Before heating, the sample's thickness was insulat-
ed with cotton wool. Temperature measurement was per-
formed using two properly calibrated digital thermometers
(Model 305) with type-K probes. During each measurement
schedule, the control dial of the hotplate was adjusted to en-
able the temperature of the lower disc to rise and remain at
100 °C. When the steady state was established, the tempera-
ture-time data were taken. Origin Software (Version 2019)
was utilized to generate temperature-time models based on
the data collected during the steady state. The cooling rate
of the disc was then determined, and it was used to calcu-
late the thermal conductivity using the equation:

Mcxy dT
k= () ©

where k = thermal conductivity of the sample, M = mass
of the disc used, ¢ = specific heat capacity of the disc, x =
thickness of the sample under test, A = area of the sample's

Figure 3. Setup for assessment of water absorption coefficient.

cross-section, AQ = difference between the temperature of
the upper and lower discs at steady state, and L cooling
rate of the disc. at

2.5.4. Specific Heat Capacity, Thermal Diffusivity, and

Thermal Lag

The specific heat capacity of each sample was deter-
mined using SEUR's apparatus [39]. For heat exchange, an
aluminum plate and a plywood plate with a thickness of 8
mm were employed as accessories. A square cavity with di-
mensions 60 mm x 60 mm was created in the center for
embedding the accessories. The aluminum plate was heat-
ed in an electric oven to approximately 65 °C and quickly
sandwiched between the plywood and the sample. During
heat exchange, the aluminum plate supplied heat to both
the sample and plywood plate, and the temperature of each
accessory was monitored. Once thermal equilibrium was
reached, assuming the conservation of heat energy, the ob-
tained data were utilized to calculate the specific heat ca-
pacity as follows [40]:

. 2a-0

e My ETP)

(7)

where C= specific heat capacity of the sample, Q, =
amount of heat lost by the aluminum plate, Q = amount of
heat gained by the plywood, M, = mass of the sample, 6T =
rise in temperature of the sample.

The values obtained for bulk density, thermal con-
ductivity, and specific heat capacity were utilized to
compute the corresponding thermal diffusivity using the
equation [41-44]:

k
h:E (8)

where A = thermal diffusivity of the sample.
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Figure 4. Particle size distribution of the clay soil used.
Furthermore, the thermal lag was calculated on a 24-  Table 1. Description of clay and GSA properties
hour basis using the formula [45]: Parameters Clay GSA
Tp Loose density (kgm™) 957.1 235.7
T, = — X ©) " Indexof plasticity (%) 234 -
Static angle of repose (°) 29.2 36.8

where T, = thermal lag of the sample, and T = period
of the heating cycle.

2.5.5. Abrasion and Flexural Strength

Since the samples may undergo wear during their utili-
zation as building materials, an abrasion test was conducted
to predict their durability. During the test, the mass of each
sample was recorded, and both surfaces were cleaned using
a lint-free cloth. A hard shoe brush was used to rub against
the sample surfaces in forward and backward movements
for 50 strokes. A 0.5 kg weight was firmly attached to the
top of the brush to ensure uniform pressure. The flaked
sample was weighed, and the mass of flaking (decrease in
sample mass) was determined. The susceptibility to abra-
sion, A, was calculated using the following formula [46]:

Mr

A = {M—D:I 100% (10)

where A = abrasion, M, = mass of flaking (decrease in
the mass of the sample after being flaked), and M = mass of
the sample before flaking.

Flexural strength investigation used the three-point
bending method outlined in ASTM C67/67M [47]. An
Electromechanical Universal Testing Machine (WDW-
10) was utilized for the test. Each sample was supported at
two points on the flexure arrangement of the machine and
loaded at its center until failure occurred. At that point, the
maximum load applied, F, and the width of the sample, b,
were recorded and used to compute the flexural strength, o,
using the following equation [48]:

_amL
T 2bx®

(11)

GSA: Groundnut shell ash.

Table 2. The chemical composition of the clay and GSA used

Major oxides Proportion (%)

Name Formula Clay GSA
Silica SiO, 49.79 49.00
Alumina AlLO, 30.68 12.00
Ferric oxide Fe,O, 6.90 8.20
Lime CaO 0.74 5.00
Magnesium oxide MgO 0.21 6.74
Potassium oxide K,0 1.87 2.04
Sulphate SO, - 6.21
Loss on ignition LOI 8.61 4.00

GSA: Groundnut shell ash.

where L = separation of the support points (span length).

For each test, all the samples were evaluated as de-
scribed in this work, and the mean value for each property
was calculated and tabulated along with its corresponding
standard error value.

3. RESULTS AND DISCUSSION

Table 1 presents the index properties of the clay and
GSA, describing their characteristics. It can be observed
that the loose density of GSA is 76.84% lighter than that
of the clay. This significant difference suggests that the par-
ticles of GSA are smaller compared to those of the clay, as
the angle of repose is known to correlate inversely with par-
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Table 3. The electrical resistance of the samples at various temperatures

%e(mé))erature, Electrical resistance, R(10° Q)based on the GSA proportion in the samples
0.0% 10.0% 20.0% 30.0% 40.0%

30.0 876.0+0.3 94.0+0.2 80.6+0.4 72.8+0.3 59.7+0.2
35.0 512.0+0.2 82.1+0.2 59.1+0.3 56.9+0.3 49.7+£0.3
40.0 300.0+0.4 74.9+0.4 50.4+0.3 49.0+0.2 40.620.2
45.0 198.0+0.2 68.5+0.3 42.8+0.2 40.3+0.4 34.2+0.3
50.0 143.0+0.4 61.2+0.2 38.7£0.2 35.0+0.4 26.4+0.4
55.0 106.0+0.3 52.9+0.3 34.7+0.4 30.9+0.2 21.5+0.3
60.0 71.0+0.3 46.4+0.2 29.0£0.2 25.3+£0.3 15.9+0.2

GSA: Groundnut shell ash.

ticle size [49]. Additionally, based on the interpretation of
flowability in terms of the angle of repose [50], the obtained
values for both the clay and GSA indicate acceptable flow
characteristics for manufacturing purposes.

Figure 4 illustrates the clay's gradation, showcasing the
particle size distribution. It can be observed that the frac-
tion of sand particles (2 mm-0.06 mm) is the least, followed
by silt particles (0.06 mm-2 pm), and finally, clay-sized par-
ticles (<2 pm).

Table 2 presents the chemical compositions of the pro-
cessed materials, clay, and GSA. In that order, both ma-
terials are predominantly composed of SiO,, ALO,, and
Fe,O,. The clay contains approximately 50% SiO,, which
aligns with the findings of Velasco et al. [51] that clay used
in brick factories typically contains 50% to 60% SiO,. This
indicates that the clay material used in this study is suitable
for utilization in such factories. For the GSA, the combined
proportions of SiO,, AL,O,, and Fe,O, amount to 69.20%.
Additionally, the LOI value of the GSA (4.00%) is below
the maximum requirement of 6.0%, and the fraction of SO,
(6.21%) is slightly above 5%. These characteristics signify
that the GSA belongs to the class C pozzolanic material ac-
cording to ASTM C 618 [52].

Table 3 presents the electrical resistance of the devel-
oped samples at various temperatures. It can be observed
that the electrical resistance of each sample decreases as
the temperature increases. This indicates that the samples
become more electrically conductive with rising tempera-
tures. The electrical resistance and temperature relationship
follows an exponential decay pattern, typical of a negative
temperature coefficient (NTC) thermistor (Fig. 5). Robert
et al. [53] proposed that this behavior is attributed to the
activation energy associated with electron jumping across
interfaces in the samples. This phenomenon can be utilized
for effective temperature monitoring.

Furthermore, it is noteworthy that the electrical resis-
tance decreases as the proportion of GSA increases in the
sample. The inclusion of GSA at a level of 10.0% initiates a
significant reduction in the resistance of the clay. The results
demonstrate that the resistance of the control clay sample
decreases by approximately 89.27%, 90.79%, 91.69%, and
93.18% when incorporating GSA at 10.0%, 20.0%, 30.0%,
and 40.0%, respectively, to produce the studied samples.
This observation may be attributed to calcium's higher

Figure 5. Variation of electrical resistance with temperature
of the sample.

Table 4. Temperature coefficient of resistance and Thermal
constant of the samples

Proportion of GSA (%) a (%/°C) B (K)
0.0 -3.06 8241
10.0 -1.69 2281
20.0 -2.13 3183
30.0 -2.17 3411
40.0 -2.45 4356

GSA: Groundnut shell ash.

reactivity than aluminum, as the GSA contains a higher
proportion of CaO than the clay. Incorporating GSA as a
filler in the clay matrix provides the resulting samples with
advantages such as low cost, large sensing volume, and the
absence of mechanical property loss. These samples exhibit
a desirable response to temperature changes and can be ap-
plied as walling elements in building construction.

Table 4 displays the variations in the temperature co-
efficient of resistance and thermal constant of the samples
with different GSA contents. It can be observed that the in-
clusion of GSA leads to samples with a higher temperature
coefficient of resistance compared to the control sample
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Table 5. Thermophysical and strength properties of the samples

Proportion w p k C A T, A o

of GSA (%)  (kg/m*h®%)  (10°kgm?) (Wm'! K1) (10°Jkg'K?') (10" m?s™) (Mins.) (%) (MPa)
0.0 27.56+0.03  1.662+0.002  0.531+0.004 1.654+0.004 1.93+0.02 22.00+0.09 1.008+0.002 2.894+0.003
10.0 27.14+0.02 1.622+0.004  0.469+0.003 1.671+£0.002 1.73+0.01 23.23+0.07 1.024+0.001 2.903%0.002
20.0 28.05+0.04 1.584+0.003 0.436+0.004 1.710+0.004 1.61+0.02 24.14+0.13 1.042+0.002 2.886%0.002
30.0 28.43+0.02  1.568+0.002  0.409+0.006 1.811+ 0.002 1.44+0.02 25.49+0.18 1.101+£0.002 2.848+0.003
40.0 28.69+0.03 1.549+0.004  0.386+0.005 1.979+0.003 1.26%0.02 27.2540.18 1.12440.003 2.79940.002

GSA: Groundnut shell ash.

(clay sample without GSA content). This indicates an im-
provement over the control sample, as temperature changes
influence a more significant portion of resistance due to in-
corporating GSA into the clay matrix.

Regarding the values of the thermal constant, it can be
inferred that the energy required to enhance electrical con-
duction is reduced by introducing GSA into the clay matrix.
In both cases, the optimal GSA content for achieving the
best performance of the samples is 10.0%. With this pro-
portion, the highest temperature coefficient of resistance
and the lowest thermal constant values are obtained.

The results of the thermophysical and strength tests
conducted on the samples are presented in Table 5. The
water absorption coefficient directly correlates with an
increasing proportion of GSA. This observation can be at-
tributed to variations in particle sizes between the materials
used. Larger particles pack less efficiently, creating larger
voids than smaller particles [54]. It has been reported that
larger particle sizes result in lower water absorption than
smaller ones [55]. These findings lend credence to the water
absorption coefficient results in this study, indicating that
the GSA particles are finer than those of the clay.

Consequently, as the fraction of GSA increases, the nar-
rowing of the capillary pores is enhanced, thus leading to
an increased water absorption coefficient for the samples.
However, the value obtained by adding 10% GSA contra-
dicts this assertion, possibly due to the optimal reaction
between lime, alumina, and silica in the GSA at that level,
enhancing inter-particle packing and micro-aggregation,
thereby reducing inter-particle voids. Similar observations
were noted in testing clay-based composites containing
hydrothermally-calcined waste paper ash materials [1].
Despite the observed variations, all water absorption coef-
ficients obtained in this study fall within the recommended
range (20 to 30 kg/m? h°®) for solid blocks [33].

The mean bulk density values of the samples exceed
the minimum value (1500 kg/m?) specified for sandcrete
blocks made with lightweight aggregates [56] by 3.27% to
10.80%. However, these percentage differences are insig-
nificant, suggesting that the samples could provide a load
capacity comparable to that of sandcrete blocks. Samples
with 10.0% and 20.0% GSA content exhibit bulk density
values similar to those reported for sandcrete blocks with
10% sand partially replaced with untreated coconut husk,
cured for 7 days (1575 kg/m?®) and 28 days (1612 kg/m?)
respectively [57]. It is also noteworthy that the thermal
conductivity of the samples is slightly lower than the values

Figure 6. Variation of bulk density and thermal conductiv-
ity with proportion of the GSA.

reported for red clay (0.545 W/mK), white clay (0.559 W/
mK), and laterite (0.737 W/mK) recommended for pas-
sively cooled building designs [58].

Figure 6 illustrates the inverse trends of bulk density and
thermal conductivity with the proportion of GSA used. The
characteristics of GSA can explain these tendencies. GSA is
lighter than the clay soil used in this study, and therefore,
an increased proportion of GSA results in a further reduc-
tion in the bulk density of the resulting sample. Additional-
ly, incorporating GSA increases the number of pores/voids
in the samples. As the samples are dehydrated, the primary
phase for thermal energy transmission is the gaseous phase,
predominantly filled with air. Since air is a poor heat con-
ductor, the thermal conductivity of the samples decreases as
the fraction of GSA increases due to the presence of more
air in the samples. This resonates with the assertion that
thermal conductivity is a function of bulk density [59].

The improvement in thermal insulation performance
of the samples is evident in the higher values of specific
heat capacity as the proportion of GSA is increased. With
a higher GSA content, the heat-storing ability of a kilo-
gram of the samples is enhanced before a unit change in
temperature. This is supported by the observed reduction
in thermal diffusivity values as more GSA is incorporated.
Thermal diffusivity is directly related to thermal conductiv-
ity but is inversely associated with the samples' bulk density
and specific heat capacity. By including GSA, thermal con-
ductivity and bulk density are reduced while specific heat
capacity is increased.
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Figure 7. Variation of abrasion and flexural strength with
proportion of the GSA.

Consequently, as the proportion of GSA increases, the
samples exhibit enhanced resistance to heat transmission
and increased demand for heat to effect a change in tem-
perature. This results in a reduced rate of thermal energy
diffusion across the thickness of the samples. These tenden-
cies indicate that GSA can improve the thermal insulation
of the samples, with a higher proportion of GSA correlat-
ing with increased heat-insulating ability. The higher value
of thermal lag due to the incorporation of more GSA can
be attributed to the trend in thermal diffusivity, suggesting
that GSA has the potential to increase the time difference
between the maximum temperatures at the outside and in-
side of the samples when subjected to periodic heating as
walling materials in buildings.

The abrasion test results on the samples characterize
their flakiness, while the flexural strength values indicate
their ability to withstand bending stress during service. A
material with a lower abrasion value maintains its original
structure and appearance better by resisting mechanical
wear [60]. Figure 7 clearly shows that the proportion of GSA
influences these properties differently. Abrasion increases
with an increasing proportion of GSA as the internal bond
between clay particles is weakened by the presence of GSA.
However, the effect is not very pronounced, suggesting that
the susceptibility to mechanical wear caused by incorporat-
ing GSA into the clay matrix may not significantly impact
the durability of the clay-modified samples as potential
building construction materials.

The chemical composition of GSA highly influences
the flexural strength of the samples. During hydration,
the chemical phases formed from GSA's calcium, silicates,
and aluminate contents play a crucial role in strength
development. Specifically, SiO, aids in strength devel-
opment, and in the presence of water, CaO first forms
Ca(OH),, which then yields CaCO, with the availability
of carbon dioxide for hardening and strength develop-
ment. Flexural strength increases up to a 10% GSA in-
corporation level, beyond which it progressively declines.
This suggests that 10% is the optimum level for achieving
maximum strength through the reaction of silica. In oth-

er words, as the GSA undergoes a pozzolanic response at
a 10% loading level, its silica content dissolves alongside
the alumina. It reacts with the calcium hydroxide contin-
uously to form a gel. The presence of water in the process
increases the amount of the gel. Since the GSA has finer
particles, it is incorporated into the clay matrix as filler.
As such, the gel formed can fill the voids in the clay, en-
hancing particle binding, thereby resulting in a gain of
strength by the sample. Further increases in the propor-
tion of GSA lead to excess fractions that are not effectively
utilized, resulting in increased void fractions and pores
that weaken the inter-particle bonding in the developed
composites.

Apart from the fact that the GSA is cheap as a result
of being derived from readily available waste material, re-
liance on GSA for clay stabilization is more economical
than dependence on cement. This can be seen in energy
consumption (which portrays cost implications if mone-
tary values are considered at a given time). For instance,
cement production needs 3.4 GJ of thermal energy (in the
wet process) and 110 kWh of electrical power on average,
as Afkhami et al. [61] reported. The 20 kW furnace used
for 3 hours to prepare the GSA in this study consumes
about 216 M]J of electrical energy. It is obvious that even if
the production of the GSA is repeated ten times, the total
energy consumption would still be less compared to the
case with cement.

4. CONCLUSION

In conclusion, this study investigated the properties
and performance of clay samples modified with Groundnut
Shell Ash (GSA) for potential application as building mate-
rials. The key results obtained and deductions drawn from
the study can be summarized as follows:

« Physical Properties of the materials: The loose den-
sity and angle of repose indicated that the GSA had
smaller particle sizes than the clay, making it lighter
and more flowable. The particle size distribution of
the clay confirmed the presence of sand, silt, and clay-
sized particles.

o Chemical Composition: Both the clay and GSA were
dominated by SiO,, ALO,, and Fe,O,. The clay con-
tained a high proportion of SiO,, making it suitable for
brick factories. The GSA exhibited pozzolanic proper-
ties according to ASTM C 618, making it a potential
candidate for construction materials.

« Electrical Resistance: The addition of GSA to the clay
matrix significantly reduced electrical resistance.
Higher proportions of GSA led to more significant de-
creases in resistance, with 10.0% GSA content showing
the most pronounced effect. This suggests that GSA
incorporation can improve electrical conductivity and
make the samples suitable for temperature monitoring
applications.

o Thermophysical Properties: The thermal insulation per-
formance of the samples improved with increasing pro-
portions of GSA. Specific heat capacity increased while
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thermal diffusivity decreased. The highest thermal lag

was observed at higher GSA content, indicating a po-

tential for improved energy efficiency and temperature
regulation in building applications.

«  Water Absorption and Bulk Density: The water absorp-
tion coefficient increased with the proportion of GSA,
indicating that the GSA particles were finer than the
clay. All samples exhibited acceptable water absorption
coefficients within the recommended range for solid
blocks. Bulk density values were comparable to sand-
crete blocks, suggesting that the samples could provide
adequate load capacity.

o Flexural Strength and Abrasion Resistance: Flexural
strength decreased with increasing GSA content, while
abrasion resistance increased. The nature and compo-
sition of GSA influenced these properties, with silica
playing a crucial role in strength development. Opti-
mum strength was achieved at a 10% GSA incorpora-
tion level, beyond which further increases in GSA con-
tent weakened the inter-particle bonding and reduced
strength.

Based on these results, it can be deduced that add-
ing GSA to clay samples has significant implications for
their properties and performance as building materials.
The modified samples exhibited improved electrical
conductivity, enhanced thermal insulation, and ade-
quate water absorption characteristics. Incorporating
GSA also influenced flexural strength and abrasion re-
sistance, with an optimum GSA content of 10.0% yield-
ing the best results.

Overall, this study provides valuable insights into the
potential utilization of clay-GSA composites as sustainable
and cost-effective materials for construction applications.
The findings contribute to understanding their physical,
chemical, and thermal properties, paving the way for fur-
ther research and development in this field.
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1. INTRODUCTION

ABSTRACT

This paper presents the microwave curing method as an alternative to conventional thermal
curing of hybrid (fly ash-slag) geopolymer mortars (GMs) to achieve comparable performance
with significantly reduced curing times. This study aimed to ascertain the impact of varying
nano-silica contents (0.5%, 0.75%, and 1%) on the geopolymer matrix to identify the opti-
mal dosage for enhancing densification and bond improvement phases. Mixture proportions
were designed to achieve high mechanical and durability performances. The activator/binder
(A/B) ratio was set at 0.71, the sodium silicate to sodium hydroxide ratio at 1.5, and the sand/
binder (S/B) ratio at 2.5. This study considered two curing methods: thermal curing at 80
°C for 24 hours and microwave curing at 119 W for 3 minutes. The latter method produces
equivalent thermal effects in a significantly shorter time. Physical properties tested after seven
days included water absorption, porosity, and mechanical properties related to compressive
and flexural strength. The results demonstrated that incorporating NS markedly enhanced the
physical and mechanical characteristics. Moreover, microwave curing has been identified as a
promising approach for producing hybrid geopolymers, offering a low-energy and high-per-
formance alternative.

Cite this article as: Balapanov, B., Montayev, S., Aygun, B., & Uysal, M. (2024). Accelerated
microwave curing of hybrid geopolymers with nano-silica for enhanced physico-mechanical
properties. J Sustain Const Mater Technol, 9(4), 346-354.

in its manufacturing process. PC production is estimated
to account for about 7% of total CO, emissions world-

Sustainable construction has become the most im-
portant focus area of modern research and industrial
applications, considering the urgent need to reduce the
environmental impacts associated with traditional build-
ing materials. Portland cement (PC) remains the back-
bone of conventional construction. It is well known for
its high emission of CO, into the environment due to its
value chain engagement in intensive energy consumption
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wide, primarily due to the calcination of limestone and
high-temperature processes. This ecological footprint
and the depletion of non-renewable resources raised the
interest in investigating alternative materials with a low-
er environmental impact. Geopolymer mortars (GMs)
synthesized with industrial by-products like fly ash (FA)
and ground granulated blast furnace slag (GGBES) rep-
resent a promising class of sustainable construction ma-
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terials. Such binders efficiently utilize wastes and offer
improved mechanical, thermal, and chemical resistances,
thus finding applications in variants of infrastructure de-
velopment. GMs are a type of alkali-activated aluminos-
ilicate material, and the mechanism of their synthesis is
based on the dissolution and polycondensation of silica
and alumina precursors [1-5]. The resulting three-di-
mensional framework forms a compact matrix with ex-
cellent strength and durability. The three most prevalent
parameters influencing the mechanical behavior and
durability of GMs are composition, type of activator,
and curing conditions. Although the raw materials and
their chemical formulations are of utmost importance,
the curing techniques stand at the core of determination
for all properties of the GMs [6-10]. Hence, tradition-
al thermal curing, if applied, is very effective even for a
prolonged time under higher temperatures to increase
the rate of geopolymerization. It improves the dissolution
of aluminosilicate precursors, allowing for easier gel for-
mation and higher matrix densification, improving me-
chanical properties like compressive strength and flexural
strength. However, high energy demand and long pro-
cessing times for thermal curing have become quite a big
barrier regarding scalability and cost-effectiveness. New-
ly developed curing methods have recently been among
the potential alternatives to traditional thermal curing;
microwave curing has received increased interest due to
its efficiency in energy use and speed of processing. Un-
like heat-curing, which relies on outside heat transfers,
microwave curing depends upon heat generated internal-
ly through the interaction of microwave radiation with
polar molecules in the material. This permits uniform
and speedy heating that, in many cases, greatly reduces
the curing time and produces comparable material prop-
erties or even superior to the best current practices. In-
deed, it has been demonstrated that microwave curing
can enhance early-age strength in GMs, reduce pores, and
increase the matrix's general densification. Besides this,
the energy consumption from microwave curing is con-
siderably lower than that of conventional thermal curing,
hence meeting the bigger principles underlying sustain-
ability and cost efliciency in construction. The other key
factor that influences GMs' performance is including sup-
plementary materials such as nano silica. Nanosilica (NS)
possesses a high surface area and reactivity, acting in a
dual role on GMs. NS acts as a micro filler to fill up the
voids among the matrixes, reducing porosity and increas-
ing their density. This inorganic nanofiller agent acts as
an additional source of silicate ions during the geopoly-
merization reaction, increasing the population of cross-
linked aluminosilicate gels and, strengthening the matrix
and enhancing mechanical properties. NS incorporation
has been found to enhance GMs' compressive and flexur-
al strengths while increasing their resistance to chemical
and physical degradation. However, the effectiveness of
NS is attached to its dosage and dispersion in the matrix,
besides the curing conditions. In this respect, incorporat-
ing NS and microwave curing shows several synergistic

effects that could be applied to develop high-performance
geopolymers at lower energies with improved sustainabil-
ity. Thus, microwave curing reinforces the interaction of
nano silica addition by enhancing material strength by
fast activating the GM matrix. This combination has the
potential to overcome some of the limitations of the cur-
rently used curing methods, with the added advantage of
offering improved mechanical and physical properties.
Notwithstanding the optimistic test results obtained from
the few studies that have been performed, comprehensive
research is still sorely needed to optimize the interaction
between microwave curing parameters with NS content
and GM composition [11-13]. The practical application
of GMs in construction requires a profound understand-
ing of their mechanical and durability properties under
various curing conditions. Compressive strength, sym-
bolic of a material's axial load-carrying capacity, is one
of the most vital parameters in structural applications.
Similarly, important is the flexural strength, a representa-
tive of the material's resistance to bending forces, which is
equally vital for usability assessment in load-bearing and
thin-section elements. Apart from mechanical properties,
porosity, water absorption, and capillarity are considered
some of the most important physical properties concern-
ing GMs' durability and long-term performance under
aggressive environmental exposure. The development of
GMs with superior performance metrics along these pa-
rameters can go a long way toward their widespread use in
construction. Microwave curing is such a disruptive tech-
nology that can help restructure the production aspects
of GMs and overcome their inherent inefficiencies. In this
respect, the rapid capability of processing reduces its en-
ergy footprint in the curing process, apart from reducing
the production times. Microwave radiation thus provided
uniform heating and maintained the material properties
consistent without thermal gradients that might have re-
sulted in microcracking and other defects [14-19]. Be-
cause of the prospects of NS addition, microwave curing
signifies a paradigm shift in the studies conducted on sus-
tainable and high-performance construction materials.

This paper studies the effects of microwave curing and
nano-silica addition on some physical and mechanical
properties of GMs made using locally available materials
in Turkey. Microwave curing generally provides consid-
erable energy economy and significantly reduces curing
time. At the same time, high internal temperatures with
limited performance loss were attained compared to con-
ventional thermal curing. NS may act as a micro-filler and
a reactive additive to achieve matrix densification through
reducing porosity, with increased silicate ions strengthen-
ing the geopolymer gel network. Thus, GMs were prepared
with the addition of NS at different levels of 0.5%, 0.75%,
and 1%, and their mechanical properties like compres-
sive and flexural strengths along with water absorption
and apparent porosity were evaluated under ambient and
thermal and microwave curing methods. ANOVA test was
conducted to interpret the developed trend in these tests at
a 95% confidence level.
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Table 1. Chemical compositions of materials

Components (%) SiO, AlLO, Fe, 0, TiO, CaO MgO K,0 Na,O LOI MnO

GBFS 40.55 12.83 1.10 0.75 35.58 5.87 0.68 0.79 0.03 -

FA 58.75 25.24 5.76 - 1.46 2.22 - 0.60 0.015 -

GBFS: Granulated blast furnace slag; FA: Fly ash.

Table 2. GM mix design (g) lization, thereby providing a robust framework for evaluat-
gn (g Y P g

Mixingcode GBFS FA Sand NaSiO, NaOH Ns ing the effects of NS and curing methods on physical and

2 3

SFA 325 225 1125 2556 1278 0 mechanical properties. Furthermore, statistical analyses are

SFAO5NS 225 225 1125 255' 6 127.8 5,5 employed to quantify these effects, ensuring a comprehen-

SFAQG75NS 225 205 1125 2556 1278 3375 Sive understanding of the performance of GMs.

SFAINS 225 225 1125 255.6 127.8 4.5

GBFS: Granulated blast furnace slag; FA: Fly ash; NS: Nanosilica.

2. MATERIALS AND METHODS

2.1. Materials

FA was obtained from Zonguldak/Turkey. GGBFS was
purchased from Bolu/Turkey, and the chemical properties
of both binders are shown in Table 1. The specific gravity of
FA and GGBS is 1.96 and 2.91, respectively. The study used
sodium hydroxide (NaOH) and sodium silicate (Na SiO,)
as chemical activators. NaOH purity value is higher than
99%, Na SiO, has a percentage of 27.2 SiO,, 8.2 Na O, and
its pH value is between 11 and 12.4.

