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Preface

The global civil engineering sector stands at a critical juncture, tasked with extending the

service life of aging infrastructure while constructing new assets that are resilient, durable, and

sustainable. It is within this context that advanced composite materials have emerged as a pivotal

enabling technology. This Reprint, ”Composite Materials for Civil Engineering Applications,” is

motivated by the urgent need to bridge the gap between the promising properties of these materials

and their reliable, codified application in real-world structures. Our primary aim is to present a

curated collection of research that not only showcases material performance but also addresses the

multifaceted challenges of integration, durability, and environmental impact.

This volume is specifically addressed to a diverse audience of academic researchers, practicing

civil and structural engineers, advanced students, and policymakers who are engaged in the

future of construction materials. We have sought to compile works that speak to both the

fundamental understanding of material behavior and the practical imperatives of construction. The

scope is intentionally broad, reflecting the interdisciplinary nature of the field, and encompasses

the mechanical enhancement of structures with fiber-reinforced polymers, the development of

low-carbon geopolymer systems, and the innovative valorization of industrial and agricultural

by-products.

A central challenge that this Reprint engages with is the transition of composites from

laboratory prototypes to mainstream engineering solutions. This requires a profound understanding

of long-term performance under complex environmental exposures, the refinement of interfacial

interactions in hybrid systems, and the establishment of robust design guidelines. The contributions

herein tackle these issues head-on, offering insights from the microstructural to the structural scale. It

is our sincere hope that the scientific findings and engineering methodologies presented will serve as

a valuable resource and a catalyst for innovation, ultimately contributing to the development of safer

and more sustainable infrastructure worldwide.

Yanshuai Wang, Dong Guo, Jun He, and Bai Zhang

Guest Editors
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Editorial

Editorial: Composite Materials for Civil Engineering Applications

Dong Guo 1, Yanshuai Wang 2,*, Bai Zhang 3 and Jun He 4

1 School of Civil Engineering and Transportation, Guangzhou University, Guangzhou 510180, China;
dong.gzhu@gzhu.edu.cn

2 College of Civil and Transportation Engineering, Shenzhen University, Shenzhen 518060, China
3 School of Civil Engineering, Changsha University of Science and Technology, Changsha 410205, China
4 School of Civil Engineering, Chang’an University, Xi’an 710064, China
* Correspondence: yswang@szu.edu.cn

Composite materials are attracting increasing attention in civil engineering due to
their superior properties, such as high stiffness, excellent strength-to-weight ratios, cor-
rosion resistance, and design tailorability. Concurrently, the global imperative for more
durable, resilient, and sustainable infrastructure is driving the innovative adoption of fibre-
reinforced polymers (FRPs) and other advanced composites in both new construction and
the strengthening of ageing structures [1–3]. The successful integration of composites into
mainstream practice necessitates addressing critical challenges, including understanding
the working mechanism of FRP in various structural systems and long-term performance
under complex environmental exposures, aiming at conducting full lifecycle assessments
and developing reliable design codes [4,5]. This Special Issue brings together the latest
research to provide a comprehensive platform bridging materials science, structural engi-
neering, and practical implementation. This Special Issue of Journal of Composites Science,
comprising nine research articles, contributes to this endeavour by presenting scientific
insights and technological advancements in innovative construction techniques and sustain-
able civil engineering materials. The studies collectively address critical fronts: enhancing
the durability and load-bearing capacity of structures using FRPs, developing novel low-
carbon geopolymer systems, and valorising industrial and agricultural by-products for
resource-efficient construction. These works demonstrate how interdisciplinary research
integrating mechanics, materials science, and environmental engineering can transform
conventional practices towards more resilient and sustainable infrastructure. The topics
span from the dynamic behaviour of confined composites and the interface analyses of
strengthened members to the microstructural design of geopolymers and the functional
use of waste-derived components. Together, these papers exemplify the ongoing inno-
vation aimed at solving pressing engineering challenges while adhering to sustainability
principles. Below is a thematic overview of the featured studies.

Feng et al. [6] investigated the dynamic compressive behaviour of carbon fibre-
reinforced polymer (CFRP)-confined high-water material under impact loading. Utilising a
Split Hopkinson Pressure Bar (SHPB) and Scanning Electron Microscopy (SEM), they sys-
tematically analysed the effects of the water-to-cement ratio, number of CFRP layers, and
strain rate. The research found that CFRP confinement significantly increased peak strength
and impact resistance, refined failure modes, and mitigated microstructural damage by
restraining lateral deformation. This provides a complete theoretical basis from macro to
micro perspectives for designing impact-resistant support systems in deep mining.

The confinement effects of FRP are mainly manifested in the contact-critical applica-
tions of FRP-strengthened structures, while for bond-critical applications, its performance

J. Compos. Sci. 2026, 10, 67 https://doi.org/10.3390/jcs10020067
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relies on the bond behaviour between the FRP and another adherend. Li et al. [7] system-
atically studied the coupled effects of hygrothermal environments and interface rough-
ness on the bond behaviour and flexural performance of prestressed CFRP-strengthened
cracked steel beams. Four-point bending test results revealed that high-grade sandblast-
ing (Sa3) significantly enhanced interfacial bond strength via a synergistic “mechanical
interlock–adhesion” mechanism, while end anchorage and prestress application effectively
suppressed CFRP debonding and increased material utilisation efficiency to 96.8–98.5%.
Although hygrothermal exposure accelerated interfacial deterioration, its influence on the
ultimate load was relatively limited, offering valuable scientific insights for the design and
interface treatment of steel bridges in hygrothermal regions.

Beyond the external bonding strengthening of the sole FRP composites at the circum-
ference or tensile soffit of existing structures, they can be directly embedded within concrete
matrices as reinforcements or grids, forming Carbon Fabric-Reinforced Cementitious Ma-
trix (CFRCM) strengthening overlays. Zhu et al. [8] studied the degradation of tensile
properties in CFRCM composites under electrochemical anodic polarisation, comparing
the effects of three standard electrolyte solutions (NaCl, NaOH, simulated concrete pore
solution). The results indicated that anodic polarisation significantly reduced the peak
tensile strength and post-cracking stiffness, with the degradation severity dependent on the
electrolyte type. Crucially, it was found that strength degradation was more pronounced
for carbon-fibre bundles embedded in the mortar matrix than for bare bundles, providing
critical durability data for integrated cathodic protection–structural strengthening systems.

In the analysis of novel composite structures, Çelik al. [9] investigated the free vibra-
tion characteristics of functionally graded material (FGM) Timoshenko beams using both
analytical and numerical approaches. They derived governing equations using Hamilton’s
principle and solved them using the Navier solution method, while also establishing a
3D finite element model in ABAQUS for verification. The results showed a high level of
agreement between the two methods. This research provides a reliable methodology for
the dynamic analysis of advanced composite structures with complex material gradients.

Beyond the structural usage of the composite materials, the philosophy of sustainable
development drives construction materials towards low carbonisation and waste resource
utilisation, a trend not only evident in superstructures but also extending to geotechnical
engineering. In the development of low-carbon cementitious materials, geopolymers are a
promising alternative to ordinary Portland cement (OPC). Pourdolat et al. [10] innovatively
employed silica fume-derived sodium silicate (SSA) combined with NaOH as an activator
for fly ash-based geopolymer mortar. The study showed that the SSA system exhibited
comparable workability and longer setting times than the commercial sodium silicate
(SSC) system, while achieving superior mechanical properties and a denser microstructure
when cured at 65 ◦C and 80 ◦C. Economic and environmental assessments indicated an
approximate 30% cost reduction and a modest decrease in carbon emissions. This work
demonstrates the technical viability of SSA as a sustainable activator for next-generation
geopolymers. To further improve the carbonation resistance of geopolymer material, Li
et al. [11] systematically examined the effects of the magnesium oxide (MgO) content
and metakaolin-to-fly ash ratio on the carbonation performance, mechanical properties,
and microstructure of geopolymer pastes. The research found that MgO addition signif-
icantly enhanced compressive strength and carbonation resistance, reducing the 28-day
carbonation depth by up to 80.4%. Microstructural analysis indicated that MgO promoted
the hydration process, forming fine Mg(OH)2 crystals that refined the pore structure and
increased matrix densification.

The composite materials are also applied to improve the properties of traditional
cementitious materials. Yu et al. [12] introduced basalt fibre into foam concrete and pro-

https://doi.org/10.3390/jcs10020067
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posed a novel methodology based on Digital Image Correlation (DIC) technology and
the DBSCAN clustering method to quantitatively analyse tensile damage evolution and
localisation behaviour. The statistical results indicated that basalt fibre incorporation not
only effectively delayed the damage process and increased the initial damage threshold
load of foam concrete but also significantly inhibited damage localisation. This provides an
advanced characterisation tool for studying the damage mechanisms and optimising the
performance of such lightweight, high-strength materials.

In addition, Amorim et al. [13] investigated the feasibility of incorporating indus-
trial rolling mill residues (lamination waste) into mortars. The chemical, physical, mi-
crostructural, and mechanical properties were evaluated using various techniques includ-
ing XRF, XRD, FTIR, and SEM/EDS. The results showed that incorporating industrial
lamination waste could improve the mechanical strength of mortars and reduce capillary
water absorption in some mixes, proving it a technically feasible and environmentally
friendly alternative.

In geotechnical engineering, composites are used to modify soil properties. Cheng
et al. [14] focused on the influence of rubber fibre on the engineering characteristics of
calcareous sand. A series of triaxial tests revealed that increasing the rubber fibre content re-
duced the strength of rubber–calcareous sand but effectively suppressed dilatancy, reduced
particle breakage, and altered its permeability. The study established a power-function
relationship between the input energy and the relative breakage rate of calcareous sand,
providing a scientific basis for selecting the optimal mix ratio for the environmentally
friendly use of waste rubber in road subgrade fill engineering.

The research compiled in this Special Issue comprehensively demonstrates the latest
advances in composite materials for addressing key challenges in civil engineering, from
enhancing the dynamic performance and durability of FRP-strengthened structures [6–8]
and FGM beams [9] to developing novel geopolymers with high performance and durabil-
ity [10,11], utilising fibres [12] or industrial waste [13,14] to modify construction materials.
These works collectively emphasise the core importance of multi-scale understanding
(from microstructure to macro-performance), analysis of multi-factor coupling effects, and
sustainability assessment in modern composite material.

Despite significant progress, the path to the widespread application of composites in
civil engineering remains fraught with challenges. Future research should focus more on
establishing long-term performance databases and predictive models for materials under
complex multi-field coupled environments, developing performance-based design theories
and codified standards, and exploring intelligent monitoring and lifecycle management
technologies for composite structures.

We believe that the outcomes presented in this Special Issue will serve as a valuable
reference for researchers, engineers, and students in the field and inspire further innovative
work to collectively advance the role of composite materials in building safer, more durable,
and more sustainable infrastructure.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Guo, D.; Zhu, M.-C.; Deng, J.; Zhong, M.-T.; Zhou, H. A novel methodology for determining the FRP-to-steel/concrete bond-slip
relationship from load-displacement curves under thermal effects. Compos. Struct. 2025, 377, 119886. [CrossRef]

2. Wang, Y.-S.; Alrefaei, Y.; Dai, J.-G. Influence of coal fly ash on the early performance enhancement and formation mechanisms of
silico-aluminophosphate geopolymer. Cem. Concr. Res. 2020, 127, 105932. [CrossRef]

3. Guo, D.; Liu, Y.-L.; Gao, W.-Y.; Dai, J.-G. Bond behavior of CFRP-to-steel bonded joints at different service temperatures:
Experimental study and FE modeling. Constr. Build. Mater. 2023, 362, 129836. [CrossRef]

https://doi.org/10.3390/jcs10020067
3



J. Compos. Sci. 2026, 10, 67

4. Wang, Y.-S.; Peng, K.-D.; Alrefaei, Y.; Dai, J.-G. The bond between geopolymer repair mortars and OPC concrete substrate:
Strength and microscopic interactions. Cem. Concr. Compos. 2021, 119, 103991. [CrossRef]

5. Dong, Z.; Han, T.; Zhang, B.; Zhu, H.; Wu, G.; Wei, Y.; Zhang, P. A review of the research and application progress of new types of
concrete-filled FRP tubular members. Constr. Build. Mater. 2021, 312, 125353. [CrossRef]

6. Feng, F.; Meng, S.; Huang, H.; Zhou, Y.; Zhao, H. Dynamic Compressive Behavior of CFRP-Confined High Water Material. J.
Compos. Sci. 2025, 9, 482. [CrossRef]

7. Li, J.; Wu, K.; Yang, M. Influence of Interface Roughness and Hygrothermal Environment on the Flexural Performance of
Prestressed CFRP-Strengthened Cracked Steel Beams. J. Compos. Sci. 2025, 9, 602. [CrossRef]

8. Zhu, M.; Zhang, Y.; Chen, H.; Deng, J.; Zeng, C. Degradation of Tensile Properties in CFRCM Composites Under Anodic
Polarization: Role of Standardized Electrolyte Solutions. J. Compos. Sci. 2026, 10, 16. [CrossRef]

9. Çelik, M.; Demirkan, E.; Yıldırım, A.F. Analytical and Numerical Investigation of Vibration Characteristics in Shear-Deformable
FGM Beams. J. Compos. Sci. 2025, 9, 567. [CrossRef]

10. Pourdolat, N.; Raizada, P.; Gupta, R. Mechanical and Microstructural Performance of Fly Ash-Based Geopolymer Mortar
Activated by Silica Fume-Derived Sodium Silicate. J. Compos. Sci. 2026, 10, 22. [CrossRef]

11. Li, S.; Ji, D. Tuning the Carbonation Resistance of Metakaolin–Fly Ash-Based Geopolymers: The Dual Role of Reactive MgO in
Microstructure and Degradation Mechanisms. J. Compos. Sci. 2025, 9, 549. [CrossRef]

12. Yu, H.; Liu, C.; An, Y.; Ma, R.; Liu, Y. Statistical Analysis of Tensile Damage of Basalt Fiber Foam Concrete Based on DBSCAN
Clustering Method. J. Compos. Sci. 2025, 9, 694. [CrossRef]

13. Amorim, A.L.M.; Oliveira, J.V.B.L.; Coelho, R.C.M.; Teti, B.S.; Costa, E.C.; Lima, N.B.; Alves, K.G.B.; Lima, N.B.D. Sustainable
Mortars Incorporating Industrial Rolling Mill Residues: Microstructural, Physical, and Chemical Characteristics. J. Compos. Sci.
2026, 10, 42. [CrossRef]

14. Cheng, Y.; Geng, H.; Wang, L.; Wang, Y.; Yang, G.; Xie, Y.; Ma, L.; Li, C. Effect of Rubber Fiber Content on the Mechanical
Properties of Calcareous Sand. J. Compos. Sci. 2025, 9, 578. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/jcs10020067
4



Article

Dynamic Compressive Behavior of CFRP-Confined High
Water Material

Feiyang Feng 1, Shuling Meng 2, Haishan Huang 3, Yafei Zhou 4 and Hongchao Zhao 5,*

1 School of Geology and Mining Engineering, Xinjiang University, Urumqi 830047, China;
107552404778@stu.xju.edu.cn

2 China West Construction Group Co., Ltd., Urumqi 610200, China; 15037445129@163.com
3 Xinjiang Saier Energy & Mining Co., Ltd., Tacheng 834406, China; 18999317182@163.com
4 Korla Jinchuan Mining Co., Ltd., Korla 841001, China; zhouyafei25400@163.com
5 State Key Laboratory of Intelligent Construction and Healthy Operation and Maintenance of Deep

Underground Engineering, Xuzhou 221116, China
* Correspondence: zhaohongchao@xju.edu.cn

Abstract: As mining operations extend deeper underground, support structures are in-
creasingly subjected to severe impact loads. The dynamic mechanical performance of
column-type support systems has, therefore, become a pressing concern. In the present
research, a Split Hopkinson Pressure Bar (SHPB) apparatus, combined with Scanning
Electron Microscopy (SEM), is used to systematically examine how the water-to-cement
ratio, number of carbon-fiber reinforced polymer (CFRP) layers, and strain rate influ-
ence the dynamic compressive behavior and microstructural evolution of CFRP-confined
high-water material. The results indicate that unconfined specimens are strongly strain
rate-dependent, with peak strength following a rise–fall trend. A lower water–cement
ratio results in a denser internal structure and improved strength. Additionally, CFRP
confinement markedly enhances peak strength and impact resistance, refines failure modes,
and promotes the formation of denser hydration products by limiting lateral deformation.
This confinement effect effectively mitigates microstructural damage under high strain
rates. These findings clarify the reinforcement mechanism of CFRP from both macroscopic
and microscopic perspectives, offering theoretical insights and engineering references for
the design of impact-resistant support systems in deep mining applications.

Keywords: underground mines; composite structures; SHPB; CFRP; high-water material

1. Introduction

As shallow coal resources become increasingly depleted, mining activities are rapidly
shifting to greater depths. This transition has led to an increase in rockburst occur-
rences, which now pose a significant threat to the safe operation of coal mines [1–3].
Current prevention strategies primarily involve multi-parameter precursor identification
systems based on acoustic emission monitoring and other sensing technologies [4–7].
These are often combined with pressure relief techniques such as large-diameter borehole
drilling [8–12], alongside roadway support methods like bolt–mesh systems for surround-
ing rock control [13–15]. Together, these approaches form an integrated “early warning–
pressure relief–support” system for rockburst mitigation.