2.2. Mix Design

The binder is composed of an equal proportion of FA
and GGBFS, with NaOH and Na,SiO; acting as activators
in a 1.5:1 ratio and an A/B ratio of 0.71. This ensures a bal-
ance between the workability and strength of the binder.
NS is incorporated at 0%, 0.5%, 0.75%, and 1% by binder
weight, resulting in enhanced densification, reduced poros-
ity, and augmented mechanical performance. GMs are des-
ignated as SFA, SFAO5NS, SFA075NS, and SFAINS, where
SFA represents the control series devoid of NS, while the
other codes indicate series with 0.5%, 0.75%, and 1% NS
by binder weight, respectively (Table 2). Fine aggregates
comprise natural sand with a sand-to-binder ratio of 2.5:1,
thereby ensuring the production of GM with a consistent
texture. The mixture is combined in a Hobart mixer for five
minutes to ensure uniformity. GMs are subjected to three
curing regimes: microwave, thermal, and ambient. In the
case of microwave curing, the specimens are subjected to
microwave energy at 119 W for three minutes immediate-
ly following their casting [20, 21]. This process induces the
reaction kinetics and partial polymerization necessary for
the specimens to undergo the desired chemical changes. In
the case of thermal curing, the specimens are initially left at
room temperature for 24 hours to achieve the initial setting,
after which they are exposed to 80°C for a further 24 hours
to maximize polymerization. Ambient curing is employed
as a control, simulating standard curing conditions without
additional heat treatment. Mixture design balances sustain-
ability, advanced curing techniques, and local material uti-

2.3. Methods

Unit weight, water absorption, and porosity tests on
GMs were carried out according to ASTM C-642 [22] stan-
dard. Assesses the workability of GM using the flow table
following ASTM C-1437 [23] standards. GMs were pro-
duced in 50x50x50 mm cubes, and their CS was applied in
an automatic test device per TS EN 12390-3 [24] standard.
Three prism samples with dimensions of 40x40x160 mm
were used to determine the FSs (TS EN 12390-5 [25]). GMs
were loaded from a single point in the automatic testing
machine according to the standard, and the tests were car-
ried out on the 28" day (Fig. 1).

3. RESULTS AND DISCUSSION

3.1. Fresh Properties

Figure 2 represents the relation of NS content to flow-
ability for GMs. It exhibits a regular decline in flowability
with an increase in the NS content from 0% (SFA) to 1%
(SFAINS). For the SFA series, the flowability without NS
was 15 cm, representing the most workable mix in the se-
ries. Adding NS by 0.5% resulted in a fall in flow to 14.2
cm, a loss of 5.33%. With further increases up to 0.75%
SFA075NS and 1% SFAINS, the values fall within the range
of 13.5 cm and 12.8 cm, respectively, relating to 10% and
14.67%. These represent the reduction in values due to the
direct attack of NS on the viscosity and particle mobility of
the GM matrix. Declining flowability is attributed to NS's
extremely high surface area and reactive nature; these in-
crease water demand and densify the mix. The absorbed free
water by NS particles decreases the effective water content
available for lubrication between particles. This increases
the viscosity of the mix. Besides, the increase in the particle
packing density due to NS decreases the free-flowing abili-
ty of the matrix. For instance, at 1% NS, SFAINS develops
considerably higher stiffness than the controlled series SFA.
This is one of the trade-offs between matrix densification
and workability. This behavior characterizes the challenge
of maintaining adequate flowability when high nano-sili-
ca proportions are used, especially in practical applications
involving large-scale casting and placing. A comparison of
the impact of NS in the series evidences that the depen-
dence is nonlinear, while the highest dosage of NS results
in the most significant reduction of flowability. From 0%
NS (SFA) to 0.5% NS (SFA05NS), the reduction of relative
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Figure 1. Curing setup and testing of GMs.

values is less compared with the decrease from 0.75% NS
(SFA075NS) to 1% NS (SFAINS). This means that the NS
effect on workability becomes more and more evident with
its higher dosages; thus, the measures taken to adjust mix
proportions or apply some admixtures like superplasticiz-
ers should be more substantial. Although these reductions
occur, the inherent advantages of NS addition in mechani-
cal and durability enhancement justify its inclusion due to
improved compressive strength, flexural strength, and re-
duced porosity. For example, mixes with higher NS content,
even though less workable, function satisfactorily for a long
time under durability and heavy loads. Hence, they can
be used for structural components where fluidity during
placement is not critical. In practice, the adverse effect of
loss of flowability is commonly partly offset by optimiza-
tion of the water-to-binder ratio or activator proportions.
When this is not sufficient, needed flow characteristics can
be maintained either by modifying the sand-to-binder ratio
or using high-range water-reducing admixtures in manners
that do not prejudice the integrity of the matrix. These ob-
servations confirm the need for a careful balance between
the achievement of adequate workability and the exploita-
tion of the performance benefit of nano-silica, especially
in applications where facility of placement and high me-
chanical strength are both required. Also, it was strongly

Figure 2. Flowability of GMs under different curing methods.

indicated by the observed trends that complete testing is
immensely vital in tailoring the GM design to the intended
application, especially in immediate workability and long-
term performances [26-30].

3.2. Physical Properties

Figure 3 presents the effects of nano-silica content series
SFA, SFAO5NS, SFA075NS, and SFAINS on water absorp-
tion and porosity for three different curing methods: ther-
mal, microwave, and ambient. Figure 3 illustrates complex
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Figure 3. Water absorption and porosity of GMs under dif-
ferent curing methods.

features of the densification and permeability reduction
mechanisms. Water absorption trends indicate that thermal
curing achieved the maximum reduction from 10.0% for
SFA to 9.4% for SFAINS, constituting a 6% reduction. This
trend confirms that long-term high-temperature exposure
favorably promotes the dissolution of the aluminosilicate
precursors, accelerating geopolymerization and developing
a dense, impermeable matrix. Microwave curing shows less
effectiveness than thermal curing yet still exhibits a reason-
able reduction in water absorption from 9.9% for SFA to
9.5% for SFAINS, corresponding to a decrease of 4%. This
result implied that microwave energy could quickly heat the
matrix and promote partial densification, which is never-
theless limited by a three-second curing time compared to
thermal curing.

On the other hand, ambient curing presents the
least water absorption reduction from 9.8% SFA to 9.6%
SFAINS, only a 2% reduction, because of the slower re-
action kinetics and incomplete geopolymerization under
room temperature. The porosity trends are also parallel to
those of water absorption. Again, thermal curing is per-
forming better when comparing others, as it decreases
from 25.0% with SFA to 23.5% for SFAINS, corresponding
to an increase of 6%, showing that superior densification
and compactness were achieved via maintained heat expo-
sure. Microwave curing reduces the porosity from 24.9%
of SFA to 23.8% of SFAINS, which accounts for a 4.4% de-
crease. Though less significant than thermal curing, it re-
inforces the development of microwave energy use as one
of the promising treatment methods, which reduces voids
and improves the microstructure. However, when curing
by ambient exposition, the porosity decreases only from
24.8% to 24.5%, a very moderate 1.2% reduction, further
showing the limited potential of this curing method for
achieving significant improvement in densification and
structural refinement. Overall, from all the trends, one
can notice that with the increase in nano-silica content,
higher water resistance and higher porosity reduction are
progressively obtained for all curing methods. NS acts as
a reactive microfiller, which increases the filler density by
reducing the void spaces and provides additional silicate
ions to strengthen the gel structure of the GM [26-30].
Among the curing methods, thermal curing offers the best

Figure 4. Compressive strength of GMs under different cur-
ing methods.

results since it can sustain higher temperatures for lon-
ger, aiding complete geopolymerization and densification.
Microwave curing is a much more energy-effective treat-
ment that gives results comparable, or near equivalent, to
those obtained by thermal curing in much shorter times;
further optimizations may ultimately bridge the gap. Am-
bient curing gave the least effect out of the three methods,
but again, this sees improvements with the addition of NS,
although less dramatic than microwave curing. The clear
evidence of synergy between nano-silica content and ad-
vanced curing methods in enhancing durability and the
mechanical performance of GMs has shown clear impli-
cations for material design and process optimization in
different construction applications.

3.3. Mechanical Properties

Results of the compressive strength values of hy-
brid-GMs were evaluated for different nano-silica ratios
and curing methods and are presented in Figure 4. It was
indeed found that there was a systematic and progressive
increase with increasing NS content, reflecting consistent-
ly in the densification of the matrix and mechanical per-
formance. For the baseline mixture, without NS SFA, the
thermal curing gave the best result, a value of 16.34 MPa
against 10.21 MPa for microwave-cured and 7.88 MPa for
ambient-cured samples. These results agree with the per-
formance expected of an unmodified GM under various
curing conditions since continuous exposure to a high tem-
perature expedites the reaction kinetics and enhances the
consolidation of the GM matrix. Microwave curing reached
62.47% of the strength of thermal curing, testifying to its
quickening of geopolymerization reactions even with re-
duced exposure time. Ambient curing trailed far behind,
penalized by the limited response kinetic at room tempera-
ture, but it contributed a cost-effective baseline for com-
parison. All three methods provide increased compressive
strength with the addition of SFAO5NS, indicating that NS
acts catalytically in developing properties for an improved
GM matrix. With thermal curing, the improvement was
about 7.47%, reaching a value of 17.56 MPa, indicative of
NS's ability to enhance gelation and particle packing with
long thermal exposure.
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On the other hand, microwave curing offered a better
improvement of about 21.90%, reaching 12.45 MPa, because
NS amplified this method's rapid heat-induced densification
characteristics. Ambient curing presented a more modest
delivery of 7.23%, reaching 8.45 MPa, indicative of NS's con-
tribution even within low-activation environments. By this
stage, the result agrees with values from literature in cases
of low NS dosage, as it is common to have incremental im-
provements in the early stages of NS addition. Increasing the
NS addition rate to 0.75% (SFA075NS) induced higher incre-
ments; thus, thermal curing attained as high as 18.72 MPa,
representing a percentage increase of 14.56% over the con-
trol. This result underlines the synergy between high dosage
rate and thermal activation, which enhances the development
of a more compact and cross-linked-GM matrix. Microwave
curing registered a growth of 39.99% at 14.30 MPa, demon-
strating the efficiency of such a method in using NS as the ac-
celerator for the consolidation of the matrix. Ambient curing
increased by 20.56% to reach 9.50 MPa, which, although far
lower than others, constitutes a remarkable enhancement for
an ambient condition. These results are within the expected
range, though higher values from this dosage of NS for mi-
crowave curing could be expected; hence, there may still be
room for optimization of either temperature control or cur-
ing duration. At 1% NS content, the compressive strength for
SFAINS reached its peak for all methods, having obtained
a value through thermal curing of 19.88 MPa, obtaining a
cumulative gain of 21.65% over the baseline. This was equal
to the highest performance ever reported in NS-reinforced
geopolymers with high-temperature curing, as prolonged
heat application encourages the complete dissolution of alu-
minosilicates and maximizes gel formation. Microwave cur-
ing, therefore, yielded a compressive strength of 15.10 MPa,
an outstanding increase of about 47.87%, and its place was
secured as a time-saving, energy-eflicient alternative to ther-
mal curing. Ambient curing, while still trailing, chalked up a
gain of 29.44% to reach 10.20 MPa, showing the capabilities
of NS for mechanical performance improvements even un-
der suboptimal curing conditions.

Although such a set of results follows the trends from
GM literature, the values of thermal curing could surpass 20
MPa once the times of heat exposure and activation ratios
are optimized, especially at higher dosages of NS—this dual
role of NS and a reactive agent-constitutes the backbone for
these enhancements. As a micro filler, NS filled the voids
in the matrix, which reduced its porosity and increased the
density of the GMs. The heat energy supplied under curing
thermal and microwave conditions favored dispersion and
integration of the NS particles, causing this densification
effect to be more evident. NS is an active agent with ad-
ditional silicate ions that participate in geopolymerization
and form strong and interlocked gel structures. Improved
integrity of the matrix and reduced micro-defects result in
increased compressive strength. The curing by microwave,
while shorter, showed the ability to produce properties al-
most comparable with those of the thermally cured speci-
mens, thus indicating that fast heating was performing its
job in accelerating reaction kinetics [26-30].

Figure 5. Flexural strength of GMs under different curing
methods.

It can be observed from Figure 5 that the flexural
strength of hybrid GMs increased significantly and con-
sistently with the gradual addition of NS. Among the
various applied curing methods, the highest value of flex-
ural strength for the baseline mixture SFA was recorded
through thermal curing at a value of 6.20 MPa, followed
by microwave curing at a value of 4.10 MPa, and thirdly,
ambient curing method at a value of 3.50 MPa. This result
agrees with the expected behavior of the thermally cured
geopolymers, which can achieve optimal reaction kinetics
conditions with a longer period under high temperatures
and improve the tensile bond strength of the aluminos-
ilicate gel. The Microwave curing reached 66.13% of the
strength of thermal curing. It showed its capability for
rapidly promoting geopolymerization, while the degree
of Cure was slightly less than that othermal curing. The
lowest flexural strength was recorded for the case of am-
bient curing, naturally due to incomplete tensile-resistant
bond formation within the matrix, constrained by the
limited reaction rates at room temperature. Adding 0.5%
nano-silica produced a detectable improvement in resis-
tance to flexural stresses for all curing methods. In ther-
mal curing, the enhancement was 9.68%, reaching a value
of 6.80 MPa, which again evidenced that nano silica could
enhance the gel network due to its contribution of reactive
silicate species to this strengthening in the tensile integ-
rity of the matrix. On the other hand, microwave curing
exhibited a more abrupt enhancement of 18.29% to 4.85
MPa since the accelerated heating mechanism of micro-
waves amplified nano silica dispersion and interaction
within the matrix. Ambient curing exhibited a moderate
gain of 11.43% at 3.90 MPa, indicating that nano silica
can partly compensate for the slower reaction kinetics
under room temperature conditions. At 0.75% nano-sil-
ica, the improvement in flexural strengths became more
pronounced. Thermal curing recorded a strength of 7.40
MPa, representing an increase of 19.35% over the baseline,
reflecting the synergistic effect of higher nano silica con-
tent and sustained thermal activation. Microwave curing
significantly improved by 34.15% to attain a value of 5.50
MPa since nano silica enhanced the fiber-matrix bonding
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Table 3. ANOVA results for physical and mechanical properties of GMs

Property F-Statistic p-Value

Water absorption (%) 0.8620639108765783 0.4544251661505388
Porosity (%) 0.003418452169689903 0.9965886774244932
Compressive strength (MPa) 30.847268624182604 9.372489021240787¢-05
Flexural strength (MPa) 18.869639794168087 0.0006032845854845374

and reduced microcracking due to the increase in gel cohe-
sion. Ambient curing was better by 22.86%, attaining 4.30
MPa, the lowest among the other two, but still suggesting
that nano silica can incrementally enhance tensile prop-
erties even under less than ideal cure conditions. Flexural
strength reached a maximum in all three curing modes
at 1% nano-silica (SFAINS). The highest, 7.90 MPa, was
obtained from thermal curing, representing a cumulative
percentage improvement of 27.42% above the baseline.
Therefore, thermal curing favors maximum nano silica
potential in matrix strengthening through complete gela-
tion and elimination of weak points in tension. The second
closest was microwave curing, at 5.95 MPa; very impres-
sively, enhancement of as high as 45.12% was recorded,
showing how effective rapid heating is in enhancing ten-
sile properties. Although unimpressive and ineffective,
ambient curing was far from an unimpressive improve-
ment ratio of 34.29%, reaching 4.70 MPa and consistent-
ly improving tensile performance by nano-silica even in
less reactive environments. The improvement in flexural
strength with nano silica content is due to its dual role as
a microfilter and reactive additive. As a micro filler, it fills
up empty spaces in the GM matrix, optimizing its densi-
ty and reducing the micro defects that can lead to tensile
failure. Such an effect is more pronounced under thermal
and microwave curing conditions on account of the facil-
itation provided by heat energy for the uniform incorpo-
ration of NS into the gel structure. As a reactive additive,
NS provides additional silicate ions that strengthen the
aluminosilicate gel, enhancing tensile strength, restricting
crack propagation, and improving flexural performance.
The reasons behind achieving such high strength by mi-
crowave curing can be further elaborated by its ability to
cause a heat rise very quickly and, accordingly, assist in
developing a more homogeneous matrix. For this reason,
microwave curing could be quite feasible as an alternative
to thermal curing in those applications where time is of
the essence. However, the rather inferior flexural strength
concerning the corresponding thermal curing for higher
nano silica dosages indicates that full geopolymerization
might not have been achieved due to incomplete heat dif-
fusion or insufficient curing time. Ambient curing, though
less effective in general, also showed a consistent improve-
ment as nano silica was incorporated, especially at higher
dosages. This confirms the trend of nano-silica, adding to
improved tensile strength through better gel cohesion and
reduced porosity without any fitting external heat. Such
improvements make the ambient curing option feasible
at low-cost applications where a moderate tensile perfor-
mance is acceptable [26-30].

3.4. Statistical Properties

ANOVA results provide a comprehensive evaluation
of the impact of curing methods on GMs' critical physical
and mechanical properties, explicitly focusing on water
absorption, porosity, compressive strength, and flexural
strength (Table 3). The analysis reveals statistically sig-
nificant differences for compressive strength (F=30.85,
p<0.001) and flexural strength (F=18.87, p<0.001), con-
firming the crucial role of curing methods in enhancing
the mechanical performance of these materials. Thermal
curing is the most effective method, consistently de-
livering the highest compressive and flexural strengths
due to its prolonged high-temperature exposure, accel-
erating geopolymerization, and densifying the matrix.
Microwave curing shows intermediate performance,
leveraging rapid internal heating to improve mechan-
ical properties within shorter durations, while ambient
curing, constrained by limited reaction kinetics, results
in the lowest strength values. Conversely, the proper-
ties of water absorption (F=0.86, p=0.454) and porosi-
ty (F=0.003, p=0.997) exhibit no statistically significant
differences across curing methods, indicating that these
durability-related parameters are primarily influenced by
the incorporation of nano-silica, rather than the curing
method itself. NS acts as a micro filler, uniformly reduc-
ing porosity and improving water resistance by minimiz-
ing voids and increasing matrix compactness, regardless
of the curing approach. This consistency across curing
methods suggests that the effects of NS on these prop-
erties dominate over the thermal or mechanical energy
provided by the curing processes.

4. CONCLUSIONS

« Adding NS at an optimum dosage of 1% provides the
maximum gains in compressive strength. It was also re-
ported that the highest value reaches as high as 21.65%
under thermal curing and as high as 47.87% under mi-
crowave curing. It realized relatively increasing trends
through remarkable flexural strength values for thermal
and microwave curing, reaching 27.42% and 45.12%
accordingly, at 1% NS. This evidences their potential
to improve tensile integrity or reduce the matrix's mi-
cro-defects.

« All the curing methods proved to yield a significant sta-
tistical difference from each other statistically since the
p-value is below 0.001.

« Durability, mainly determined by water absorption
and porosity in water, was related much to the compo-
sition itself.
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Several technical and logistical challenges in scalability
regarding microwave curing in industrial applications
pertain to how one can maintain consistency and uni-
form heating across more significant volumes of GMs.
In addition, managing costs associated with microwave
equipment will be required while meeting the need for
energy efficiency to maintain sustainability advantages.
Uniform heating becomes particularly critical in such a
case because the variation in temperature distribution
might result in heterogeneous geopolymerization, lead-
ing to weak zones or cracks in the matrix. This prob-
lem can, however, be minimized if more sophisticated
microwave generators that could provide frequency
modulation for homogeneous energy distribution with-
in the material can be used. Modulus designs the cur-
ing units in batches of building elements-prefabricated
panels or blocks manufactured within the current pro-
duction flow. Besides, energy consumption by micro-
wave curing, though much below that of conventional
thermal methods, needs optimization to balance be-
tween rapid curing rates and energy efficiency, which
could be attained through exposure times and power
settings tailored based on the size and composition of
the material concerned. In the case of long-term du-
rability, GMs cured by microwaves are found to show
adequate resistance against environmental actions like
freezing-thawing, sulfate attacks, and thermal varia-
tions due to the dense aluminosilicate gel in the matrix.
Long-term durability for many varieties in which these
materials would be under continuous exposure to UV
radiation, constant moisture, or chemical pollutants has
been under ongoing research for several decades in an
aggressive environment. The existing gap between the
actual results from accelerated aging tests and field tri-
als is necessary evidence to confirm the practical via-
bility associated with structural applications. While its
relative effectiveness is apparent for early age strength
and densification, ambient curing has high potential
in low cost and low energy where considerations about
mechanical performance are not immediate. On some
occasions, the comparably modest reaction kinetics of
geopolymerization under ambient conditions have been
balanced by NS content optimization or by using an as-
sistant to boost geopolymers' reactivity. NS dispersion
is considered an essential role player in such improve-
ments due not only to its microfilming role, which de-
creases the voids and loosening, but also due to serving
as an active additive by providing extra silicate ions to
reinforce such a gel structure. The only prerequisites
for accurate uniform dispersion are narrowly defined
mixing protocols, using mechanical mixers to allow for
the avoidance of particle agglomerations, which would
impede the density and mechanical integrity of the base
matrix. Although some literature has pointed out the
synergistic effects of microwave curing and nano-sili-
ca addition, this establishment is undoubtedly required
as a key design strategy toward high-performance geo-
polymer systems since higher rates of heating provid-

ed by microwaves could fasten the proper integration
of NS into the matrix; improved compactness, reduced
porosity, and overall increased durability along with
mechanical strength could be noticed. While these in-
tegrated approaches offer solutions for the scalability of
microwave curing, they also position it as a transforma-
tional technology to meet the goals of sustainable con-
struction practices.
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1. INTRODUCTION

ABSTRACT

A storey with lateral stiffness less than 70% of the storey above or less than 80% of the average
stiffness of the three storeys above is considered a soft storey. Ground-floor open-air buildings
are frequently used for parking, particularly in metropolitan settings with considerable space
limits. Soft-story buildings with irregular stiffness tend to collapse more than conventional
buildings. The study's main goal was to understand better the soft storey effect in multi-storey
structures and how to mitigate it using strategies such as adding shear walls, bracings, viscous
dampers, and stiffer columns. A G+14 storey building finite element model (FEM) has been
established via ETABS software and performed Response Spectrum Analysis at three seismic
zones-1II, IV and V. To determine the best method for reducing the soft storey effect in build-
ings, an analysis is conducted taking into account many parameters, including storey shear,
stiffness, storey drift, and storey displacement for the entire structure, as well as the responses
at the soft storey level for different configurations. According to the findings, adding a shear
wall to a soft-storey building increases storey shear while reducing maximum displacement
and storey drift. The first floor of the structure (soft storey) exhibits the most significant re-
duction in displacement (79.29%) and storey drift (79.3%) when shear walls are incorporated
at the corners. There is also a 33.11% increase in base shear at the first story level, and the
structure's stiffness increases by 6.5 times compared to a soft storey building. Adding a shear
wall reduces the soft storey building's maximum displacement and storey drift by 25.27% and
59.28%, respectively. The soft storey building's maximum storey shear rises by 33.38%. Regard-
ing seismic performance, a soft-storey building with a shear wall performs better than other
soft-storey mitigation techniques.

Cite this article as: Shabla, K., Praseeda, K. I., & Pany, C. (2024). Moderating the soft storey
impact in multi-storey buildings: A comparative seismic investigation. J Sustain Const Mater
Technol, 9(4), 355-364.

moves significantly when subjected to seismic force, while
the upper stories, which move as one unit, move far less. As

Parking is needed, particularly in cities with severe
space restrictions. Under these circumstances, buildings'
ground floors remain open without the addition of any in-
fill walls to make room for parking. Buildings get stiffness
irregularities as a result. The ground floor displacement

*Corresponding author.
*E-mail address: shabla1999@gmail.com

seen in Figure 1, this produces a weak point and causes the
building to fall entirely [1]. The research aims to study the
soft storey effect in multi-storey structures and find ways
to address it by using stiffer columns, shear walls, bracings,
and viscous dampers, among other methods.
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Figure 1. Soft storey building failure during Gujarat Earth-
quake (2001) in India [1].

Seismic retrofitting has now become a critical problem.
Retrofitting aims to improve the structure's strength, resis-
tivity, and lifespan. Recent earthquakes in different regions
have emphasized the urgency of repairing inadequate seis-
mic structures. The review paper [2] summarized the solu-
tion to seismic strengthening. Seismic study of multi storey
building with and without floating column carried out and
its effects presented [3]. The wall piers were modeled using
a multi-layer shell element based on the composite strength
of materials, which was divided into one or more ortho-
tropic reinforcement layers and several concrete layers with
equivalent thickness according to the reinforcement situa-
tion and actual component size [4].

Shear walls withstand lateral forces like wind and
seismic activity and thereby increase lateral stability and
safety of the building, usually constructed from materi-
als like reinforced concrete or steel. Shear walls enhance
the stiffness of the structure and thereby decrease the
displacement of the structure. The incorporation of shear
wall at corners increased storey stiffness and reduced
displacement, thereby effectively transforming the soft
storey into a standard structure and enhancing overall
structural stability [5]. Bracing systems, such as V, cross,
and diagonal bracing, help to mitigate soft storey effects
in multi-storey buildings, distribute seismic forces uni-
formly to the structure and enhance structural stability.
The optimum location of bracings in a building is at the
corners. Strengthening ground storey columns effectively
addresses soft storey vulnerabilities by increasing stiffness
and load-bearing capacity, reducing the risk of structural
damage during seismic events. Viscous dampers, strate-
gically placed within the soft storey, dissipate energy and
minimize lateral movement, providing cost-effective ret-
rofitting solutions that enhance resilience of building to
seismic forces. Strengthening the columns in the ground
storey of building is a highly effective strategy for address-
ing the soft storey issue in open ground storey structures
[6-14]. Kannan (2023) evaluated the effects of a soft storey
for frames with different column shapes in different earth-
quake zones and locations along the soft storey's axis, from
the first to the top level. Analyses using X bracings and
shear walls were conducted. According to findings, shear
walls can be employed in seismic danger zones because

(a)

(b)

(c)

Figure 2. Comparison of displacement of (a) soft storey
building, (b) soft storey building with shear wall and (c)
soft storey building with bracings.

they lessen lateral displacement and storey drift. For low
seismic zones, steel bracing is advised [15]. The impact of
a soft storey and its placement on the seismic behavior of a
supporting building and non-structural components was
investigated by Pesaralanka et al. [16] in 2023.

The models' bottom (ground), middle, and top storey
levels retain the soft narrative's placement. According to
the study, there is a significant vertical stiffness irregularity
in the bottom soft storey, which suggests that the seismic
performance of ground-level open-storied buildings has to
be investigated [16]. To lessen the effect of soft storeys on
the dynamic performance of the structure, Chanumolu and
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Table 1. Model description

Description Specification
No. of stories G+14
Storey height 3.5m

Type of soil Medium (II)
Grade of steel Fe415
Grade of concrete M30
Modulus of elasticity of concrete 27386
Modulus of elasticity of steel 2 x 105 N/mm?*
Live load 3.5 kN/m?
Floor finish 1 kN/m?
Importance factor 1
Response reduction factor 3

Seismic zone I, IVand V
Wind Speed 50 m/s
Terrain category 3

Column size 600 mm x 600 mm
Beam size 300 mm x 500 mm
Plinth beam size 400 mm x 600 mm
Thickness of Slab 150 mm
Thickness of brick wall 230 mm
Thickness of shear wall 230 mm

Steel section ISMB 350
Thickness of stiffer column 600 mm x 800 mm
Viscous damper FVD500

Anthugari (2020) arranged gap components at beam-col-
umn joints to act as a spring in either or both of the beam
and column. When compared to the standard models, this
aids in lowering storey displacements, inter-storey drift
ratios, over-turning moments, and an increase in storey
stiffness [17]. Comparative seismic response analysis of
the two multi-storey reinforced concrete 3D frames under
seismic loads, with and without base isolation, was carried
out by Qambrani and Mirza (2023). The analysis findings
demonstrate how well base isolators work in Balochistan's
high-seismic-risk Zone 4 to lessen displacements, drifts,
and shear in multistorey buildings. The building time pe-
riod, stiffness, and energy dissipation were all successfully
extended by LRB isolators [18].

The strategies above contribute to the mitigation of soft
storey vulnerabilities in diverse ways, and it is necessary to
determine the most effective technique for seismic retro-
fitting structures. This study aims to evaluate different soft
storey mitigation strategies, such as stiffer columns, brac-
ings, dampers, and shear walls, to identify the most efficient
method for reducing the soft storey effect in multi-storey
buildings. The study technique entails a detailed analysis
utilizing ETABS software to model the behavior of struc-
tural components in connection with the soft storey effect
in multi-storey structures.

2. MODELING AND ANALYSIS OF STRUCTURES

Modeling of a G+6-storey building with a symmetrical
floor plan, as presented in [6], was done using ETABS soft-
ware. Analyzes of a soft-storey bare-frame building with

(a) (b)

(©) (d)

(e) ()
(8

Figure 3. (a) Building with ground open storey, Soft storey
building with (b) cross bracings, (c) diagonal bracings, (d) V
bracings, (e) viscous damper, (f) shear wall, (g) stiffer columns.
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Figure 4. Spectra for response spectrum method [19].

cross bracings and a shear wall were performed, compared
with the results in the literature, validating the analytical
procedure. The comparison between results obtained from
ETABS for the present study and the literature is shown in
Figure 2.

The G+14-storey building is modeled as a bare-frame,
soft-storey building using ETABS software with cross brac-
ings, diagonal bracings, V-shaped bracings, viscous damp-
ers, shear wall and stiffer columns using ETABS 18.0.2 stan-
dard. The beam modeling of infill walls is done using the
corresponding method of diagonal bracings given in Part
1 of IS1893 2016.

The dimensions of buildings and parts are described in
Table 1. Models of bare frame models, soft floor buildings
with cross bracings, diagonal bracings, V- bracings, viscous
dampers modeled with ETABS 18.0.2 software, shear wall,
and stiffer columns are shown in Figure 3a-g.

A ground-floor open-storey building is modeled by
keeping the ground floor unoccupied and adding infill
walls to the higher floors, as seen in Figure 3a. According to
1S1893 2016 Part 1, the masonry infill wall of the building is
modeled using an equivalent diagonal strut approach.

w,=0.175(a,)—0.4L

where a,=h 3 (E, tsin(20))/(4 E.I_h)

h=Height of infill panes

Ef=Expected elastic modulus of frame material E_= Ex-
pected elastic modulus of infill material,

E =550xf_

where f_ is the compressive strength of masonry prism
(in MPa) obtained as per IS 1095 or given by expression:

fm=0.433xf "**xf 0%

where f, is the compressive strength of brick in MPa and
f__ is the compressive strength of mortar in MPa

I =Moment of inertia of column

L, =Diagonal length of infill panel t=Thickness of infill
panel and equivalent strut

0=Angle whose tangent is the infill height-to-length as-
pect ratio

L=Length of infill wall

By substituting these values,

"=2.0038749 and W, =583 mm

Response Spectrum Analysis in ETABS software an-
alyzes various models, such as bare frames, soft storey
buildings with cross bracings, diagonal bracings, V brac-
ings, viscous dampers, shear walls, and stiffer columns.

Figure 5. Comparison of displacement in first storey level
for different models.

(a)

(b)

()

Figure 6. Comparison of different models in (a) seismic
zonelll, (b) seismic zonelV and (c) seismic zone V.
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Table 2. Comparison of displacement at first storey level obtained for different models

Models Displacement at Displacement at Displacement at % reduction as
first storey level first storey level first storey level compared to soft
in zone III (mm) in zone IV (mm) in zone V (mm) storey building

Soft storey building 2.901 4.352 6.528 -

Cross bracings 1.7 2.55 3.826 414

Diagonal bracings 2.153 3.229 4.843 25.8

V bracings 1.9 2916 4.374 335

Shear wall 0.601 0.901 1.352 79.29

Stiffer columns 2.057 3.085 4.627 29.11

Viscous damper 0.72 1.08 1.62 75.18

Table 3. Comparison of maximum displacement obtained for different models

Models Maximum Maximum Maximum % reduction as

displacement displacement displacement compared to soft
in zone III (mm) in zone IV (mm) in zone V (mm) storey building

Soft storey building 17.173 25.759 38.639 -

Cross bracings 16.477 24.715 37.073 4.05

Diagonal bracings 16.838 25.257 37.886 1.95

V bracings 16.637 24.956 37.434 3.12

Shear wall 12.834 19.25 28.876 25.27

Stiffer columns 16.651 24.976 37.464 3.04

Viscous damper 16.838 25.257 37.886 1.95

Table 4. Comparison of storey drift at first storey level obtained for different models

Model Storey drift at Storey drift at Storey drift at % reduction as

first storey level first storey level

first storey level

compared to soft

in seismic zone in seismic zone in seismic zone storey building
III (mm) IV (mm) V (mm)

Soft storey building 0.000727 0.000109 0.0001636 -

Cross bracings 0.000415 0.000623 0.000935 42.99
Diagonal bracings 0.000528 0.000792 0.001188 27.52
V bracings 0.000476 0.000714 0.001072 34.64
Shear wall 0.000151 0.000226 0.000339 79.30
Stiffer columns 0.000514 0.000771 0.001156 29.46
Viscous damper 0.000151 0.000227 0.00034 79.25

The spectra for the response spectrum method are shown
in Figure 4. The system's maximum acceleration, velocity,
and displacement values in response to time-dependent
dynamic excitation are displayed graphically in the re-
sponse spectrum. Maximum displacement, storey drift,
storey shear, and stiffness are the basis for the analysis.
The response of the entire structure and the reaction on
the first floor are considered. While storey drift is the rel-
ative horizontal displacement between two neighboring
floors or storeys during an earthquake, maximum dis-
placement is the most prominent horizontal movement
a specific storey within the structure experiences. In a
structure, storey shear is the lateral force that external
sources, such as lateral loads, act on a particular level
or storey. The resistance to deformation under external
loads is measured by stiffness.

3. RESULTS AND DISCUSSIONS

Comparisons are made between the displacement, sto-
rey drift, stiffness, and storey shear results for several mod-
els in seismic zones 111, IV, and V.

3.1. Storey Displacement

Figure 5 compares the displacement at the first storey
level for various models. Figures 6a—c show the results for
the maximum displacement in the different models for seis-
mic zones III, IV, and 'V, respectively. Tables 2 and 3 com-
pare displacement at the soft storey level and the maximum
displacement of various models, respectively, about the soft
storey building.

It is noted that, as illustrated in Figure 5, the soft storey
building with shear wall experiences the least displacement
at, while the bare soft storey building experiences the high-
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Figure 7. Comparison of storey drift in first storey level for
different models.

est displacement. When a soft storey structure incorporates
a shear wall, viscous damper, cross bracings, V bracings,
stiffer columns, and diagonal bracing, the first storey dis-
placement appears to reduce by 79.29%, 75.18%, 41.4%,
33.5%, 29.11%, and 25.8%, respectively, as shown in Table
2. The maximum displacement of the soft storey building
decreases when shear walls, cross bracings, V bracings,
stiffer columns, diagonal bracings, viscous dampers, and
stiffer columns are incorporated, by amounts of 25.27%,
4.05%, 3.12%, 3.04%, 1.95%, and 1.95%, respectively, as
shown in Table 3. It is also clear from Figure 6 that, as one
moves into greater seismic zones, lateral displacement in-
creases because of the stronger seismic action. Shear walls,
bracings, and stiffer columns all contribute to increased
stiffness, which lessens lateral sway and displacement. The
addition of a damper causes energy to be absorbed and dis-
persed, which lowers lateral movement.

3.2. Storey Drift

Figure 7 compares the storey drift at the first storey level
for several models. Figure 8a—c show the maximum storey
drift for various models for seismic zones III, IV, and V, re-
spectively. Tables 4 and 5 present a comparison of storey
drift at the soft storey level and the maximum displacement
of various models, respectively, in relation to the soft storey
building.

The first floor storey drift is reduced by 79.3%, 79.25%,
42.99%, 34.64%, 29.46%, and 27.52 when shear wall, vis-
cous damper, cross bracings, V-braces, stiffer columns and
diagonals bracings respectively as shown in Figure 7 (Table
4). Figure 8-c it is evident that the maximum storey drift of
the soft floor building is reduced by 59.28%, 40.85%, 40.3%,
34.52%, 29.29% and 27.37% when the shear wall, cross
bracings, viscous dampers and V bracings, stiffer columns
and diagonal braces are added, as shown in Table 5. Reduc-
tion of storey drift through soft storey mitigation measures
due to reduced lateral movement.

3.3. Storey Shear

Variation of storey shear for different models in first
storey level is shown in Figure 9. Storey shear for different
models for seismic zone IIL, IV and V are illustrated in Fig-
ure 10a—c respectively. Tables 6 and 7 present a comparison

(a)

(b)

(c)

Figure 8. Comparison of storey drift for different models
in (a) seismic zone III, (b) seismic zone IV and (c) seismic
zone V.

of storey shear at the soft storey level and the maximum
displacement of various models, respectively, in relation to
the soft storey building.

Storey shear is highest for soft storey given with shear
wall. Figure 9 demonstrates that base shear (or storey shear
in first floor level) increments by 33.11%, 2.92%, 2.58%,
2.39% and 2.05%by the incorporation of shear wall, cross
bracings, stiffer columns,V bracings and diagonal bracings
separately as shown in Table 6. It is additionally apparent
that base shear diminishes by 89.7% with the consolidation
of viscos damper due to the adaptability afforded by damp-
er which makes the building less stiffer. From Figure 10 a-c,
it is appeared that maximum storey shear of the soft storey
building increases by 33.38%, 2.92%,2.76%,2.4%, 2.08% and
2.07% with the addition of shear wall, cross bracings, stiffer
columns, V bracings, viscos damper and diagonal bracings,
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Table 5. Comparison of maximum soft drift obtained for different models

Models Maximum storey Maximum storey Maximum storey % reduction as
drift in zone drift in zone drift in zone compared to soft

III (mm) IV (mm) V (mm) storey building

Soft storey building 0.000727 0.00109 0.001636 -

Cross bracings 0.00043 0.00065 0.000968 40.83

Diagonal bracings 0.000528 0.00079 0.001188 27.38

V bracings 0.000476 0.00071 0.001072 34.47

Shear wall 0.000296 0.00044 0.000666 59.29

Stiffer columns 0.000514 0.00077 0.001156 29.34

Viscous damper 0.000434 0.00065 0.000977 40.28

Table 6. Comparison of base shear obtained for different models

Model Base shear in

seismic zone

Base shear in
seismic zone

% decrease as
compared to soft

% increase as
compared to soft

Base shear in
seismic zone

I1I (kN) IV (kN) V (kN) storey building storey building
Soft storey building 2473.90 3710.84 5566.27 - -
Cross bracings 2546.15 3819.225 5728.837 2.92 -
Diagonal bracings 2525.056 3787.584 5681.375 2.05 -
V bracings 2533.353 3800.03 5700.045 2.39 -
Shear wall 3299.58 4949.37 7424.06 33.11 -
Stiffer columns 2542.161 3813.242 5728.837 2.58 -
Viscous damper 254.76 382.14 573.22 - 88.90

Table 7. Comparison of maximum storey shear obtained for different models

Models Maximum storey Maximum storey Maximum storey % reduction as
shear in zone shear in zone shear in zone compared to soft

III (mm) IV (mm) V (mm) storey building

Soft storey building 2473.896 3710.844 5566.265 -

Cross bracings 2546.15 3819.225 5728.837 2.92

Diagonal bracings 2525.056 3787.584 5681.375 2.07

V bracings 2533.353 3800.03 5700.045 2.40

Shear wall 3299.581 4949.371 7424.056 33.38

Stiffer columns 2542.161 3813.242 5719.863 2.76

Viscous damper 2525.374 3788.06 5682.09 2.08

as depicted in Table 7. This trend is due to enhancement of
stiffness which improves the effective distribution of lateral
force within the structure and hence storey shear at each
level increases.

3.4. Storey Stiffness

Variation of stiffness for different models in first storey
level in shown in Figure 11. Stiffness for different models
for seismic zone III, IV and V are illustrated in Figure 12-c
respectively. Table 8 present a comparison of stiffness at the
soft storey level of various models, respectively, in relation
to the soft storey building.

Since stiffness is not zone-specific, the stiffness of the
models is constant throughout the three zones. It is evident
from Figure 11 that adding a shear wall, cross bracings, V
bracings, stiffer columns, and diagonal bracings increas-
es stiffness at the first storey level by 549.12% (6.5 times),

Figure 9. Comparison of storey shear in first storey level for
different models.

84.27%, 58.057%, 46.09%, and 45.06%, respectively, as
shown in Table 8. This is because these structural compo-
nents were able to distribute the load effectively. Because



362

J Sustain Const Mater Technol, Vol. 9, Issue. 4, pp. 355-364, December 2024

Table 8. Comparison of stiffness obtained for different models

Stiffness (kN/m) % increase as compared % decrease as compared
to soft storey building to soft storey building
Soft storey building 997001.33 - -
Cross bracings 1837228.70 84.27 -
Diagonal bracings 1446308.96 45.06 -
V bracings 1575837.85 58.057 -
Shear wall 6471766.13 549.12 -
Stiffer columns 1456597.07 46.09 -
Viscous damper 726023.72 - 27.18

(a)

(b)

(©

Figure 10. Comparison of storey shear for different models in
(a) seismic zone III, (b) seismic zonelV and (c) seismic zone V.

Figure 11. Comparison of stiffness in first storey level for
different models.

of the flexibility that the viscous damper adds to the lev-
el, the structure's stiffness at the first storey level decreas-
es by a factor of 27.19% when incorporated. Three seismic
zones' worth of variations in stiffness for various models
are depicted in Figures 12a—c. The percentage increase in
the overall stiffness of soft storey buildings resulting from
including viscous damper, cross bracings, stiffer columns,
and the shear wall is 16.05%, 7.56%, and 1.18%. Including
V and diagonal bracings reduces stiffness by 0.14% and
0.05%, respectively.

4. CONCLUSIONS

Because of their irregular stiffness, soft-storey build-
ings are more likely to collapse after an earthquake. There-
fore, buildings must minimize the impact of their soft sto-
ries. Comparative seismic analysis is researched to lessen
the soft storey impact on structures. Shear walls, cross
bracings, diagonal bracings, V bracings, stiffer columns,
and viscous dampers approaches are used in the present
study to know their effect. The following are the study's
main conclusions:

o The addition of different soft storey mitigation tech-
niques improved the seismic performance of the soft
storey building.

o The structure's first floor exhibits the most significant
reduction in displacement (79.29%) and storey drift
(79.3%) when shear walls are incorporated at the cor-
ners. There is also a 33.11% increase in base shear, and
the structure's stiffness increases by 6.5 times compared
to a soft storey building.
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(a)

(b)

(c)

Figure 12. Comparison of stiffness for different models in (a)
seismic zone II1, (b) seismic zone IV, and (c) seismic zone Vb.

« Adding a shear wall reduces the soft storey building's
maximum displacement and storey drift by 25.27% and
59.28%, respectively. The soft storey building's maxi-

mum storey shear rises by 33.38%.

o Compared to other soft storey mitigation techniques,
the seismic performance of soft-storey buildings with
shear walls positioned at corners is superior.

Future research can assess how well these configura-
tions work together to reduce the soft storey effect in build-
ings. The most cost-effective way to mitigate the soft storey
effect in buildings can also be determined by performing a
cost analysis of structures integrated with various strategies.
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1. INTRODUCTION

ABSTRACT

In this study, the effect of the curing method and polyvinyl alcohol (PVA) fiber inclusion on
some engineering properties of fly ash-based geopolymer mortars was examined. In this con-
text, six fly ash-based mortars were produced using sodium hydroxide and sodium silicate
solution. The fracture energy values were determined with notched samples of 50x50x240
mm dimensions, and a clip-on gage was used to measure the crack mouth opening displace-
ments. The notch width and notch height were 3 mm and 10 mm, respectively. Specimens
were cured in hot water (80 °C) for 18 hours. Before curing, one series of samples was sealed
with three layers of polyvinyl chloride (PVC) cling film and two layers of duct tape, while the
other was not. The results showed that sealing the specimens during curing increased the
compressive strength, and these increases were 18% for the reference mortar and 18% and 12%
for mortars produced with 6 mm and 12 mm PVA fiber, respectively. Sealed curing enhanced
fracture energy and peak loads and reduced the rate of capillary water absorption. With fiber
inclusion, increases of up to 1508% in fracture energy values were achieved. The results re-
vealed that sealing samples during curing significantly affects the mechanical properties.

Cite this article as: Giiltekin, A. (2024). Effect of sealed water curing and fiber length on
compressive strength and fracture energy of fly ash-based geopolymer mortars. J Sustain Const
Mater Technol, 9(4), 365-373.

and potassium silicates, and the resulting reaction between
aluminosilicate and activator is known as geopolymeriza-

Concrete is the most widely used building material in
the world. However, the production of Portland cement
consumes significant energy and emits substantial quanti-
ties of carbon dioxide. The cement industry is estimated to
be responsible for approximately 8% of global carbon di-
oxide emissions. Alternative materials are required to re-
duce these drawbacks. One potential alternative to cement
is geopolymers [1].

In the production of geopolymers, aluminosilicate pow-
der materials like fly ash and slag are used with the acti-
vator solution. This activator is generally produced using
sodium hydroxide, sodium silicate, potassium hydroxide,

*Corresponding author.
*E-mail address: adilgultekin@duzce.edu.tr

tion [2]. Geopolymers offer several advantages, including
significantly reducing cement-related carbon dioxide emis-
sions, possessing high mechanical properties and good du-
rability, providing the disposal of waste materials, exhibit-
ing low shrinkage, and having good sulfate and corrosion
resistance [3].

Although geopolymers have many advantages, these
materials are brittle, similar to traditional concrete. Differ-
ent types of fibers can reinforce geopolymers like fiber-re-
inforced cement-based concrete, and numerous studies
have addressed this subject [4]. Fibers reduce brittleness
and microcracking, thereby increasing the fracture tough-
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ness of geopolymer concretes. Research has been conduct-
ed studies on the use of various fiber types, such as steel,
polyvinyl alcohol (PVA), glass, polypropylene, carbon,
and natural fibers, in the production of fiber-reinforced
geopolymers [5]. Yurt [6] examined the effect of fiber in-
clusion on the mechanical properties of blast furnace slag-
based alkali-activated concretes and reported that flexural
strengths increased with adding fibers. In a similar study,
Faris et al. [7] investigated the effect of steel fiber geome-
try on the properties of fly ash-based fiber-reinforced geo-
polymer concretes. They stated a substantial increase in the
flexural strength of the concretes with the addition of fibers,
reaching up to 144%. The optimal fiber dosage was found to
be 1% in terms of flexural strength, and it was demonstrat-
ed that hooked end fibers are particularly advantageous in
enhancing flexural behavior. Wang et al. [8] reported that
incorporating 0.05% basalt fiber by volume increased the
peak load and fracture energy of fly ash-based geopolymer
concretes by 37% and 56%, respectively. Deepa et al. [9] ex-
plored the influence of steel fiber inclusion on fly ash-based
geopolymer concretes. Researchers reported that the first
crack load, peak load, fracture toughness, and fracture en-
ergy values increased with fiber addition, and the facts were
more pronounced with higher fiber content. It was stated
that the fracture energy increased by 345% compared to the
control sample produced without fiber addition when the
fiber content reached 0.75%.

Fracture energy can be summarized as the required en-
ergy to create a one-unit crack area and can be determined
using notched beam specimens [10]. Parameters like wa-
ter/cement ratio, quantity of aggregate, aggregate size and
strength [11], sample and notch geometry, and the presence
of fibers [12], as well as aggregate gradation [13], were re-
ported to affect the fracture energy of concrete significantly.
Numerous studies have investigated the fracture energies of
both cement-based composites and geopolymer/alkali-acti-
vated materials. Kozlowski et al. [14] investigated the effect
of foaming agent dosage on the fracture energy of Portland
cement-based foam composites. Tang et al. [15] examined
the effect of partially replacing coarse aggregate with poly-
styrene on fracture energy in concrete. Celik and Bingol
[16] investigated the effect of dosage of polypropylene, glass,
and basalt fiber inclusion on the fracture energy of Portland
cement-based self-compacting concrete. Ipek and Aksu [17]
studied the effect of fiber type, length, and content on the
fracture energy of cement-based SIFCON composites. Sim-
ilar studies have also been conducted on geopolymer/alka-
li-activated materials. Ding et al. [18] investigated the effects
of alkali concentration, alkali solution modulus, and liquid/
binder ratio on the fracture energy of fly ash/slag-based
geopolymer concretes cured under ambient conditions. Re-
searchers reported that the fracture energy increased with
the increase in alkali concentration, activator modulus, and
slag amount, while the opposite was true for the liquid/bind-
er ratio. In a similar study, Gomes et al. [19] examined the
effect of steel fiber dosage on the fracture parameters of me-
takaolin-based geopolymer concretes cured under ambient
conditions and reported significant improvements in frac-

Table 1. Chemical composition and some physical properties of
fly ash

Compound (%) Property Value
SiO, 55.9 Specific gravity 2.21
AlLO, 233 Retained on 32 pm 26.7%
Fe,O, 6.3 Retained on 45 um 20.0%
CaO 53 Retained on 90 um 6.4%
MgO 2.1

Na O 0.6

K,0 23

SO, 0.2

Loss on ignition 2.0

ture behavior with fiber addition. Liu et al. [20] conducted
a study on the effect of steel fiber and silica fume inclusion
on the fracture energy of ultra-high-performance geopoly-
mer concretes and reported that the mechanical properties
of these concretes were comparable to those of conventional
ultra-high-performance concrete.

While various alternatives like steam and ambient curing
are possible in geopolymer production, oven curing is com-
monly employed [21]. Heat curing can be used to achieve the
desired strengths [22], and the curing temperatures are gen-
erally below 100 °C [23]. Apart from these, different meth-
ods such as microwave curing [24], solar curing [25], water
curing, and saline water curing [26] are also used. However,
it has been reported that alkalis in the geopolymer can leak
into the curing environment during water curing, and it was
stated that the mechanical properties could be negatively
affected [27]. The number of studies addressing water cur-
ing in geopolymer or alkali-activated material production
is limited. Moreover, most previous studies have focused
on water curing at room temperature. Therefore, further re-
search is needed to explore the effects of water curing at rel-
atively high temperatures and the incorporation of fibers in
water-cured geopolymers. This study examined the fracture
energies, compressive strengths, and sorptivity properties of
hot water-cured fly ash-based geopolymer composites. For
this purpose, 50x50x240 mm prism specimens with a notch
of 10 mm in height and 3 mm in width were used. Curing
was applied in two different ways. One series of geopolymer
composites was cured directly in water at 80 °C, while anoth-
er was covered with (polyvinyl chloride) PVC film and duct
tape before curing. This approach can prevent the leaching of
alkalis from the geopolymer into the curing water.

2. MATERIALS AND METHOD

2.1. Materials

In this study, low calcium-bearing fly ash, a mixture of
sodium silicate and sodium hydroxide, and CEN standard
sand conforming to TS EN 196-1 [28] were used as the alu-
minosilicate, activator solution, and aggregate, respectively.
The chemical composition and some physical properties of
ash are presented in Table 1. The sodium hydroxide was in
pellet form with a minimum purity of 98%, and the sodi-
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um silicate solution contained 9.1% Na,O, 28.6% SiO,, and
62.3% H,O. In preparing the activator solution, sodium hy-
droxide pellets (11.4% by weight) were dissolved in sodium
silicate solution (88.6% by weight), and the resulting activa-
tor was allowed to rest for 24 hours. To reduce the setting
time of mixtures, a CEM I 42.5 R type ordinary Portland
cement was used. PVA fibers of 6 mm and 12 mm lengths
reinforced the mortars.

2.2. Production of Samples

Mortar mixtures were prepared using a mortar mixer.
CEN standard sand, fly ash, cement, activator solution, and
water were sequentially placed into the mixer bowl, and the
mixer was operated at 62.5 rpm for 90 seconds. Fibers were
added to the bowl using the sprinkling method for approx-
imately 30 seconds during this initial mixing stage. After 90
seconds of mixing, materials adhering to the bowl's walls
were scraped off with a spoon, and mixing was continued at
the same speed for another 90 seconds.

After the mixing process, the flow diameters of the
mixtures were determined according to the TS EN 459-
2 [29] Standard. The mortars were placed in 50x50x240
mm metal prismatic molds in two layers. Each layer was
compacted with 25 jolts using a jolting table. The mor-
tars were allowed to be set under laboratory conditions
for six hours. Due to the low CaO content in the used
fly ash, the setting time under laboratory conditions was
significantly prolonged (approximately one week). To
address this issue, portland cement was incorporated to
accelerate the setting process. After the setting period,
the samples were demoulded. The demoulded samples
were divided into two groups. One group of mortars was
tightly sealed with three layers of PVC cling film and two
layers of duct tape, as shown in Figure 1, while the other
group was not sealed.

The samples were cured in tap water at 80 °C for 18
hours. At the end of the curing period, the samples were
removed from the water, and once the specimens cooled
to room temperature, tests were conducted. The reference
mortar and mortars containing short and long fibers are
abbreviated as Ref, SE, and LF, respectively. Samples cured
with PVC cling film and duct tape were called "Sealed" sam-
ples, while the others were designated as "Unsealed." For
instance, the sample specified as SF-Sealed represents the
series produced using 6 mm PVA fiber and cured after be-
ing sealed with PVC and duct tape.

Table 2. Mixture proportions and some properties of mixtures

Figure 1. Sealed and unsealed specimens before water curing.

2.3. Tests

Notched samples, as shown in Figure 2, were used for the
fracture energy tests. A clip-on gage was used to measure the
crack mouth opening displacements (CMOD). For this pur-
pose, two metal blades were fixed to the sample to attach the
clip-on gauge. The experiment was conducted using a 3-point
bending test setup. A displacement-controlled universal test
device was used, and the crack opening rate was set to 0.05
mm/min. The test was automatically stopped for each sam-
ple when a 95% reduction in peak load was observed. The
load-CMOD graph was plotted, and the area under the curve
(W,) was calculated. Subsequently, Equation 1, suggested by
RILEM (1985) [10], was modified and used to calculate the
fracture energies. Three samples were tested for each series,
and the average fracture energy value was reported.

Fracture energy = (W0+mg6)/Alig (1)

In the equation, mg, 8, A, represent the weight of the
specimen between supports, the maximum crack opening
displacement, and the fracture area, respectively.

Compressive strength tests were performed by ASTM
C349 [30] Standard, with some modifications using six split
samples following the fracture energy tests. These tests were
conducted with a 500 kN capacity concrete press. The load-
ing rate was set at 0.9 kN/s, and a compression device with
a 50x50 mm frame was used, as shown in Figure 3.

Mix Ingredient (g) Flow diameter Fresh unit
(mm) weight (kg/m?)
Fly ash Cement  Alkali solution Sand Water PVA fiber
6 mm 12 mm
Ref 405 45 213 1350 40 - - 144 2212
SF 405 45 213 1350 40 7.2 - 129 2174
LF 405 45 213 1350 40 - 7.2 120 2161

PVA: Polyvinyl alcohol; SF: Short fiber; LF: Long fiber.
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Figure 2. Geometry of specimen, notch details, test set-up, and test photograph.

Figure 3. Compressive strength and sorptivity test photographs.

Sorptivity tests were conducted on 50x50x240 mm
samples without notches, following the ASTM C1585 [31]
Standard with some modifications. After the curing period,
the samples were dried in an oven at 50 °C for 72 hours.
Subsequently, all parts of the samples except the bottom
area (50x50 mm) were covered with a waterproof materi-
al. The amount of water absorbed by the samples was mea-
sured over 6 hours. The I-s° graphs were plotted, and the
capillary water absorption rates were determined using the
best-fit line passing through these points.

2.4. Mixtures

The amount of ingredients, flow diameters, and fresh
unit weight values of the mortars are presented in Table 2.
Due to the prolonged setting time of fly ash at room tem-

perature, mixtures were prepared with 10% cement in the
total powder content to expedite the setting process. The
fiber content was maintained at 0.6% of the total mortar
volume. It was noted that adding fiber reduced both the
mortars' flow diameters and fresh unit weights.

3. RESULTS AND DISCUSSION

3.1. Compressive Strength

The compressive strengths of the mortars are presented
in Figure 4. Among all series, the compressive strength of the
sealed samples was higher than that of the unsealed samples.
Sealing the samples with PVC cling film increased the com-
pressive strength of the reference mixture by 18%. Similarly,
these increments were 18% and 12% for the short and long
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Figure 4. Compressive strength test results.

fibers including mixtures. The difference in strength between
sealed and unsealed mortars prepared from the same mix
suggests a greater degree of geopolymerization in the sealed
samples. Despite limited prior research on sealed water
curing, Giasuddin et al. [26] reported that the compressive
strengths of fly ash-based geopolymers cured in tap water and
two different concentrations of saline water (8% and 15%)
were 48, 61 and 65 MPa, respectively. However, the com-
pressive strength of samples sealed with silicone and plastic
sheets increased to approximately 90 MPa. Researchers sug-
gested that sealing the samples hindered possible ion transfer
between water and the sample, enhancing the compressive
strength. In a similar study, Kannangara et al. [32] investigat-
ed the effect of curing methods on the compressive strength
of fly ash-based geopolymer pastes. Different composite se-
ries were produced using various alkaline solution/fly ash
ratios and sodium silicate/sodium hydroxide ratios at 60 °C
for 24 hours using a climatic test chamber. One series was
covered with a polymeric film layer, while the other was left
uncovered. It was found that the compressive strengths of the
film-covered series were 4% to 179% higher compared to the
uncovered samples. The researchers stated that the phenom-
enon occurred due to the initial dehydration of the matrix in
the uncovered series. This dehydration led to deterioration
in the matrix structure, and water loss negatively affected the
dissolution and gelation processes. It was also emphasized
that carbonation may had an impact on the situation.