To further reduce the damage caused by rockbursts, researchers have proposed vari-
ous novel energy-absorbing support systems based on different reinforcement strategies.

J. Compos. Sci. 2025, 9, 482 https://doi.org/10.3390/jcs9090482
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Xu et al. [16] innovatively introduced a steel honeycomb sandwich panel as an energy-
absorbing device to mitigate the impact energy from rockbursts. Zhang et al. [17] in-
vestigated the influence of joint roughness coefficient and interface morphology at the
rock–shotcrete interface on the dynamic splitting behavior of rock–concrete composites.
Fan et al. [18] developed a novel expansion–friction composite energy-absorbing anchor
cable to address the vulnerability of conventional anchors under rockburst conditions in
coal mines, significantly improving their impact resistance.

In addition to these reinforcement strategies, vertical support systems are also es-
sential components of underground mining support technology [19,20]. Batchler [21]
demonstrated that the mechanical performance of pumpable column supports is jointly
influenced by external confinement and the properties of internal filling materials. In
underground mine support, high-water quick-setting materials have attracted consider-
able attention due to their strong water affinity, high fluidity, rapid setting, and ease of
application. Meanwhile, fiber-reinforced composite materials have been widely adopted
by researchers owing to their high specific strength and excellent corrosion resistance. To
address the limitations of conventional FRP-confined columns in accommodating large
deformations in mining environments, Yu et al. [22] proposed a novel composite column
structure composed of an outer FRP tube and an inner filling of coal gangue–calcium
sulfoaluminate-based high-water cementitious material. Building upon this design, Zhao
et al. [23] further investigated the effects of fiber type, number of confinement layers, and
water–cement ratio on the static mechanical properties of FRP-confined high-water mate-
rial. Their findings showed that FRP provides lateral confinement during compression,
with the degree of confinement determined by the type and thickness of the FRP. Stronger
confinement enhances both compressive strength and deformability. The drainage behavior
of high-water material also contributes to its large-deformation capacity. Liu et al. [24]
conducted triaxial compression tests to simulate lateral confinement and systematically
studied the compressive behavior and bleeding mechanism of high-water material un-
der varying confining pressures. The results revealed that the seepage threshold is most
significantly influenced by the water–cement ratio, followed by confining pressure and
curing time. The material initially undergoes slow volumetric shrinkage, followed by
rapid compression and progressive densification. A lower water–cement ratio results in
reduced free water content, requiring higher confinement to prevent damage caused by
water migration. However, these studies have primarily focused on static conditions, and
the dynamic mechanical behavior of such materials under high strain rates remains largely
unexplored.

Numerous studies have investigated the dynamic mechanical behavior of fiber-
reinforced confined concrete. Yang et al. [25] conducted Split Hopkinson Pressure Bar
(SHPB) tests to examine the effects of different numbers of AFRP wrapping layers and
strain rates on the dynamic response of concrete. Their results indicated a positive correla-
tion between dynamic strength and strain rate, with AFRP-confined concrete exhibiting
significantly higher strength and toughness than unconfined concrete. Xiong et al. [26]
evaluated the compressive behavior of CFRP-confined concrete under high-strain rates and
compared it with unconfined specimens. While unconfined concrete was highly sensitive to
strain rate, showing increased strength with increasing strain rate, the confined concrete ex-
hibited improved overall strength but less strain rate sensitivity. Guo et al. [27] developed a
unified model for the dynamic compressive strength of FRP-confined concrete based on an
experimental database. Under certain FRP confinement conditions, both the compressive
strength and corresponding strain of unconfined and FRP-confined concrete increased with
strain rate. Moreover, as the FRP confinement ratio increased, the dynamic enhancement
factor also rose. However, the confinement effectiveness of FRP is more prominent under
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quasi-static loading. Under dynamic loading, concrete may fail before the FRP confinement
is fully mobilized, resulting in a non-linear relationship between confinement ratio and en-
hancement efficiency. Jiang et al. [28] identified a typical three-stage stress–strain behavior
of FRP-confined concrete under dynamic compression: initial rise, post-peak decline, and
secondary rise. Their experiments confirmed this pattern and revealed that the lateral–axial
strain curve under dynamic loading is similar in shape to that under quasi-static conditions,
though the confinement effect of BFRP is more pronounced in the dynamic regime. Strain
rate history analysis showed asynchronous changes between axial and lateral strain rates
near the peak, leading to a lower dynamic confinement ratio compared to the static case and
contributing to the post-peak decline. To characterize this effect, the concept of dynamic
confinement ratio (fl,d/fcd) was introduced, with a threshold value of 0.045 proposed to
ensure effective confinement. While these studies provide a solid theoretical foundation
for the present work, the dynamic behavior of high-water backfill materials confined by
fiber-reinforced composites remains largely unexplored.

Building upon the above, this study focuses on the dynamic behavior of CFRP-
confined high-water material. A series of Split Hopkinson Pressure Bar (SHPB) impact
compression tests was conducted, accompanied by Scanning Electron Microscopy (SEM)
analysis. Both unconfined and CFRP-confined groups were tested under varying conditions,
including different water–cement ratios (1.25, 1.5, 1.75), numbers of CFRP confinement
layers (0, 1, 3), and strain rates. The experiments systematically examined the effects of
water–cement ratio, confinement condition, and strain rate on the dynamic compressive
strength and microstructural characteristics of CFRP-confined high-water material.

2. Experimental Program

2.1. Test Specimens

The specimens were primarily composed of high-water material, water, adhesive,
and carbon fiber-reinforced polymer (CFRP) sheets. The high-water material, supplied by
angzhou Zhongkuang Building New Materials Technology Co., Ltd., Yangzhou, China,
consisted of two separate components: Component A, composed mainly of calcium alu-
minate and calcium sulfoaluminate, and Component B, primarily composed of gypsum
and lime. Tap water was used for mixing. The adhesive and CFRP sheets, responsible
for bonding and confinement, respectively, were provided by Shanghai Hanma Construc-
tion Technology Co., Ltd., Shanghai, China. The tensile properties of the CFRP are listed
in Table 1 [29]. The adhesive was prepared by mixing carbon fiber impregnating resin
(HM-180C3P, Part A) and structural epoxy resin (HM-120CP, Part B) at a ratio of 2:1.

Table 1. Mechanical Properties of CFRP.

Material
Average Tensile
Strength (MPa)

Average Strain
(×10−2)

Elastic Modulus
(GPa)

CFRP 3346.89 1.23 267.57

As shown in Table 2, a total of 41 cylindrical specimens were prepared for the exper-
iment, including 20 unconfined specimens and 21 CFRP-confined specimens. The tests
were conducted using a Split Hopkinson Pressure Bar (SHPB) apparatus under impact
compression loading. Grouping was performed based on the single-variable method. The
water-to-binder ratio (WB) was categorized into 1.25, 1.50, and 1.75, labeled as A, B, and C,
respectively. The number of CFRP layers was denoted as C0, C1, and C3. Different bullet
velocity intervals were coded as “v + the lower bound of the interval.” For example, the
interval of 4–5 m/s was labeled as v4. Each specimen was identified by a combination of its
water-to-binder ratio, CFRP layer count, and bullet velocity range. For example, specimen
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A-C0-v2 refers to a sample with a water-to-binder ratio of 1.25, no CFRP confinement, and
a bullet velocity range of 5–6 m/s.

Table 2. Grouping and Number of Specimens.

Group Label
Bullet Velocity

(m/s)

Water–
Cement

Ratio

Number of
CFRP Layers

Number of
Specimens

B-C0-v4 4~5

1.50

0
4

B-C0-v5 5~6 4

B-C0-v6 6~7 4

B-C3-v9 9~10

3

3

B-C3-v10 10~11 3

B-C3-v11 11~12 3

B-C3-v12 12~13 3

A-C0-v5
5~6

1.25
0

4

C-C0-v5 1.75 4

A-C3-v12
12~13

1.25
3

3

C-C3-v12 1.75 3

B-C1-v9 9~10 1.50 1 3

The specimen preparation procedure was as follows. Components A and B, along
with two portions of water, were weighed according to the designed mix proportions.
Component A was first mixed thoroughly with one portion of water, and Component
B was mixed with the other portion. The two slurries were then rapidly combined and
stirred immediately, given the rapid setting behavior after their mixing. Once mixed, the
slurry was quickly poured into cylindrical molds with a diameter of 50 mm and a height of
100 mm to form the matrix.

After complete setting, the specimens were demolded and wrapped in plastic film
for natural curing. After 3 days of curing, CFRP sheets were prepared for confinement.
Sheets with a width of 10 cm and lengths of 20 cm and 52 cm were cut to provide one-layer
and three-layer confinement, respectively. The CFRP sheets were bonded to the specimen
surfaces using pre-mixed adhesive. To prevent peeling at the ends, the terminal sections
were wrapped and secured with plastic film. After the adhesive was fully cured, initial
confinement was complete.

To meet the height-to-diameter ratio requirements of the Split Hopkinson Pressure Bar
(SHPB) test—recommended to be between 0.5 and 1.0 according to the GB/T 34108-2017
standard [30]—all specimens were machined to a standard size of 25 mm in height and
50 mm in diameter. This ensured consistency in testing conditions and comparability of
the results. The detailed specimen preparation process is illustrated in Figure 1.
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Figure 1. Specimen Preparation Flowchart.

2.2. Experimental Equipment and Procedure

The dynamic loading tests were conducted using a Split Hopkinson Pressure Bar
(SHPB) apparatus with a bar diameter of 50 mm. A schematic diagram of the SHPB system
is shown in Figure 2.

Figure 2. Schematic of the SHPB test setup.

In the SHPB tests, different strain rate conditions were achieved by adjusting the air
pressure in the cylinder, which controlled the striker velocity. This, in turn, modified the
shape of the one-dimensional stress wave propagating through the incident bar. When the
stress wave reached the specimen, part of the wave energy was reflected into the incident
bar, while the remaining portion was transmitted into the transmission bar. Strain gauges
positioned between the incident and transmission bars were used to capture waveform
signals, allowing the incident, reflected, and transmitted waves to be recorded separately.
Based on stress wave theory and the assumption of stress equilibrium, the time-dependent
strain, strain rate, and stress of the specimen were calculated using Equations (1)–(3). To
ensure experimental accuracy, specimens were carefully aligned axially during testing. To
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minimize the influence of end-face friction on the specimen’s stress state, a thin layer of
petroleum jelly was applied to both ends of each specimen to reduce the friction coefficient
at the specimen–bar interfaces.

.
εs(t) =

(
2C0

Ls

)
εr(t) (1)

εs(t) = ±
(

2C0

Ls

)t∫ t

0
εr(t)dt (2)

σ(t) = ±E
AB
AS

εt(t) (3)

In these equations,
.
εs(t) denotes the strain rate of the specimen at time t (s−1), εs(t) is

the strain of the specimen, and σ(t) is the stress (Pa). εr(t) and εt(t) represent the strain
signals of the reflected and transmitted waves, respectively. C0 is the wave velocity in
the pressure bar (m/s), Ls is the specimen length (m), and E is the elastic modulus of the
pressure bar material (Pa). AB and AS are the cross-sectional areas of the pressure bar and
the specimen, respectively (m2).

Figure 3 shows the incident, reflected, and transmitted waves recorded during the
tests. The dynamic compression experiments were conducted at strain rates ranging from
100 to 300 s−1. High-water materials often exhibit relatively high strain rates in SHPB
tests, primarily due to their low strength, low elastic modulus, and high deformability.
Compared to conventional concrete, high-water materials contain more free water and
have a looser internal structure, making them more prone to rapid deformation under
impact loading. This results in greater strain accumulation within a short period.

 
Figure 3. Typical incident, reflected, and transmitted waves in the SHPB test: (a) incident and
reflected waves; (b) transmitted wave.

Moreover, the acoustic impedance of high-water material is significantly lower than
that of the steel pressure bars, leading to strong wave reflections at the specimen–bar
interfaces. This reduces the effective loading duration and accelerates strain accumulation.
The material tends to fracture rapidly under impact, often before stress redistribution
is completed, which further increases the strain rate. Therefore, even under the same
loading velocity, the inherent characteristics of high-water material—such as their high
water content and soft structure—cause them to respond more quickly, reaching strain rate
levels significantly higher than those typically observed in concrete.
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2.3. Microstructural Observation via SEM

To investigate the internal microstructure of high-water material after impact load-
ing, scanning electron microscopy (SEM) observations were performed on the residual
fragments of specimens subjected to SHPB dynamic compression tests. Representative
fragments were selected from the fractured specimens, and each was split or cut along the
fracture surface to expose a fresh internal cross-section suitable for observation.

The selected surfaces were then coated with a gold film approximately 20 nm thick
using a vacuum sputter coater to ensure adequate electrical conductivity. Sputtering was
conducted for at least 20 min to form a uniform conductive layer. After coating, the
samples were placed in a high-vacuum drying chamber for more than 30 min of evacuation.
Following this standard SEM preparation procedure, the fragments were mounted on
specimen holders for microstructural observation.

3. Results and Discussion

3.1. Dynamic Compressive Behavior of Unconfined High-Water Material
3.1.1. Effect of Strain Rate on Peak Stress

As shown in Figure 4, at a fixed water–cement ratio of 1.50, the peak stress generally
follows an initial increase followed by a decrease as the bullet velocity increases. When the
velocity rises from v1tov2, the peak stress increases significantly, reaching a maximum of
9.75 MPa in the v2 range, with absorbed energy of about 9.01 J. However, further increasing
the velocity to v3 results in a decline in peak stress. This reduction is attributed to rapid
failure before the internal stress redistribution is completed. Under such high loading
rates, microcracks initiate and propagate almost instantaneously, leading to premature
macro-scale failure and a consequent drop in strength. Additionally, strain rate is positively
correlated with bullet velocity: higher velocities result in higher strain rates.

Figure 4. Strain rate–stress–energy absorption curves at different impact velocities (The line graph
indicates peak stress, while the bar chart represents absorbed energy.).

3.1.2. Effect of Water–Cement Ratio on Peak Stress

As illustrated in Figure 5, under a constant bullet velocity, the peak stress decreases
significantly with increasing water–cement ratio. When the ratio increases from 1.25 to 1.75,
the peak stress drops from 16.75 MPa to 5.70 MPa, and the absorbed energy decreases from
14.05 J to 5.30 J. These results demonstrate that the strength of high-water material is highly
sensitive to the water–cement ratio. At lower ratios, hydration products more fully fill the
internal pores, resulting in a denser microstructure, higher strength, and inhibited crack
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propagation. In contrast, higher ratios increase the free water content and porosity after
setting, making the material more porous and reducing its strength. Under unconfined
conditions, the dynamic compressive strength of high-water material is highly strain-rate
sensitive. It tends to increase with rising strain rate within a certain range, but when the
loading rate becomes excessively high, the strength declines instead. This is because at
very high strain rates, internal pores cannot close in time to bear increased stress, and rapid
pulverization under impact leads to a sudden loss of strength.

 

Figure 5. Strain rate–stress–energy absorption curves under different water–cement ratios (The line
graph indicates peak stress, while the bar chart represents absorbed energy.).

3.1.3. Analysis of Fractal Dimension Results

To quantitatively characterize the particle size distribution of fragments after impact
failure, the cumulative mass method in fractal theory was used to calculate the fractal
dimension. The calculated values were statistically analyzed and are presented in Figure 5.
The fractal dimension was determined using the following equation:

D = 3 − b (4)

b =
log(MR

M )

logR
(5)

In this equation, D is the fractal dimension; b is the slope of the linear fit of log
(

MR
M

)
versus logR; MR is the cumulative mass (g) of fragments passing through a sieve with an
aperture size R; and M is the total mass of the fragments (g).

Figure 6 presents the fractal dimensions of fragmented specimens under different
strain rates and water–cement ratios, along with representative images of the fracture
morphologies. As shown in the figure, under the same water–cement ratio, an increase in
strain rate leads to more severe fragmentation. Large blocks are significantly reduced, while
the proportion of fine debris increases. The corresponding fractal dimension increases
from approximately 3.0 to over 3.6, indicating a shift in fracture mode from block-like
failure to pulverized failure. This demonstrates that higher strain rates result in more
intense specimen fragmentation, with smaller fragment sizes and a clear upward trend
in fractal characteristics. Under the same impact velocity, specimens with higher water–
cement ratios show a higher proportion of fine particles after failure, resulting in higher
fractal dimensions. In contrast, specimens with lower water–cement ratios tend to retain
larger fragments, corresponding to lower fractal dimensions. The comparison of frac-
ture morphologies further supports this trend: specimens with a water–cement ratio of
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1.25 retained relatively large and intact fragments after failure, whereas those with a ratio
of 1.75 were almost completely reduced to fine particles.

Figure 6. Fractal dimension of high-water material under unconfined conditions.