When the effect of fiber inclusion on compressive
strength is examined, it is observed that there was a slight
decrease in strength with the addition of fiber. While the re-
ductions in compressive strength for unsealed-cured short
and long fiber-reinforced mortars were 4.2% and 7.4%, re-
spectively, in sealed samples, these values were 4.3% and
12%. The negative effect of using long fibers on compressive
strength is greater than that of short fiber addition. Many
researchers have investigated the mechanical properties of fi-
ber-reinforced geopolymers, and it has been proven that fiber
inclusion and fiber dosage can significantly affect mechani-
cal properties. In a similar study, Zhang et al. [33] investigat-
ed the effect of PVA fiber addition from 0.2% to 1.0% with
0.2% intervals on the mechanical properties of fly ash/me-
takaolin-based geopolymer concretes. Researchers reported
that low fiber dosages increased the compressive strength,
but the strengths gradually decreased with increasing fiber
content. Lower compressive strength values were obtained at
dosages of 0.8% and 1% compared to the control mixture. In

Figure 5. Load-CMOD curves of reference mortars.
CMOD: Crack mouth opening displacement.

Figure 6. Load-CMOD curves of short fiber-reinforced
mortars.

a similar study, Manfaluthy and Ekaputri [34] reported that
the addition of 0.3%, 0.5%, and 0.8% PVA fiber by volume
increased the compressive strength of fly ash-based geopoly-
mer concrete by 2.4%, 3.7%, and 9.8%, respectively. Zhang et
al. [35] stated that using PVA fiber at an appropriate dosage
in geopolymer composites increases strength by providing
crack control. Still, the use of an inappropriate dosage has a
negative effect on the strength by creating pores within the
structure. Sukontasukkul et al. [36] highlighted the impact of
fiber dosage. They emphasized that using 1% polypropylene
fiber in fly ash and silica fume-based geopolymer mortars
reduces the compressive strength by 14%.

3.2. Fracture Energy

The load-CMOD curves of the three samples from each
series after fracture energy tests are presented in Figure 5-7.
As expected, the peak load was reached shortly after loading
began in all series. After the peak load, the load-carrying ca-
pacity of all samples decreased. Due to the absence of fiber
reinforcement in the reference samples, the test was finished
at low crack openings. However, the ultimate CMOD values
were significantly higher in the fiber-reinforced series than in
the reference samples. The fracture behavior was more ductile
when short fibers were used, and the toughness value increased
significantly. With the use of long fibers, these values increased
further. Figure 8 illustrates the bridging ability of the fibers.



370

J Sustain Const Mater Technol, Vol. 9, Issue. 4, pp. 365-373, December 2024

Figure 7. Load-CMOD curves of long fiber-reinforced
mortars.

The peak loads and fracture energy values of the mortars
are presented in Figure 9 and Figure 10, respectively. The av-
erage peak loads of sealed specimens, regardless of fiber in-
clusion or fiber length, were higher than those of the unsealed
series. This increase was 20% in the reference sample, 27%
and 8% in the series produced with short and long fiber inclu-
sion, respectively. This situation was attributed to the higher
strength of the matrix in the sealed samples. In addition, the
possible increase in fiber-matrix bond is also thought to affect
the situation. When the effect of fiber usage on peak loads
was examined, it was observed that peak loads increased due
to fibers' ability to bridge stresses, as expected. This increase
was recorded as 3% and 22% in the short- and long fiber-re-
inforced series produced without sealing, respectively, while
it was recorded as 9% and 10% in the sealed-cured series.
In this context, long fibers provided higher peak loads than
short fibers. Previous studies on similar topics have proved
the contribution of fiber inclusion and curing regimes. The
effects of fiber addition and curing regime on the mechanical
properties of geopolymer composites have been the subject
of numerous studies, yielding similar results. Nath and Sarker
[37] investigated the effect of curing time on the mechanical
properties of geopolymer composites. They stated that the
fracture energy and peak loads increased as the curing dura-
tion increased from 28 days to 90 days in fly ash-based geo-
polymer concretes produced by ambient curing and activated
with sodium silicate and sodium hydroxide. In a similar study,
Wang et al. [8] investigated the effect of basalt fiber addition
on the fracture energy of fly ash-based geopolymer concrete.
The researchers reported that the peak loads achieved in the
fiber-reinforced series were 17-37% higher than the control
series due to the effect of basalt fiber addition on crack prop-
agation. It was also reported that fracture energies increased
with the addition of basalt fibers, with the highest increase
observed being 56% at 0.05% fiber addition [8]. It was report-
ed that using fiber in appropriate dosages improves fracture
behavior and increases fracture energy in geopolymer com-
posites due to mechanisms such as bridging, fiber fracture,
and fiber pull-out [38]. Cai et al. [39] investigated the effect
of PVA fiber and PVA powder on fly ash-based geopolymer
composites and obtained SEM images illustrating the three
aforementioned fiber working mechanisms.

Figure 8. Fracture energy test and bridging effect of fibers.

Figure 9. Average peak loads in the fracture energy test.

Figure 10. Average fracture energy values in the fracture
energy test.

Figure 11. Initial rate of water absorption values.

3.3. Sorptivity

The rate of initial water absorption values of the mortars
is presented comparatively in Figure 11. It is observed that
the values for both the reference mortar and the fiber-re-

inforced mortars were very close to each other. Although
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there was no significant difference between the values,
considerable variations were evident between the sealed
and unsealed samples. Specifically, the initial rate of water
absorption value of unsealed reference mortar, 19x10° m/
s**, decreased by 83% to 3.3x10° m/s** in the sealed series.
Similarly, 72% and 82% reductions were observed in the
short and long fibers series, respectively. Thokchom et al.
[40] investigated the effect of Na,O amount on the proper-
ties of fly ash-based geopolymer mortars. The researchers
observed that increasing the Na,O ratio enhanced geopo-
lymerization, resulting in a denser internal structure, in-
creased compressive strength, and reduced water sorptivity.
In a similar study, Shaikh [41] examined the effect of sodi-
um hydroxide concentration (14 and 16 M) and the sodium
silicate/sodium hydroxide ratio (2.5, 3.0, and 3.5) on the
sorptivity properties of fly ash-based geopolymer concretes.
The researcher reported that higher concentrations of sodi-
um hydroxide or an increase in the sodium silicate/sodium
hydroxide ratio led to decreased sorptivity, which was at-
tributed to denser sodium aluminosilicate gel formation. In
this study, it is thought that the significantly lower rate of
absorption values observed in the sealed samples resulted
from increased geopolymerization reactions. The observed
increase in compressive strength supports this hypothesis.

4. CONCLUSIONS

This study investigated the effect of the curing method, fi-
ber inclusion, and fiber length (6 and 12 mm PVA fi-
ber) on fly ash-based geopolymer mortars' compressive
strength and fracture energy. One series of samples was
cured in water at 80 °C in direct contact with water,
while another was first sealed with PVC cling film and
duct tape and then cured in the same medium. Consid-
ering the materials used and the experiments conduct-
ed, the following results can be drawn:

o The curing method has significant effects on the me-
chanical properties. The compressive strengths and
peak loads in the fracture energy test of the sealed-cured
mortars are higher than those of the unsealed-cured se-
ries. Sealed curing increased compressive strength from
12% to 18% in this context. Furthermore, the peak load
and fracture energy increased by up to 27% and 20%,
respectively, due to sealing.

o With the addition of fibers, peak load, and fracture en-
ergy values increased; however, compressive strength
values decreased. It was observed that long fibers had a
more significant positive effect on peak load and frac-
ture energy in both sealed and unsealed curing condi-
tions. Specifically, long fibers provided 368% and 408%
higher fracture energy values than short fibers under
unsealed and sealed curing conditions. This improve-
ment is attributed to the better bridging capacity of
long fibers.

o It was determined that the fiber inclusion did not con-
tribute positively to compressive strength and, in fact,
decreased compressive strength by up to 7% and 12%
under unsealed and sealed curing conditions, respec-

tively. In this context, it was also observed that the neg-
ative effect was more pronounced when long fibers were
used. One of the reasons for this situation is the reduced
workability, as also provided in the flow-diameter test.

o The water absorption rate at the sorptivity test of the
sealed-cured series is significantly lower than that of the
unsealed series. The reduction rates were 83%, 72%, and
82% in the fiber-free reference mixture, short and long
fiber, respectively.
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1. INTRODUCTION environmental impact. Using alternative materials, mainly
agricultural and industrial waste that would otherwise end

The cement manufacturing industry accounts for rough-  yp in landfills, presents a viable solution. Hybrid-activated

ly 6-8% of global CO, emissions annually [1]. We must re-  cement (HAC) is emerging as a potential long-term substi-
duce CO, emissions from cement production to mitigate this  tutes for traditional Portland cement concrete (PCC) [2].
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Producing such cement involves substituting the main clin-
ker component. Replacing PCC with HAC has the potential
to reduce carbon emissions by 9% to 80% [1, 3]. Several fac-
tors, including the chemistry of the alkaline activator, fuel
prices, raw material availability, and the efficiency of the
clinkering operation in a given region, affect the degree to
which emissions can be reduced. However, the durability of
the concrete structure is of great importance as CO, reduc-
tion is achieved.

The durability of concrete structures made with Or-
dinary Portland Cement (OPC) depends on the quality of
the cement and raw materials used. Climate changes, acidic
conditions, and carbonationally threaten concrete durability.
Exposure to high temperatures causes several chemical and
physical transformations in cementitious materials, resulting
in internal pore pressure, different thermal expansion rates
of components, and decomposition of cement compounds
[4]. Once hardened, the cement paste is the least stable com-
ponent. Due to the degradation of calcium hydroxide (CH)
and calcium silicate hydrate (C-S-H), OPC is physically and
chemically degraded at high temperatures [5].

In contrast, HAC structures exhibit resilient performance
under adverse conditions. They are characterized by low CH
and C-S-H content, forming a stable three-dimensional So-
dium Alumino-Silicate Hydrate (N-A-S-H) gel formed by
connecting SiO, and AlO, tetrahedra with O atoms in alter-
nating cycles [6, 7]. This results in HAC blends with thermal
conductivity typically less than 1 W/m.C, making them an
excellent thermal insulator [8]. Aggregate Porosity and min-
eralogy also influence degradation severity [9]. Concrete de-
terioration often allows external aggressive chemicals, such
as chloride ions, water, and oxygen, to penetrate the concrete
matrix through pores and microscopic fissures. The main
pathways for ingress into the system are permeability, capil-
lary absorption, and diffusion [10]. Permeability, or the com-
bination of pore structure and proportion of capillary pores,
determines how well concrete resists aggressive chemicals.
The binder's formulation is the most critical component that
affects the permeability of concrete. Binders made from al-
kali-activated well-blended OPC exhibit denser microstruc-
tures than those made from the OPC system, contributing to
HAC's enhanced performance potential.

Despite the long history of alkaline activation of alumi-
nosilicates [11, 12], hybrid alkali-activated agricultural and
industrial binders have only recently gained recognition as
acceptable substitutes for Portland cement [13, 14]. How-
ever, the long-term durability of HAC remains to be defin-
itively demonstrated, especially concerning properties re-
lated to aggressive ion permeability and thermal resistance.

Thus, further research is needed to enhance engineers'
and concrete practitioners' understanding of HAC as an
alternative to conventional concrete. This study aims to
address critical challenges related to the permeability of
aggressive agents and the fire resistance of novel binder
construction materials. Specifically, a focus on hybrid al-
kaline blend materials to investigate changes in sorptivity
and chloride ion permeability as OPC replacement, alkali
activator concentration, and CBW: CSA ratio are adjusted.
Thermal resistance is also evaluated as an essential attribute.

Table 1. Relative percentages of binder type for mortar (w/c=0.5,
28 days curing)

Binder OPC CSA CBW
OPC 100 0 0
5-1-4* 50 10 40
5-4-1* 50 40 10
3-1-6* 30 10 60
3-6-1* 30 60 10

*: Label based on the mix mass ratio of PC-to-CSA-to-CBW. OPC:
Ordinary portland cement; CSA: Coconut shell ash; CBW: Clay brick
waste.

2. MATERIALS AND METHODS

2.1. Blaine test and Preparation of Mortar Prisms

The specific surface area of the binders was determined
according to the Blaine test protocol outlined in the K §
EAS 148:-6:1 (2000) standard. Mortar prisms were prepared
for Testing by KS EAS 148: 1 [15] using 1,350 g of standard
sand complying with EN 196. A mixture of 450 g of test ce-
ment and standard sand was prepared using a PAN Analyt-
ica mixer machine for 1 minute. Subsequently, an alkaline
solution of 0.5 M or 2 M Na SO,, was added to achieve the
desired consistency. The mixture was trowel-mixed for an-
other 4 minutes to ensure uniformity in the cement mortar.
The resulting slurry was then transferred into a three-pong
mold, measuring 40x40x160 mm for compressive strength
tests and 100x100x100 mm for durability studies.

The molds were clamped onto a vibrating machine for
2 minutes to compact the mortar. Upon removal from vi-
bration, the mortar prisms were immediately identified by
their casting date and the type of cement used, denoted as
5-1-4, 5-4-1, 3-1-6, and 3-6-1, representing the mix mass
ratio of OPC:CSA: CBW as detailed in Table 1.

To safeguard against moisture loss caused by evapora-
tion, a polythene sheet that was impermeable and flat was
used to cover the prisms. These prisms were then placed
in a temperature-controlled room with relative humidity
exceeding 90% for 24 hours+30 minutes, after which they
were demolded and air-cured for 28 days. Similarly, PC
specimens were also prepared for reference purposes, but
potable water was used as the mixing liquid, and they were
cured in water for 28 days.

2.2. Compressive Strength Testing

The 28-day compressive strength was determined using
an automatic compression testing machine (model YAW-
300) housed at Mombasa Cement Limited, a prominent ce-
ment manufacturing company in Kilifi County, Kenya. The
testing procedure strictly followed the protocol outlined in
KS EAS 148: 1 (2000).

2.3. Differential Thermogravimetric Analysis (DTA)

A Stanton Redcroft STA-781 device was used for the
thermal analysis of raw clay, coconut shell powder, and hy-
drated cement. 25 g each of the clay, coconut shell powder,
and hardened cement were placed in a platinum crucible
and the thermal analyzer. The measurements were between
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Figure 1. Preparation of specimens from the cube [16].

25 °C and 1000 °C, and the heating rate was set to 10 °C
per minute. Thermal analysis of clay and powder samples
was performed under atmospheric air conditions, whereas
measurements for hydrated cement samples were conduct-
ed under a nitrogen atmosphere.

2.4. Durability Test

The experimental materials' permeability, sorptivity, Po-
rosity, and durability were assessed by following the dura-
bility testing manual recommended by [16]. Two methods
are available to evaluate the level of connectivity of pores
in a concrete matrix: oxygen permeability index (OPI) and
sorptivity [17]. The durability properties' quantification in-
volves measuring the flow rate derived from Darcy's formu-
la for laminar flow through a porous medium.

2.4.1. Preparation of Specimens for Durability Test

Durability tests were conducted following the protocol
outlined by Alexander and coworkers [16]. Cement blocks
of dimensions 100 millimeters that were allowed to harden
for 28 days were bored perpendicular to the pouring di-
rection and divided into slices, as illustrated in Figure 1, to
obtain two specimens, each with a diameter of 70+2 milli-
meters and a depth of 30+2 millimeters.

The samples were labeled with an identifying number
on their exterior using a permanent ink marker. Before ex-
perimentation, the labeled samples were permitted to dehy-
drate for seven days in a drying chamber regulated to 50 °C.
After the samples were extracted from the drying chamber,
they were cooled in an airtight container for 120 minutes
until achieving a regulated indoor temperature of +£23 °C.

2.4.2. Oxygen Permeability Index Test

The South African standard [18], which prescribes the
use of the oxygen permeability index (OPI), was used to as-
sess oxygen permeability. The test setup consisted of a 70
mm diameter core fixed in a rubber sleeve and attached to a
permeability cell, with a 30 mm thick piece as a cover con-

crete. The aim was to observe the oxygen pressure drop in
this section. The method involved measuring the pressure
decay of oxygen passed through a 30 mm thick slice (repre-
senting the cover concrete) of a 70 mm diameter core placed
in a rubber collar secured on top of a permeability cell. Then,
the permeability cells were placed in the test apparatus.

The cell was prepared for insulation by exposing it to an
oxygen pressure of 1005 kPa. The pressure and time fac-
tors were then recorded accordingly. The test was terminat-
ed 6 hours +15 minutes after the start, or at a pressure of ap-
proximately 50 kPa, with pressure lags recorded at intervals
of approximately 5 kPa. Using Equation 1, we calculated the
Darcy permeability coeflicient, K, in meters per second.

w¥g [d Fo
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Where K is the permeability coefficient in m/s; w is the
molecular mass of oxygen, 32 g/mol; V is the volume of oxy-
gen under pressure in permeameter (m?), g is the gravitation-
al acceleration whose value is 9.81 m/s% R is the universal gas
constant, 8.313 Nm/Kmol. A is the superficial cross-sectional
area of the sample (m?), d is the average sample thickness (m),
0 is the absolute temperature (K), t is time (s) for pressure to
decrease from Po to P, Po is the pressure at the beginning of
the test (kPa), and P is the pressure at the end of the test.

Subsequently, the oxygen permeability index (OPI) was
determined as in Equation 2.

Oxygen permeability index=-log (k) (2)

2.5.3. Testing for Sorptivity and Porosity

The disc samples were subjected to permeability and
water sorptivity tests according to the protocols described
in the durability handbook [16]. Samples were tapped up
to 5 mm above the test surface to ensure the unidirectional
flow of the caliper. They were then placed in a dish of cal-
cium hydroxide solution, ensuring that the solution level
was just above the edge of the sample. The samples were
weighed at 3, 5,7, 9, 12, 16, 20 and 25 minutes, respectively.
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This was followed by vacuum saturation of specimens by
applying 75 kPa suction. Finally, the specimens were sub-
merged in water saturated with Ca(OH), for 18 hours and
fifteen minutes. The samples were re-weighed, and their Po-
rosity was calculated using Equation 3.

— Msv—Mso
Ad.py (3)

Where: M_ is the vacuum saturated mass of the samples
to the nearest 0.01; M__ is the initial mass of the specimen
to the nearest 0.01 g at a time to; A is the cross-sectional
area of the specimens to the nearest 0.02 m? d is the aver-
age specimens' thickness to the nearest 0.02 mm; Pw is the
density of water, 10 g/mm?°.

The mass of the water absorbed at each weighing period
is calculated using Equation 4:

thzMst - Msn (4)

Where: M__ is the mass to the nearest 0.01 g of the spec-
imen at time t. Sorptivity was calculated from the slope of
the graph of water absorbed (M) versus the square root of
time (an hour) using Equation 5.

_ _ Fd
§= Mgw —Mgo ®)
Where: F is the slope of the best-of-fit line obtained by
plotting M against t%; S is sorptivity

2.5. Correlation Analysis for Permeability Test

Parameters

The intercorrelations between the results of the perme-
ability tests were compared with the compressive strength
performances for all cement mixes produced. The factors
correlating permeability included oxygen permeability in-
dex (OPI), Porosity, and sorptivity. Principal component
analysis (PCA) was used to determine the correlation. A
scree plot for the eigenvalues was plotted to determine the
number of significant components. The "elbow" for the ei-
genvalues (Fig. 2) falls on eigenvalue 2, indicating two prin-
cipal components. The first two factors explain a variance
of 94.82%. The selected principal components were used to
plot the loading, biplots, and score plots and analyze the
existing correlations. Chemometrics Agile Tool (CAT) was
used to perform the PCA, which works with the program-
ming language R and the algorithm NAPLES (Nonlinear
Algorithm for Partial Least Squares).

2.6. Migration Test

Following the procedures described in ASTM C1202-97
(2001), three samples of the 50% OPC replacement and the
reference cement were allowed to cure in water for 28 days
before being tested for accelerated chloride ion migration.

In an electrochemical test setup, 500 cm® of a 3.5% NaCl
solution was added to the cathode compartment, while an
equal volume of a 0.3 M NaOH solution was added to the
anode compartment. Epoxy-coated mortar prisms were
positioned in the test cell for each cement category. Stain-
less steel electrodes were attached, and the arrangement

Figure 2. Scree plot for the eigenvalues.

was clamped in place. A potential difference of 12+0.1 V
was applied for 36 hours, and the current was monitored
every 30 minutes. The containers were covered with poly-
ethylene paper to prevent evaporation, and glass rods were
used to shake the solutions continuously. After exposure,
the prisms were removed, the surfaces abraded, and cut
into layers. Depending on the distance from the aggressive
media, the samples were dried, pulverized, and packaged
before being subjected to chloride analysis.

2.6.1. Chloride Analysis

10 g of ground samples were mixed with 75 ml of de-
ionized water for one hour using a shaker. After a settling
time of 30 minutes, the sample was treated with 25 ml of
strong nitric acid to dissolve the cement lumps. The mix-
ture was stirred, rinsed into a beaker, and allowed to stand
for 4 minutes. The filtrate was heated and filtered. It was
then poured into a volumetric flask. A sodium hydrogen
carbonate solution was introduced, and water was added
until the total volume reached 100 ml. The resulting solu-
tion was split into three equal parts, each titrated with a 0.1
M silver nitrate solution. This titration was performed three
times on each part.

A chloride-free CaCO, blank was run through the same
procedure. Using Equation 6, the concentration of chloride
ions in the original sample was determined based on the
titration results.

(] = (V1-v2z) J:ar..aﬁxr—l ©6)

Where V| is the final volume of the extract, V, is the
volume of the blank, V is the volume of silver nitrate, and
M is the molarity of silver nitrate used.

2.6.2. Determination of Diffusion Coefficients

The standard procedures outlined in Kenyan standards
[19] were adopted to determine the chloride concentra-
tion in the tested samples. These results were represented
in chloride profiles. From the graphs, chloride diffusion
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Figure 3. Binders mix blain fineness results.

coefficients, Dmig, were derived from error fitting curves in
Equation (7) using the method of least squares [20, 21].

& 8%c

ot Do @)

C is the concentration of the Cl ions at a depth x, and at
the moment, t and D are the diffusion coefficients.

The diffusion of chloride ions in concrete is approximat-
ed from the solution to Fick's second law equation [22] un-
der non-steady-state conditions assuming boundary con-
ditions boundaries Cy =0 at t=0, 0 <x < oo and C v=Cs
at X=10,0 < t <oo, constant ion interactions, linear chlorlde
binding, and one-dimensional diffusion into a semi-infinite
solid. Crank's solution to Fick's second law of diffusion is
given by Equation 8.

(_,|x i L(le_l er{(z u"“ ::IJ (8)

The surface concentration (C(S)), migration diffusion
coefficient (Dmig), and the chloride ion concentration (C(X,t))
at any depth (x) within the mortar bulk at time t consti-
tute the equation. The Gaussian error function is obtained
in computer spreadsheets as the error correction function,
abbreviated as erf. Apparent diffusion coefficients, D_ , are
calculated from the following equation [20, 21].

RT Int?
Dapp_ﬁDmigE 9)
In this context, R stands for the gas constant, F rep-
resents the Faraday constant, T indicates the electrolyte
temperature measured in Kelvin, Zi denotes the valency of
the ion AE refers to the effective applied voltage measured
in volts, and t represents the duration of the test or exposure
measured in seconds.

2.7. Determination of Thermal Resistance

The prepared mortar prisms (40 mm x 40 mm x 160
mm) of 5-1-4 and OPC cement paste were cured for 28
days and pressure tested after exposure to an electric fur-
nace at 5.0 °C per minute. To maintain thermal stability for

Figure 4. Particle size distribution results for CBW and CSA.

60 minutes at the desired temperature, two thermocouples
were used to measure the surface and internal temperature
differentials. After allowing the samples to cool, they were
weighed, and the thermal expansion was measured with a
vernier caliper. Mass loss due to the high temperatures was
measured with an electronic scale. The residual compres-
sive strength was documented, and the thermal resistivity
was calculated using Equations 10 and 11, considering both
weight loss and strength loss as a measure of thermal stress.
Wy W
W,=—"-"X100 (10)
Wy

W, and W, are the specimen weights before and after
heating, respectively, and W, is the loss in weight.
€, = 2 X100 (11)

1
C, is the loss of strength, while C, and C, are the com-
pressive strength of the mortar before and after heating,

respectively.

3. RESULTS AND DISCUSSION

3.1. Blaine Test of the Precursor Materials, Blended

and Commercial Types of Cement

The specific surface area (SSA) is an essential factor in
determining the reactivity of binders. Figure 3 represents
the SSA for the binders. In this figure, the particles' specific
surface area (in g/cm?) of the test materials is displayed as
measured by the Blaine air permeability analysis

All the blended cement had higher SSA values above
the minimum 3401 cm?*g of the standard OPC. The me-
chanically activated precursor (CSA/CBW) materials show
high SSA of 3902 and 4504 cm*/g and are responsible for
the overall high SSA in the binders.

Increased CBW substitution resulted in a higher sur-
face area on the blended cement than the addition of CSA.
As it reacts, a layer of hydration product forms around the
outside of the particle, separating the unreacted core of the
particle from the surrounding water. As this layer grows
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Figure 5. TG-DTA analysis for coconut shell powder.

Figure 6. TG-DTA analysis for the raw clay sample.

thicker, the rate of hydration slows down [23]. This implies
that a small particle will react faster than a large particle.
Thus, CBW is mechanically more reactive than CSA.

3.2. Particle Size Distribution of the Precursor Materials

The particle size distribution of the mechanically acti-
vated CSA and CBW are represented in Figure 4. The par-
ticle size distribution of any cementitious material signifi-
cantly affects its performance. The graph provides a detailed
visual representation of the granular composition of these
materials after mechanical activation. The particle size dis-
tribution of any cementitious material significantly affects
its performance.

The CBW had a slightly higher particle size distribution
compared to CSA, with more than 90% of its particles be-
ing below 45 microns in size, as shown in Figure 4. Thus,
the CSA contains larger particles compared to CBW. This
could result from the unburned carbon particles as heat in
the furnace was not controlled. It is known that the material
passing the sieve 45 pm is more reactive [24]. This indicates
that both precursor materials are potentially mechanically
reactive [25]. The reaction rate of the active precursor ma-

terials/cement particles primarily depends on their sizes.
[26] worked on the microstructural and physical charac-
terization of different solid wastes from clay bricks for re-
use with cement. They observed that the clay brick waste
sample particle with a small radius (large surface area) was
more pozzolanic. Smaller particles hydrate more quickly in
water than larger particles [27]. Typically, particles with a
diameter of 1 pum react entirely in about one day, while one
with a diameter of 10 pm reacts completely in about one
month. It is assumed that one with a diameter larger than
50 um never becomes fully reacted, even in the presence of
a sufficient water source [27]. Arslan [28], in their study on
the dissolution kinetics of iron oxide leaching from clays by
oxalic acid, reported that small powdered particles [29] had
a high dissolution.

3.3. Thermal analysis of the precursor

The thermal analysis carried out on the precursors used
in this study is shown in Figures 5 and 6.

The graphs represent the various phase transformations
that occur when coconut shell powder and raw clay are
heated at different temperatures.
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Figure 7. Comparison of the XRD pattern for the raw clay (top) and CBW (bottom) clay.

I: Illite; Mg: Magnetite; Q: Quartz; H: Hematite; W: Wollastonite; N: Nepheline; K: Kaolinite; F: Feldpar.

The TG/DTA analysis of the raw coconut shell powder
shows a smaller region of mass loss at lower temperatures
(below 250 °C), accompanied by an endothermic peak up to
a temperature of about 150 °C. It could be associated with
evaporation of the moisture [30]. This is preceded by a re-
gion of thermal decomposition and mass loss, followed by a
sharp exothermic peak near 400 °C, further associated with
the formation of coconut shell activated charcoal [31]. Ad-
ditionally, it could be related to the combustion of the or-
ganic lignin/cellulose fraction. A broad endothermic peak
with gradual mass loss is observed at temperatures above
800 °C. This was related to the thermal decomposition of
hemicellulose. These findings agree well with previous
work reported by [30], who obtained 38.44% and 47.54%
mass loss between 200-280 °C and 280-365 °C, which was
linked to the decomposition of cellulose and hemicellulose.

The TG-DTA graph of the clay sample is represented in
Figure 6. An endothermic peak below 200°C is observed.
This peak is associated with the thermal loss of physisorbed
water within the clay interlayer, which is often mobile and
loosely bound. At temperatures between 250 °C and 450 °C,
an endothermic peak representing the dissolution of wa-
ter molecules in the interlayer ions' initial strongly bonded
coordination sphere is observed. This could further result
from the hydroxylation of the functional groups connect-
ed to the clay minerals being removed at this temperature
range [32]. According to Arslan [28], the condensation and
dehydration of structural hydroxyl groups are indicated by
an exothermic peak at 450-470 °C in the DTA curve.

An endothermic peak related to removing hydroxyl
groups from kaolinite is observed at 550 °C. Similarly, at
approximately 573 °C, a smaller peak is observed, indicat-
ing a transition from quartz-a to quartz-{ [33]. The results
also show a broad endothermic peak spanning from 600
°C to almost 940 °C, which is attributed to the dehydroxyl-
ation of the silica-alumina content present in illite, forming
an amorphous substance. At temperatures above 950 °C, a
sharp exothermic peak is detected, indicating the formation

of crystalline silica-alumina phases. These findings suggest
that the optimal temperature for calcination of kaolinite
clays should be below this threshold [34].

3.4. Mineralogical Analysis of CBW and CSA

The mineralogical analysis of the precursor materials of
the blend cements is shown in Figures 7 and 8. The figures
show various minerals present in raw and calcined clays.

The XRD pattern for the raw and CBW clay (Fig. 7)
reveals the presence of various minerals, including illite,
magnetite, quartz, hematite, wollastonite, nepheline, ka-
olinite, and feldspars. The calcined clay brick waste shows
the disappearance of the kaolinite upon thermal treatment,
whereas illite loss of crystallinity is evident. Furthermore,
a collapse of the illite interlayer is observed, with the basal
peak shifting to a higher 20 value. Additionally, hematite
and magnetite (Fe oxides) formation is noted, along with
the disappearance of feldspars and the emergence of wol-
lastonite and nepheline.

The results in Figure 8 show an XRD analysis of the CSA,
revealing a series of peaks associated with crystalline SiO,
(quartz). These features may indicate burning temperatures
exceeding 700 °C [35]. Peaks related to K-chlorate, a phase
previously observed in vegetable ashes burned at tempera-
tures above 400 °C, are also identified [36]. The two broad
scattering haloes observed around 20° and 27° 20 angles are
related to an unburned organic fraction [37].

Figures 7 and 8 show silica-alumina minerals' presence
in the two precursors. Calcined clay, with its high alumina
and silica content, promotes the formation of calcium-sil-
icate-hydrate (C-S-H) and calcium-aluminate-silicate-hy-
drate (C-A-S-H) gels, enhancing the mechanical properties
and durability of HACs. The mineralogical compositions
of pozzolanic precursor materials, such as CBW and CSA,
play a pivotal role in the hydration process and microstruc-
ture development in hybrid alkaline cement [38]. Rich in
silica, the ash from coconut shells aids in the creation of
C-S-H and refines the pore structure, creating a matrix that
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Figure 8. XRD pattern of coconut shell ash (CSA).

is more robust and compact [39]. Recent studies further
highlight the importance of understanding the mineralog-
ical properties of these precursors to optimize the perfor-
mance of hybrid alkaline cement [40, 41].

3.5. Compressive Strength Test for Cement Mortars

The compressive strengths development of the bind-
ers (3-6-1, 3-1-6, 5-4-1, and 5-1-4) activated by different
concentrations of Na SO,-alkaline activators (0.0, 0.5,
and 2 M) and different OPC:CSA:CBW ratio at 28 days
of curing are shown in Figure 9. They are compared to
conventional cement.

Generally, all blended cement prepared using water
exhibited low compressive strength compared to alkali-ac-
tivated blends and OPC (Fig. 9) after 28 days. This could
be attributed to the slow strength development due to the
incorporated pozzolana's slow reaction nature. The OPC
substitution effect is demonstrated by decreased compres-
sive strength across all the blends with OPC substitution
from 50% to 70%. The strength of OPC was almost dou-
ble that of 70% replacement, with 3-6-1 giving the lowest
strength. This can be explained by more proportionate un-
reacted filler materials (CSA/CBW), hence weak bonding
among them [42].

The results show that each formulation (50 and 70 OPC
replacement) with high CBW replacement exhibited high
compressive strength. Fine particles of calcined clay can ex-
plain this and are bound to fill the pores more effectively, re-
sulting in a denser and stronger matrix. Grinding calcined
clay brick waste reduced accumulation and decreased the
average particle diameter, improving its reactivity and per-
formance in the cement matrix. The optimal particle size
distribution ensures better packing density and enhances
the mechanical properties of the cement, particularly its
compressive strength [43].

Figure 9. 28-day compressive strength (fcu) results for 0.5
w/c binder mortars compared to Portland cement.

The compressive strength of the activated blended cement
achieved about 30% and 50% increase with the addition of the
0.5 M and 2 M Na,SO, in each blend. A considerably signif-
icant increase in compressive strength with alkali activation
addition in H,0<0.5 M<2 M across all blends is observed.
The 50% OPC replacement blends displayed better compres-
sive strength performance than OPC at 2 M Na SO, with 5-1-
4 having the highest compressive strength. The presence of
SO, ions in the activator solutions within the cement mortar
matrix may explain why chemically activated mortars achieve
greater compressive strength values. The amount of alkaline
activation products (gels) formed is responsible for the me-
chanical development of the alkaline hybrid binders [44].

3.6. Durability Index (DI) Test Results

Based on the details provided by Bakera and Alexander
[45], this is a synopsis of the findings of the DI tests for
oxygen permeability and water sorptivity using CBW and
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Table 2. Judgement criteria for the quality of concrete durability
index (DI) tests

Qualitative ~ Oxygen Permeability =~ Water Sorptivity Index
description  Index (OPI) log scale (WSI) mm/h®®
Excellent >10 <6

Good 9.5-10 6-10

Poor 9.0-9.5 10-15

Very poor <9 >15

CSA. The quality of the concrete was evaluated using the
standards laid out in Table 2.

Sorptivity measures the rate of fluid movement through
the concrete under capillary suction, while OPI measures
the degree of interconnectivity of the pores in the matrix.
The Porosity of the cement mortar and the sorptivity are in-
fluenced by the degree of hydration and the ratio of weight
to cement [46]. The permeability of the sample decreases
with increasing OPI value and vice versa. Conversely, high
sorptivity/porosity values of cement matrix indicate high
permeability. Permeability determines how easily liquids
can penetrate and flow through the concrete when exposed
to a pressure gradient.

3.6.1. Binder Oxygen Permeability Index

The oxygen permeability test results for different binder
types cured for 28 days are given in Figure 10. The figure
illustrates the variation in permeability based on precur-
sor content and alkali concentration. The values provide a
quantitative measure of the concrete's resistance to oxygen
ingress, with higher OPI indicating lower permeability and
enhanced durability.

The results, based on Durability Index (DI) judgment
criteria in Table 2, show that all blended cement mortars
prepared using water had OPI values below 9.5 (log scale),
signifying "poor" quality. This value was lower compared
to PPC and OPC mortar. As can be observed in Figure 10,
there was a notable decrease in OPI in blended cement in
the order 5-1-4>5-4-1>3-1-6>3-6-1. This order was repli-
cated for the blends prepared with the activator at the two
different concentrations. Hybrid alkali-activated mortars
exhibited higher OPI compared to the respective non-acti-
vated mortars. They had values above 9.5 (log scale), which
signifies "good" quality. There was also an increasing trend
in OPI values with an increase in the concentration of Na-
,S0,, the alkali activator, for each cement mix. The 2 M
Na, SO, HAC showed higher OPI values than those of 0.5
M Na,SO,, with all having OPI values above 10 (log scale),
which signifies "excellent" quality. This could be attributed
to the presence of SO,> ions in the activator solutions in the
cement mortar matrix. SO, in mortars has been reported
to form ettringite crystals, which fill the hardened cement
mortar cracks and pores, lowering the permeability [47].
The ettringite formation is as shown in Equation 12.

6Ca2*+2[Al(OH),]+350,*+26H,0>Ca AL (SO,),(OH) ,26H,0 (12)

The formation of this product in the early days of curing
causes densification of the hardened cement matrix.

Figure 10. Oxygen permeability index (OPI) results for 0.5
w/c binder mortars cured for 28 days.

It was clear that the substitution effect was a significant
factor in the development of the cement matrix. A negative
OPI response was pronounced on the increased substitution
of CSA compared to that of CBW. This could be linked to
the powder's particle size distribution, which is not uniform.
The pozzolana "micro-filler effect,” in the fine and ultrafine
size range in combination with Portland cement, can also
enable higher packing densities of the mortar or cement
mixture [48]. Heterogeneous nucleation can also be at-
tributed to this effect as a second physical phenomenon that
could be significantly related to small particle size distribu-
tion. The pozzolana fine particles settle between the clinker
crystals, lowering the energy barrier to allow hydrates to
form on foreign fine particles. The finer the particles, the
faster the reaction. This aspect could contribute positively
to the quality of permeability property of 5-1-4 compared to
5-4-1 and 3-1-6 compared to 3-6-1 mortar cement.

Generally, all the HAC blends offered reduced per-
meability. This could be linked to refined pore structure
and the ability to bind chloride ions chemically, limiting
chloride ingress and protecting the concrete. Additionally,
their high alkalinity maintains a protective passive layer on
the steel. These properties make hybrid alkaline cements
particularly durable in chloride-rich environments like
marine settings and roads treated with de-icing salts [49].
After 28 days of curing, hybrid alkaline cement blends ex-
hibit superior resistance to chloride ion penetration com-
pared to traditional Portland cement, highlighting their
enhanced durability in aggressive environments [50].
Continuous curing after 28 days [51] reported significant-
ly improved flexural strength, compressive strength, and
resistance to chloride penetration of alkali-activated slag
mortar with 2-3% alkali contents.

3.6.2. Porosity of Different Mortars Tested

The Porosity of the different mortars tested is given in
Figure 11. The graph with a high porosity indicates a high
chance of fluid penetration into the mortar matrix. This
highlights the variation in Porosity across the samples,
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Figure 11. Porosity (%) results for 0.5 w/c binder mortars
cured for 28 days.

which directly impacts their mechanical and structural
properties and, thus, their performance under different ag-
gressive environments.

All the blended binders in water exhibited higher Po-
rosity compared with OPC mortars (Fig. 11). This trend
is more pronounced at a higher precursor replacement of
70%. The blend containing 60% CSA displayed the high-
est Porosity of 51% higher than the standard OPC mortar.
Based on these findings, it appears that the pore structure
of the OPC mortar is more complex and intricate than that
of mortars made with pozzolana cement. The presence of
more visibly enlarged macropores in the pozzolana mortar
during its early curing stages could be the reason behind
this [52]. The reaction of pozzolanic precursor materials
with Ca(OH), is a slow process, forming calcium-silica-alu-
mina (C-S-A) gel, an insoluble cementitious material [47].
The formed insoluble crystalline particles may fill the pores
of the hardening concrete, making it dense with refined
pores at a later age.

Compared to non-activated mortars, alkali-activated
hybrid mortars reduced Porosity by more than 10% in all
cement categories. The 5-1-4 hybrid mixture of 0.5 M and 2
M Na SO, showed the highest reduction in Porosity at 19%
and 36%, respectively, while the 3-6-1 mixture showed the
lowest reduction at 6% and 26%, respectively. Increasing the
dosage of Na,SO,, an alkali activator, also showed a similar
trend. The corresponding 2 M Na,SO, HAC showed lower
Porosity than 0.5 M Na,SO, HAC. This could be due to the
low water absorption in the OPC hybrid copolymer due to
the presence of chemical activators that increase the disso-
lution and gel formation of silica and alumina, resulting in
the formation of more C-S-H gels and AFm-type phases as
well as C-A-S-H with longer chains. The dense C-S-H gels
formed by the chemical activation of aluminosilicate mate-
rials such as calcined clay brick waste/coconut shell ash lead
to reduced Porosity in the properties of the chemically acti-
vated materials [51]. The C-S-H gels formed during the dis-
solution and gelation of silica and alumina are structurally
similar to those formed during the hydration of cement [53].

Figure 12. Sorptivity results for 0.5 w/c binder mortars
cured for 28 days.

According to Angulo-Ramirez et al. [54], the low Porosi-
ty of HB mortar indicates that the pores have been refined
and the pore network in this system has become more tor-
tuous. Compared to OPC, hybrid cement mixtures exhibit
exceptional pore refinement [55]. This behavior can be as-
sociated with the potential of the blended cement structure
to reduce Porosity and compactness, which were caused
by the existence and production of a strongly cross-linked
gel (C-A-S-H) with longer chains than the C-S-H gel com-
monly seen in Portland cement. The good behavior of alka-
li-activated CBW- CSA mortar is generally explained by the
coexistence of aluminosilicate gels, such as C-A-S-H.

3.6.3. Water Sorptivity Test of Different Mortars Tested

The water sorptivity test results for various binder types,
all cured for 28 days, are given in Figure 12. The different
binders include OPC, PPC, and CSA/CBW blended cement
prepared in water and activated with alkali. This highlights
differences in water absorption rates, directly influencing
the material's durability and long-term performance. The
results provide the suitability of each binder type for use in
environments where moisture exposure is a concern.

Hybrid cement prepared with 2 M Na,SO, had lower
sorption capacity than those prepared with 0.5 M Na,SO,,
suggesting that the Porosity of the chemically activated ce-
ment decreases with increasing Na SO, concentration. In
alkali-activated cement, chemical activators promote the
dissolution of silica and alumina, which favors C-A-S-H
gel formation; this could be the reason for the low water
absorption of the cement. Since aluminosilicate materials
such as CBW-CSA form dense C-A-S-H gels, chemically
activated cement has a lower sorption capacity [56]. The
architectures of the C-A-S-H gels are similar when the ce-
ment is hydrated or activated with alkali [53]. An alkali ac-
tivator ranging from 0 M to 4 M NaOH was used by [57]
to activate phosphogypsum binders and ground granulated
blast furnace slag. Their data showed that low molarity was
the most porosity-promoting factor.
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(a)

(b)

Figure 13. 2D factors loading plots and biplots. (a) Loading plot (94.8% of total variance). (b)Biplot (94.8% of total variance).

OPI: Oxygen Permeability Index; Cs: Compressive strength; PTY: Porosity; SPY: Sorptivity; 361H, 316H, 541H, and 514H are blends prepared with water,
361W, 316W, 541W, and 514W are blends with 0.5M Na,SO, and 3618, 3168, 5418, and 514S are blended with 2M Na SO,.

In this study, sorptivity reduced as the CBW/CSA
ratio increased, according to experiments with vary-
ing ratios (1:4 to 4:1). Sample 5-1-4 showed decreased
sorptivity independent of the alkali concentration. This
could be associated with the high specific surface area
of CBW (Fig. 3) in hybrid-blend cement that has been
found to enhance its durability significantly. Nano-sized
particles, such as nano-silica, improve cement's me-
chanical properties and durability by filling micro-pores
and refining the pore structure. This optimization leads
to a denser microstructure, which enhances resistance
to water and chloride ingress, ultimately increasing the
lifespan of the cement. Additionally, these nanoparticles
promote secondary hydration reactions, further con-
tributing to improved durability by creating additional
C-S-H gels, which are crucial for the structural integ-
rity of the cement [58]. The activation conditions and
precursor characteristics significantly affect the hybrid
binder's effectiveness, as stated by Balun and Karatas
[59]. The results obtained by Bernal and colleagues [60]
from their investigation into the engineering and dura-
bility properties of a combination of slag and alkali-ac-
tivated metakaolin were similar. The results showed that
water absorption and permeability were reduced when
activator concentrations were increased and metakaolin
was substituted within a specific range.

According to several researchers, chemically acti-
vated cements have shown mixed results in water ab-
sorption and permeability compared to OPC concretes.
While using slag as the precursor, Mithun and Narasim-
han [61] found that an alkali-activated binder had lower
total Porosity, less water absorption, and less chloride ion
penetration than an OPC. Air permeability and sorptiv-
ity are two areas where AACs made of slag typically un-
derperform regular concrete for a given strength grade
[62]. Similarly, Albitar et al. [63] noted that compared to

geopolymer concrete, OPC concrete exhibited reduced
sorptivity and water absorption. Precursors, activators,
specimen maturity, and testing procedures are potential
causes of the observed discrepancy between hybrid bind-
ers and OPC [64].

3.6.4. Correlation Analysis for the Permeability Test

Results

The PCA projection of the factors in the 2D-factor load-
ing space is shown in Figure 13a. The 2D loading plot for
the factors is consistent with the previous observations in
the literature.

The compressive strength (Cs) and the oxygen permea-
bility (OPI) are projected in the same direction, signifying
that they are strongly correlated. This implies that blends
with high compressive strength have high OPI and vice
versa. On the other hand, the Porosity and sorptivity are
projected in the same direction, opposite to compressive
strength and OPI, demonstrating the existing inverse re-
lationship between these factors. The biplot, Figure 13, as-
sociates cement blends with 2 M Na,SO, activator (361S,
3168, 5418, and 514S) and OPC with a significant correla-
tion with compressive strength and OPI. It can be conclud-
ed that these blends performed better and attained higher
OPI and compressive strength due to lower Porosity and
sorptivity and, thus, lower permeability.

The blends prepared with water only are all projected to
the left, correlating strongly with sorptivity and Porosity. It
can be concluded that these blends had lower performance
in terms of compressive strength and higher permeability.
Meanwhile, the blends with 0.5 M Na SO, activator lie be-
tween the two distinct later observations. Thus, intermedi-
ate permeability performance.

The compressive strengths for the cement mixes project-
ed in the 2D score plot Figure 14a-d are consistent with the
predictions in the loading plots and biplots. Blends prepared
with 2 M Na_SO, activator (3618, 3168, 5418, and 514S) and
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(a) (b)
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Figure 14. Color score plots for the projected factors. (a) Score plot (94.8% of total variance) color scale: Cs. (b) Score plot
(94.8% of total variance) color scale: SPY. (c) Score plot (94.8% of total variance) color scale: OPI. (d) Score plot (94.8% of
total variance) color scale: PTY.

361H, 316H, 541H, and 514H are blends prepared with water, 361W, 316W, 541W, and 514W are blended with 0.5M Na SO, and 361S, 3168, 5415, and
5148 are blended with 2 M Na,SO,.

OPC demonstrate the highest compressive strength, OPI,
and lowest Porosity and sorptivity. This is also the case with
OPC. Blends prepared with water only are associated with
the weakest strengths and OPI and higher Porosity. Blends
with 0.5 M activator show average performance between -1
and +1 of component 1, which correlates with intermediate
performance. The PCA, therefore, clearly categorizes the
different blends into distinct performances about perme-
ability, with 2 M Na, SO, activator blends showing the best
performance.

3.7. Chloride Ingress

3.7.1. Chloride Profiling

The chloride profiles against the depth of cover of each
category of the mortar cubes are shown in Figure 15. These
involved determining the concentration of the chloride
ions (x107'° g/g) at different depths of the test binders' mor-  Figure 15. Chloride ions concentration at different depths
tar bulk at 0.5 w/c ratios. of penetration for 0.5 w/c binder mortars cured for 28 days.
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Figure 16. Chloride error function fitting for 5-1-4 (2 M).
D =420x101°

o m?/s, and Cs=1.89% (R?=0.98).

3.7.2. Apparent Diffusion Coefficients for Chloride Ions

Figure 16 displays the error fitting curve for calculating
the apparent chloride diffusion coefficient (D_ ) for the test
binder, 514 (2 M) mortar. The chloride apparent diffusion
coeflicients for each binder category were found using sim-
ilar error-fitting curves. Table 3 also shows the D__statistics
for each binder group.

As the penetration depth increased, the total chloride was
observed to be reduced across all binder types (Fig. 15). The
alkali-activated blends, blended with more calcined clay brick
waste, compared to coconut shell ash, showed an increased re-
duction in chloride penetration. The chloride concentration in
all binders drops drastically at a depth of less than 2 cm. The
exposed surface's proximity to the aggressive medium may
explain this. Every form of cement binds a certain amount of
chloride. Chloride binding slows the chloride's diffusion into
the binder's bulk. As observed by Ngui et al. [65] this can be
explained by the cement mortar's chloride ion binding capa-
bility and diffusivity penetrating the cement mix.

According to the profiles, PPC had less chloride infiltra-
tion and a lower D_ . than OPC (Fig. 15 and Table 3). Mod-
erately substituted pozzolana cements have been found by
other researchers to have a lower diffusion coeflicient [66].
The pore solution of mixed cement contains less CH than
that of OPC, which could explain this. According to Wang
et al. [67] blended cement has a low CH content because of
a pozzolanic reaction source, the source primary OH and
-source; a reduction in OH-concentration reduces the pore
water's ability to exchange OH for chlorides [68]. Blend-
ed cement is particularly effective in lowering chloride-in-
duced corrosion due to higher aluminate contents than
plain Portland cement. AL O, is known to bind CI- ions,
forming Friedel's salt. This enhances the chloride binding
capacity, decreasing the free chlorides resulting in lower
chloride ingress. Tang et al. [69] noted that the C-S-H gels,
particularly in blended cement with a low calcium-to-sili-
con ratio, react with chloride salt, producing Friedel's salt.
This salt can seal the interior pores, improve the distribu-
tion of pore sizes, and make the material more resistant to
corrosion caused by chloride ions.

The results (Fig. 15 and Table 3) showed that increasing
CBW from 1 to 4 decreased the D_at all mixing liquids.
The converse was true of D_on increasing CSA. Thus, the
blended cement's D was 5-1-4<5-4-1 at all mixing liquids.

Table 3. Dapp’ R?, and Cs (%) values for different cement mortars

Binder type DapP (x 101" m?/s) R2- Value Cs (%)
5-1-4 (2 M) 4.20 0.99 1.89
5-1-4 (0.5 M) 491 0.98 1.92
5-1-4 (H) 7.37 0.97 2.34
5-4-1 (2 M) 5.83 0.98 2.23
5-4-1 (0.5 M) 6.32 0.97 221
5-4-1 (H) 8.66 0.96 2.37
OPC 6.65 0.97 1.92
PPC 6.48 0.97 2.37

OPC: Ordinary portland cement; PPC: Pozzolanic portland cement.

This supports the argument in 3.3 of CBW's superior min-
eralogical properties compared to CSA Figures 7 and 8. This
contributed positively to the mortar microstructural devel-
opment [24, 70]. Alkali-activated blend cement offered great-
er resistance to chloride ingress than OPC at any given alkali
concentration. There was an increasing trend of D__ with the
increase of alkali-activator concentration as well as the in-
crease of CSA from 1-4 as [5-4-1(H) < 5-1-4(H) < PPC] <
OPC < [5-4-1(0.5 M) < 5-4-1(2 M) < 5-1-4 (0.5 M) <5-1-4 (2
M)]. The introduction of an alkali activator increases the rate
of alumina-silicate dissolution. As a result, the concrete be-
comes denser, attains higher resistivity, and reduces chloride
diffusivity due to the greater cementitious material produced
by the more pozzolanic reaction. The cementitious material
can be produced via alkali-activated cement with increased
time [71]. According to Abdulkareem et al. [72], this causes
the final mortar or concrete to have less permeability. Chem-
ical activation at an 80% BFS replacement level with a high
dose of 10.17 kg/m® KOH was able to speed up hydration and
portlandite consumption, according to [72].

3.8. Thermal Resistance

After exposure to various thermal loads, quantitative
evaluation of the hardened paste behavior was determined
by measuring their residual strengths following heat expo-
sure. Heat strength profiles of 5-1-4 and OPC pastes bind-
ers after being heated to 100, 300, 500, 700, and 800 °C are
displayed in Figure 17.

On exposure of cement paste to temperatures ranging
from 25 to 100 °C, OPC's compressive strength dropped
sharply while 5-1-4 blends increased marginally (Fig. 4).
According to Zivica et al. [73], crystalline products can be
formed in the structural pores of pozzolana blend and al-
kali-activated paste when the reaction rate of the unreacted
materials is increased by raising the temperature. A possible
explanation for OPC's weakening at 0 to 100 °C could be pore
water evaporation. At temperatures between 100 and 300 °C,
the compressive strength of 5-1-4 blends rapidly decreased.
The loss of water content in the specimens is likely to cause
this. Free and chemically bonded water within specimens
swiftly migrates to the surface and evaporates as the exter-
nal temperature rises from ambient to 300 °C. This leads to a
quick loss of strength in the 100-300 °C range and harms the
specimens' internal microstructure [74]. Once the tempera-
ture reaches 300 °C, the strength of 5-1-4 blends gradually de-
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Figure 17. Results of the effect of heat on 5-1-4 blends com-
pared to OPC.

creases in the order of 5-1-4 (2M) < 5-1-4 (0.5M) < 5-1-4(H),
indicating a small impact of temperature on strength dete-
rioration in that order. Deterioration in strength also slows
down about 300 °C because water evaporation decreases.

OPC at temperatures beyond 300 °C continued to show
a relatively steady decrease in compressive strength to total
failure at 800 °C. This could be associated with the dete-
rioration of the CSH and Ca(OH), the principal binding
phases of the hydrated OPC mortar. OPC has previously
indicated an irreversible loss of strength at a temperature
above 200 °C [75]. Jeon et al. [76] reported that the main
cause of OPC strength reduction on exposure to high tem-
perature was mainly due to the expansion of lime after
chilling and that the breakdown of Ca(OH), had minimal
impact. The OPC system was found to degrade at elevated
temperatures up to 600 °C, while Rashad [77] found that
Na,SO,-activated slag exhibited superior resistance. Their
research showed that a higher concentration of Na,SO, and
finer slag resulted in superior heat resistance.

Figure 17 shows that at room temperature and after
exposure to high temperatures, the compressive strength
of CBW-CSA-blend pozzolana and alkali-activated-based
paste is greater than that of OPC mortar. Because of this,
structural components made with CBW-CSA blend alka-
li-activated-based mortar can offer the same or even great-
er fire resistance, and there are many other environmental
benefits, including reduced energy consumption and car-
bon dioxide emissions.

4. CONCLUSION

The described study examined the effects of thermal sta-
bility and aggressive media on a cement blend of activated
clay brick waste and coconut shell ash. The current findings
demonstrate that CSA and CBW, when added to alkali-acti-
vated cement mortar, considerably enhance its prospective
durability about thermal resistance, compressive strength
development, and penetrability (sorptivity, permeability,
conductivity, and diffusion). The results show that blend al-

kali-activated cement mortar can be made of higher quality

using CSA and CBW. In most cases, a 5:1:4 ratio of OPC to

CSA to CBW and a concentration of alkali activator up to 2

M Na,SO, yield better results. This is because CSA and CBW

can change the chemical and physical microstructure of the

mortar that has been activated with alkali. It is important to
take note of the following findings from the tests.

1. All blended cement had high Blaine values compared
to the standard. The Blaine values, which were directly
proportional to the particle size distribution of the pre-
cursor materials, gave high reactivity, which is seen to
be contributed by an increase in CBW content. The for-
mulation of 5-1-4 with a high composition of CBW gave
an improved compressive strength at all concentrations
compared to the corresponding samples of 5-4-1. In po-
table water, the compressive strength 5-1-4 was almost
double that of 5-4-1.

2. When the concentration of the alkali activator was in-
creased by using 0.5 M and 2M, the outstanding 5-1-4
HAC blend exhibited a compressive strength growth of
30% and 50% concerning the water-prepared blends.
Compared to non-activated mortars, alkali-activated
blend mortars showed more than 10 percent decreased
sorptivity, Porosity, and OPI across all cement categories.

3. Regarding the DI test results, CBW properly mixed with
CSA generally produced an excellent binder, which im-
proved with a higher content of CBW than CSA and at
a higher alkali concentration. 5-1-4 blends showed an
improved DI trend of 19-36 percent against the lowest
3-6-1 blends at 6-26 percent. This is confirmed by the
correlation analysis of the permeability test results

4. The chloride ion penetration and chloride diffusion co-
efficient decreased as the CBW content increased from
1 to 4, the alkali concentration decreased from 0 to 2M,
and the CSA content decreased from 4 to 1. Its capaci-
ty to bind chlorides and alter the concrete microstruc-
ture is probably to blame for this effect. (However, the
present investigation did not directly evaluate the HAC
chloride binding capacity).