3.2. Dynamic Compressive Behavior of CFRP-Confined High-Water Material
3.2.1. Stress–Strain Curves Under Different Confinement Layers

Figure 7 compares the stress–strain curves of high-water specimens with one-layer
and three-layer CFRP confinement under a bullet velocity of 9–10 m/s at a water–cement
ratio of 1.50. For reference, the corresponding quasi-static stress–strain curves and typical
post-impact failure cross-sections are also included. The results demonstrate that CFRP
confinement significantly enhances the impact resistance of high-water material. As the
number of CFRP layers increases from one to three, the peak stress rises from approximately
11 MPa to nearly 19 MPa—an increase of over 72%. The peak strain also increases, indicating
that multilayer confinement improves the material’s deformation capacity.

Figure 7. Stress–strain curves of CFRP-confined high-water specimens with different confinement
layers under the same water–cement ratio and impact velocity.

This enhancement is consistent with previous findings on FRP-confined concrete,
where external confinement induces a triaxial compression state in the core material, thereby
improving both compressive strength and ductility. The observed failure morphologies
further support this conclusion. The specimen with one-layer CFRP confinement exhibited
edge spalling and localized fiber rupture, with scattered debris after impact. In contrast, the
specimen with three-layer confinement maintained an almost intact appearance, with only
minor cracks near the ends and no major structural disintegration, as shown in Figure 7.
In addition, partial debonding was observed at the CFRP–high-water material interface.
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This localized debonding indicates that under high strain rates, interfacial stresses can
exceed the bonding strength, resulting in interfacial slip or separation in specific regions.
Nevertheless, the CFRP layer as a whole remained intact and continued to provide effective
lateral confinement, consistent with the overall behavior of CFRP-confined high-water
materials, where confinement primarily resists lateral expansion but may still experience
localized weakening under extreme loading conditions.

The dynamic stress–strain response of CFRP-confined high-water material exhibits
a distinct three-stage pattern, which differs from that observed in unconfined specimens.
As shown in Figure 7, the curve initially features a nearly linear rise, corresponding to
the elastic deformation of the material—this is the initial rising stage. It is followed by
a plateau or slight decline, indicating the onset of matrix yielding and the progressive
development of internal microcracks—this is referred to as the descending stage. As the
strain approaches the peak strength of the matrix, some curves exhibit a secondary increase
in stress, forming a secondary rising stage.

This phenomenon arises because, once the high-water matrix begins to crack and
expand under impact loading, the outer CFRP layer becomes progressively activated and
provides lateral confinement, which enhances the load-bearing capacity. This delayed
confinement effect leads to a secondary stress rise beyond the matrix peak, continuing until
the CFRP jacket either ruptures or the impact loading concludes.

A similar three-stage dynamic response was also reported by Yang et al. [24] in SHPB
tests on AFRP-confined concrete. They attributed the secondary rise to the confinement
effect of the fiber jacket that becomes active after yielding of the core material.

In the present study, since the specimens were not fully destroyed by a single impact,
the stress began to recover after the peak and then gradually declined—this reflects the
unloading process after loading termination, as seen at the end of the curves in Figure 6.

It is worth noting that the magnitude of the secondary rising stage depends on the
matrix strength and the number of CFRP layers. Stronger matrices or thicker confinement
layers tend to delay severe damage at the peak, and the CFRP confinement may not be fully
activated, resulting in a less prominent secondary rise. In contrast, for weaker matrices or
lower confinement levels, noticeable matrix damage occurs near the peak, which triggers
a more significant confinement response from the CFRP, leading to a more pronounced
secondary rise. For instance, in this study, the specimen with one layer of CFRP showed a
clearer stress rebound after the peak, while the specimen with three layers exhibited a less
noticeable secondary rise.

3.2.2. Stress–Strain Curves at Different Impact Velocities

As shown in Figure 8, under a water–cement ratio of 1.50 and three-layer CFRP
confinement, the stress–strain curves at different bullet velocities exhibit a trend similar
to that of the unconfined specimens: the peak stress initially increases and then decreases
with increasing impact velocity. At lower velocities, the specimens show relatively low
peak stresses, indicating that the impact resistance potential of the material has not been
fully activated. As the impact velocity increases to a moderate level, both the peak stress
and strain capacity increase significantly, suggesting that the material strength is better
mobilized under the combined effects of inertia and lateral confinement.
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Figure 8. Stress–strain curves of CFRP-confined high-water specimens under constant water–cement
ratio and confinement layers with varying impact velocities.

However, when the bullet velocity increases further, the peak stress shows a slight
decline, despite continued increases in strain rate and total strain. This may be attributed to
the rapid compaction of internal pores within the high-water material during instantaneous
loading, which weakens the load-bearing capacity under a single high-speed impact.

3.2.3. Stress–Strain Curves Under Different Water–Cement Ratios

As shown in Figure 9, under constant impact velocity and confinement conditions,
increasing the water–cement ratio from 1.25 to 1.75 results in a decrease in peak stress from
over 30 MPa to approximately 24 MPa, while the peak strain increases from around 2.5% to
nearly 4%. A higher water–cement ratio leads to weaker dynamic load-bearing capacity
and more pronounced deformation. In contrast, specimens with lower water–cement
ratios have higher solid content and more complete hydration, forming a denser internal
structure. These specimens maintain higher stress levels throughout the loading process,
with significantly higher peak strength than those with higher ratios.

Figure 9. Stress–strain curves of CFRP-confined high-water specimens with different water–cement
ratios under constant confinement layers and impact velocity.

CFRP confinement mitigates the adverse effect of increasing water–cement ratio on
peak strength. Compared to unconfined specimens, the reduction in strength caused by
increasing the water–cement ratio from 1.25 to 1.75 is less significant under confinement.
This indicates that external confinement can partially offset the strength loss caused by
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increased porosity in high water–cement ratio materials, thereby enhancing the effective
utilization of the internal structure.

3.2.4. Influence of Inertial Effect Under High Strain Rates

Under high-strain-rate conditions, the inertial effect plays a significant role in the
dynamic behavior of high-water material. It was observed in the experiments that at high
strain rates, the inertial effect becomes more pronounced, limiting the material’s ability
to redistribute stress, which leads to localized stress concentrations. These concentrations
promote rapid crack initiation and propagation, particularly in the unconfined high-water
material specimens, causing the failure mode to shift from ductile to brittle, with cracks
propagating almost instantaneously. The CFRP-confined specimens, on the other hand,
show delayed activation of lateral confinement, providing additional resistance during
crack propagation, thereby altering the failure mode. The inertial effect also exacerbates
stress concentration, especially under impact loading, where the stress in localized areas is
significantly higher than in other regions, making microcracks more likely to form in the
stress-concentrated areas and merge into larger cracks, ultimately accelerating material
failure. Meanwhile, as the strain rate increases, the amplitude of the reflected wave also
increases, leading to higher localized stress within the material, further accelerating crack
formation and propagation. The inertial effect modulates the interaction between the
incident and reflected waves, particularly in areas where stress has already concentrated,
thereby accelerating the failure process.

3.2.5. Energy Absorption and Damage Mechanism

The energy absorbed by the material during dynamic loading can be calculated using
the stress–strain integral:

Absorbed Energy =
∫ εmax

0
σ(ε)dε (6)

where σ(ε) represents the stress as a function of strain, and εmax is the maximum strain
at failure. This integral captures the total energy absorbed by the material as it deforms
under loading.

The energy absorption is closely related to the material’s damage mechanism. As
the material undergoes deformation, part of the energy is absorbed in the form of plastic
deformation, and part is used to initiate and propagate cracks. In unconfined high-water
material specimens, a high absorbed energy corresponds to significant crack propagation,
shifting the failure mode from ductile to brittle. In contrast, CFRP-confined specimens
exhibit a more controlled energy absorption process, with less crack propagation due to
the lateral confinement provided by the CFRP. This results in a higher peak stress and a
more gradual failure process. The observed energy absorption values provide insight into
the extent of material damage, with higher energy absorption typically indicating more
extensive damage and a higher likelihood of catastrophic failure.

3.3. Microstructural Analysis

Figure 10 displays representative SEM images of the fractured microstructures of
high-water material under different strain rates, water–cement ratios, and confinement
conditions. Based on the SEM observations, the internal structures of the specimens were
compared in terms of hydration product morphology and pore characteristics.
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(a) A-C3-v12 (b) B-C3-v12 (c) C-C3-v12 

(d) B-C3-v11 (e) B-C3-v10 (f) B-C3-v9 

(g) B-C1-v9 (h) B-C0-v6 (i) B-C0-v4 

(j) A-C0-v5 (k) B-C0-v5 (l) C-C0-v5 

Figure 10. Microstructural Characteristics of High-Water Material.

The main hydration products of high-water material include calcium silicate hydrate
(C–S–H) gel and ettringite crystals (AFt). Ettringite (i.e., calcium sulfoaluminate hydrate)
exhibits distinct morphological forms under different loading conditions. According to
the classification proposed by Liu et al. [24], four typical ettringite morphologies were
identified in this study, as shown in Figure 11:

Type I: loose, fibrous networks;
Type II: dense fibrous structures;
Type III: short, thick rod-like crystals;
Type IV: compact granular agglomerates.
As shown in Figure 10, the unconfined specimens primarily exhibited loose fibrous

networks (Type I), suggesting sparse hydration product distribution and high porosity. In
contrast, CFRP-confined specimens contained a greater number of short rod-like crystals
and compact granular clusters (Types III and IV), along with denser fibrous structures
(Type II). This indicates that lateral confinement induces a triaxial stress state during impact,
causing compaction of the hydration products. As a result, fibrous ettringite undergoes
morphological transformation into denser rod-like or granular forms. The confined spec-
imens clearly exhibited more compact microstructures with reduced porosity, whereas
the unconfined specimens showed loose, highly porous structures. These observations
are consistent with findings from static triaxial compression tests, in which needle-like
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hydration crystals tend to agglomerate and rearrange under high confining pressures,
transitioning from fibrous bundles to short rods or blocky structures.

Figure 11. Four typical morphologies of ettringite observed in high-water material.

With increasing confinement levels, the morphological transformation of ettrin-
gite becomes more pronounced. In specimens with three layers of CFRP confinement,
abundant rod-like crystals and dense particle clusters (Types III and IV) were observed,
whereas specimens with only one layer primarily featured compacted fibrous networks
(Type II). This suggests that higher confinement strength promotes compaction and
transformation of hydration products during high-rate impact, significantly increasing
microstructural density.

The influence of water–cement ratio on microstructure is also evident in Figure 10.
Regardless of confinement condition, specimens with lower water–cement ratios exhibited
more continuous and dense hydration product distributions with fewer pores. In contrast,
specimens with a ratio of 1.75 showed fragmented, discontinuous microstructures and a
substantial increase in visible porosity. These trends align with the macroscopic mechanical
results: higher water–cement ratios imply more free water and less solid content, leading
to diluted hydration and insufficient filling of voids, which results in a looser hardened
structure and reduced strength. Conversely, lower ratios promote greater formation of C–S–
H and ettringite, which fill the pores and create a dense matrix, thus improving strength.
Therefore, reducing the water–cement ratio is an effective strategy to enhance both the
microstructure and macroscopic performance of high-water material.

Under varying strain rates, the microstructural evolution of high-water material differs
significantly depending on whether lateral confinement is applied. In the unconfined state,
higher bullet velocities result in more extensive and larger pores and more fragmented
microstructures. This is primarily due to severe radial expansion and rapid expulsion of
free water under high-speed impact, which damages the original hydration framework
and generates new cracks and voids. As strain rate increases, residual internal porosity
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increases, and the fracture surfaces become rougher and more porous. Similar findings
were reported by Cao et al. [31], who used quantitative image analysis to show that, as
the average strain rate increased from 46 s−1 to 96 s−1, the average pore diameter of CTC
materials increased from 6.535 μm to 31.725 μm, and the fractal dimension DDD of the pore
area showed a strong positive correlation with strain rate. These results suggest that under
high strain rates, the pore structure becomes more complex and widespread, corresponding
to a higher degree of macroscopic fragmentation.

In contrast, CFRP-confined specimens exhibit entirely different microstructural fea-
tures under impact. Due to restricted lateral expansion, a triaxial stress state forms during
high-rate loading, compressing and closing internal pores. Hydration products are re-
aligned and compacted under directed stress, preventing the formation of new voids and
reducing the size of existing ones. This is clearly visible in Figure 10: unconfined specimens
under high-speed impact are filled with microvoids, while their confined counterparts
appear dense with no significant large pores. These observations confirm that under impact
loading, lateral confinement plays a dominant role in regulating microstructural evolution.
Confinement effectively suppresses internal damage propagation and helps maintain the
integrity of the internal skeleton, even at high strain rates. Thus, the macroscopic strength
and deformability improvements offered by CFRP confinement are largely attributed to its
role in restricting lateral expansion and promoting denser hydration product accumulation.

4. Conclusions

This study investigated the dynamic mechanical behavior and microstructural evo-
lution of high-water material confined with CFRP (Carbon Fiber Reinforced Polymer)
fabrics under impact loading, using a Split Hopkinson Pressure Bar (SHPB) apparatus. The
effects of water–binder ratio, confinement layers, and impact velocity (strain rate) were
systematically examined. The main conclusions are as follows:

(1) Under unconfined conditions, the peak stress of high-water material shows a strain
rate sensitivity: it first increases and then decreases with rising strain rate. Excessively
high strain rates lead to rapid pulverization before internal stress redistribution,
causing strength loss.

(2) The water–cement ratio has a significant influence on the dynamic compressive
strength. A lower ratio (e.g., 1.25) results in denser hydration products, higher peak
stress, and greater absorbed energy, whereas a higher ratio (e.g., 1.75) produces porous
structures, reducing strength and energy dissipation capacity.

(3) The fractal dimension analysis of fracture fragments shows that both higher strain
rate and higher water–cement ratio increase fragmentation degree, shifting the failure
mode from block-like fracture to pulverized failure.

(4) CFRP confinement effectively enhances the impact resistance of high-water mate-
rial. Increasing the number of CFRP layers raises peak stress and peak strain, re-
strains lateral expansion, and changes the failure mode from severe fragmentation to
localized cracking.

(5) The dynamic stress–strain response of CFRP-confined high-water specimens exhibits
a characteristic three-stage pattern: an initial rising stage, a descending stage, and a
secondary rising stage. The secondary rise is attributed to the delayed activation of
CFRP confinement after matrix cracking.

(6) At a constant confinement condition, specimens with lower water–cement ratios
maintain higher peak stress and denser structures, while those with higher ratios
show reduced strength but larger deformation. CFRP confinement partially offsets
the strength loss caused by higher water–cement ratios.
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(7) SEM analysis reveals that CFRP confinement transforms ettringite morphologies from
loose fibrous forms into denser rod-like and granular structures, reducing porosity
and enhancing compactness. In contrast, unconfined specimens subjected to high
strain rates exhibit severe pore development and disrupted hydration frameworks.
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Abstract: Geopolymers, as a novel class of low-carbon and eco-friendly cementitious ma-
terial, exhibit outstanding durability and promote the resource utilization of industrial
solid wastes. However, as a promising alternative to ordinary Portland cement, its sus-
ceptibility to carbonation-induced degradation may limit its widespread application. To
address this challenge, this study systematically examined the effects of magnesium oxide
(MgO) content and the metakaolin-to-fly ash ratio on the carbonation performance, me-
chanical properties, pH value, and microstructures of metakaolin–fly ash-based (MF-based)
geopolymer pastes. The findings revealed that an increase in the fly ash ratio correlated
with a decline in the compressive strength of MF-based geopolymer pastes. Conversely, the
incorporation of MgO significantly enhanced the compressive strength, with higher fly ash
ratios leading to more substantial improvements in strength. Furthermore, the addition of
MgO and fly ash effectively mitigated the penetration of carbonation and the associated
decrease in the pH value of the MF-based geopolymer pastes. Specifically, compared to
the control group without MgO (M8F2-0%), MF-based geopolymer pastes with 4% and 8%
MgO additions exhibited reductions in carbonation depth of 69.4% and 80.4%, respectively,
after 28 days of carbonation, while pH values were observed to be 1.22 and 1.15 units
higher, respectively. Additionally, microscopic structural analysis revealed that the inclu-
sion of MgO resulted in a reduction in pore size, porosity, and mean pore diameter within
the geopolymer pastes. This improvement was mainly attributed to the promotion of
hydration processes by MgO, leading to the formation of fine Mg(OH)2 crystals within the
high-alkalinity pore solution, which enhances microstructural densification. In conclusion,
the incorporation of MgO significantly improves the carbonation resistance and mechanical
performance of MF-based geopolymers. It is recommended that future studies explore the
long-term performance under combined environmental actions and evaluate the economic
and environmental benefits of MgO-modified geopolymers for large-scale applications.