5. In comparison to regular Portland cement, 5-1-4 (2 M)
holds up better in hotter environments. The harmful ex-
pansion that occurs at high temperatures is caused by
the limited lime in 5-1-4 blends. Compared to OPC, the
5-1-4 (2 M) system is the superior fire-resistant bind-
er. So, it's clear that CBW-CSA based on alkali activa-
tion can be made for building purposes; these materials
show much promise for fire resistance.
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1. INTRODUCTION

ABSTRACT

In Tiirkiye, waste clay bricks (WCB) comprise significant construction and demolition waste.
Most research is based on producing WCB-based two-part alkali-activated materials (AAM).
Compared to their conventional, two-part alkali-activated counterparts, one-part AAM offers
several advantages, such as being more practical, safe, and easy to use. Thus, they may be an ex-
cellent choice for commercial construction applications and on-site casting. However, research
data on producing WCB-based one-part alkali-activated mortars is limited. The relatively low
reactivity of WCB can be increased by replacing WCB with ground granulated blast-furnace
slag (GGBS) and fly ash (FA). Unlike these by-products, Nevsehir pozzolan (NP) and marble
powder (MP), which are produced as wastes during the stone-cutting process, may be eval-
uated to produce AAM. This study aims to assess the production possibilities of WCB-based
one-part alkali-activated mortar, determine the optimum substitution ratios with NP and MP
to improve the mechanical properties, and determine the effects of the curing period up to
365 days. Results showed that the optimum NP substitution ratio was 50%, which increased
reaction development, microstructure compactness, and mechanical properties. The highest
CS (UV) (3.70 km/s) and compressive strength (CS) (21.58 MPa) were obtained in 25WC-
B:75MP-containing samples. The increase in properties with the curing period was especially
high in the first 28 days.

Cite this article as: Ekiz Bari, K. (2024). One-part alkali-activated mortars based on clay
brick waste, natural pozzolan waste, and marble powder waste. ] Sustain Const Mater Technol,
9(4), 391-401.

such as FA, GGBS, and silica fume (SF) are often used as
aluminosilicate precursors to produce AAM. However,

AAM are energy- and resource-efficient alternatives to
traditional Portland cement. The reaction of amorphous
alumina and silica-rich solid aluminosilicate sources with
high alkali activators produces these binders. The alka-
li activator ensures the solid raw material's dissolution by
increasing the reaction medium's pH. The dissolved com-
ponents were rearranged and then condensed by polycon-
densation, forming a three-dimensional amorphous alu-
minosilicate network structure [1]. Industrial by-products

*Corresponding author.
*E-mail address: kubra.ekizbaris@kocaeli.edu.tr

while the continuous supply of these by-products is rela-
tively easy in some countries, it remains limited in others
[2]. Therefore, research identifying alternative sources of
raw materials to produce the AAM is essential.

During the production of fired clay-based bricks and
tiles, which are frequently used in the construction indus-
try, the calcination process occurs at 850-950 °C. At these
high calcination temperatures, the bound water in the clay
minerals evaporates, the crystalline structure of clay col-
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lapses, and irregular amorphous SiO, and Al O, phases are
formed [3], which ensures its reactivity [4]. Furthermore,
the existence of these amorphous phases in the structure
of WCB makes it a low-cost and environmentally friendly
alternative aluminosilicate precursor [2]. The material is of
most interest because of the abundant availability of WCB
and 25-93 MPa strength [5]. A large number of WCB is
produced every year on a global scale, both during brick
production and construction and demolition activities.
With the Transformation of Areas Under Disaster Risk in
Tiirkiye coming into force, the increase in urban trans-
formation practices has further increased the amount of
WCB. The majority of WCB is stored in landfills. However,
according to the Regulation on the Control of Excavation
Soil, Construction, and Demolition Waste, these wastes
should be recycled and reused as structure and building
materials [6]. Using WCB in AAM is an environmentally
and economically viable option as it provides a solution to
solid waste management and reduces the carbon footprint
in the construction sector [2].

In the research on activating WCB with a mixture of
sodium hydroxide (NaOH) and sodium silicate (Na Si-
0,=5S), Komnitsas et al. [7] investigated the effect of par-
ticle size, NaOH molarity (8-14 M), and different curing
temperatures (60-90 °C). The highest CS (49.5 MPa) was
determined in samples activated with 8 M NaOH and cured
at 90 °C. Rakhimova and Rakhimov [8] mixed GGBS and
WCB in different proportions (0:100, 20:80, 40:60, 60:40,
80:20, 100:0, by wt.) and activated them with SS or sodium
carbonate (SC). The CS of the binder containing only GGBS
was 97 MPa for the SS-activated binder and 61 MPa for the
SC-activated binder. The CS of the sample with a GGBS:
WCB ratio of 60:40 was determined to be the highest (120
MPa). In another study, Zawrah et al. [9] replaced GGBS
with WCB at 20%, 40%, 60%, and 80% percentages. They
found that a 60% replacement ratio gave the highest CS (64
and 83 MPa at the 7 and 90™ days, respectively). The posi-
tive effects of using GGBS and WCB together were parallel
with the results of Rakhimova and Rakhimov [8].

The potential to produce AAM from a combination of FA
and WCB was assessed by Rovnanik et al. [10]. FA: WCB was
used in the ratios of 4:0, 3:1, 1:1, and 0:4 by wt. The samples
were cured for 7, 28, and 90 days under environmental con-
ditions of 21 °C and 50% RH. According to the study results,
samples containing FA and WCB had lower CS than those
based only on FA. This result contradicted the findings of
Rakhimova et al. [8] and Zawrah et al. [9]. Tuyan et al. [11]
studied the influence of alkali activator concentration and
curing conditions on the properties of WCB-based AAM.
The optimum activator concentration was determined as a
Si0,/Na,O ratio of 1.6 and a Na O ratio of 10%. The max-
imum CS of 36.2 MPa was reached after 5 days of curing
at 90 °C and 40% RH. Increasing the Na O ratio from 4%
to 10% enhanced the CS by increasing the alkalinity of the
mixture and allowing more Si** and AI** ions to dissolve.
Silva et al. [12] conducted an experimental study in which
WCB and natural pozzolan were activated with a combina-
tion of NaOH and SS. The optimum alkali activator ratio was

0.60, the Na,O ratio was 8%, and the water/binder ratio was
0.27. It was determined that a 7-day curing period between
65 and 80 °C resulted in the highest mechanical properties.
The 7-day CS of WCB and natural pozzolan-based materials
was determined to be 37 and 26 MPa, respectively. Ulugdl et
al. [13] reported the effects of different curing temperatures
(50-125 °C), curing periods (24-72 h), and NaOH concen-
trations (10-15%) on the properties of AAM produced from
brick, tile, and glass-based construction and demolition
waste. Using WCB and 12% NaOH, a CS of more than 45
MPa was achieved after a 24-hour curing period at 115 °C.
The larger particle sizes in the glass explained the lower CS
of glass-based materials. Another study [14] produced AAM
by replacing NaOH-activated GGBS with 10-50% WCB.
As the WCB ratio in the mixture increased, the mechanical
properties decreased. However, the CS of the samples with
a 10-50% WCB ratio (approximately 25-45 MPa) was suffi-
cient and acceptable for many applications.

In recent years, Pommer et al. [15] determined that
decreasing the particle size of the WCB resulted in an in-
creased geopolymerization rate and improved mechanical
properties. On the other hand, the coarser particles led to
an increase in porosity, which influenced the physical prop-
erties of the AAM. As a precursor, WCB was substituted
for FA by Liang et al. [16], who found pastes containing
WCB set faster than the reference paste. The energy used
to produce AAM decreased with the addition of WCB.
Compared to a reference sample, the total energy savings
of the 40 wt% WCB-containing sample were approximate-
ly 55%. The effects of alkali activator concentration (8-12
M), alkali solution ratio (1.5-2.5), and curing temperatures
(40-60 °C) on the mechanical and durability properties of
WCB-based geopolymer bricks were researched by Maaze
et al. [17]. The results showed that the optimum molarity,
alkali solution ratio, and curing temperature were 10 M,
2.5, and 60 °C, respectively. The samples were considered
suitable for high-temperature use because of their thermal
stability. Their CS reduced only 3.1-5.8% after exposure to
400 °C and 7.1-8% after exposure to 1000 °C. In another
study, Roy et al. [18] replaced GGBS with WCB at 5%, 10%,
15%, and 20% ratios. They found that a 10% replacement
ratio with a 6 M alkali concentration gave the maximum
CS of 27 MPa. Wang et al. [19] produced an eco-friendly
engineered geopolymer composite by using GGBS, FA, and
WCB precursors. Three WCB proportions of 20%, 50%,
and 80% were used in the precursors. 18 mm polyethylene
fibers were included in the samples to increase the ductility.
80% WCB incorporation resulted in the highest values of
CS (approximately 50 MPa), tensile strength (higher than
4 MPa), and tensile ductility (4%). Furthermore, 80% WCB
incorporation decreased the material's embodied energy,
carbon, and cost by 40%, 30%, and 30%, respectively. In
another research project conducted by Borcato et al. [20],
25%, 50%, and 75% of the metakaolin (MK) were replaced
by WCB. 5% calcium hydroxide was incorporated in some
samples because the CaO content of MK and WCB is low.
Calcium hydroxide increased the CS from 12.3 MPa to 31.6
MPa on the 28™ day. This increasing trend of CS originated
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Table 1. Chemical composition of the raw materials (WCB, NP,
and MP) by X-ray fluorescence spectroscopy

Oxide content (% wt.) Raw materials

WCB NP MP
SiO, 61.11 77.29 0.22
ALO, 14.05 18.48 0.10
Fe,0, 6.11 1.71 -
CaO 8.76 0.33 55.70
MgO 1.72 1.29 0.21
K,0 224 0.30 -
SO, 021 0.10 -
Loss on ignition 5.80 0.50 43.77
Sum of SiO,, ALO,,
and Fe,O, necessary for
alkali activation (>70%) 81.27 97.48 0.32

WCB: Waste clay bricks; NP: Nevsehir pozzolan; MP: Marble powder.

from the coexistence of C-A-S-H gel and N-A-S-H gel in
the AAM structure. In addition, the CS was higher in the
samples with higher WCB content.

Literature data show that WCB enables the production
of AAM. In the studies mentioned above, the alkali activator
is used in solution (in two parts). Aqueous alkali activators
producing conventional two-part AAM are highly corrosive,
viscous, and hazardous. Therefore, their use on an industrial
scale can be problematic. In contrast, one-part AAM is pro-
duced by adding solid alkali activators to the aluminosilicate
precursor. Similar to Portland cement, these binders require
mixing with water before use. Therefore, using a one-part
AAM is more practical and user-friendly than a conven-
tional AAM [21]. However, research data on the production
of WCB-based one-part AAM are limited. In addition, it is
known that only WCB-based AAM may have poor mechan-
ical properties because WCB has a relatively low pozzolanic
activity [8, 10]. Migunthanna et al. [21] studied the produc-
tion possibilities of a WCB-based one-part AAM. WCB was
mixed with FA or GGBS at 20%, 40%, 60%, and 80% wt to
obtain higher mechanical properties. The mechanical prop-
erties of WCB+GGBS-based samples were higher than those
of WCB-based and WCB+FA-based samples. The highest CS
(81.8 MPa) was obtained from 40% WCB and 60% GGBS.

In research on the production of both one-part and
two-part AAM, WCB is replaced with industrial by-prod-
ucts such as FA and GGBS to improve the relatively low
reactivity of WCB and produce materials with higher me-
chanical properties. Unlike these by-products, both Nevse-
hir natural pozzolan (NP) of Tiirkiye and marble powder
(MP), which are made wastes during the sunstone-cutting
cess, may be used in M. Therefore, this research aims to (i)
evaluate the production possibilities of WCB-based one-
part alkali-activated mortar; (i) determine the optimum
substitution ratios with NP and MP wastes to improve the
mechanical properties of the mortar; and (iii) determine
the effects of the curing time, both in the early period and
up to 365 days, on the properties of the mortar.

Figure 1. Mineralogical composition of the raw materials
(WCB, NP, and MP) by X-ray diffraction (XRD) analysis.
WCB: Waste clay bricks; NP: Nevsehir pozzolan; MP: Marble powder.

2. METHODS

2.1. Raw Materials

WCB, an urban transformation waste, was the alumi-
nosilicate precursor for producing one-part alkali-activat-
ed mortar. WCB, with a specific gravity of 2.40, was first
broken into small pieces and then dried in an oven at 90
°C for 48 hours until it reached a constant weight. Then,
it was ground in a ball mill to a maximum particle size of
90 pum. The mineralogical composition of WCB consists
of kaolinite, muscovite, quartz, gypsum, and carbonates.
Calcination is applied at 850-950 °C for the production of
bricks. While kaolinite and gypsum disappear at these cal-
cination temperatures, quartz and muscovite continue to
exist in the structure in a stable state [2]. The mineralogical
composition of the raw materials was determined by X-ray
diffraction (XRD) analysis using a Shimadzu XRD-6000
energy dispersive diffractometer (Fig. 1). According to the
XRD analysis, the main mineralogical composition of WCB
consisted of quartz and albite.

The chemical composition of the raw materials was
obtained by X-ray fluorescence spectroscopy using a
Philips 71 PW-2404 Spectrometer (Table 1). WCB had a
high content of SiO, (61.11%), as well as 14.05% ALO..
During the calcination stage of the clay, the bound water
in the clay minerals evaporates, the crystalline structure of
the clay breaks down, and irregular amorphous phases of
SiO, and Al O, are formed [22]. These amorphous phases
increase the pozzolanic activity of the material [23]. The
flexural and compressive strength results (1.12 MPa and
4.56 MPa, respectively) from the pozzolanic activity test
carried out according to TS 25 [24] showed that WCB has
pozzolanic activity.
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Figure 2. Raw materials of the study: (a) WCB; (b) NP; (c) MP; (d) NaOH; (e) SS; (f) SK.
WCB: Waste clay bricks; NP: Nevsehir pozzolan; MP: Marble powder; SS: Sodium silicate; SK: Standart Sand.

Table 2. Mix design for WCB-based one-part alkali-activated mortars

Sample code WCB NP MP SK NaOH SS Alkali activator: NaOH: Binder: Water:
(g) (g) (g (g (g) (g) aluminosilicate SS (wt.%) SK (wt.%)  binder (wt.%)
precursor (wt.%)

100WCB 400 - - 1200 33.6 66.6 1:4 1:2 1:3 0.65: 1
75WCB:25NP 300 100 -

50WCB:50NP 200 200 -

25WCB:75NP 100 300 -

75WCB:25MP 300 - 100

50WCB:50MP 200 - 200

25WCB:75MP 100 - 300

WCB: Waste clay bricks; NP: Nevsehir pozzolan; MP: Marble powder; SS: Sodium silicate; SK: Standart sand.

WCB (Fig. 2a) was substituted by two various natural
stone wastes with low- and high-calcium contents to pre-
vent strength losses due to the relatively low reactivity of
WCB in environmental conditions and to produce mortar
with higher mechanical properties. NP (Fig. 2b) was waste
obtained from the waste storage area of a volcanic quarry in
the Cappadocia Region (Nevsehir) of Tiirkiye. The specific
gravity of NP was 2.55, the maximum particle size was 90
um, and the specific surface area determined according to
TS EN 196-6 [25] was 7648 cm?/g. As shown in Table 1,
the sum of SiO,, AlZO3, and Fe,O, contents was more than
70%, revealing that NP could satisfy the chemical require-
ments for its use in alkali activation. In addition, NP was a
low-calcium source because its CaO content (0.33%) was
less than 10%. Albite and anorthite, found in NP (Fig. 1),
were additional indicators of its pozzolanic activity. Follow-
ing the pozzolanic activity test [24], NP exhibited pozzolan-

ic activity, as shown by its flexural and compressive strength
results (1.86 and 6.81 MPa, respectively).

MP was supplied from a marble-cutting factory in Izmit
(Fig. 2¢). The bright white MP was dried in an oven at 90
°C for 48 h until it reached a constant weight. Then, it was
ground in a ball mill to a maximum particle size of 90 um.
With 55.7% CaO content, MP was a high-calcium source.
The mineralogical composition of MP mainly consisted of
calcite and a small amount of quartz (Fig. 1).

In the production of AAM, an alkali activator should be
used to increase the pH of the reaction medium to ensure
the dissolution of the aluminosilicate precursor and the de-
velopment of subsequent polycondensation reactions [26].
As alkali activators, solid sodium hydroxide (NaOH) with
98% purity (Fig. 2d) and anhydrous sodium metasilicate
(Na,§i0,=SS) with 50-52% SiO, and 50-48% Na,O ratios
(Fig. 2e) were supplied by Sigma-Aldrich. Standard sand
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(SK) with a specific gravity of 2.58 and a maximum particle
size of 2 mm (Fig. 2f) in compliance with TS EN 196-1 [27]
was used as the aggregate.

2.2. Mixing Ratios

The mixture produced only from WCB (100WCB) was
accepted as the reference sample. The study attempted to
determine the optimum NP and MP substitution ratios to
increase the mechanical properties of WCB-based one-part
alkali-activated mortar. In this context, the amount of WCB
was gradually replaced by NP or MP in proportions of 25%,
50%, and 75% wt. The total alkali activator: aluminosilicate
precursor, NaOH: SS, and binder: SK ratios remained con-
stant at 1:4, 1:2, and 1:3, by wt., respectively (Table 2). No
chemical additives were used in the mixtures to prevent
possible interactions with the alkali solution.

The optimum water: binder ratio that allows producing
a workable mortar was determined through trials during the
preliminary testing process. The optimum water: binder ra-
tio of WCB-based two-part alkali-activated mortars should
be 0.4-0.5 [28, 29], and lower water: binder ratio causes low
workability [30]. However, in this study, the optimum water:
binder ratio that ensures the workability of WCB-based one-
part alkali-activated mortar was determined to be 0.65:1. It
is possible that the increased water needs results from sol-
id-state alkali activators, which raise mixing temperatures
as soon as they come into contact with water and continue
to do so throughout the dissolution process. The resulting
heat caused a more significant amount of water to evaporate
during mixing, thereby increasing the need for mixing wa-
ter. On the other hand, in two-part alkali-activated mortars,
mixing alkali activators with water for 24 hours before add-
ing them to the mixture does not cause an increase in tem-
perature, so there is no need for more water during mixing.

2.3. Production and Curing Conditions

WCB, NP/MP, solid alkali activators (NaOH and SS),
and SK were mixed in dry form for 3 min using the one-
part mixing method (Fig. 3a). Then, deionized water was
gradually incorporated into the mixture and mixed for an-
other 5 min (Fig. 3b). The fresh mixture was placed into
two layers in prismatic molds measuring 40x40x160 mm
(Fig. 3c). After half of the mixture was slowly poured into
the mold, mechanical vibration was applied for 30 seconds
to eliminate air bubbles and ensure complete settling into
the mold. Then, the remaining mixture was poured into
the mold, and vibration was applied again. The polyeth-
ylene-coated samples were kept in the mold at 23 °C for
24 h. The samples removed from the molds after 24 h were
cured under ambient conditions of 23 °C and 55% RH for
7,28, 90, 180, and 365 days (Fig. 3d).

2.4. Experimental Process

A dynamic UV test was applied to the samples by TS
EN 14579 [31]. The UV (in km/s) is calculated using the
following Eq. (1):

Uv=l/t (1)

Where (1) is the length of the sample and (t) is the time
the pulse takes to transverse that length.

(© (d)

Figure 3. Production stages of WCB-based one-part alka-
li-activated mortars: (a) mixing of dry raw materials; (b)
incorporation of deionized water to the dry mixture; (c)
molding the fresh mixture; (d) curing the samples under
ambient conditions of 23 °C and 55% RH up to 365 days.
WCB: Waste clay bricks.

The CS test was performed using an MFL 100 kN ma-
chine at a constant speed of 0.5 N/mm? according to TS EN
196-1 [27]. The CS (in MPa) was calculated using the fol-
lowing Eq. (2):

CS=F /A (2)

Where (Fc) is the maximum load at fracture (in N), and
(A) is the cross-section of the area of the sample resisting
the load (in mm?).

In an experiment with N measurements, one or more
may deviate significantly from the others. These "bad data"
may be easily discarded if an error in the experimental
procedure or an unrelated effect can be found. A statistical
criterion should be applied to determine which results can
be rejected. Chauvenet's Criterion is an approach that es-
tablishes an acceptable statistical scattering about the mean
value of a given sample of "N" measurements. According to
the Criterion, every data point that falls in a range around
the mean representing a probability of 1-1/(2N) ought to
be kept. Data points may be rejected when the data point's
deviation from the mean is smaller than 1/(2N) [32]. The
current study conducted six measurements using UV and
CS tests. The arithmetic means, and standard deviations of
the first results were calculated. Then, "Chauvenet's Crite-
rion table" was considered to determine whether any data
point should be rejected. According to Chauvenet's Crite-
rion for eliminating a data point, the maximum acceptable
deviation was 1.73 for six measurements. All measurement
results that deviate more than this value (1.73) were elimi-
nated. Afterward, the arithmetic mean of the remaining re-
sults was calculated again [33] and declared the "test result."
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Figure 4. Effect of the WCB: NP ratio on the UV and CS of
the samples.

WCB: Waste clay bricks; NP: Nevsehir pozzolan; UV: Ultrasound velocity;
CS: Compressive strength.

3. RESULTS AND DISCUSSION

3.1. Effect of Mixing Ratios on Mechanical Properties

The effects of the change in the WCB: NP ratio on the
UV and CS of the samples are shown in Figure 4.

The reference sample's 7- and 28-day UVs (100WCB)
were 2.51 and 2.88 km/s, and the CSs were 3.61 and 5.92
MPa, respectively. The mechanical properties increased as
the curing period increased. However, the effect of the long-
term curing period on the properties was discussed in the
next section. The lower CS of the reference sample at 7 and
28 days revealed that the reference sample was not sufficient
to provide high strength when cured at room temperature.
Similar to this finding, Migunthanna et al. [21] found the 7-
and 28-day CSs of WCB-based mortar activated with only
solid SS to be 3.3 and 5.4 MPa, respectively. Although the
same aluminosilicate precursor (WCB) type was used, the
CS was lower than the values obtained in this study. This
may be due to the use of NaOH in addition to SS as an alkali
activator. Similarly, Zawrah et al. [9], Tuyan et al. [11], and
Robayo-Salazar et al. [34] found that WCB-based two-part
alkali-activated mortars activated with SS and NaOH had
low CS in the early period under ambient conditions. Be-
cause of the low degree of reaction of WCB under ambient
conditions [11], the limitations in mechanical properties
may be addressed by increasing the curing temperature
[12]. However, in this study, only ambient curing was ap-
plied, considering that curing at high temperatures increas-
es energy consumption in the production process.

By adding NP to the reference sample, enhanced mechan-
ical properties were obtained in the early period. According
to Figure 4, due to substituting WCB with 25% NP, the 7- and
28-day UVsincreased to 1.17 and 1.13 times their original val-
ue, and the CSs increased to 1.21 and 1.33 times their original
value, respectively. The highest mechanical properties were
achieved at 50% NP substitution. The 7- and 28-day UVs of
the 50WCB:50NP sample increased by 1.29 and 1.23 times
compared to the reference sample, reaching 3.25 and 3.56
km/s, respectively. The same samples' 7- and 28-day CS in-
creased by 2.27 and 2.10 times, reaching 8.21 and 12.43 MPa,
respectively. For alkali activation to occur to a high degree, the

SiO,, AL O,, Fe,O,, and CaO content in the reaction medium

Figure 5. Effect of the WCB: MP ratio on the UV and CS
of the samples.

must be sufficient. In particular, SiO, and AL O, are primary
components that affect the formation of the three-dimension-
al amorphous network. Mixtures containing high amounts of
amorphous SiO, and AL O, allow relatively higher mechanical
properties because of the more complete alkali activation re-
actions consisting of three stages (dissolution, rearrangement,
and polycondensation) [35]. The NP's total SiO, and ALO,
content (95.77%) was higher than that of the WCB (75.16%).
This means that when NP was added to the mixture, it in-
creased the amounts of reactive components and made it easier
for the reactions to progress. Thus, higher mechanical proper-
ties were achieved. On the other hand, the effect of increasing
the NP ratio by more than 50% on strength development was
negligible. Similarly, in the literature, when the FA content was
more than 40% in WCB+FA-based one-part alkali-activated
mortars [21] and more than 50% in two-part alkali-activated
mortars [10], the strengths did not increase. Considering that
NP has chemical composition properties similar to FA, these
results are consistent with the findings of this study.

The effects of the change in the WCB: MP ratio on the
UV and CS of the samples are shown in Figure 5.

Adding MP to the reference sample obtained the highest
mechanical properties early. As a result of substituting WCB
with 25% MP, the 7- and 28-day UVs increased by 1.24 and
1.16 times, and the CSs increased by 2.49 and 2.33 times,
respectively. Gradually increasing the MP ratio to 50% and
75% increased mechanical properties. The highest mechan-
ical properties were detected in the 25WCB:75MP sample.
This sample's 7- and 28-day UVs increased by 1.37 and 1.28
times, compared with the reference sample's, reaching 3.44
and 3.70 km/s, respectively. The same sample's 7- and 28-
day CSs increased by 4.12 and 3.64 times, reaching 14.88
and 21.58 MPa, respectively. In addition, the mechanical
properties of WCB+MP-based samples were higher than
those of WCB+NP-based samples at the same curing peri-
od. This result might be due to the high calcium-contain-
ing components in the MP. As shown in Table 1, WCB and
NP contain only 8.76% and 0.33% CaO, respectively. MP,
which includes 55.7% CaO, is a calcium-rich raw materi-
al. A three-dimensional amorphous sodium aluminosili-
cate hydrate (N-A-S-H) gel forms during alkali activation
[1], and this gel gives the mortar its main properties. In this
study, the SiO, and Al,O, components required for forming
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Figure 6. CS of WCB-based one-part alkali-activated mortars as a function of UV.
WCB: Waste clay bricks; NP: Nevsehir pozzolan; UV: Ultrasound velocity; CS: Compressive strength.

the N-A-S-H gel in WCB+MP-based samples were primari-
ly supplied by WCB. During the polycondensation process,
when calcium-rich components from MP were added to
the reaction medium, Na+ ions in the N-A-S-H gel and dis-
solved Ca*? ions were replaced, and a solid (N, C)-A-S-H gel
was formed. In addition, a calcium silicate hydrate (C-S-H)
gel was formed, similar to that in Portland cement. The co-
existence of these gels within the aluminosilicate network
resulted in higher strength development [9, 36, 37].

By measuring the UV of a material, the early reaction
stages, the microstructure development, improvement of
rheological properties, setting, hardening, strength devel-
opment, and even durability properties can be successfully
determined [38-40]. It is possible to state that materials with
higher UV have a more compact microstructure, as no gaps,
cracks, or damage would prevent sound from propagating
through the material [41]. A more compact microstructure
allows the production of materials with higher mechanical
properties. Therefore, regardless of the curing period, the
CS-UV relationship of the samples is shown in Figure 6. The
lowest CS was determined in the reference sample, where-
as the highest was in the 25WCB:75MP sample. All samples
showed a similar trend in terms of the CS-UV relationship.
The CS changed in direct proportion to the UV. Because
the regression lines' correlation coefficients (R?) were in the
range of 0.97-0.99, the relationship between CS and UV was
strong, indicating that CS of the one-part alkali-activated
mortars could be estimated through UV. The Eq. (3) below
represented the linear relationship between CS and UV:

Intensity

25 30 35 4D 4
2-Theta (degree)

Figure 7. XRD results of one-part alkali-activated mortars.
XRD: X-Ray diftraction.

CS=axUV+b (3)

The slope of the regression lines is referred to as the val-
ue "a."

The CS-UV relationship of the samples at each mixture

ratio was expressed according to the following Eqgs. (4-10):

(100WCB) CS=8.17 x UV - 17.06 (4)
(75WCB:25NP) CS=11.74 x UV - 30.05 (5)
(50WCB:50NP) CS=11.98 x UV - 30.56 (6)
(25WCB:75NP) CS=11.50 x UV - 28.85 ?)
(75WCB:25MP) CS=16.13 x UV - 40.87 (8)

(50WCB:50MP) CS=19.45 x UV - 52.66
(25WCB:75MP) CS=21.62 x UV - 59.15

)
(10)
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Figure 8. Effects of the curing period on the CS of the samples.

WCB: Waste clay bricks; NP: Nevsehir pozzolan; UV: Ultrasound velocity; CS: Compressive strength.

3.2. Effect of Mixing Ratios on Mineralogical Properties

Figure 7 shows the XRD results of the reference sample
and the samples containing NP/MP with the highest me-
chanical properties (50WCB:50NP and 25WCB:75MP)
after ambient curing for 28 days. Quartz mineral (Q) was
the main crystalline phase in the reference sample. After
alkali activation reactions, no new phase formation was
observed. This might be because WCB had a relatively
low reactivity, i.e., a low amorphous character, and the
reactions could not develop sufficiently under ambient
conditions. The low amorphous character of WCB was
due to the bricks being allowed to cool slowly after calci-
nation [11]. This finding obtained from the XRD analysis
was parallel to the low mechanical properties exhibited
by the reference sample after a 28-day curing period un-
der ambient conditions.

The XRD pattern of geopolymer mortars containing
various amounts of NP and MP had a similar XRD pat-
tern to the reference sample; however, new amorphous and
semi-crystalline phases were present. After the alkali acti-
vation of 50WCB:50NP, a mixture high in SiO, and AIZO3
formed an alkali three-dimensional amorphous alumino-
silicate (N-A-S-H) gel called geopolymer gel. In addition,
a sodium calcium aluminosilicate hydrate (N, C)-A-S-H)
phase at 20=39.8° was present in the mortar. These newly
formed gel types provide a better-developed internal struc-
ture and, therefore, higher mechanical properties than the
reference sample. On the other hand, hydration products in
the 25WCB:75MP sample are composed of semi-crystalline
phases of calcium silicate hydrate (C-S-H), which have in-

tense peaks centered around 20=32.2°, 50.1°, and 55.1°, and
(N, C)-A-S-H in amorphous geopolymer structure. This
semi-crystalline phase improved the mechanical properties
of the mortar by serving as nucleation sites for the devel-
opment and accumulation of the amorphous geopolymer
products [37]. In other words, the coexistence of both gel
phases within the same network structure promoted alkali
activation and ensured the internal structure development
with higher CS of the mortar.

3.3. Effect of Curing Period

The effects of the curing period on the CS of the samples
are given in Figure 8.

A tendency to increase in the CS of all samples was
observed as the curing period increased. The highest slope
of the curve, between 7 and 28 days, indicated that the
mortar structure developed rapidly during the early pe-
riod. During the early curing period, reactions occurred
rapidly because the raw materials, water, and sufficient
ambient temperature required for alkali activation were
present in the mortar. The three-dimensional amorphous
network structure produced as a result of the reactions
enabled the filling of the voids in the mortar, the devel-
opment of a more compact internal structure, and thus a
rapid increase in mechanical properties [42]. The slope of
the CS-curing period curve of the reference sample was
relatively low, leading to slower strength development.
The fastest strength development in the early period was
detected in samples containing WCB and MP. The 25WC-
B:75MP samples showed the highest UV (3.44 km/s) and
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CS (14.88 MPa) after 7 days. These properties improved
quickly over time; therefore, the samples retained their
highest mechanical properties during the subsequent
curing periods. In other words, the development of alkali
activation in the first 7 days later contributed to the mate-
rial's performance.

On the other hand, regardless of the mixing ratio, the
increase in CS of all samples decreased gradually starting
from the 90" day and tended to remain constant, especial-
ly after the 180™ day. In particular, the rate of increase be-
tween 90 and 365 days was negligible compared with the
growth rate between 7 and 90 days. This finding could be at-
tributed to the fact that the reaction products (both the (N,
C)-A-S-H and C-S-H gels) that occurred during the early
curing period have already filled the voids of the one-part
alkali-activated mortar structure, causing the mortar struc-
ture to become more compact. The tendency for mechani-
cal properties to remain constant in the later curing period
is also compatible with the results of other experimental re-
search in the literature. The strength increment of FA-based
one-part AAM between 180 and 365 days was also stated as
"negligible” by Haruna et al. [42].

The production of geopolymers from WCB, NP, and
MP wastes would lower the cost of storing these wastes,
the land demand required for storage, and the require-
ment for raw materials. Lowering the demand for raw ma-
terials would help to decrease greenhouse gas emissions
and energy requirements. In addition, using these wastes
to synthesize one-part alkali-activated mortars makes
them a more environmentally friendly alternative to the
traditional ones. The results of this experimental study
demonstrate that WCB, NP, and MP wastes can be effi-
ciently used to produce one-part alkali-activated mortars
at the laboratory scale. However, the potential challeng-
es for large-scale implementation should be identified to
make the one-part alkali-activated mortars available in
real-world industrial applications. For instance, the con-
tinuity of the waste raw material sources must be ensured.
With the use of raw materials on an industrial scale, there
might be a shortage of these sources in the foreseeable
future. Since the chemical composition of raw materials
(85i0,, ALO,, Fe,O,, and CaO contents) significantly in-
fluences the development of geopolymerization reactions
and the properties of the resulting product in both fresh
and hardened states, raw materials with constant chemical
composition should be used. It should be considered that
the greater transportation distances of the source materi-
als would reduce the environmental benefits of the one-
part alkali-activated mortars. In addition, in laborato-
ry-scale applications, mixture preparation, molding, and
curing can be easily implemented. However, for this pro-
duction process to be carried out on an industrial scale,
equipment and labor requirements should be defined cor-
rectly, and practical application methods should be devel-
oped. The production cost of the material on an industrial
scale could be another challenge due to the higher cost
of alkali activators. Therefore, a detailed cost analysis of
WCB-based one-part alkali-activated mortars is required.

4. CONCLUSION

It is possible to draw the following conclusions from the
results:

« WCB, obtained as construction and demolition waste, is
an aluminosilicate precursor that can produce one-part
alkali-activated mortar.

» Solid sodium hydroxide and sodium metasilicate are
activator types that can activate WCB-based one-part
alkali-activated mortars.

+ The early low strength of the WCB-based mortar can be
increased by substituting SiO,- and Al O,-rich NP waste
or CaO-rich MP waste with the mortar composition.

+ The optimum NP substitution content is 50%, which en-
hances the development of the reaction, allows the produc-
tion of mortar with a more compact microstructure, and
thus provides higher mechanical properties. Adding NP
above this content is insufficient to enhance the properties.

o The highest mechanical properties are obtained in the mor-
tar containing 25% WCB and 75% MP, possibly because
this mortar is rich in SiO,, ALLO,, and CaO components.

o WCB+NP-based samples have a three-dimensional
amorphous sodium aluminosilicate hydrate gel struc-
ture. In addition to this gel structure, calcium silicate
hydrate gel in the WCB+MP-based samples enables
higher mechanical properties.

o The CS and the UV of WCB-based one-part alkali-ac-
tivated mortars exhibit a directly proportional relation-
ship.

o The mechanical properties of the samples increase with
the curing period. The rate of increase is exceptional-
ly high in the first 28-day curing period. However, the
growth rate between 90 and 365 days is negligible com-
pared to that in the early period.

o One-part alkali-activated mortar composed of WCB,
NP, and MP may assist in overcoming the waste prob-
lem that occurs during urban transformation by mak-
ing cost-effective use of existing raw materials and min-
imizing environmental damage.

o Although experimental study findings provide prom-
ising data on the production of WCB-based one-part
alkali-activated mortars at the laboratory scale, the
potential challenges for industrial-scale production,
such as the continuity of these wastes, the consistency
of chemical composition of the raw materials, greater
transportation distances, higher costs of alkali materi-
als, and the stages of mixture preparation, molding, and
curing, should be taken into consideration.

o Apart from the WCB, NP, and MP used in this research,
the possibility of using other waste types with similar
chemical compositions to produce one-part alkali-ac-
tivated mortar should be explored. Additionally, the
durability properties of the material, such as under
freezing-thawing, wetting-drying, and high-tempera-
ture effects, should be determined in future studies. In
addition, detailed economic analyses should be carried
out to develop practical solutions for mixing and curing
conditions for industrial-scale applications and to use
the material economically under Turkish conditions.
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1. INTRODUCTION

ABSTRACT

Clustering analysis primarily highlights the inhomogeneity of data and can be utilized in
structural engineering to demonstrate strength irregularity. It is well-known that strength ir-
regularity between neighboring floors within a structure or among structural elements can
lead to non-holistic behavior. Therefore, the clustering of compressive strength holds signif-
icant importance. Despite the relevance, only a few studies have addressed the clustering of
compressive strength in recycled aggregate concrete (RAC) and proposed potential solutions
for clustering issues. This paper aims to investigate the clustering of compressive strength in
RAC and explore viable solutions. In this experimental study, four concrete groups were pro-
duced under standard conditions. The first group included natural aggregate concretes (NAC)
designed with the Absolute Volume Method (AVM) as control concretes. The second group,
comprised of RAC, was designed with the equivalent mortar volume method (EVM) as the
control RAC. The third group consisted of RAC treated with silica fume (SF) and designed
using AVM, while the fourth group included RAC designed with EVM. Statistical analyses
were conducted on the 28-day compressive strength test results. The results indicated that the
strength class of compressive strength clusters varied among the four groups. The clustering
of test results was influenced by the type of concrete components used and the design method
employed. Additionally, using silica fume and adopting the Absolute Volume Method reduced
strength fluctuation and regulated the strength class of clusters by bringing them closer to-
gether. In contrast, the Equivalent Mortar Volume Method resulted in a greater dispersion of
strength classes. The clustering effect of recycled aggregate (RA) was more pronounced than
that of natural aggregate (NA). Given these findings, it is essential to implement measures
when utilizing RAC in sustainable structures to address potential clustering issues.

Cite this article as: Dilbas, H., & Giines, M. $. (2024). Clustering analysis of compres-
sive strength of structural recycled aggregate concrete. ] Sustain Const Mater Technol, 9(4),
402-411.

particularly for large structures such as dams, reinforced
concrete buildings, and airport aprons. Quality control

Evaluation of experimental results is a crucial aspect of
engineering structures, with guidelines for evaluation typ-
ically well-defined in relevant codes and regulations [1-4].
Material quality control is essential for structural integrity,
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must be conducted for each unit of concrete production, as
mandated by codes, and it is imperative to evaluate all data
for each structural unit statistically. This approach, required
by standards such as TS EN 206-1, minimizes human er-
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Figure 1. Flowchart of the study.

rors and enhances societal safety. The statistical evaluation
of concrete compressive strength is a well-documented
subject in the literature [5-8], with many studies employing
main statistical parameters (mean, standard deviation, etc.)
and distribution functions [6, 7, 9]. The normal distribution
function is commonly used and deemed suitable for assess-
ing concrete compressive strength [6, 7, 10, 11]. Typically,
statistical evaluations are based on compressive strength
test data, observing population behavior through fitting
distribution functions. However, clustering within test re-
sults can also occur, even when population properties are
consistent across groups. Therefore, it is essential to evalu-
ate both the overall data properties and the cluster-specific
properties within the big data set.

Clustering analysis is a statistical method that high-
lights data inhomogeneity and can be a valuable tool in
structural engineering for assessing strength irregular-
ity in experimental data. Strength irregularity between
neighboring floors or structural elements can lead to
non-holistic behavior, affecting soft-story irregularity in
concrete structures controlled by national codes. Conse-
quently, the clustering of compressive strength impacts
both material and structural behavior, making it a critical
area of study. While research on the clustering of experi-
mental results in conventional concrete (NAC) exists [12],
this subject has not been extensively studied for recycled
aggregate concrete (RAC). For instance, Kilingarslan et al.
[12] investigated the clustering of strengths in concrete
with various aggregate types, finding different cluster-
ing behaviors across aggregate types, with compressive
strengths ranging from 40 to 55 MPa and specific mean
strengths for each cluster. The findings highlighted the re-
lationship between aggregate mechanical strength and the
clustering behavior of concrete properties. In structural
engineering, all concrete or reinforced concrete structure
elements are desired to exhibit uniform strength classes.
Structural element strength variation can lead to inade-
quate load-bearing capacity and issues such as soft floors,
adversely affecting structural performance under lateral
loads like earthquakes. Therefore, it is essential to consid-
er clustering in compressive strength data alongside com-
prehensive statistical analysis when constructing build-
ings with concrete of the same strength class. The reuse
and recycling of materials, including RAC, are encouraged
within the sustainability concept. However, proper clus-
tering analysis is necessary to address potential soft floor
issues due to strength fluctuation in RAC structures, and
possible solutions must be evaluated. Sustainable build-
ings incorporating RAC are gaining attention, with green
buildings expected to become more prevalent globally.

Table 1. Properties of binders

Contents SF Cement
Fe 0, (%) 1.66 34
ALO, (%) 0.72 4.8
Si0, (%) 91.42 18.9
SO, (%) 0.37 3.42
CaO (%) 0.52 64.7
KO (%) 121 0.4
MgO (%) 0.92 1.4
Na,O (%) 0.38 0.7
Density (g/cm?) 0.642 3.11
Loss on ignition (%) 1.72 1.82
Chlorine ratio (%) 0.04 0.0241
Activity index (%) 118 -
Specific surface area (m*/kg) 21290 3840

SF: Silica fume.

This paper aims to investigate RAC behavior and the
implications of its use. Few studies have focused on the
clustering of concrete compressive strength and potential
clustering problems. Clustering compressive strength data
in concrete with various components can result in soft floors
and fluctuating strength distribution in reinforced concrete
structures. Typically, concrete structures are assumed to
have uniform properties, but research indicates that various
factors influence compressive strength and clustering. This
study investigated clustering in RAC and potential solutions,
producing four concrete groups under standard laboratory
conditions. Each group consisted of 30 specimens, cured in
water at standard temperature and subjected to compressive
strength testing at 28 days, yielding 120 test results. Statisti-
cal analyses were performed on the data.

2. MATERIALS AND METHODS

This paper employed different concrete components
and mixing methods to support the paper's hypothesis. The
general methodological flow of the study is given in Fig-
ure 1. The production of the specimens and data collection
from the conducted compressive strength tests was the first
stage of the study. Materials were prepared to mix, and
workability regulations of the concretes were made. Then,
the tests were conducted. The data collected from the ex-
periments were reviewed and evaluated. In this stage, the
data were corrected and assessed using the literature. This
stage can be named as validation part of this paper. Then,
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Table 2. Aggregate types and their properties

Table 3. The properties of SP

Notation Size, LA Residual Density, Water
mm abrasion content, g/cm® absorption,
value, %
% %
Sand 0-4 - - 2.81 131
NA 11.2-22.4 24 - 2.70 0.75
4-11.2 - - 2.73 0.72
RA 11.2-22.4 55 52.5 2.00 8.95
4-11.2 - 39.2 2.06 8.80

RA: Recycled aggregate; NA: Natural aggregate; LA abrasion: Los Angeles
abrasion test.

the data was used in clustering analysis, and the clusters of
the compressive strengths of four concrete groups were ob-
tained. In the last stage of the paper, the results were figured
out, presented, and discussed.

2.1. Materials

CEM I 42.5R cement, which conforms to the specifica-
tions of TS EN 197-1 (2012), was utilized in the mixtures
for general purposes. The characteristics of the binders
employed in this study, including silica fume (SF) and ce-
ment, are presented in Table 1. CEM I cement was select-
ed primarily due to its widespread usage and high regional
prevalence. Consequently, a commonly utilized cement was
chosen over a material with more specific applications.

The concrete mixes employed two coarse aggregates:
natural gravel and recycled coarse aggregate. The granu-
lometry of the aggregates remained unchanged and was
consistent across all concrete mixtures. Calcareous natural
aggregate and sand were used in the fresh mixes, as detailed
in Table 2. A superplasticizer (SP) with a polycarboxylate
ether base was incorporated to enhance the flowability of
the concretes, thereby improving low workability, as out-
lined in Table 3. The S2 slump class, by TS EN 206-1 (2002),
was utilized for all mixes to facilitate ease of production and
mold placement. It is well-known that plasticizers reduce
the pore content in fresh concrete, resulting in a more com-
pact medium. The recycled aggregate originated from con-
crete waste, precisely elements of reinforced concrete struc-
tures. The compressive strength of the recycled aggregate
source was less than 20 MPa, classifying it as low strength.

2.2. Concrete Design Method, Mixing, Curation and

Testing

In the laboratory, fresh concrete mixes were prepared
using a constant cement dosage and water-to-binder ratio,
aiming for a target strength of C30/37 (Table 4). The mix-
ing methods employed were the Equivalent Mortar Volume
Method (EVM) and the Absolute Volume Method (AVM) by
TS 802 (Table 5). The AVM is a widely adopted method rec-
ognized in concrete standards such as TS 802, ACI 211, and
IS 10262. Additionally, the EVM, a mix design procedure
proposed in the literature on recycled aggregate concrete,
has demonstrated satisfactory results. Therefore, this study
compares these methods and examines their performance.

Content Sp
Structure of material Polycarboxylic ether
Alkaline ratio (%) <3
Chlorine ratio (%) <0.1
Density (kg/1) 1.08-1.14
Color Amber

SP: Superplasticizer.

Table 4. Components of concrete series

Components NAC RAC RACSF RACEVM
Water, kg/m? 163 163 163 123
Cement, kg/m? 340 340 323 255

SP, % 0.75 0.85 0.95 1.55

SE kg/m® - - 17 -
Sand, kg/m? 806 806 806 608
NA (11-22.4 mm), kg/m* 775 - - -

NA (4-11.2 mm), kg/m’® 392 - - -

RA (11-22.4 mm), kg/m’ - 574 574 774
RA (4-11.2) mm), kg/m* - 296 296 368

NAC: Natural aggregate concrete; RAC: Recycled aggregate concrete; SF:
Silica fume; EVM: Equivalent mortar volume.

Table 5. Compressive strength results in concrete

Components RAC.EVMRAC RAC.SF NAC
Average compressive

strength 51.89 3920 42.44 44.12
Std. deviation of

compressive strength 395 252 1.49 2.63
Minimum

compressive strength 45.55 28.37  34.48 36.55

NAC: Natural aggregate concrete; RAC: Recycled aggregate concrete; SF:
Silica fume; EVM: Equivalent mortar volume.

The AVM requires that a unit volume of concrete in-
cludes concrete components in specific proportions for
each strength class, as described in Equation 1. The primary
components of concrete are cement, water, and aggregate,
among others [13].

Vm’= Vagg +V, +V +V, +V_ (1)

Here, V, is the volume of chemicals, V__ is the volume
of cement, V__is the volume of aggregate, V_is the volume
of water, and V__is the volume of air in concrete.

In the Absolute Volume Method (AVM), as defined by
TS 802, the initial step involves determining the quantity
of binding materials. During this stage, parameters such
as water and water-to-binder ratios are established. Typi-
cally, the material content that occupies one cubic meter of
volume is calculated as the unit volume of concrete. Sub-
sequently, the determined material volumes (e.g., cement,
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water) are subtracted through a reverse calculation process
from the unit volume (1 m?).

Conversely, the Equivalent Mortar Volume Method
(EVM) requires that recycled aggregate concrete (RAC)
and natural aggregate concrete (NAC) maintain a specific
proportion of total mortar volume to natural gravel. The
objective is to achieve a consistent aggregate volume in the
mixture for both RAC and NAC. The amount of mortar
present in recycled aggregate (RA) is a critical factor and
must be quantified [14, 15] (Table 2). The mortar content
in RA is dissolved using a 0.1 M HCI solution, leaving be-
hind coarse natural aggregate. Consequently, the mortar
volume is incorporated into the new mortar content of the
fresh mixture, and the remaining portion is considered part
of the aggregate volume. Thus, a portion of the calculated
mortar and aggregate volumes in the mix is supplied by RA,
with the remaining volume being added to the mixtures.

EVM required the constant volume of aggregate, and
the volume was calculated as (Eq.3) [16]:

Vit x (1-R)
Sy
,;G [l |
= -]

V;n_::—r:. ACrate _
()

(2)
(1 - RMC) %

Here, RMC is the residual mortar content of RA, V  NA¢
is the volume ratio of fresh NA in control concrete, Viea
RCA-concrete j5 the volume ratio of coarse aggregate in RAC,
SG,°"* and SG, *“* is original virgin aggregate, and the bulk
specific gravity of RA, respectively, and R is the volume
fraction of fresh NA content of RAC to fresh NA content of
control concrete.

Fresh concrete was cast properly and molded (ASTM
C192/C192M-13a (2013)). The vibration was also em-
ployed to settle the fresh concrete into the molds. 15 cm
cube specimens were produced. The total number of spec-
imens for each series was 30, cured in 22F2 °C water. The
curing process was applied to the specimens for 28 days.
The concrete specimens (28 days old) were applied to the
tests, and a 3000 kN compression machine was used to
perform the compressive strength test according to TS EN
12390-3 (2010) (Table 5).

According to TS 500 (Requirements for design and con-
struction of reinforced concrete structures), the compres-
sive strength of concrete was determined by a 90% confi-
dence interval. However, in this research, the opposite of TS
500, a 95% confidence interval, was considered to increase
the accuracy. The strength class is NAC, RAC, and RAC.SF
and RAC.EVM was found by using Eq. 3-4 (TS EN 206):

fy2ft1960 ©)
>f, -40 (4)

¢, min

Here, fC i and o are the min. comp. Strength (MPa)

and standard deviation, respectively, f. . and f, are the
mean and characteristic compressive strengths (MPa).

2.3. Evaluation of Test Data by Statistical Methods

This study investigated the natural cluster structure of
various concrete types using Hierarchical Cluster Analysis
(HCA). The clusters were naturally determined, and their

accuracy was verified with k-means clustering. Cluster
analysis revealed the topography of the measured data, al-
lowing the identification of possible scatter in the strength
waves of the concrete clusters. Consequently, changes in
the strength class within the measured data of the clusters
can be readily calculated—notably, NAC, RAC, and RAC.
SF was naturally divided into two clusters each, while RAC.
EMV was split into three clusters. The movement of con-
crete units between clusters was determined using diago-
nal dendrograms, and the data structure was examined by
visualizing the clustering results with dendrograms, which
also illustrated the branches of the clusters. The statistical
significance of the relationships between clusters obtained
from HCA results was assessed using the Chi-square test,
providing an overview of the study data's general charac-
teristics. This approach offers insights into the similarity of
concrete components concerning strength classes.
Additionally, a structure called a tanglegram, using mu-
tual dendrograms was discussed and employed as a method
of classification and comparison. Therefore, the classification
and comparison of the results were performed using tangle-
grams. The primary advantage of this system is the cross-ex-
amination of movements between concrete units, which
form the characteristics of the strength classes. Compari-
sons with the control indicated the direction in which the
strength classes moved across different concrete types. One
critical factor influenced by this method was the sample size;
increasing the number of samples allows for a more detailed
examination of the strength class movements. Clustering
methods were applied to concrete groups based on their gen-
eral structure, while Chi-square analysis was used to mea-
sure the statistical significance of these groups. All statistical
analyses were conducted using R statistical software [17].

2.3.1. Hierarchical Cluster Analysis

Hierarchical Cluster Analysis (HCA) is a statistical
method used to partition data into clusters based on the
similarities among data points. The primary objective of
cluster analysis is to ensure heterogeneity between clus-
ters and homogeneity within clusters. The cluster analysis
results are visualized using dendrograms, illustrating the
hierarchical relationships among objects [18]. This study's
data set was segmented into clusters using the centroid
linkage algorithm and Euclidean distance. The centroid
linkage method, one of the algorithms in HCA, relies on
the means of observations that form the cluster [19]. In ad-
dition to HCA, k-means clustering analysis was performed,
and the resulting groupings were consistent with those ob-
tained through HCA. Euclidean distance (d):

—
d, = \lI;Z'[X-'- -X.) (5)

where the sum is extended over the M variables which
characterize each pair of objects i and j. The central concept
of the centroid linkage technique is to consider the distance
between the centroids of the data points in clusters. The
equation for the centroid-based linkage approach is below
(Centroid of a finite set of k points x1, X2, X3, ..., xn).
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Figure 2. Hierarchical cluster analysis results (dendrograms).

_al+ a2+ a3+l K

. (6)

c

2.3.2. Chi-Square Analysis

The Chi-square test was one of the most widely used
tests among nonparametric tests in different application
areas. The two most commonly used chi-square methods
were tests of independence and tests of goodness. The Chi-
square independence test was used to examine the relation-
ship between categorical variables in the study. The chi-
square distribution was often used to test two independent
qualitative criteria. The null hypothesis (HO) states that the
two criteria were independent; the research (alternate) hy-
pothesis (HA) stated that there was a relationship between
the two criteria [20].

3. RESULTS AND DISCUSSIONS

3.1. Compressive Strength Class of Concretes

The results showed that C30/37 was achieved for RAC.SF
and only (Table 6). RAC.EVM has C35/45, and the result of
RAC was determined as C25/30. The results presented the in-
fluence of the components and considered mixing methods.
RA's weak properties (i.e., high water absorption ratio) affect-
ed the properties of concrete, decreasing the strengths (i.e.,
compressive strength) [21-27]. RA adhered to an old mortar
(AOM) part in its body, and AOM was the key to opening
the negative impact door in concrete. Hence, AOM decreased
compressive strength. A question that comes to mind is: How
is AOM affected? AOM with a porous structure was the re-

Table 6. Strength class of concretes
RAC NAC

RAC.SF  RAC.EVM

Strength class ~ C25/30  C30/37 C30/37 C35/45

NAC: Natural aggregate concrete; RAC: Recycled aggregate concrete; SF:
Silica fume; EVM: Equivalent mortar volume.

sponse [28]. However, considering a mineral addition (i.e.,
SF) in the mix design may treat the strengths, increasing the
compressive strength. The treatment steps of SF may be caus-
ing an additional C-S-H gel, reducing free calcium hydrox-
ide content and filling/closing pores [29-30]. Besides, EMV
responded significantly to the strengths and increased the
strength and the strength class [14]. Here, the improvement
of EMV may be caused by considering the aggregate concen-
tration for RAC, which should be similar to that of NAC.

3.2. Compressive Strength Class of Concretes

In this study, hierarchical cluster analysis (HCA) was
applied to examine the natural structure of concretes, with
visual results presented in Figure 2. This approach illus-
trated the strength class mapping of the measured data as
clusters, facilitating comparing cluster results. Consequent-
ly, changes or constancies in strength classes could be ob-
served, revealing the data's topology. Variations in strength
within clusters can affect structural behavior under loads,
particularly lateral loads such as those from earthquakes.
Therefore, a detailed examination of the measured data was
conducted to investigate the behavior of the concretes con-
sidered in this paper.
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Table 7. Compression test results of concrete clusters

Concrete types Cluster number Mean of cluster
NAC Cluster 1 42.829
Cluster 2 46.691
RAC Cluster 1 36.509
Cluster 2 41.552
RAC.SF Cluster 1 38.629
Cluster 2 43.643
RAC.EMV Cluster 1 57.77
Cluster 2 53.235
Cluster 3 47.987

NAC: Natural aggregate concrete; RAC: Recycled aggregate concrete; SF:
Silica fume; EVM: Equivalent mortar volume.

Concrete strengths were classified into four groups.
According to the cluster analysis results, NAC, RAC, and
RAC.SF was naturally divided into two clusters each, while
RAC.EMV was split into three clusters. Considering the
homogeneity of bulk data, clustering data into subgroups
may pose challenges. Ideally, a higher number of clusters
would ensure a homogeneous distribution of units within
the clusters, thereby achieving overall homogeneity in the
data structure. The accuracy of the identified clusters was
tested with k-means clustering, and the cluster means are
provided in Table 7.

In theliterature, Kilingarslan et al. [12] conducted research
on concrete with various aggregate types (trachybasalt (TB),
sand and gravel (SG), limestone (L), recrystallized limestone
(RL), dolomite (DO), and tephra-phonolite) to investigate
clustering of strengths such as compressive strength, splitting
tensile strength, and bending strength. They found that R-,
L-, and SG-based concretes formed one cluster, DO- and TB-
based concretes formed three clusters, and TB-based concrete
formed two clusters in the test results [12]. It was reported
that concretes with compressive strengths ranging from 40
to 55 MPa were obtained, with L-based concrete exhibiting a
mean compressive strength of 44.26 MPa within one cluster
[12]. Furthermore, the mechanical strength of aggregate and
the clustering behavior of concrete properties (e.g., compres-
sive strength) were correlated [12]. Thus, it can be inferred
that RA, with lower properties than NA, may alter clustering,
as evidenced by the test results. The concrete mixing process
was another factor influencing clustering (Table 7).

Based on the analysis results from hierarchical cluster
analysis and descriptive statistical analysis, the strength
classes of the concretes were determined and categorized
as lower (<20 MPa), medium (20-40 MPa), and high
(>40 MPa). According to the dendrograms (Fig. 2), the
clusters of concretes generally fell within the medium
strength class (C30/37). However, each group exhibit-
ed distinct strength classes due to mixing method and
mineral treatment variations. For instance, RAC was di-
vided into two clusters, each corresponding to C25/30
and C30/37 strength classes, highlighting the dominant
effect of RA when compared to NAC. A similar behavior

was observed for RAC.SFE, with each cluster also corre-
sponding to C25/30 and C30/37 strength classes. Con-
versely, RAC.EMV exhibited a unique structure, where
the first cluster fell within the high-strength class, and
the remaining clusters were within the medium-strength
class. These results suggest extensive data on the com-
pressive strength of RAC.SF, and RAC.EMV should be
thoroughly analyzed. Furthermore, the findings indicate
that clustering may induce a soft floor in reinforced con-
crete structures and create structural elements with fluc-
tuating strength distributions if concrete designed with
RA is used.