Keywords: metakaolin-fly ash-based geopolymer pastes; reactive MgO content; compressive
strength; carbonation behavior; pH value; carbonation mechanisms

1. Introduction

Geopolymers represent a novel class of low-carbon and green materials that can
be extensively manufactured using industrial solid wastes, aligning with sustainable de-
velopment principles [1–4]. However, the inherent complexity of geopolymers presents
significant challenges for practical application. Durability issues, particularly carbonation,
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constitute a major challenge limiting the long-term service performance of geopolymer
concrete structures [5–8]. In concrete, reinforcing steel is passivated by the high-alkalinity
pore solution, forming a protective oxide film that inhibits corrosion [9–12]. However,
carbonation reduces the pore solution pH due to carbonic acid attack. When the pH value
falls below a critical threshold, the pore solution can no longer sustain the passivating film,
significantly increasing corrosion risk [13–15]. In chloride-laden environments, carbonation
further decomposes Friedel’s salt and accelerates chloride ion migration in concrete, pro-
moting depassivation and corrosion initiation [16]. This vulnerability may be exacerbated
in geopolymer concrete due to fundamental differences in hydration products compared to
ordinary Portland cement (OPC) [17]. OPC hydration yields substantial Ca(OH)2, which
buffers against pore solution alkalinity and Ca2+ depletion during carbonation. Conversely,
geopolymer reaction products contain negligible Ca(OH)2 and rely primarily on free alkali
in the pore solution to mitigate CO2 ingress [18–21]. Consequently, geopolymer durability
differs markedly from OPC [22]. Furthermore, the diversity of aluminosilicate source
materials used in geopolymers results in complex systems with significant variations in
hydration products and gel structures.

While the carbonation behavior of OPC is well-established, geopolymers demonstrate
a heightened sensitivity to carbonation, and their underlying carbonation mechanisms
remain insufficiently understood. Unlike OPC, geopolymers form gels such as N-A-S-H,
C-S-H, and/or C-A-S-H gels upon hydration, with minimal Ca(OH)2 formation [23–25].
Furthermore, their pore solutions contain high concentrations of alkali metal ions (Na+

or K+) [9,26]. Thus, the carbonation mechanisms observed in traditional OPC systems
are not directly applicable to geopolymers. Robayo-Salazar et al. [27] reported high Na+

concentrations in geopolymer pore solutions, with Na2CO3 and NaHCO3 being primary
carbonation products. This distinct pore solution chemistry fundamentally alters the
carbonation process. The absence of a Ca(OH)2 buffer typically results in accelerated
carbonation rates. Bakharev et al. [28] demonstrated that slag-based geopolymer pastes
exhibited inferior carbonation resistance versus OPC pastes, manifesting as greater strength
loss and increased carbonation depth under both NaHCO3 solution and high-concentration
CO2 exposure. Mechanistically, carbonation detrimentally affected geopolymers, especially
high-calcium formulations. The lack of Ca(OH)2 prevented protective CaCO3 formation,
leaving them directly vulnerable to CO3

2− attack [29]. This contrast is further highlighted
by Li et al. [24], who observed opposing trends in post-carbonation compressive strength
between OPC paste and alkali-activated slag.

Given that carbonation risk significantly impedes the industrial adoption of geopoly-
mers, researchers are actively exploring various admixtures to enhance carbonation resis-
tance [30,31]. Abdalqader et al. [25] found that adding 10% MgO to fly ash–slag geopoly-
mers effectively reduced carbonation depth. In alkaline media, MgO reacts to form finely
dispersed Mg(OH)2 crystals, which refine the microstructure. It can also generate layered
double hydroxide (LDH) phases that provide strong CO2 adsorption and buffering capac-
ity, thereby significantly improving resistance to acidic degradation [32]. To address the
inherent Ca(OH)2 deficiency directly, Lv et al. [18] incorporated Ca(OH)2 into geopoly-
mers, successfully inhibiting carbonation depth progression and alkalinity loss; however,
excessive additions markedly reduced post-carbonation compressive strength [33]. Other
mineral admixtures, including silica fume, hydrotalcite, cement clinker, and calcium sulfate-
based expansive agents, have also demonstrated potential for modulating the carbonation
performance of geopolymers [34,35]. Overall, research on geopolymer carbonation remains
limited compared to OPC systems, particularly given the compositional complexity and
variability of geopolymer formulations [36,37]. There is a critical need to elucidate how spe-
cific precursor types and ratios influence microstructural evolution and chemical response
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during carbonation. In particular, the role of MgO in MK-FA blends, and the interaction
between MgO and the aluminosilicate gel phases under carbonation conditions, require
in-depth investigation.

To address these research gaps, this study systematically investigates the synergistic
effects of MgO dosage and metakaolin/fly ash (MK/FA) ratio on the carbonation resistance
of MF-based geopolymers. Accelerated carbonation tests were employed to investigate
the effects of MgO content and the MK/FA ratio on compressive strength, carbonation
depth, and pore solution alkalinity. Subsequently, mercury intrusion porosimetry (MIP),
X-ray diffraction (XRD), and Fourier transform infrared spectroscopy (FT-IR) were used
to analyze pore structure and phase composition evolution pre- and post-carbonation.
This work aims to provide new insights into the formulation design of MgO-modified
MF-geopolymers with enhanced carbonation durability, highlighting the unique role of
MgO beyond conventional stabilization mechanisms.

2. Experimental Programs

2.1. Raw Materials

In this study, metakaolin (MK) and fly ash (FA) were employed as silica-aluminate
precursors to prepare metakaolin–fly ash-based (MF-based) geopolymers. The chemical
compositions of MK and FA were characterized using X-ray fluorescence (XRF) spectrom-
etry, with detailed mass fractions of constituent oxides provided in Table 1. Magnesium
oxide (MgO) was used as a carbonization modification material, which was a white pow-
der with a purity of over 99% (by mass). In addition, the specific surface area of fly ash
metakaolin was 420 m2/kg and 1200 m2/kg, respectively.

Table 1. Chemical composition of metakaolin and fly ash (%).

Material SiO2 Al2O3 CaO Fe2O3 MgO K2O Na2O SO3 TiO2 Others

Metakaolin 53.80 43.20 - 1.10 0.82 0.45 0.18 - - 0.45
Fly ash 57.96 31.14 3.02 3.86 0.52 2.03 - 0.64 0.52 0.31

The alkaline activator consisted of anhydrous sodium silicate powder (59.6 wt% SiO2,
21.6 wt% Na2O), sodium hydroxide flakes, and deionized water. The sodium silicate
solution had an initial modulus (Ms = SiO2/Na2O) of 2.85, which was adjusted to a target
modulus of 1.2 by adding sodium hydroxide flakes. The final activator contained 10%
alkaline content (Na2O by mass).

2.2. Experimental Design and Specimen Preparation

To address the trade-off between the high reactivity of metakaolin (MK) and the lower
reactivity, yet beneficial compositional variability of fly ash (FA), MK was employed as the
main precursor, with FA used to partially replace MK at substitution levels ranging from 0
to 40 wt%, thus forming metakaolin–fly ash (MF-based) geopolymer. Additionally, MgO
(4–8 wt% of total solids) was incorporated to modify the geopolymer matrix, which was a
strategy aimed specifically at enhancing carbonation resistance through microstructural
refinement and chemical stabilization. This approach not only differentiated our work from
previous studies focused primarily on slag- or fly ash-only systems but also allowed us
to evaluate the synergistic effects of MgO with varying MK/FA ratios, which remained
largely unexplored in the existing literature. All mixtures were prepared with a constant
water-to-binder ratio of 0.63. Detailed mix proportions and experimental parameters of
MF-based geopolymers are summarized in Table 2.
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Table 2. Design parameters and mix proportions of MF-based geopolymer pastes at various MgO contents.

Serial
Number

MgO
Content (%)

MK (%) FA (%)
Alkaline

Content (%)
Water/Binder

Ratio

M10F0-0%
0

100 0
10% 0.63M8F2-0% 80 20

M6F4-0% 60 40

M10F0-4%
4

100 0
10% 0.63M8F2-4% 80 20

M6F4-4% 60 40

M10F0-8%
8

100 0
10% 0.63M8F2-8% 80 20

M6F4-8% 60 40

Cubic paste specimens (50 × 50 × 50 mm3) were cast by weighing FA and MK
according to the mix proportions in Table 2. To ensure statistical reliability, three replicates
were prepared for each testing condition, with results presented as average values. The raw
materials were combined with a pre-hydrated alkaline activator (aged for 24 h) and mixed
in a planetary mixer. The mixture underwent low-speed mixing for 3 minutes, followed by
high-speed mixing for an additional 3 minutes to ensure homogeneity. The preparation
process of MF-based geopolymer pastes is plotted in Figure 1. The slurry was then poured
into molds and cured in a chamber at 22 ◦C and 95% relative humidity (RH) for 24 h. After
demolding, the specimens were sealed with plastic film and returned to the conditioning
chamber (20 ± 2 ◦C, 95 ± 2% RH) until 28 days of age. Accelerated carbonation tests were
initiated during this period.

.

Figure 1. Raw materials and sample preparation of MF-based geopolymer pastes.

2.3. Accelerated Carbonation Procedure

Following the Chinese Standard (GB/T 50082-2024), specimens were preconditioned
at 20 ◦C and 70% RH for 48 h before accelerated carbonation testing. One surface of each
specimen was exposed to carbonation, while the remaining surfaces were sealed with
paraffin wax. The carbonation chamber maintained a CO2 concentration of 20 ± 2%, a
temperature of 25 ± 3 ◦C, and an RH of 70 ± 5%. Specimens were subjected to carbonation
for durations of 0, 1, 3, 7, 14, 21, and 28 days, with subsequent analyses performed at
each interval.
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2.4. Testing Methods
2.4.1. Compressive Strength

A hydraulic universal testing machine was used to evaluate the compressive strength
of uncarbonated specimens and those that had been carbonated for 28 days. Three replicates
per group were tested, and the average value was reported as the compressive strength for
that group.

2.4.2. Carbonation Depth

Carbonated specimens were split along their central axis using a dry-cutting saw. A
1% phenolphthalein ethanol solution was sprayed onto the freshly exposed surface. The
carbonation front (non-pink region) was measured at ten equidistant points using a vernier
caliper (0.1 mm precision). The average distance from the exposed surface was recorded as
the carbonation depth.

2.4.3. Material Alkalinity

After measuring carbonation depth, the remaining half of each specimen was sectioned
into five depth intervals: 0–10 mm, 10–20 mm, 20–30 mm, 30–40 mm, and 40–50 mm from
the exposed surface. Each segment was dried at 50 ◦C to constant mass, ground, and sieved
through a 200-mesh sieve (75 μm aperture). The pH of the pore solution was determined
via solid–liquid extraction. Powdered samples were mixed with deionized water (1:3 mass
ratio), soaked for 1 hour, and the supernatant pH was measured using a Metrohm 818
Titrino Plus potentiometric titrator (Herisau, Switzerland; ±0.01 accuracy).

2.4.4. MIP, XRD, and FTIR Measurements

Fragments from the 0–10 mm depth of 28-day cured and carbonated specimens were
immersed in anhydrous ethanol to arrest hydration, dried, and subjected to mercury
intrusion porosimetry (MIP) using a US Conta PoreMaster 33 series aperture analyzer. The
XRD tests were carried out using a Rigaku Ultima IV series X-ray diffractometer from Japan
with the scanning range set at 5–70◦ to analyze the powder in the 0–10 mm fraction of the
28-day cured age and 28-day carbonized age samples that had passed through a 200 mesh
standard sieve.

Additionally, FTIR testing was performed using a Japanese Shimadzu IRTracer-100
series Fourier transform infrared spectrometer by mixing the powder with KBr and pressing
it into a tablet for analysis within a scanning range of 400 to 4000 cm−1, with a resolution
of 4 cm−1.

3. Results and Discussion

3.1. Compressive Strength

Accelerated carbonization tests were conducted on MF-based geopolymers with vary-
ing MgO contents, and the compressive strength was measured before and 28 days after
carbonization. As plotted in Figure 2, the compressive strength of MF-based geopoly-
mer pastes decreased progressively with increasing fly ash content. Specifically, in the
MF-based geopolymer, increasing fly ash content from 0% to 40% reduced compressive
strength from 37.6 MPa to 33.2 MPa, which reported a decrease of approximately 11.7%.
However, the incorporation of MgO significantly enhanced the compressive strength of
geopolymer pastes, and this strengthening effect became more pronounced as the fly ash
content increased. For the pure metakaolin-based geopolymer system, adding 4% and 8%
MgO increased compressive strength by 1.9% and 4.8%, respectively. In MF-based systems
with 20% fly ash content, 4% and 8% MgO additions increased compressive strength by
8.6% and 13.9%, respectively. When the fly ash content increased to 40%, the compressive
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strength increased by 6.0% and 31.3% after adding 4% and 8% MgO, respectively. This
amplified strengthening effect at higher fly ash levels is attributed to highly reactive MgO
promoting fly ash hydration, while Mg(OH)2 crystals formed during MgO hydration fill
internal pores and refine the microstructure, thereby enhancing macroscopic mechanical
properties [31,38].
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Figure 2. The compressive strength of MF-based geopolymer pastes at various MgO contents after
carbonation.

Comparing the compressive strength of geopolymer systems with different MgO
content before and after carbonization, it was found that the strength of the samples
increased after carbonization. For pure metakaolin-based geopolymers, the compressive
strength of samples containing 0%, 4%, and 8% MgO increased by 10.4%, 11.7%, and
10.9%, respectively, compared to the uncarbonized samples after carbonization. In the MF
geopolymer system with a fly ash content of 20%, the compressive strength of the samples
without MgO content and those with 4% and 8% MgO increased by 3.0%, 6.1%, and
7.7%, respectively, after carbonization. When the fly ash content was increased to 40%, the
corresponding increases were 9.6%, 10.2%, and 6.4%, respectively. The improvement in post-
carbonation strength may be related to the effective sequestration of CO2 by the hydration
reaction-generated hydrotalcite-like phase in the slurry, while the formation of amorphous
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magnesium-containing hydrates (M-S-H gel) further optimized the microstructure of the
geopolymer, thereby enhancing its macroscopic mechanical properties [19].

3.2. Carbonation Depth

Figure 3 illustrates the impact of MgO content on the carbonization depth of MF-
based geopolymer pastes. The results revealed that as the carbonization age increased, the
carbonization depth of all geopolymer pastes demonstrated an upward trend. However, at
the same carbonization age, the specimens containing MgO exhibited significantly lower
carbonization depths compared to those specimens without MgO. This enhanced resistance
was attributed to two mechanisms: (1) the formation of magnesium-containing layered
double hydroxides within the paste, which possess high CO2 adsorption capacity, and (2)
the direct reaction of unreacted MgO particles with CO2 [36,39].

Figure 3. Carbonation depth of MF-based geopolymer pastes at various MgO contents.

In the case of pure metakaolin-based geopolymer pastes with MgO contents of 0%,
4%, and 8%, the carbonization depths of the M10F0-0%, M10F0-4%, and M10F0-8% speci-
mens after 28 days of carbonization were 33.4 mm, 12.6 mm, and 5.2 mm, respectively. In
comparison to the geopolymer samples without MgO (M10F0-0%), the carbonation depths
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of the geopolymer pastes with 4% and 8% MgO additions decreased by 62.3% and 84.4%,
respectively. For MF-based geopolymer pastes with 20% fly ash content, the carbonization
depths of the M10F0-0%, M10F0-4%, and M10F0-8% specimens after 28 days of carboniza-
tion were 25.5 mm, 7.8 mm, and 5.0 mm, respectively, when the MgO content was 0%, 4%,
and 8%. Compared to the geopolymers without MgO (M8F2-0%), the carbonation depths
of the MF-based geopolymer pastes with 4% and 8% MgO additions were reduced by 69.4%
and 80.4%, respectively. For MF-based geopolymer pastes with 40% fly ash content, the
carbonization depths of the M10F0-0%, M10F0-4%, and M10F0-8% specimens after 28 days
of carbonization were 15.4 mm, 9.6 mm, and 7.4 mm, respectively, when the MgO content
was 0%, 4%, and 8%. When compared to the control group without MgO (M6F4-0%), the
carbonation depths of the specimens with 4% and 8% MgO additions decreased by 37.7%
and 51.9%, respectively. Furthermore, as the fly ash content increased, the carbonization
depth of the MF-based geopolymer pastes decreased. Specifically, increasing the fly ash
content from 0% to 40% reduced the carbonation depth of MF-based geopolymer pastes
from 33.4 mm to 15.4 mm, as demonstrated in Figure 3.

3.3. pH Value

Alkalinity testing was performed on powder sampled from the 0–10 mm depth section
extending inward from the exposed surface of the specimens. Figure 4 presents the pH
values measured for each group of MF-based geopolymer pastes at different carbonation
ages. A gradual decline in pH value was observed for all MF-based geopolymer pastes as
the carbonation age increased. This is because as the geopolymer sample continues to be
exposed to the CO2 environment, the concentration gradient between the interior and exte-
rior of the slurry causes CO2 to continuously diffuse inward, reacting with the hydration
products of geopolymers, ultimately leading to a gradual decrease in the alkalinity of the
pastes [13,15]. Notably, the pore solution pH decreased significantly during the first 7 days
of carbonation, after which the rate of decrease slowed and gradually stabilized. This
stabilization primarily occurs because ions within the geopolymer pore solution reached
an equilibrium state after 28 days of carbonation. Consequently, the final pore solution pH
demonstrated no significant difference between the metakaolin-based geopolymer paste
and the MF-based geopolymer pastes containing either 4% or 8% MgO.

During the initial carbonation stage, pH values for all geopolymer pastes ranged
from 11.92 to 12.31. After 28 days of carbonation, the alkalinity of unmodified MF-based
geopolymer paste fell below 10.5. This decrease in pH value was directly proportional to
the depth of carbonation, as indicated in Figure 3. The incorporation of MgO significantly
reduced the rate of pH decline. This was primarily attributed to MgO effectively delaying
the ingress of external CO2, thereby slowing the carbonation rate. For the pure metakaolin-
based geopolymer paste, when the MgO content was 0%, 4%, and 8%, the pH values
after 28 days of carbonation were 10.36, 10.81, and 10.76, respectively, which decreased by
1.65, 1.11, and 1.22 compared to those of specimens before carbonation. For the MF-based
geopolymer paste with 20% fly ash content, when the MgO content was 0%, 4%, and
8%, the pH values after 28 days of carbonation were 9.78, 11.00, and 10.93, respectively,
which decreased by 2.40, 0.96, and 1.13 compared to those of specimens before carbonation.
For the MF-based geopolymer paste with 40% fly ash content, when the MgO content
was 0%, 4%, and 8%, the pH values after 28 days of carbonation were 10.49, 11.32, and
11.33, respectively, which decreased by 1.74, 0.93, and 0.98 compared to those of specimens
before carbonation. These results demonstrated that MgO modification maintained the
pore solution pH around 11 after 28 days of carbonation. Additionally, increasing the fly
ash content reduced the initial pH of the uncarbonated paste. When the fly ash content

29



J. Compos. Sci. 2025, 9, 549

increased from 0% to 40% in the MF-based geopolymer pastes, the pH value exhibited a
slight decreasing trend (approximately 0.2).
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Figure 4. The alkalinity of MF-based geopolymer pastes with various MgO contents.

3.4. Pore Structure

Figure 5 illustrates the changes in pore size distribution, porosity, and the most prob-
able pore size of the M8F2-0% and M8F2-8% specimens before and after carbonation.
Pore sizes in cementitious materials were typically categorized into four types: gel mi-
cropores (<10 nm), mesopores (10–50 nm), capillary pores (50–100 nm), and macropores
(100–1000 nm) [1]. As depicted in Figure 5a, the pore size distribution of the M8F2-0%
control group exhibited minimal variation before and after carbonation, with pore con-
centrations predominantly in the mesopore (10–50 nm) range. The changes in capillary
and macropores were negligible. The absence of MgO in this group resulted in changes
in porosity, primarily attributed to the transformation of Ca(OH)2 and CO2 infiltration
during the carbonation process. The limited alteration in pore size may stem from the
relatively loose initial microstructure of the control group, which meant that CO2 invasion
and Ca(OH)2 transformation had a constrained impact on pore size distribution.
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(a) Pore size distribution (b) Porosity

10 100 1000

0.0

0.5

1.0

1.5

2.0

2.5
 M8F2-0%
 M8F2-8%
 M8F2-0%-28d
 M8F2-8%-28d

Pore diameter (nm)

Cu
m

ul
at

iv
e 

po
re

 v
ol

um
e 

(m
L/

g)

Gel pores Capillary pores MacroporesMesopores

21.8

20.2
19.9

18.2

36.7

31
29.3

16.5

17

18

19

20

21

22

23

24  Uncarbonation
 Carbonation for 28d

Specimen number

Po
ro

si
ty

 (%
)

M8F2-0% M8F2-8% M8F2-0% M8F2-8%

 Uncarbonation
 Carbonation for 28d

12

16

20

24

28

32

36

40

 M
os

t p
ro

ba
bl

e 
po

re
 d

ia
m

et
er

 (n
m

)

Figure 5. Pore size distribution and porosity of MF-based geopolymer pastes modified with MgO content.

In contrast, after the introduction of MgO, the pore size distribution curve for the
M8F2-8% specimens shifted leftward compared to the control group (M8F2-0%) prior
to carbonation. This shift indicated a decrease in both capillary pores (50–100 nm) and
macropores (>100 nm), suggesting an enhancement in the pore structure. This improvement
manifested in the inclusion of MgO, which optimized the microstructure of the paste,
ultimately reducing porosity and the most probable pore size. This enhanced porosity
contributed to the enhancement of the compressive strength of the pastes, as demonstrated
in Figure 2. The underlying mechanism involved MgO accelerating the hydration reaction
and facilitating the formation of finer Mg(OH)2 crystals within the highly alkaline pore
solution. These finer crystals were better dispersed throughout the paste, thereby enhancing
the microstructure [40]. After 28 days of carbonation, the pore size distribution curve for
the M8F2-8% specimens shifted significantly to the left, indicating a marked reduction in
pore diameter.

Moreover, both the total porosity and the most probable pore diameter for the M8F2-0%
and M8F2-8% specimens decreased following carbonation. Specifically, after 28 days, the
porosity of the M8F2-0% and M8F2-8% specimens decreased from 21.8% and 20.2% to 19.9%
and 18.2%, respectively. Concurrently, their most probable pore diameters diminished
from 36.7 nm and 31.0 nm to 29.3 nm and 16.5 nm, respectively. This refinement of pores
post-carbonation can be attributed to the continued participation of some Mg(OH)2 in
the reaction within the carbonation environment, leading to the formation of expansive
magnesium silicate hydrate (M-S-H) gel or a similar hydrotalcite phase [36]. Additionally,
unreacted MgO particles can directly carbonize to produce magnesium carbonate (MgCO3)
and hydrated magnesium carbonate. These carbonized products exhibit excellent bonding
and filling characteristics, effectively refining the pores and reducing the overall porosity
of the paste. Consequently, the macroscopic mechanical properties of the geopolymer
incorporating MgO were enhanced after carbonation, aligning with the results of the
compressive strength, as illustrated in Figure 5.

3.5. XRD Analysis

Figure 6 presents the XRD patterns of the M8F2-0% and M8F2-8% specimens, both
before carbonization and 28 days post-carbonization. Within the 2θ range of 15 to 35◦,
the MgO-modified geopolymers exhibited several characteristic peaks indicative of an
amorphous structure. The detected crystalline phases included quartz, mullite, and minor
amounts of hydrotalcite and akermanite, along with (N,C,m)-A-S-H gel as the primary
hydration products [26,41]. Notably, the hydration products from the MF-based geopoly-
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mer pastes did not contain calcium hydroxide or C-S-H gel, which were essential calcium
reserves for counteracting carbonization. In contrast, the introduction of MgO to the MF-
based geopolymer pastes resulted in a reduction in the intensity of the corresponding
peaks, suggesting that MgO significantly enhanced the hydration reaction within the MF-
based geopolymer pastes. This enhancement led to an increased number of amorphous
gel phases, as reflected by the changes in the characteristic peaks. The phase composition
of the M8F2-0% specimen remained largely unchanged before and after carbonization,
though a small quantity of sodium salt crystals was observed following carbonization. In
the hydration products of the MF-based geopolymer pastes with MgO addition, a distinct
periclase diffraction peak was evident, indicating that MgO has not completely reacted.
After carbonation, the MgO diffraction peak disappeared, indicating its reaction with CO2.
Although hydrotalcite and akermanite were detected, their origin may be related to the
raw materials rather than resulting solely from hydration. It should be noted that the
expected carbonation product, such as magnesite (MgCO3), was not clearly detected by
XRD, possibly due to its low crystallinity or content. This suggested direct carbonation of
MgO may have formed poorly crystalline or amorphous phases.
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Figure 6. XRD patterns of MF-based geopolymer pastes modified with MgO before and after carbonation.

3.6. FT-IR Analysis

Figure 7 presents the FT-IR spectra of MM8F2-0% and M8F2-8% specimens before
carbonation and after 28 days of carbonation. Analysis of specific functional groups
within the hydration and carbonation products enables the assessment of qualitative
material changes induced by carbonation. Overall, the phase composition of the MF-based
geopolymer pastes remained largely unchanged following carbonation. Consequently, the
functional groups associated with bound water, carbonates, and the gel structure exhibited
no significant alterations. However, carbonation increased the polymerization degree of
the silicate gel. Analysis of the pre-carbonation FT-IR spectra revealed absorption peaks at
3371 cm−1 and 3403 cm−1 for M8F2-0% and M8F2-8%, respectively, originating from O-H
stretching vibrations of water molecules [42]. After 28 days of carbonation, these peaks
shifted to 3368 cm−1 and 3367 cm−1. Peaks observed at 1654 cm−1 and 1647 cm−1 were
attributed to O-H bending vibrations of bound water within the gel. Absorption peaks
at 1458 cm−1 and 1363 cm−1 arose from asymmetric stretching vibrations of carbonate
species, likely formed from unreacted residual NaOH present in the activator [6]. Following
carbonation, these peaks shifted to higher wavenumbers (1503 cm−1 for M8F2-0% and
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1385 cm−1 for M8F2-8%), consistent with substantial OH− consumption to counteract CO2

ingress and generate carbonates.
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Figure 7. FT-IR spectra of MF-based geopolymer pastes modified with MgO before and after carbonation.

Additionally, distinct peaks at 980 cm−1 (M8F2-0%) and 975 cm−1 (M8F2-8%) before
carbonation correspond to asymmetric stretching vibrations of Si-O-Si and Si-O-Al bonds
in the gel [43,44]. After 28 days of carbonation, these peaks shifted to 976 cm−1 and
973 cm−1, respectively, indicating a movement to lower wavenumbers. Incorporation
of MgO induced a shift towards lower wavenumbers for these peaks in both pre- and
post-carbonation specimens. The wavenumber of this peak served as an indicator of the
gel’s polymerization state and degree within the matrix. MgO addition promoted the
replacement of Al3+ by Si4+ during reaction, transforming aluminum-rich geopolymeric
gel into a more stable silicon-rich structure [38,45]. This transformation exhibited lower
porosity and higher strength in the geopolymer pastes, as illustrated in Figures 2 and 5.
This observation indicated that MgO not only enhanced the hydration reaction but also
facilitated the formation of structurally more stable gels, thereby contributing to improved
macroscopic material strength. Furthermore, absorption peaks at 856 cm−1 (M8F2-0%)
and 835 cm−1 (M8F2-8%) were potentially associated with symmetric Si-O-Si stretching
vibrations. Peaks occurring between 500 cm−1 and 800 cm−1 were attributed to in-plane
bending vibrations of Si-O or Al-O bonds within the constituent SiO4 and AlO4 tetrahedral
structural units [1,46].

4. Conclusions

This study investigates the impact of varying MgO and fly ash content on the car-
bonation performance of MF-based geopolymer pastes through accelerated carbonation
tests. The carbonation mechanisms of MF-based geopolymer pastes at different ages were
elucidated through XRD, FTIR, and MIP. The key findings are as follows:

(1) The compressive strength of MF-based geopolymer pastes gradually decreased
with increasing fly ash content. Specifically, when the fly ash content rose from 0% to
40%, the compressive strength decreased by 11.7%. Conversely, the inclusion of MgO
enhanced the compressive strength of the MF-based geopolymer pastes, with a more
pronounced improvement observed at higher fly ash contents. For instance, at an 8% MgO
content, the compressive strength of the M10F0-8%, M8F2-8%, and M6F4-8% specimens
increased by 4.8%, 14.7%, and 31.3%, respectively, compared to the control group without

33



J. Compos. Sci. 2025, 9, 549

MgO. Furthermore, carbonation led to a moderate strength gain in all specimens, with
improvements ranging from 3% to 11%.

(2) As the carbonation age progressed, the carbonation depth of geopolymer pastes
increased gradually, while the pH value of the pore solution declined. The incorporation
of MgO and fly ash effectively mitigated both the progression of carbonation depth and
the drop in pH value. For the MF-based geopolymer pastes with 20% fly ash content, the
carbonation depths after 28 days were measured at 25.5 mm, 7.8 mm, and 5.0 mm for MgO
contents of 0%, 4%, and 8%, respectively. In comparison to the geopolymer specimens
without MgO (M8F2-0%), the additions of 4% and 8% MgO reduced the carbonation depth
by 69.4% and 80.4%, respectively. After 28 days of carbonation, the pH values for M8F2-0%,
M8F2-4%, and M8F2-8% were 9.78, 11.00, and 10.93, representing reductions of 2.40, 0.96,
and 1.13 from their initial pre-carbonation values.

(3) The inclusion of MgO reduced the median pore diameter, total porosity, and most
probable pore size. This effect was attributed to MgO accelerating the hydration reaction,
which promoted the formation of finer Mg(OH)2 crystals in the highly alkaline pore solution.
These crystals contribute to a more refined and homogeneous microstructure, thereby
enhancing compressive strength. Furthermore, carbonation for 28 days also reduced both
the porosity and the most probable pore size. Specifically, the porosity of the M8F2-0%
and M8F2-8% samples decreased from 21.8% and 20.2% to 19.9% and 18.2%, respectively,
while their most probable pore sizes reduced from 36.7 nm and 31.0 nm to 29.3 nm and
16.5 nm, respectively.

(4) The phase composition of the MF-based geopolymer pastes remained largely
unchanged before and after carbonation, with the primary hydration products identified
as N-A-S-H gel, mullite, hydrotalcite, and akermanite. The introduction of MgO reduced
the intensity of the characteristic peaks for these phases, indicating that MgO significantly
promoted the hydration reactions within the geopolymer system.
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Abstract: In this study, the free vibration characteristics of a functionally graded (FG)
shear-deformable Timoshenko beam were investigated both analytically and numerically.
The work is notable for its significant contribution to the literature, particularly in address-
ing analytically challenging problems related to complex FGM structures using advanced
computer-aided finite element methods. For the analytical approach, the governing equa-
tions and associated boundary conditions were derived using Hamilton’s principle of
minimum potential energy. These equations were then solved using the Navier solution
method to determine the natural frequencies of the beam. In the numerical analysis, a
3D FG beam model was developed in the ABAQUS finite element software (2023, Das-
sault Systèmes, Providence, RI, USA)using the second-order hexahedral (HEX20/C3D20)
and 1D three-node quadratic beam (B32) elements. The material gradation was defined
layer-by-layer along the thickness direction in accordance with the rule of mixtures. Modal
analysis was subsequently performed to extract the natural frequency values. The results
show a high level of agreement between the analytical and numerical solutions. and were
consistent with previously published studies in the literature.

Keywords: FGM beam; Timoshenko beam; finite element; composite structures

1. Introduction

Functionally graded materials (FGMs) are advanced engineering materials charac-
terized by a gradual and continuous variation in their constituent composition, which
allows controlled changes in mechanical, thermal, or electrical properties compared to
conventional homogeneous materials. This unique feature enables FGMs to overcome the
limitations of traditional materials, providing the ability to meet different performance
requirements in different regions and optimize material usage. In particular, when ap-
plied to beams and slender structural elements, FGMs can enhance load-bearing capacity
while reducing overall weight [1]. Analytical and numerical studies have shown a strong
relationship between the material gradient and the elastic, thermomechanical, and dy-
namic behavior of beams, highlighting the critical role of material distribution in design
processes [2].

Experimental research has also demonstrated that FGM beams can improve resistance
to temperature variations, thermal stresses, and critical load conditions. Studies on micro-
and nano-scale structures indicate that FGM beams offer more precise performance control
than conventional homogeneous materials, enabling designers to achieve desired stiffness,
flexibility, and vibration characteristics through gradient optimization. Moreover, recent
advanced numerical simulations and modeling studies have provided valuable insights
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into predicting the behavior of FGM micro-beams carrying attached mass and boundary
conditions, offering essential guidance for material and structural design [3].

In engineering, FGM beams offer the opportunity to optimize multiple design criteria
such as weight, strength, and durability simultaneously, particularly in aerospace, automo-
tive, biomedical, and micro-electromechanical systems (MEMS/NEMS). The distinguishing
feature of FGMs is the continuous spatial variation of properties of two or more materials,
especially ceramics and metals. This graded structure provides significant advantages,
particularly in terms of heat resistance, the prevention of crack propagation, and reductions
in thermal stresses. FGMs greatly minimize the issues arising from interface weaknesses
and abrupt material transitions, which are commonly encountered in conventional layered
composites [4].

Vibration analysis is one of the focal points of research on FGM beams. The effects
of material gradation on natural frequencies and mode shapes have been examined in
detail using both classical and advanced theories in cases of free and forced vibration.
Alshorbagy et al. [5] studied the free vibration behavior of FGM beams using the finite
element method, and revealed the impact of the material gradient index and geometric
parameters on frequencies. Similarly, Avcar [6] and Kahya and Turan [7] analyzed changes
in natural frequencies under different boundary conditions and various loading scenarios.