Tanglegrams (Fig. 3) were employed to visualize the
cluster structure of concretes. The graphs in Figure 3 were
constructed based on the displacement of concrete units
between clusters. A Tanglegram consists of a pair of den-
drograms on the same set of lines, with corresponding
lines in the two dendrograms connected by an edge. This
allows a visual comparison of dendrograms obtained
from different algorithms or experiments by linking data
labels with edges. In Figure 3, the displacement of con-
crete units within the strength classes was analyzed. For
example, upon comparison, concrete units 28 and 29,
initially in cluster 2 of NAC, were found in cluster 1 of
RAC. It was observed that these units shifted from the
C30/37 strength class (NAC, Cluster 1) to the C25/30
strength class (RAC, Cluster 1), suggesting that the use
of RA contributed to the reduction in strength class re-
sults. Another comparison involved NAC and RAC.SE. A
significant shift in concrete units' location within cluster
and strength classes was noted. The decrease in strength
class was anticipated due to the presence of RA in RAC.
SE while the increase in strength class was attributed to
adding SE

When comparing NAC and RACEMV tanglegrams,
it was notable that most concrete units shifted from the
medium strength class (C30/37) to the high strength class
(C40/50). Concrete units 28, 1, and 22, initially in NAC
(Cluster 2) within the medium strength class (C30/37),
moved to the high strength class when compared with RAC.
EMV. This shift can be explained by the EMV design, which
aims to maintain a consistent NA ratio in the total volume
of RAC, providing strength through NA, which serves as
a framework in concrete [8]. As a result, the decreases in
strength observed in RAC were not present. EMV. However,
the natural aggregate structure in RA is believed to play a
role in the strength increase [28].

This study clustered concrete strengths using Euclide-
an distance and the central neighborhood algorithm. The
accuracy of the hierarchical cluster analysis results was ver-
ified using k-means clustering. Based on the tanglegram
results, a high cluster and strength class shift rate was ob-
served between the control group (NAC) and other con-
crete groups (RAC, RAC.SE, and RAC.EMV).

The null hypothesis (HO) stated that the two criteria
were independent. In this paper, all relationships were
significant for the Chi-square hypothesis (Table 8). The
significance of cluster changes was assessed using the Chi-
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Figure 3. Comparisons of Hierarchical Cluster Analysis results with tanglegrams.
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Table 8. Chi-square analysis results according to hierarchical cluster analysis

Variable Value df AS Results

relationships (2-sided)

NAC and RAC 13.125 1 0.000 NAC and RAC have a statistically significant relationship
(reject at a=0.05 level).

NAC and RAC.SF 6.429 1 0.011 There is a statistically significant relationship between NAC and RAC.SF
(reject at a=0.05 level).

NAC and RACEMV  19.165 2 0.000 There is a statistically significant relationship between NAC and RAC.EMV

(reject at a=0.05 level).

AS: Asymptotic significance; NAC: Natural aggregate concrete; RAC: Recycled aggregate concrete; SF: Silica fume; EVM: Equivalent mortar volume.

square test (Table 8). The variables (clusters) used in the
analysis were derived from hierarchical and k-means clus-
tering. According to the results, the Chi-square tests for all
compressive strength groups were significant at the 95%
significance level.

3.3. Statistical Parameters of Clusters

In the analysis of the '‘Compressive Strength Class of
Concretes, the strength class of the concretes was exam-
ined individually (Table 6) and within the context of clus-
ters (Table 7). This approach facilitates the comparison
of the overall data and clustering effects on the strength
class. According to the results, the targeted strength class
of C30/37 was achieved for RAC—SF and NAC. Howev-
er, the strength class of NAC clusters was observed to be
C30/37, consistent with the overall data. This consistency
did not extend to the other concretes, as their clusters ex-
hibited different and scattered strength classes. It can be
stated that the use of RA in concrete caused a decrease in
compressive strength, increased scatter, and standard de-
viation, resulting in clusters. RA was more dominant than
NA—for instance, clusters of RAC.SF included C25/30 and
C30/37 strength classes, whereas the overall data for RAC.
SF showed a strength class of C30/37. The use of RA in RAC
appeared to introduce heterogeneity in the compressive
strength data, with the clustering effect of RA being more
pronounced than that of NA.

Examining the standard deviation (SD) of clus-
ters revealed that RA increased the SD of compressive
strength in clusters, while SF and EMV decreased it.
The coefficient of variation (CV), defined as the stan-
dard deviation divided by the mean, assessed changes
between strength classes. A low CV indicates minimal
variation in the data. For NAC, the CV was 6%, with
cluster 1 showing a CV of 5% and cluster 2 a CV of 2%.
This indicates more significant variability in the first
cluster of NAC concrete units with a medium strength
class (C30/37). For RAC, the overall CV was 8%, with
cluster CVs of 7% and 3%, respectively. Significant shifts
were observed in the first cluster of RAC, resulting in
differing strength classes: C25/30 for the first cluster and
C30/37 for the second cluster.

RAC.SF exhibited some of the lowest CV values at the
main (6%) and cluster levels (6% for the first cluster and 2%
for the second cluster)—the first cluster of RAC.SF showed
a strength class of C25/30 with higher variability, while the

second cluster showed a strength class of C30/37 among the
three clusters formed from RAC.EMYV, low variability was a
notable feature, with each sub-cluster exhibiting different
strength classes. Cluster 1 had the lowest variability and a
high strength class (C40/50), while clusters 2 and 3 had the
same CV but different strength classes: C35/45 and C30/37,
respectively.

4. CONCLUSIONS

This study aimed to investigate the clustering of the
compressive strength of recycled aggregate concrete (RAC).
Four concrete groups were produced under standard con-
ditions for this experimental study. The first group includ-
ed natural aggregate concretes (NAC) designed using the
Absolute Volume Method (AVM) as control concretes. The
second group comprised RACs designed using the Equiva-
lent Mortar Volume Method (EVM), serving as the control
for RAC. The third group consisted of RACs treated with
silica fume (SF) and designed using AVM, while the fourth
group comprised RACs designed with EVM. Statistical
analyses were performed on the test results, including Hier-
archical Cluster Analysis (HCA), strength class determina-
tion, and Chi-Square Analysis.

The introduction of recycled aggregate (RA) in RAC
resulted in more significant heterogeneity in compres-
sive strength data, increased scatter, and higher stan-
dard deviation than natural aggregate (NA). Specifically,
clusters of RAC showed a broader variation in strength
classes (C25/30 and C30/37) compared to NAC, which
maintained a consistent strength class of C30/37. This
indicates that the clustering effect of RA is more dom-
inant than NA's. Consequently, this heterogeneity may
lead to clusters in the compressive strength of concrete
and variability in the measured data, potentially creating
a soft floor effect in reinforced concrete structures and
structural elements with fluctuating strength distribu-
tions if RAC is used.

EVM showed potential as a preferred method over
mineral addition treatment for enhancing RAC. However,
further investigations are warranted to explore addition-
al concrete parameters, such as cement dosage and wa-
ter-to-binder ratio, which may influence RAC's overall per-
formance and consistency. This critical study area warrants
further exploration to enhance RAC's understanding and
practical application.
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Sustainability has gained significant importance in civil engineering and other areas in recent
years. Numerous studies have been conducted on using recycled aggregates to demolish vari-
ous structures in this context. However, almost all these studies have focused on recycled ag-
gregates from traditional concrete. This study investigated the usability of recycled aggregates
obtained from pervious concrete produced in a laboratory environment for use in pervious
concrete production. Natural aggregate was substituted with recycled pervious concrete ag-
gregate at weight ratios of 20%, 40%, 60%, 80%, and 100%. The concrete series' compressive,
flexural, and splitting tensile strengths, water permeability coefficient, porosity values, and
freeze-thaw resistance were examined. Additionally, the microstructure before and after the
freeze-thaw effect was analyzed using scanning electron microscopy. The results showed that
recycled aggregates increased the water permeability coefficient and porosity but negatively
affected the mechanical properties.
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1. INTRODUCTION

Constructing pedestrian pathways, sidewalks, and roads
with impermeable coverings like concrete and asphalt caus-
es various adverse effects due to harsh climate transitions
and climate change. As a habit or necessity inherited from
past applications, impermeable coverings from imperme-
able materials occupy a significant area in cities. This leads
to undesirable situations such as water accumulation on the
surface, water pollution, interruption of the connection be-
tween air and soil, and delayed water transfer to the ground.
These conditions increase the risk of flooding and disrupt
traffic flow safety. Constructing pedestrian pathways, side-
walks, and highways from permeable materials like pervi-
ous concrete will facilitate rapid water transmission to the
ground, preventing water accumulation on the surface.

*Corresponding author.
*E-mail address: demetyavuz@yyu.edu.tr

This will contribute to ensuring traffic safety, facilitating
groundwater replenishment, and supporting the partial pu-
rification of water due to the retention of polluting particles
by concrete [1-4].

Pervious concrete is a special type made from coarse
aggregate and cement, without or with low amounts of fine
aggregate. Although the porosity of pervious concrete var-
ies in different ranges, it is generally reported to be 15-25%
[5]. According to ACI 522-R [6], the porosity of pervious
concrete is recommended to be between 15% and 35%. Due
to the absence of fine aggregate or its use in only around
10%, the voids in pervious concrete are relatively large and
interconnected. However, this structure has significantly
lower strengths than previous concrete compared to tra-
ditional concrete, which limits its usage [6]. Although the
strength ranges vary widely, the compressive strengths of

Published by Yildiz Technical University Press, Istanbul, Tiirkiye
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pervious concrete are reported to be between 2.8-28 MPa,
and flexural strengths range from 1.5-3.2 MPa. The me-
chanical properties of pervious concrete are influenced by
various factors such as water-to-cement ratio, compaction
degree, binder volume, and aggregate gradation [7].

One of the critical issues recently discussed in the con-
struction sector is earthquakes and the existing building
stock. As a result of the increasing need for shelter and re-
cent natural disasters like the Kahramanmarag earthquake,
a significant amount of demolition waste is produced. The
demolition caused by the Kahramanmaras earthquake high-
lights the importance of the issue, with an estimated amount
of waste ranging from 350 to 580 million tons [8]. Reusing
these difficult-to-store wastes in new concrete production
will add value to the economy and eliminate or reduce the
need for landfilling. While countries like France and Japan
have specific guidelines for the reuse of waste concrete, nu-
merous researchers worldwide are conducting studies on
recycling [9-13]. There are also environmental advantages
to using RAs as aggregates in concrete mixtures. Normally,
unused RAs are sent to landfills for storage. However, due
to increasing urbanization and reconstruction, storage areas
are insufficient, and new regions are needed. Therefore, the
need for additional storage areas is reduced by re-evaluating
RAs. In addition, RAs, which can be produced on-site, can
be produced cheaper than virgin aggregates. Thus, it is pos-
sible to reduce the cost of aggregate production.

Recycled aggregate (RA) is produced by crushing, siev-
ing, and sorting old concrete into specific sizes. One of the
significant challenges encountered when using RA in new
concrete production is the presence of old cement paste
and mortar adhering to the aggregate particles. This paste
and mortar increase RA's water absorption capacity and
porosity, decreasing strength properties [14-17]. There are
numerous studies on using coarse, fine, or powdered recy-
cled aggregate in different building materials. Hosseinne-
zhad et al. [18] examined the effect of recycled coarse ag-
gregate substitution on the properties of roller-compacted
concrete. Alghader et al. [19] investigated the usability of
recycled aggregate in self-compacting concrete production.
Kanagaraj et al. [20] studied the properties of geopolymers
produced using recycled aggregate, while Tan et al. [21] ex-
amined the use of ground recycled aggregate powder as a
binder in geopolymer production. Giiltekin [22] explored
the feasibility of using recycled aggregate in cement-based
SIFCON composites, while Eryilmaz et al. [23] investigated
using recycled geopolymer concrete aggregate in geopoly-
mer production. Numerous studies have also been con-
ducted on using RA in previous concrete outputs.

Zaetang et al. [10] examined the effect of RA usage on
the properties of previous concrete. They reported that
60% RA instead of natural aggregate provided a reason-
able compressive strength of 15 MPa. Sriravindrarajah et al.
[24] stated that using RA to produce pervious concrete at
constant porosity harms compressive strength. Nazari et al.
[25] studied the use of recycled aggregates obtained from
different types of bricks in pervious concrete. They noted
that the increase in RA quantity led to a gradual increase

in porosity and a gradual decrease in density, likely due to
the porosity of RA. Similarly, Brasileiro et al. [26] reported
a 10% increase in water permeability in pervious concrete
with 50% RA usage but a 56% loss in compressive strength.
Barnhouse et al. [27] examined the effects of RA usage on
compressive strength and modulus of elasticity. There have
been numerous studies on using recycled aggregate in var-
ious building materials, such as aggregate, filler, and even
binder. However, most of these studies used recycled ag-
gregate from traditional concrete. Therefore, there is a need
for research on the use of recycled aggregate derived from
pervious concrete in building material production.

In this study, the effect of recycled pervious concrete
aggregate substitution on pervious concrete properties was
investigated. In this context, 150x150x150 mm cube pervi-
ous concrete samples were produced in the laboratory us-
ing limestone aggregate. After determining the compressive
strengths of these pervious concretes, they were crushed in
a jaw crusher and sieved to obtain recycled pervious con-
crete aggregates in the range of 5-15 mm. The investigation
of the effects of the thickness and properties of the mortar/
paste layer adhering to the aggregate on the properties of
pervious concrete, which may differ from those of recycled
aggregates produced from traditional concrete, constitutes
the original aspect of the study. Accordingly, six different
series of pervious concrete were made, one containing
only crushed limestone and the others containing 20%,
40%, 60%, 80%, and 100% recycled aggregates to replace
limestone by weight. The compressive, splitting tensile,
and flexural strengths, porosity values, water permeability
coefficients, and freeze-thaw resistance of concretes were
determined. Additionally, a scanning electron microscopy
(SEM) examination was conducted to observe the changes
in the internal structure caused by freeze-thaw cycles.

2. EXPERIMENTAL STUDY

2.1. Materials

The study used CEM I 42.5 R type Portland cement
conforming to TS EN 197-1 [28] as the binder and crushed
limestone in the 5-15 mm size fraction as the aggregate.
Tap water was also utilized. The crushed limestone was
obtained from a local ready-mix concrete plant. The recy-
cled aggregate was produced under laboratory conditions
using limestone and obtained from cement-based pervious
concrete with compressive strength ranging from 10 to 15
MPa. After determining the compressive strength of the
pervious concrete samples, they were crushed with a jaw
crusher and sieved through sieves to obtain recycled aggre-
gate in the 5-15 mm size fraction. Photographs and some
physical properties of the aggregates are presented in Fig-
ure 1 and Table 1, respectively. The mortar/paste thickness
around the recycled aggregate in pervious concrete differs
from that in traditional concrete. This resulted in the spe-
cific gravity of the recycled aggregate being close to that of
crushed limestone aggregate. However, it is observed that
the water absorption capacity of the recycled aggregate is
significantly higher than that of crushed limestone. To in-
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Figure 1. Aggregates (a) Recycled aggregate, (b) Limestone
aggregate.

crease the fluidity of the paste phase, superplasticizer was
used in varying proportions ranging from 0.1% to 0.8% of
the cement weight, and silica fume was used at a rate of 5%
of the total binder weight to increase both the paste volume
and contribute to the mechanical properties.

Due to the old cement paste layer in RAs, their specific
gravity is lower than natural aggregates (Table 1).

2.2. Concrete Production

The mixtures were prepared using a laboratory-type
concrete mixer with a capacity of 40 dm’. In all mixtures,
the binder dosage was set as 400 kg/m’, the water/binder
ratio was fixed as 0.32, and concretes with a target porosi-
ty value of 15% were produced. First, cement, silica fume,
and aggregates were dry-mixed for 2 minutes. Superplasti-
cizer and water were mixed and added to the mixer in ap-
proximately 30 seconds, and the mixer was operated for 2
minutes. At the end of this period, the mixer was stopped,
particles adhering to the bowl's walls were scraped off with
a trowel, and the mixer was operated for another 2 minutes.
At the end of the time, the consistency and homogeneity
of the mixture were visually inspected, and the placement
process was initiated.

The placement process was carried out in 3 layers, and
each layer was compacted with 25 strokes with a tamping
rod. The top surfaces of the samples were levelled with a
trowel and left to cure under ambient conditions for 1 day.
Afterward, specimens were de-molded and subjected to
standard water curing for 27 days in lime-saturated water.
Cubic specimens with dimensions of 150 mm for compres-
sive strength, prism specimens of 100x100x400 mm for
flexural strength, and cylindrical specimens with a diame-
ter of 100 mm and a height of 200 mm for splitting tensile
strength were prepared. Porosity and water permeability
coeflicient tests were also conducted using cylindrical spec-
imens. Three specimens from each series were used for each
test, and the average of the three was reported.

2.3. Mixtures

Within the scope of the study, six different concrete se-
ries were produced: one control mixture containing only
limestone aggregate, one mixture containing entirely re-
cycled aggregate, and four mixtures containing 20%, 40%,
60%, and 80% by weight of recycled aggregate substitution
for limestone. Due to the loss of workability with recycled
aggregate, superplasticizer was added in proportions rang-
ing from 0.1% to 0.8% of the cement weight (Table 2).

Figure 2. Water permeability coefficient test setup .

Table 1. Physical properties of aggregates

Physical property Limestone Recycled
aggregate (LA) aggregate (RA)

Specific gravity 2.67 2.63

Water absorption (%) 0.30 8.95

2.4, Tests

Compressive, flexural, and splitting tensile strength
tests were conducted following TS EN 12390-3 [29], TS EN
12390-5 [30], and TS EN 12390-6 [31] Standards, respec-
tively.

Porosity values were determined by measuring the
weights of the samples after being kept in air and sub-
merged in water for 24 hours. Subsequently, porosity values
were calculated using Equation 1.

P = [] my = 'ﬂ‘l,-:l
a p.xV 1)

Here, m, represents the weight of the specimen in the
air (g); m, represents the weight of the specimen in water
(g); or(g);p, represents the density of water (g/cm®); V rep-
resents the volume of the sample (cm?); and P represents
the porosity (%).

The water permeability coefficient test was conducted
using a decreasing water level test setup, as shown in Fig-
ure 2. Firstly, the side surfaces of the sample were sealed
with a waterproof insulation material, and the sample was
placed in the test setup. Water was supplied from the top,



J Sustain Const Mater Technol, Vol. 9, Issue. 4, pp. 412-420, December 2024

415

Table 2. Theoretical material quantities for 1 m? of pervious concrete

Code Materials (kg)
Cement Silica fume Water Aggregate Plasticizer
LA RA

Ref 380 20 128 1590 - -
RA20 380 20 128 1272 318 0.04
RA40 380 20 128 954 636 0.06
RA60 380 20 128 636 954 0.08
RAS80 380 20 128 318 1272 0.18
RA100 380 20 128 - 1590 0.32

LA: Limestone aggregate; RA: Recycled aggregate.

Figure 3. 28-day compressive strength test results.

and the total flow time was measured using a stopwatch.
Based on the obtained data, the water permeability coef-
ficient was determined using Equation 2. In the equation,
k represents the water permeability coefficient in units of
cm/s, a represents the cross-sectional area of the pipe in
units of cm?, 1 represents the length of the sample in units
of mm, A represents the cross-sectional area of the sample
in units of cm?, and t represents the flow time of water in
seconds. h, and h, values indicate the pipe's initial and final
water heights in cm, respectively.

axl hy

k = I
Axt ' "h, 2)

Freeze-thaw resistance tests were conducted follow-
ing the GB/T 50082-2009 [32] Standard, with freezing at
-18+2 °C for two hours followed by thawing at 5+2 °C for
two hours. Weight losses were determined after 30, 60,
120, and 180 cycles.

3. RESULTS AND DISCUSSION

3.1. Compressive Strength

The compressive strengths of the series produced with-
in the scope of the study are presented in Figure 3. The
negative effect of using RA on the compressive strength of
pervious concrete is evident in Figure 3. While the com-
pressive strength of the concrete containing only limestone
aggregate is 30.3 MPa, the strengths gradually decrease with

Figure 4. 28-day flexural strength test results.

the substitution of RA, reaching 15.7 MPa in the series pro-
duced entirely with RA, representing a 48% decrease. The
highest compressive strength is obtained from the control
sample without RA, and as the RA content increases grad-
ually, the compressive strength decreases. Since the water
absorption value of RA is higher than that of limestone ag-
gregate, these aggregates absorb some of the mixing water,
reducing the water-to-cement ratio in mixtures where RA is
used. Additionally, due to the lower compressive strengths
of RA compared to limestone aggregates, the fact also nega-
tively affects the compressive strength of pervious concrete.
In a similar study, Yang et al. [33] reported that pervious
concrete produced with 60% RA compressive strength was
31% to 32.5% lower than the control mixture. Nazeer et al.
[34] investigated the effect of RA usage on the mechanical
properties of pervious concrete. They noted that substitut-
ing natural aggregate with 50% and 100% RA reduced com-
pressive strengths by 21% and 32%, respectively. Li et al. [35]
also determined sharp decreases in the compressive strength
of pervious concrete when RA substitution exceeded 40%.

3.2. Flexural and Splitting Tensile Strength

The flexural and split tensile strengths of concrete series
produced with different proportions of RA substitution are
presented in Figure 4 and Figure 5, respectively. Like com-
pressive strength, the flexural and split tensile strengths de-
creased with RA substitution, and the reductions continued
as the substitution ratio increased. The flexural and splitting
tensile strengths of the control sample without RA, which
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Figure 5. 28-day splitting tensile strength test results.

Figure 6. 28-day porosity test results.

Figure 7. 28-day water permeability test results.

were 5.0 MPa and 2.5 MPa, decreased to 4.1 MPa and 1.7
MPa, respectively, with 100% RA substitution, representing
reductions of 18% and 32%, respectively. The cutbacks in
splitting tensile strength were higher than those of the loss-
es in flexural strength at all substitution ratios. Yang et al.
[33] reported losses in flexural strength ranged from 18%
to 26% as RA usage increased from 0% to 60% in pervi-
ous concrete. In a similar study, Nazeer et al. [34] noted a
13% loss in flexural strength with 50% RA usage, which in-
creased to 41% when RA was used entirely.

3.3. Porosity

The porosity values of the pervious concrete produced
in the study are presented in Figure 6. The mixture with
the lowest porosity value, at 15.9%, is the reference mixture,

Figure 8. Mass remaining after 0, 30, 60, 120 and 180
freeze-thaw cycles.

while, as expected, porosity values increased gradually with
RA usage, reaching 17.2% with an 8% increase at a 100%
substitution ratio. Consistent with previous studies on RA
usage, contrary to the results in mechanical properties, an
increase in porosity values is observed with RA usage. This
is primarily attributed to a more significant number of rel-
atively larger voids in coarse aggregates due to the effect of
the previous mortar layer adhering to the aggregates [15,
36, 37]. Similar results to those obtained with RA produced
from traditional concrete were also obtained in this study.
Nazeer et al. [34] reported increased porosity from 19.4% in
pervious concrete without RA to 19.8% with 50% RA sub-
stitution. Similar studies by El-Hassan et al. [38], Tuan et
al. [39], and Malayali et al. [36] have reported increases in
porosity values with RA usage.

3.4. Water Permeability Coeflicient

The water permeability coeflicients of the concrete
produced in the study are presented in Figure 7. Similar to
the trends in porosity values, it is observed that the perme-
ability coeflicient increases with RA usage. The coefficient,
which was 1.12 cm/s in the reference series, increased by
33% to 1.49 cm/s with 100% RA substitution. The voids
in the aggregate are believed to contribute to this increase
and enhance permeability. In previous studies on this mat-
ter, Nazeer et al. [34] and Lyu et al. [40] reached similar
conclusions to this study, while Yang et al. [33] reported
opposite findings, suggesting that although RA usage may
increase the permeability of pervious concrete, the de-
crease in connected voids and practical porosity values
might be the cause.

3.5. Freeze-Thaw Resistance

The changes in the weights of the concrete series after
30, 60, 90, 120, and 180 cycles of freeze-thaw are in Fig-
ure 8. It is observed that as the RA usage rate increases,
the remaining weight after freeze-thaw cycles decreases.
It was previously mentioned that, compared to limestone
aggregates, RAs have higher water absorption values and
thus absorb some mixing water. Therefore, the water pres-
ent in their structure freezes as the temperature drops and
melts as it rises. With repeated occurrences of this process,
the cement paste structure is estimated to deteriorate more
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Figure 9. Internal structures of selected samples after 0 and 180 freeze-thaw cycles.

rapidly than the concrete produced with limestone, leading
to lower freeze-thaw performance. The weaker interfacial
transition zone in concrete produced with RAs has also
contributed to this behavior.

Results show that mass losses increase in all sam-
ples with successive freeze-thaw cycles. As freeze-thaw
continues, the water in the large and wide pores of PCs
freezes and then melts. When water changes from lig-
uid to solid, it expands and stresses the pore boundaries.
The cement paste structure deteriorates with each cycle,
losing its adhesive properties between aggregates. In this
study, it is noted that initially, mass losses in the samples
during the first freeze-thaw cycles were relatively low.

Still, as freeze-thaw continued, mass loss increased cu-
mulatively. The increased ratio of RA usage adversely af-
fected the freeze-thaw behavior of PCs. It is known that
concretes with lower mechanical behavior also exhibit
relatively lower freeze-thaw performance. Therefore,
mixtures containing RAs are expected to show lower
freeze-thaw resistance. After 180 cycles, the mass loss in
the control sample was 80.46%, while for RA20, RA40,
RA60, RA80, and RA100 samples, these values were
74.65%, 69.74%, 64.88%, 59.87%, and 51.68%, respec-
tively. Considering that the samples lost approximately
half of their mass after 180 cycles, the effect of freeze-
thaw damage becomes evident.



418

J Sustain Const Mater Technol, Vol. 9, Issue. 4, pp. 412-420, December 2024

Liu et al. [41] produced pervious concretes by substitut-
ing RA for natural aggregates at ratios of 0%, 25%, 50%, 75%,
and 100%, and reported that as the RA usage ratio increased,
the freeze-thaw resistance of these concretes decreased sig-
nificantly. Wu et al. [42] stated that among the RA-containing
pervious concretes they produced at ratios of 0%, 30%, 50%,
70%, and 100%, the mixture with RA% had the worst freeze-
thaw resistance. They mentioned that this mixture lost its
strength before reaching 100 cycles. Still, by adding sufficient
amounts of fly ash and air-entraining admixture to the same
mix, the freeze-thaw performance could be extended up to
150 cycles. Yan et al. [43] replaced natural aggregates with
RA at 0%, 30%, 70%, and 100% ratios and examined their ef-
fects on pervious concrete. It was noted that the compressive
strength after freeze-thaw cycles decreased gradually with
increasing RA ratio and cycle duration.

Figure 9 presents SEM images of the control, RA20, and
RA100 specimens after 0 and 180 freeze-thaw cycles. Upon
examining the SEM images, it can be observed that the in-
ternal structures of the specimens not subjected to freeze-
thaw cycles are denser and undamaged. At the same time,
deep cracks are formed in the internal structures of the per-
vious concretes after 180 cycles.

4. CONCLUSIONS AND RECOMMENDATIONS

In this study, recycled aggregates obtained from pervi-
ous concrete were used by replacing specific proportions of
limestone, and the compressive, flexural, and splitting ten-
sile strengths, porosity, and water permeability coefficient,
as well as freeze-thaw performance of the produced pervi-
ous concretes, were investigated. Considering the materials
used and the experimental methods applied, it is possible to
state the following results:

o Substituting recycled aggregate resulted in decreases
in compressive, flexural, and splitting tensile strengths,
with reductions intensifying as the substitution rate in-
creased. Specifically, at a 100% substitution rate, the de-
crease in compressive strength was 48%, while the losses
in flexural and splitting tensile strengths were 17% and
34%, respectively.

o Both porosity and permeability coefficients increased
gradually with recycled aggregate and an increase in
substitution rate. The lowest water permeability val-
ue was obtained in the reference mixture at 1.12 cm/s,
while the highest value of 1.49 cm/s was observed at
100% recycled aggregate substitution.

o As the freeze-thaw cycles increased, the mass loss ob-
served in pervious concrete also increased. Additionally,
the usage rate of recycled aggregate negatively impacted
the freeze-thaw performance. The control mixture, pro-
duced solely with limestone aggregate without recycled
aggregate, exhibited the best freeze-thaw performance,
while the mixture with 100% recycled aggregate showed
the lowest performance.

o  When SEM images taken before and after freeze-thaw cy-
cles were examined, it was observed that there were no mi-
cro or macro cracks in the internal structure of the cement

paste before the cycles. With an increase in the number of
cycles, it was determined that microcracks appeared par-
tially at low replacement rates, while at high replacement
rates, larger cracks accompanied the microcracks.
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