The mechanical response of functionally graded structures varies substantially depend-
ing on the material gradient function, cross-sectional geometry, and boundary conditions.
The bending [8], free and force [9,10] vibrations, thermal [11,12], and buckling [13] behav-
iors of FGM beams and plates were studied using various solution methods. Pradhan and
Chakraverty [14] comprehensively examined the free vibration of Euler and Timoshenko
FGM beams using the Rayleigh–Ritz method. Both numerical and experimental studies
have shown how material gradation in FGMs manages thermal stresses and prevents crack
propagation [15]. Kahya and Turan [7,16] analyzed the vibration and stability behaviors of
FGM and sandwich beams using the first-order shear deformation theory and multilayer
finite element methods. Nguyen and Nguyen [17] adapted higher-order shear deformation
theory to FGM sandwich beams, and achieved significant advantages in static, buckling,
and free vibration analyses.

More recently, Echouai et al. [18] presented a finite element model using Euler–
Bernoulli beam theory to analyze transverse vibrations in FGM beams with Terfenol-D
magnetostrictive layers on a Winkler foundation. It explores the influence of material and
structural parameters on natural frequencies and damping, offering insights for improved
vibration control and structural design. Benadouda et al. [19] analyzed wave propagation
in functionally graded (FG) pinned–pinned beams with defects such as cracks and bidi-
rectional porosity using higher-order shear deformation theory and Hamilton’s principle.
Jayachandiran et al. [20] conducted both experimental and numerical analyses to exam-
ine the free and forced vibration behaviors of functionally graded material (FGM) beams
reinforced with graphene fillers. Their findings demonstrate that the smooth material
gradation in FGMs improves vibration performance and effectively eliminates the delami-
nation problems typically observed in conventional composite materials. Priyadarshini
et al. [21] utilized higher-order shear deformation theory to investigate the free vibration
characteristics of epoxy-based functionally graded beams, incorporating axial material
gradation modeled by a power law distribution. Using a Navier-type solution method,
they accurately determined the natural frequencies and mode shapes, providing important
insights for the dynamic analysis and optimal design of FGM structures.

In recent years, functionally graded material (FGM) beams have gained considerable
attention in both research and engineering applications due to their superior mechanical
performance, adaptability, and potential for optimizing structural behavior under complex

38



J. Compos. Sci. 2025, 9, 567

loading conditions. To accurately investigate their responses, advanced finite element
software such as ANSYS (19.5 R2, ANSYS, Inc., Canonsburg, Pennsylvania, USA) and
ABAQUS has been extensively used, providing a flexible and reliable framework for
simulating real-world scenarios that are often difficult to handle analytically. These tools
allow researchers to study not only the static behavior, but also the dynamic characteristics,
of FGM beams, including natural frequencies, mode shapes, and stress distributions,
under various boundary conditions and geometric configurations. Unlike purely analytical
approaches, which often require simplifying assumptions and can become cumbersome for
complex geometries, combined loading, or geometrically nonlinear cases, finite element
simulations enable the precise modeling of material gradation, layered structures, and
irregular cross-sections.

Numerous studies in the literature have shown that numerical results obtained using
ABAQUS or ANSYS closely match analytical solutions in simpler benchmark problems,
while also allowing analyses of situations where manual calculations would be extremely
time-consuming or practically infeasible. In addition, these simulations provide deeper
insight into the effects of material gradation, shear deformation, and boundary conditions
on the overall structural performance of FGM beams, which is valuable for both design
and optimization purposes. ABAQUS and ANSYS are therefore widely adopted in the
field, serving not only to validate analytical models but also to support the investigation of
innovative design strategies for advanced composite structures. Their widespread use in the
literature highlights their effectiveness in bridging the gap between theoretical predictions
and practical engineering applications, underscoring their central role in contemporary
research on functionally graded materials and smart structural systems. Hedia et al. [22]
used ANSYS 2020 to perform a finite element analysis on functionally graded beams made
of aluminum and alumina, analyzing the effects of different material distribution functions,
namely, the power law, modified symmetric power law, sigmoid, and varying material
index values on the resulting stress distribution. Abood and Al-Ansari [23] investigated the
free vibration behavior of porous functionally graded beams (FGBs) under different support
conditions using first-order shear deformation theory and ANSYS APDL 17.2. With the
help of ANSYS Workbench, Özmen and Özhan [24] conducted analytical, computational,
and experimental studies to investigate the bending and vibration behaviors of functionally
graded beams modeled using the Euler–Bernoulli beam theory and fabricated via 3D
printing. Khan et al. [25] carried out a free vibration analysis of functionally graded beams
using the ABAQUS finite element software.

In this study, a functionally graded (FG) beam model (see Figure 1) was considered
based on Timoshenko beam theory, also known as first-order shear deformation theory
(FSDT), which extends classical Euler–Bernoulli beam theory by incorporating shear defor-
mation effects that are neglected in the latter, allowing for a more accurate representation
of short or thick beams under bending. The governing equations and boundary conditions
were derived using Hamilton’s principle, leading to Euler–Lagrange equations expressed
in terms of three unknowns. For the analytical solution, we applied the Navier method,
substituting trigonometric functions into the equations of motion to determine the natural
frequencies for the first three modes (m = 1, 2, 3) of the FG Timoshenko beams. To make
the results comparable with those in the existing literature, we presented the frequencies
in a dimensionless form for simply supported boundary conditions in cases of L/h = 5
and L/h = 20. The Navier solution is widely recognized as a reliable analytical approach,
especially for the static and dynamic analysis of functionally graded beams and plates.
However, solving FG structures analytically can become very challenging when combined
loading or geometric nonlinearities are involved, as the manual calculations become time-
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consuming or even impractical. In such cases, using advanced finite element software
offers a much more convenient and efficient alternative.

 
Figure 1. Model geometry of a functionally graded beam.

For the numerical analysis, ABAQUS was employed. To ensure accurate and conver-
gent results, the beams were modeled using second-order hexahedral elements (HEX20/
C3D20). Each layer’s elastic modulus and density were defined according to the rule of
mixtures, creating a smooth ceramic-to-metal material gradient along the beam. Natu-
ral frequencies were extracted using ABAQUS’s Eigensolver with the Lanczos algorithm
for different slenderness ratios. To compare with the analytical solution, the numerical
frequencies were also converted into dimensionless form.

While many studies have explored the mechanical behavior of FG beams using differ-
ent deformation theories, to the best of the authors’ knowledge, no study has numerically
modeled and solved FG beams in ABAQUS using both second-order hexahedral 3D solid
elements (HEX20/C3D20) and 1D Timoshenko beam elements (B32). By examining both
approaches on the same FG beam configurations, including variations in slenderness ratio
and power–law index, we can directly compare the natural frequencies obtained from the
3D solid element model and the 1D Timoshenko beam model. Timoshenko B32 elements are
particularly suitable for vibration analyses of short and thick beams because they account
for both bending and shear deformations while keeping computational cost low. However,
they offer lower accuracy compared to 3D solid elements like C3D20, and have limitations
in modeling complex geometries and heterogeneous materials. This allows us to see which
modeling approach converges most closely to the analytical solution. Such a comparison
not only validates the numerical models, but also provides practical guidance on choosing
the most suitable element type for capturing the dynamic behavior of FG beams. We believe
that this study makes an important contribution to the literature, offering a clear reference
for future investigations of FG beam vibrations and bridging the gap between detailed
solid element modeling and efficient beam theory approaches.

2. Theory and Formulation

2.1. Material Properties

The variation in material properties is assumed to be governed by a power–law
variation, defined as follows [5]:

P(z) = PmVm + PcVc (1)
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Here, Pm and Pc denote the material properties, while Vm and Vc represent volume
fractions of the metal and ceramic associated with the given subindices, respectively.

Vm + Vc = 1 (2)

The volume fraction of the ceramic phase, described by a power–law distribution, is
expressed as follows:

Vc =

(
z
h
+

1
2

)p
(3)

Here, h is the beam height and p is a positive parameter known as the power–law index,
ranging 0 ≤ p ≤ ∞. When p = 0, the material is entirely ceramic. Using this relationship,
the Young’s modulus and mass density are determined by the following expressions:

E(z) = Em + (Ec − Em)Vc

ρ(z) = ρm + (ρc − ρm)Vc
(4)

2.2. Constitutive Equations

The displacement field according to FSDT is expressed in a general form. It is impor-
tant to note that, unlike the Euler–Bernoulli theory, the first-order shear component is also
included in the field equations in this formulation [26],

u(x, z, t) = u0(x, t) + zξ(x, t) (5)

w(x, z, t) = w0(x, t) (6)

where u and w show the axial and vertical displacement of the beam, and ξ demonstrates
the angle of rotation of the normal to the mid-surface of the beam.

The non-zero linear strains derived from Equations (5) and (6) are the following:

εx =
∂u0

∂x
+ z

∂ξ

∂x
(7)

γxz =
∂w0

∂x
+ ξ (8)

Assuming the material of the functionally graded (FG) beam obeys Hooke’s law, the
stress components within the Timoshenko beam are expressed in matrix form as

{
σx

τxz

}
=

[
Q11 0

0 Q55

]{
εx

γxz

}
(9)

where

Q11 = E(z), Q55 =
E(z)

2(1 + ν)
(10)

2.3. Equations of Motion

The equations of motion are derived using Hamilton’s principle by integrating over
time, as follows [27]:

δ

t2∫
t1

(U + V − T)dt = 0 (11)

Here, δU, δV, and δT represent the virtual variations of the strain energy, potential
energy, and kinetic energy, respectively.
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The variational form of the strain energy, δU, is given by:

δU =
L∫

0

h
2∫

−h
2

(σxδεx + τxzδγxz)dzdx

δU =
L∫

0

[
Nx

∂δu0

∂x
+Mx

∂δξ

∂x
+ Qxz

(
∂δw0

∂x
+ δξ

)]
dx

(12)

Accordingly, the stress resultants Nx, Mx, and Qxz are defined as

{Nx, Mx, Qxz} =

h
2∫

−h
2

σx(1, z, ksτxz)dz (13)

where ks indicates shear coefficient.
The work done by the external vertical load q can be expressed as follows:

δV =
∫

qδwdA (14)

The kinetic energy δT can be written as follows [28]:

T =
1
2

L∫
0

∫
A

(
ρ(z)

( .
u2

+
.

w2
))

dAdx

δT =
L∫

0

h
2∫

−h
2

(
ρ(z)

( .
uδu +

.
wδw

))
dzdx

(15)

By substituting the variational expressions of δU, δV, and δT, presented in Equations
(12), (14) and (15), respectively, into Equation (11), the governing equations of motion for
the functionally graded beam are obtained as follows:

δu0 : N′
x = I0

..
u0 + I1

..
ξ

δξ : M′
x − Qxz = I1

..
u0 + I2

..
ξ

δw0 : Q′
xz + q = I0

..
w0

(16)

Here, the double dots above the parameters denote the components derived from
the kinetic energy, representing the second derivatives with respect to time. The inertial
coefficients are defined as follows:

{I0, I1, I2} =
∫
A

ρ(z)
(

1, z, z2
)

dA (17)

By reformulating Equation (16) in conjunction with Equation (17), the governing equa-
tions of motion for the functionally graded material beam are comprehensively articulated
and expressed as

A11
∂2u0

∂x2 + B11
∂2ξ

∂x2 − I0
∂2u0

∂t2 − I1
∂2ξ

∂t2 = 0 (18)

B11
∂2u0

∂x2 + D11
∂2ξ

∂x2 − A55

[
∂w0

∂x
+ ξ

]
− I1

∂2u0

∂t2 − I2
∂2ξ

∂t2 = 0 (19)
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A55

[
∂2w0

∂x2 +
∂ξ

∂x

]
+ q − I0

∂2w0

∂t2 = 0 (20)

where

{A11, B11, D11} =

h
2∫

−h
2

Q11

(
1, z, z2

)
dz (21)

A55 =

h
2∫

−h
2

ksQ55dz (22)

3. Solution Procedure

3.1. Analytical Part of Solution

In this section, an analytical solution to the governing equations for the free vibration
of a supported functionally graded beam is presented, based on the Navier method. The
transverse load distribution is assumed to be zero. To this end, the displacement functions
are expressed as the product of undetermined coefficients and known trigonometric func-
tions, ensuring that the governing equations and boundary conditions are satisfied at x = 0
and x = L [28], ⎧⎪⎨

⎪⎩
u0

ξ

w0

⎫⎪⎬
⎪⎭ =

∞

∑
m=1

⎧⎪⎨
⎪⎩

UmeiωtCos(λx)
ξmeiωtCos(λx)
WmeiωtSin(λx)

⎫⎪⎬
⎪⎭ (23)

where the unknown Fourier coefficients Um, ξm, and Wm should be determined; w is the
eigenfrequency associated with mth eigenmode, and λ = mπ

L .
For the simply supported beam, essential and natural boundary conditions are given

as shown below [29]:
Nxδu0|L0 = 0
Mxδξ|L0 = 0
Qxzδw0|L0 = 0
u = w = 0 at x = 0, L

(24)

The following q load is considered as in study [27]:

q(x) =
∞

∑
m=1

qm sin(αx) (25)

qm =
2
L

L∫
0

q(x) sin(αx)dx (26)

qm =

{
q0(m = 1) for sin usoidalload q0
4q0
mπ (m = 1, 3, 5, . . .) for uniform load q0

(27)

By substituting the variables u0, ξ , and w0 from Equation (23) into the equations of
motion, analytical solutions are obtained by evaluating the determinant of the matrix
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formed by the stiffness components Kij and mass components mij [28]. In the present study,
qm is assumed to be zero (qm = 0).

⎛
⎜⎝
⎡
⎢⎣K11 K12 K13

K12 K22 K23

K13 K23 K33

⎤
⎥⎦− ω2

⎡
⎢⎣m11 m12 m13

m12 m22 m23

m13 m23 m33

⎤
⎥⎦
⎞
⎟⎠
⎧⎪⎨
⎪⎩

Um

ξm

Wm

⎫⎪⎬
⎪⎭ =

⎧⎪⎨
⎪⎩

0
0
qm

⎫⎪⎬
⎪⎭ (28)

where
K11 = −A11λ2, K12 = K21 = −B11λ2, K13 = K31 = 0,
K22 = −A55 − D11λ2, K23 = K32 = −A55λ, K33 = −A55λ2,

m11 = −I0, m12 = −I1, m13 = 0,
m22 = −I2, m23 = 0, m33 = −I0

(29)

3.2. Numerical Part

The commercial finite element package ABAQUS was employed to perform the nu-
merical simulations. Pre-processing and post-processing tasks were conducted using
ABAQUS/CAE (2023, Dassault Systèmes, Providence, RI, USA) [30], whereas the actual so-
lution phase was carried out with the ABAQUS solver. To compute the natural frequencies
of the models, a frequency extraction analysis was performed using the Lanczos eigen-
solver. The Lanczos method is widely recognized as a reliable approach for determining
natural frequencies and is routinely applied in both modal analyses and frequency response
function (FRF) evaluations. Finite element analysis (FEA) provides the ability to investigate
structural responses for complex geometries, loading conditions, and material distributions.
However, it is important to emphasize that FEA always produces approximate solutions.
The accuracy of these solutions depends heavily on both mesh refinement and element type
selection. In general, mesh convergence is improved by reducing element size and increas-
ing the number of elements. Yet, excessively fine meshes lead to a significant increase in
computational cost. Therefore, an optimal balance between accuracy and efficiency must be
achieved. Moreover, the correct choice of element formulation is essential. In certain cases,
first-order elements provide adequate accuracy, while in others, second-order elements
are more appropriate. For solid models, hexahedral elements are usually preferred due
to their numerical stability and convergence properties, while tetrahedral elements are
adopted when handling irregular or complicated geometries. Similarly, the correct decision
between solid, shell, and beam elements must be made depending on the geometry and
structural characteristics under investigation. In the present study, two separate modeling
strategies were adopted in ABAQUS to evaluate the natural frequencies of functionally
graded beams. The first approach involved modeling the beams using 3D solid elements,
while the second approach relied on 1D beam elements. For the solid element-based
model, a second-order hexahedral mesh (HEX20/C3D20) was chosen to ensure analytical
convergence and accuracy. Each element dimension was set to 5 × 5 × 5 mm, which
provided a sufficient level of mesh quality. For the slender beam with a slenderness ratio
of L/h = 20, the dimensions were 0.1 × 0.1 × 2 m, whereas for the short beam with L/h = 5,
the dimensions were 0.1 × 0.1 × 0.5 m. To account for the material variation along the
cross-section of the beam, the model was divided into 10 groups of elements. Each group
was assigned its own material property set, allowing the smooth transition from metal to
ceramic across the beam thickness to be accurately captured. Different power–law index
(p) values were incorporated by defining separate material models for each case. To repre-
sent the simply supported boundary condition, rigid body elements were introduced at
both ends of the beam. These rigid bodies were assigned appropriate constraints to their
reference nodes, enabling one end to be fixed while allowing sliding at the other. Such an
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approach ensured the free rotation of the beam ends, consistent with the simply supported
condition. The final solid-element-based finite element models contained approximately
160,000 hexahedral elements, two rigid body elements, and a total of 690,083 nodes for
L/h = 20, and approximately 40,000 hexahedral elements, two rigid body elements, and
173,482 nodes for L/h = 5. In both cases, the ABAQUS solver was instructed to extract the
first 10 natural frequencies.

A second modeling approach was carried out using 1D beam elements. Beam elements
are generally advantageous when dealing with simple geometries, as they significantly
reduce the number of degrees of freedom and computational effort. However, in the context
of functionally graded materials (FGMs), additional care is required because the mechani-
cal properties vary continuously within the material. This allows material transitions to
be modeled accurately within individual elements, even in a 1D beam formulation. To
achieve reliable and convergent results, the B32 Timoshenko beam element was selected.
Timoshenko beam theory accounts for both bending and shear deformation, making it
suitable for beams with lower slenderness ratios as well as for FGMs where shear flexibility
cannot be neglected. A mesh size of 5 mm was employed to ensure the adequate quality
and smooth distribution of material properties along the beam length. For L/h = 20, the
dimensions were 0.1 × 0.1 × 2 m, discretized into 400 B32 elements, two rigid body ele-
ments, and 801 nodes, while for L/h = 5, the dimensions were 0.1 × 0.1 × 0.5 m, discretized
into “100” B32 elements, two rigid body elements, and 201 nodes. As in the solid element
case, the solver was requested to compute the first 10 natural frequencies. In summary, the
study employed two complementary finite element approaches, a detailed 3D solid element
model and a computationally efficient 1D beam element model to investigate the natural
frequencies of functionally graded beams. While the 3D solid model captures the geometry
and material distribution in greater detail, the beam element approach provides significant
reductions in solution time while maintaining accuracy through the use of Timoshenko
beam theory. The combination of these methods allows for both accuracy verification and
computational efficiency, ensuring that the analysis of FGMs is both reliable and practical.

The modeling steps of the FGM beam in ABAQUS are presented as seen in Figure 2.
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(a) First, the material properties were 
manually calculated for each p value. 
Material characteristics, including 
Young’s modulus, density, and Poisson’s 
ratio, were de ned using the Elastic Ma-
terial keyword. An appropriate mesh size 
was determined through a convergence 
study. After meshing, the material prop-
erties were assigned accordingly. 
In the 3D model, ten distinct material 
de nitions were applied to separate mesh 
regions. In contrast, the 1D model utilized 
a single material de nition with internal 
transitions between materials. Two sepa-
rate models were developed for aspect 
ratios L/h = 5 and L/h = 20. 

 

 

(b) Rigid body elements were de ned on 
both ends of the beam to represent the 
boundary conditions accurately. For 
simply supported beam con gurations, 
rigid body modeling is essential to ensure 
realistic and accurate simulation results. 

 

 

(c) After de ning the boundary conditions 
in the third step, the mesh of the FGM 
beam was assigned. 

 

 

(d) Modal analysis was carried out using 
the ABAQUS nite element solver. For 
each value of p, the corresponding natural 
frequencies and mode shapes were ex-
tracted. 

 

 

Figure 2. Flowchart for the modeling of the FGM beam.

4. Results and Discussion

The free vibration behavior of the first mode of FG Timoshenko beams was analyzed
for two different length-to-height ratios, using the material properties listed in Table 1 as
a reference.
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Table 1. Material properties of the FGM beam [27,31].

Material Young
Modulus, E (GPa)

Density,
ρ (kg/m3)

Poisson Ratio,
υ

Alumina (Al2O3) 380 3960 0.3
Aluminum (Al) 70 2702 0.3

For different power–law index values, the results obtained from analytical and numer-
ical solutions are presented in Tables 2–4, plotted as seen Figures 3 and 4 and compared
with those reported in the literature.

  
(a) (b) 

 
(c) (d) 

  
(e) (f) 

Figure 3. (a) Comparison of dimensionless frequencies values obtained from analytical and numerical
solutions for the L/h = 5 (m = 1). (b) Comparison of dimensionless frequencies values obtained from
analytical and numerical solutions for the L/h = 20 (m = 1). (c) Percentage error of the dimensionless
frequency obtained from the numerical results (B32) compared to the analytical reference results
(L/h = 5, m = 2). (d) Percentage error of the dimensionless frequency obtained from the numerical
results (HEX20) compared to the analytical reference results (L/h = 5, m = 2). (e) Three-dimensional
percentage error of the dimensionless frequency obtained from the numerical results (B32) compared
to the analytical reference results (L/h = 20, m = 3). (f) Three-dimensional percentage error of the
dimensionless frequency obtained from the numerical results (HEX20) compared to the analytical
reference results (L/h = 20, m = 3).
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Figure 4. ABAQUS model of FG beam (HEX20).

The dimensionless frequency can be calculated using the following formula [32]:

ω =

(
ωL2

h

)√
ρm

Em
(30)

Table 2. Comparison of dimensionless natural frequencies of simply supported FG beams for the
first mode.

L/h p Present
(TBT)

ABAQUS
(HEX20)

ABAQUS
(Timoshenko 1D)

Chen et al.
[33]

CBT [31]

0 5.1524 5.1563 5.1569 5.1525 5.3953
0.5 4.4078 4.2450 4.2354 4.4079 4.5931
1 3.9902 3.9370 3.9623 3.9904 4.1484

5 2 3.6343 3.6021 3.4407 3.6346 3.7793
5 3.4312 3.4200 2.7061 3.4315 3.5949
10 3.3134 3.2315 2.5960 3.3136 3.4921
50 2.9288 3.1269 2.6182 - -

0 5.4603 5.4612 5.4607 5.4603 5.4777
0.5 4.6509 4.4791 5.0114 4.6509 4.6641
1 4.2050 4.1685 4.5509 4.2051 4.2163

20 2 3.8367 3.8463 3.8015 3.8368 3.8472
5 3.6508 3.6858 2.8814 3.6509 3.6628
10 3.5415 3.4493 2.7494 3.5416 3.5547
50 3.1207 3.3338 2.7724 - -

Table 3. Comparison of dimensionless natural frequencies of simply supported FG beams for the
second mode.

L/h p Present
(TBT)

ABAQUS
(HEX20)

ABAQUS
(Timoshenko 1D)

Chen et al.
[33]

CBT [27]

0 17.8711 15.0112 15.1155 17.8711 20.6187
0.5 15.4263 12.9269 12.3368 15.4277 17.5415
1 14.0030 11.8785 11.9982 14.0064 15.7982

5 2 12.7120 10.6079 10.5592 12.7179 14.3260
5 11.8157 9.4636 8.2881 11.8226 13.5876
10 11.3073 9.0001 7.6107 11.3119 13.2376
50 10.0500 8.7717 7.6743 - -
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Table 3. Cont.

L/h p Present
(TBT)

ABAQUS
(HEX20)

ABAQUS
(Timoshenko 1D)

Chen et al.
[33]

CBT [27]

0 21.5732 21.5831 21.5782 21.5732 21.8438
0.5 18.3931 17.7203 19.2787 18.3931 18.5987
1 16.6344 16.4784 17.6408 16.6344 16.8100

20 2 15.1715 15.1744 14.8756 15.1715 15.3334
5 14.4109 14.5201 11.3722 14.4110 14.5959
10 13.9652 13.6022 10.8641 13.9653 14.1676
50 12.3146 13.1533 10.9555 - -

Table 4. Comparison of dimensionless natural frequencies of simply supported FG beams for the
third mode.

L/h p Present
(TBT)

ABAQUS
(HEX20)

ABAQUS
(Timoshenko 1D)

Chen et al.
[33]

CBT [27]

0 34.1449 34.2776 34.2807 34.1449 43.3483
0.5 29.7166 28.9559 20.8563 29.7231 36.8308
1 27.0525 26.8252 20.7280 27.0683 33.0278

5 2 24.4970 23.9218 19.8466 24.5242 29.7458
5 22.4642 20.9403 17.6138 22.4933 28.0850
10 21.3219 20.9403 17.2456 21.3399 27.4752
50 19.0238 19.3222 17.4048 - -

0 47.5921 47.6399 47.6167 47.5921 48.8999
0.5 40.6377 39.1212 40.9196 40.6378 41.6328
1 36.7673 36.2973 37.8398 36.7677 37.6173

20 2 33.5135 33.2699 32.3465 33.5142 34.2954
5 31.7473 31.7229 25.0470 31.7482 32.6357
10 30.7174 29.9764 23.9720 30.7180 31.6883
50 27.1162 28.9962 24.1755 - -

5. Conclusions

In this study, the free vibration behavior of functionally graded (FG) beams was
investigated using both analytical formulations and numerical simulations (ABAQUS
solver). The analysis was carried out within the framework of Timoshenko beam theory,
also known as the first-order shear deformation theory (FSDT). The primary objective was
to demonstrate that, although FG structures are often challenging to analyze analytically,
finite element software can provide an effective and reliable tool for addressing such
problems. To this end, the governing equations were derived by incorporating shear effects
and applying the principle of minimum potential energy, and the resulting dimensionless
natural frequencies were obtained and compared with those from numerical models.

Two different modeling strategies were carried out in ABAQUS alongside the ana-
lytical approach. A HEX20 solid element model was built where the material gradation
was defined layer by layer, while a B32 Timoshenko beam element was used to develop
a beam-type 1D model. The free vibration frequencies were calculated for the first three
modes under simply supported boundary conditions, considering two slenderness ratios
(L/h = 5 and L/h = 20) and a range of power–law index (p) values. Results were also
obtained for p = 50, which have not been reported in the literature so far. To the best of
our knowledge, no other study has modeled both solid and 1D elements in ABAQUS and
compared them systematically with each other, as well as with the analytical solution,
which highlights the originality of this work.
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As can be seen from Tables 2–4 and Figure 3, the results for all three modes indicate that
the HEX20 solid element model shows consistent agreement with the analytical solutions.
In contrast, the frequencies obtained from the B32 Timoshenko beam element exhibit slightly
larger deviations from the analytical results compared to the HEX20 model, especially
beyond a certain p value. This behavior is thought to stem from how the 1D element
represents gradation transition, which introduces irregularities in the results. In addition,
Figures 5–10 present the frequencies obtained for both the HEX20 solid element and the
B32 beam element, corresponding to the first three modes at a selected value of p. Overall,
the authors believe that the outcomes of this study can serve as a practical reference for
the computational analysis of FGM structures, and offer guidance for future research in
the field.

 
(a) 

 
(b) 

Figure 5. The first mode of the FG beam (a) for the length-to-height ratio (L/h = 5) and p = 1, and
(b) for (L/h = 20) and p = 1 (HEX20).

 
(a) 

 
(b) 

Figure 6. The second mode of the FG beam (a) for the length-to-height ratio (L/h = 5) and p = 1, and
(b) for (L/h = 20) and p = 1 (HEX20).
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(a) 

 
(b) 

Figure 7. The third mode of the FG beam (a) for the length-to-height ratio (L/h = 5) and p = 1, and
(b) for (L/h = 20) and p = 1 (HEX20).

(a) 

(b)

Figure 8. The first mode of the FG beam (a) for the length-to-height ratio (L/h = 5) and p = 1, and
(b) for (L/h = 20) and p = 1 (Timoshenko beam).

(a)

Figure 9. Cont.
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(b)

Figure 9. The second mode of the FG beam (a) for the length-to-height ratio (L/h = 5) and p = 1, and
(b) for (L/h = 20) and p = 1 (Timoshenko beam).

(a) 

(b)

Figure 10. The third mode of the FG beam (a) for the length-to-height ratio (L/h = 5) and p = 1, and
(b) for (L/h = 20) and p = 1 (Timoshenko beam).
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31. Çelik, M.; Gündoğdu, E.; Özdilek, E.E.; Demirkan, E.; Artan, R. Artificial Neural Net-work (ANN) Validation Research: Free
Vibration Analysis of Functionally Graded Beam via Higher-Order Shear Deformation Theory and Artificial Neural Network
Method. Appl. Sci. 2024, 14, 217. [CrossRef]

32. Zohra, Z.; Lemya, H.; Abderahman, Y.; Mustapha, M.; Abdelouahed, T.; Djamel, O. Free vibration analysis of functionally graded
beams using a higher-order shear deformation theory. Math. Model. Eng. Probl. 2017, 4, 7–12. [CrossRef]

33. Chen, W.R.; Chang, H. Vibration Analysis of Functionally Graded Timoshenko Beams. Int. J. Struct. Stab. Dyn. 2018, 18, 185007.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

54



Article

Effect of Rubber Fiber Content on the Mechanical Properties
of Calcareous Sand

Yuzhu Cheng 1, Hansheng Geng 2,*, Lei Wang 3,*, Yang Wang 4, Guoyue Yang 4, Yongsheng Xie 4, Linjian Ma 2

and Chun Li 5

1 College of Civil Engineering, Hunan University of Science and Technology, Xiangtan 411201, China
2 State Key Laboratory of Disaster Prevention and Mitigation of Explosion and Impact, Army Engineering

University of PLA, Nanjing 210000, China
3 School of Civil Engineering and Architecture Engineering, Guilin University of Technology,

Guilin 541000, China
4 College of Civil Engineering and Mechanics, Xiangtan University, Xiangtan 411100, China
5 Natural Resources Bureau of Pingjiang County, Pingjiang 414500, China
* Correspondence: hsgeng@aeu.edu.cn (H.G.); wanglei@glut.edu.cn (L.W.)

Abstract: The application of rubber in geotechnical engineering has gained widespread
popularity due to its potential to enhance the engineering properties of foundation fills
while reducing environmental pollution. This study focuses on investigating the influence
of the rubber fiber content on the performance of calcareous sand by conducting a series
of triaxial tests. The effects of the rubber fiber content and axial pressure on the strength,
deformation, permeability, and particle breakage of rubber–calcareous sand were system-
atically studied. The experimental results reveal that increasing the rubber fiber content
reduces the strength of rubber–calcareous sand, but it also inhibits the shear dilation and
mitigates the occurrence of rupture surfaces: the sample with a rubber content of more than
10% only has shear-contraction. Both the rubber fiber content and axial stress contribute to
the increased impermeability of rubber-modified calcareous sand, although they exhibit
different characteristics. The relationship between the rubber fiber content and permeability
coefficient is linear, while, under increasing axial stress, the permeability coefficient initially
decreases rapidly; when the deviatoric stresses exceeds 1000 kPa, the decreasing rate slows
down. Furthermore, rubber fiber significantly reduces particle breakage in calcareous
sand. The relationship between the input energy applied to rubber-modified calcareous
sand and the relative breakage rate of calcareous sand can be well-fitted with a power
function. Samples with a higher rubber fiber content exhibit a lower relative breakage rate
of calcareous sand under the same absorbed input energy. Through the research results of
this paper, the best rubber ratio can be selected as the road filler in engineering practice to
ensure both cost-effectiveness and environmental protection.

Keywords: rubber fiber; calcareous sand; permeability coefficient; input energy; relative
breakage rate

1. Introduction

Calcareous sand is a sediment formed through a series of intricate physical, biological,
and chemical reactions involving the remains of marine organisms; Its primary component
is calcium carbonate [1]. In contemporary marine engineering construction, calcareous sand
plays a crucial role as a vital material in the development of civil engineering infrastructure,
particularly in the construction of reefs and islands [2–6] (Figure 1).
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Figure 1. Hydraulic reclamation.

Due to the inherent characteristics of calcareous sand, such as its high porosity, pro-
nounced permeability, susceptibility to breakage, and irregular particle shape [7,8], the
engineering mechanical properties of calcareous sand exhibit notable distinctions compared
to those of conventional natural sands. In recent years, a multitude of researchers have
conducted comprehensive experimental investigations encompassing diverse facets of cal-
careous sand. In terms of the permeability of calcareous sand, pore characteristics are one of
the significant factors influencing its permeability. Based on the constant head permeability
experiments, Wang et al. [9] discovered that the permeability coefficient of calcareous
sand exhibited a linear relationship with 10e (where e is the void ratio). Using a three-
dimensional X-ray microanalysis device, Fan et al. [10] observed the three-dimensional pore
characteristics of calcareous sand with different particle sizes, revealing that the quantity
and volume of pores in calcareous sand significantly impact its permeability. Moreover, due
to the irregular nature of calcareous sand particles, the particle size and shape also exert
an influence on permeability [11]. By using the homemade Velocity-controlled Pressure-
differential Acquisition Flow Apparatus, Wang et al. [12] indicated that irregular particle
shapes reduced the permeability coefficient of calcareous sand. In practical engineering
applications, calcareous sand is commonly used as a filling material for subsoil, and is
thus inevitably subjected to the loads from the overlying structure. Under the action of
the load, the pores between calcareous sand particles are compressed, and the particles
themselves undergo stress-induced breakage, leading to changes in the particle shape and
size. Therefore, the influence of the load on the permeability of calcareous sand cannot
be ignored. By utilizing a piece of homemade permeability equipment, Wang et al. [13]
analyzed the effect of the load on the permeability coefficient of calcareous sand. The
results demonstrated that, with the gradual increase in load, the permeability coefficient
of calcareous sand initially decreased rapidly and then decreased slowly. On the other
hand, Li et al. [14] found that impact loads can also significantly reduce the permeability of
calcareous sand, and many studies have shown that particle breakage has an impact on
permeability [13], indicating a correlation between these two factors. Compared to quartz
sands, calcareous sand is more prone to particle breakage [15]. The breakage of larger
particles will lead to a decline in the foundation settlement and bearing capacity, posing
instability factors and risks to engineering projects [16,17]. Moreover, the increase in the
density and confining pressure will also lead to a higher degree of breakage in calcareous
sand [18], while the non-uniform calcareous sand particles exhibit significantly stronger
deformation resistance and compressive strength [19,20]. At present, most of the studies
on the breakage characteristics of calcareous sand focus on particle breakage patterns and
the inducing factors such as stress and strain. When it comes to the breakage mechanism of
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individual calcareous sand particles, the individual calcareous sand particle breakage can
be classified into three modes: the primary splitting, the successive breaking, and the severe
disintegration [21]. Through the triaxial shear tests of calcareous sand, it has been explained
that the shear is the triggering factor for the particle breakage of calcareous sand, and it
continues to occur with increasing shear strain under fully plastic conditions after reaching
the peak deviator stress [22,23]. From the ring shear tests of calcareous sand, it can be found
that the breakage rate of calcareous sand far exceeds the triaxial test; as long as the shear
strain is present, the fracture will occur [24,25]. Therefore, both stress and strain can induce
particle breakage in calcareous sand. In order to better analyze the particle breakage of
calcareous sand and achieve a comprehensive understanding of calcareous sand breakage,
some researchers have considered introducing the concept of input energy. Studies have
found that the relationship between the breakage rate of the calcareous sand and input
energy is independent of the loading conditions, confining pressure, and density [26,27].
Thus, the breakage trend in calcareous sand can be accurately predicted by studying the
relationship between the input energy and the breakage rate.

When pure calcareous sand is used as a fill material for island reef construction,
it is easily susceptible to groundwater and microbial erosion. Due to its porous nature
and significant water absorption capacity, its mechanical properties undergo significant
changes, thereby posing potential risks to engineering projects. However, rubber, being a
hydrophobic material, exhibits long-term stability in its mechanical properties, as it has
minimal reactivity with groundwater. And rubber has advantages in engineering applica-
tions because it can reinforce the sand while maintaining its lightweight capabilities, and
the waste tire rubber particles, with their low density, lightweight nature, good compress-
ibility, durability, and slow aging in the absence of light [28,29], make it suitable as a new
lightweight composite fill material, widely used in the field of geotechnical engineering,
including roadbeds [30,31], slopes, concrete [32,33], and retaining walls [34–36]. As the
number of private vehicles grows exponentially, countless tires are discarded worldwide
each year (Figure 2). The inadequate disposal of these waste tires can cause significant envi-
ronmental pollution, and direct disposal will also lead to the waste of resources. Therefore,
its comprehensive utilization would be beneficial for the development of social economy
and ecological preservation [37]. Through consolidation tests, direct shear tests, and triaxial
tests, many researchers have investigated the mixing performance of rubber and sand, and
concluded that the presence of rubber effectively inhibits the particle breakage behavior
in the sand [38,39], suppresses particle reorganization and rearrangement, and delays the
shear dilation behavior of the soil [40–42]. In addition, it is of great significance that we
incorporate rubber with calcareous sand as a blended foundation fill material in marine
engineering construction for the development of marine engineering and environmental
conservation. Research on the incorporation of rubber in calcareous sand can provide valu-
able insights into future reclamation projects of reefs and ground reinforcement projects.

Most of the previous studies focused on the combination of siliceous sand and rubber,
and there were few studies on the deformation, permeability, and particle breakage charac-
teristics of the rubber fiber and calcareous sand mixture. To further investigate the influence
of rubber fiber on the engineering mechanical properties of calcareous sand, an SLB-1-type
stress–strain-controlled triaxial shear permeability test apparatus was employed in this
study. The rubber-modified calcareous sand samples with different rubber fiber contents
were subjected to triaxial consolidated–drained shear tests (CD), triaxial permeability ex-
periments, and particle analysis tests before and after triaxial compression. The effects
of the rubber fiber content on the rubber-calcareous sand’s strength, permeability, and
breakage characteristics were analyzed. The goal of this study is to provide a reference for
future projects to reclaim reefs and subsequent theoretical research.
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Figure 2. Stacking of waste tires.

2. Materials and Methods

2.1. Test Materials

The test calcareous sand was taken from the South China Sea. It was an uncemented
loose body of particles with extremely irregular surfaces, different sizes, white color,
rich internal pores, and different particle shapes such as sheets, spindles, and branches.
The rubber fiber was black granular debris obtained by mechanical crushing. The test
parameters of the two materials are shown in Table 1, and the particle grading curves
obtained after the particle analysis test are shown in Figure 3.

Table 1. Physical parameters of calcareous sand and rubber particles for testing.

Material Gs ρdmax/(gcm−3) ρdmin/(gcm−3) Cu Cc D50/(mm)

calcareous sand 2.71 1.52 1.20 4.71 0.73 1.23
rubber fiber 1.05 0.72 0.44 3.06 1.23 0.46

Figure 3. Particle grading curves of rubber fiber and calcareous sand.

The percentage of rubber fiber content in rubber-modified calcareous sand was ex-
pressed by the rubber mass ratio (RM= mrubber/mtotal), where mrubber is the mass of rubber
and mtotal is the total mass of rubber-modified calcareous sand. Since the relative density
(Dr) has a great influence on the mechanical properties of the calcareous sand, to ensure
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the comparability of the test results, Dr was set to 70% to control the loading density of the
test, and the calculation formula was as follows:

Dr =
ρdmax(ρc − ρdmin)

ρc(ρdmax − ρdmin)
(1)

m = ρcV (2)

mr = mRM (3)

ms = m(1 − RM) (4)

where Dr is the relative density of the sample; ρdmax is the maximum dry density of the
sample; and ρdmin is the minimum dry density of the sample. ρc is the control density of
the sample; V is the sample volume; m is the total mass; RM is the proportion of rubber
content in the sample; mr is the mass of rubber; and ms is the mass of calcareous sand.

The rubber-modified calcareous sand samples for different RMs are shown in Figure 4.
The maximum, minimum, and Dr = 70% dry densities of the samples for different RM
values are provided in Table 2. The variation in the dry density of the sample with
increasing RM is shown in Figure 5. The dry densities of the samples in different states
gradually decreased with increasing RM, which showed a nearly linear trend. To prevent
uncertainty in the experimental results caused by the salt and binders on the surface of
the calcareous sand, the samples were cleaned until the filtrate was transparent and the
suspended matter is not obvious and then dried before testing began.

Figure 4. Samples of rubber–sand particle mixtures with different RM.

Table 2. Dry densities of rubber-modified calcareous sand with different mix proportions.

RM/% ρdmax/(gcm−3) ρd(Dr = 70%)/(gcm−3) ρdmin/(gcm−3)

0 1.52 1.41 1.20
5 1.46 1.33 1.10

10 1.36 1.23 1.00
15 1.29 1.16 0.93
20 1.19 1.07 0.86
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Figure 5. The dry density of the sample changed with increasing content of rubber fiber.

2.2. Experimental Apparatus and Methods
2.2.1. Experimental Apparatus

An SLB-1 stress–strain-controlled shear penetration tester (Figure 6), which was com-
posed of a pressure controller, pressure chamber, and data acquisition system, was utilized
to measure the shear strength and deformation characteristics of the calcareous sand. The
maximum axial pressure was 20 kN, the maximum circumference range was 2 MPa, and
the maximum osmotic pressure was 1 MPa.

Figure 6. SLB-1-type stress–strain-controlled triaxial shear permeability apparatus.

2.2.2. Test Methods and Procedures

To explore the influence of different RM values on the mechanical properties of rubber-
modified calcareous sand, samples with RM values of 0%, 5%, 10%, 15%, and 20% were used
to carry out the triaxial consolidation drained shear test, triaxial constant head permeability
test, and triaxial compression breakage test. According to the formula for relative density,
the quality of each group of samples was calculated and weighed. To ensure the uniformity
of each sample, the sample was divided into three equal parts, the stratification method
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was used to make the sample, and a small hammer was used to prevent particle breakage.
After a sample was prepared, back pressure was used to saturate it to 95%.

1. CD test: Rubber-modified calcareous sand with different RM values was subjected
to triaxial consolidation drainage shear tests at three different confining pressures
(100 kPa, 200 kPa, and 300 kPa). The shear rate was set to 1 mm/min and the test was
terminated when the axial strain of the sample reached 20%.

2. Triaxial constant head permeability test: Rubber-modified calcareous sand with differ-
ent RM was subjected to the triaxial constant head permeability test at six different
deviatoric stresses (0 kPa, 500 kPa, 1000 kPa, 1500 kPa, 2000 kPa, and 2500 kPa). The
confining pressure of the test was set to 1200 kPa, and the osmotic pressure was set
to 10 kPa. During the test, when the axial pressure reached the target, the drainage
change of the sample was observed until the drainage volume is stable, and the per-
meability test was started. When the seepage velocity was stable, the test was stopped.
Due to the effect of the osmotic pressure, the internal particles of the sample were
transported, thus affecting the structure of the sample, which caused a certain degree
of error in the test results. Therefore, every time that a set of tests was completed, the
next set of tests was conducted using a new sample.

3. Triaxial compression breakage test: Rubber-modified calcareous sand with different
RM was subjected to the triaxial compression breakage test at six different deviatoric
stresses (0 kPa, 500 kPa, 1000 kPa, 1500 kPa, 2000 kPa, and 2500 kPa), and the confining
pressure and axial pressure were set the same as those in the penetration test. After
the compression test, the samples were dried, weighed, and then subjected to particle
sieve analysis.

The specific test types, loading conditions, and boundary conditions are shown in
Table 3.

Table 3. Test procedure.

Types Of Tests Confining Pressures Deviatoric Stresses
Boundary

Conditions

CD test 100 kPa, 200 kPa, and
300 kPa Measured by experiment Axial strain reached 20%

Triaxial constant head
permeability test 1200 kPa

0 kPa, 500 kPa, 1000 kPa,
1500 kPa, 2000 kPa, and

2500 kPa
Seepage stable

Triaxial compression
breakage test 1200 kPa

0 kPa, 500 kPa, 1000 kPa,
1500 kPa, 2000 kPa, and

2500 kPa

Deviatoric stresses reach
the target value

3. Results and Discussion

3.1. Analysis of the CD Test Results
3.1.1. Stress–Axial Strain Curves

After processing the CD test data of the rubber-modified calcareous sand with differ-
ent RMs, the deviatoric stress–axial strain curves for different confining pressures were
obtained as shown in Figure 7. At the same confining pressure, the initial modulus of the
stress–strain curve of each sample decreased with increasing RM, and the curve showed
the more obvious characteristics of hardening. The peak stress achieved by the sample de-
creased with increasing RM, and the axial strain corresponding to the peak stress increased
with increasing RM. After the toughness of the low RM sample is weak and reaches the
maximum strength, the deviatoric stress decreases rapidly with the increase in strain. For
the sample with more than 10% RM, the toughness is obviously enhanced, and the decrease
rate of the deviatoric stress becomes slower. The trends were similar to those obtained by
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Anvari et al. [43] in CD tests of mixtures of rubber particles with quartz sand at different
mix ratios.

Figure 7. The stress–strain curves of rubber-modified calcareous sand at different RMmix ratios for
different confining pressures.

For samples with the same RM value, stress–strain curves were compared at different
confining pressures. As the confining pressure increased, the peak stress and initial modu-
lus of the samples also increased. The main reason for this was that the higher confining
pressure inhibited the movement and breakage of particles and reduced the expansion of
the sample volume, thus increasing the shear strength of the sample.

3.1.2. Volumetric Strain–Axial Strain Curves

The characteristics of the volume strain–axial strain of rubber-modified calcareous
sand samples with different RMs at different confining pressures are shown in Fig-
ure 8, where A represents the shear-contraction stage, B is the stable stage (with the
increase in axial strain, the volume of the sample almost does not change), and C is the
shear-dilatation stage.
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Figure 8. Volumetric strain-axial strain curves of rubber-modified calcareous sand at different mix
ratios for different confining pressures.

At different confining pressures, the shear-contraction features of the rubber calcium
sand were enhanced with increasing RM, and the shear-dilatation features weakened. An
RM value of 10% could be used as a critical point. When the sample RM was less than 10%,
the sample mainly underwent shear dilatation, and, when the sample RM was more than
10%, the sample was dominated by shear contraction.

The changes in the areas of different regions under different confining pressures in
Figure 8 showed that the area of region C decreased obviously, and the area of region A
increased, with increasing confining pressure. These results showed that, with increas-
ing confining pressure, samples with different RM values showed the characteristics of
weakened shear-dilatation and strengthening shear-contraction effects.

3.1.3. Analysis of the Shear Mechanism of Rubber-Modified Calcareous Sand

Calcareous sand was incompressible and undeformed, but, under high pressure, the
extrusion between the particles caused the initially angular particles to be broken into
multiple fragments; the particles to become rounder, and the rubber particles had small
moduli and a strong ability to undergo deformation (mainly elastic deformation) [44].
Therefore, the shear characteristics of the rubber-modified calcareous sand were closely
related to its RM. When the sample had a small RM, the force transmission mechanism
under the action of external force was mainly the rigid contact between the particles of
calcareous sand, and the shear compression characteristics of the sample were similar to
those of unmodified calcareous sand. Before compression, the rubber-modified calcareous
sand was very porous and in a loose state. When the axial stress was applied, the pores
between the particles decreased rapidly, and the fine particles produced by particle grinding
filled the pores of the large particles, making the sample more compact. The stress–strain
curve of the sample showed a trend of approximate linear change with continuously
increasing stress, and the volume of the sample decreased, which was characteristic of shear
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contraction. As the stress increased further, some large particles appeared to have become
more spherical, which led to a dislocation movement between particles, and the interlocking
friction between particles decreased. The rising slope of the stress–strain curve decreased
rapidly, the axial strain of the sample continued to increase, the volume of the sample was
no longer reduced, and the stress–strain curve of the sample showed characteristics of
softening. When the axial stress increased to a certain value, the sample was completely
destroyed, and the sample underwent shear dilatation and produced an inclined shear
band, and the stress–strain curve showed a downward trend. When the sample had a
high RM value, the force transmission mechanism of rubber-modified calcareous sand
under the action of external force included rigid contacts between calcareous sand particles,
nonrigid contacts between calcareous sand, and rubber and nonrigid contacts between
rubber particles; As the sample RM increases, the proportion of the latter two non-rigid
contact modes gradually increased. Due to the elastic deformation of the rubber fibers, the
smoothing and breakage of calcareous sand particles caused by the stress concentration
were inhibited. Additionally, the dislocations between particles were buffered. As a result,
the deformability of the specimen was enhanced, and the stiffness of the specimen was
reduced. As shown in Figure 9, it was difficult for a shear band to form, and the hardening
features of the stress and strain curves of the sample were more obvious. At the same time,
during the shear compression process, due to the increase in stress, the rubber fibers were
tightly compressed, and they deformed and fully filled the pores of the calcareous sand
particles, resulting in a reduction in the pore ratio of the sample. Thus, samples with large
RM values exhibited monotonic shear contraction characteristics.

Figure 9. Comparison diagram of sample failure under different RM.

3.2. Triaxial Permeability Test Results and Analysis

In the conventional triaxial shear permeability test, the permeability coefficient is
calculated from the variation in Darcy’s law:

k =
ΔQ × h

102 × ΔP × A × Δt
(5)

where ΔQ is the total permeation within the time interval Δt; h is the penetration path,
which is the height of the sample during penetration; ΔP is the osmotic pressure (1 kPa os-
motic pressure equivalent to a 102 mm head); A is the cross-sectional area of the sample dur-
ing penetration; Δt is the time interval of penetration; and k is the permeability coefficient.

3.2.1. Analysis of the Influence of Load on the Permeability Coefficient of Calcareous Sand

The permeability coefficient–deviatoric stress curves of rubber-modified calcareous
sand with different RMs are shown in Figure 10. Figure 10 shows that, with increasing
deviatoric stress, the permeability coefficients of the samples with different RMs decreased,

64



J. Compos. Sci. 2025, 9, 578

and the rate of decrease gradually decreased with increasing deviatoric stress. Each curve
could be divided into two stages: rapid reduction (A–B), and the slow decrease and
tendency toward stabilization (B–C); 1000 kPa was the boundary between the two stages.
In stage A–B, there were multiple pores, calcareous sand particles with irregular shapes,
and pores that were extremely sensitive to the change in load. Thus, the pores of rubber-
modified calcareous sand were rapidly compressed and reduced by loading, and the water
flow was blocked, resulting in a significant decrease in the permeability coefficient in this
stage. In the B–C stage, with the increase in deviatoric stress, close contact developed
between the particles of the rubber-modified calcareous sand. The particles of calcareous
sand did not easily deform. When the original pore structure decreased under deviatoric
stress, further compression was difficult. The sample pores were reduced by particle
fracture, but the breakage amplitude of the particles was limited. Thus, the slope of the
B–C stage of the curve slowly decreased.

Figure 10. The permeability coefficient–deviatoric stress curves of rubber-modified calcareous sand
with different RM values.

Figure 10 showed that, during the whole process of deviatoric stress application, the
permeability coefficient variation of samples with a low RM was much larger than that of
samples with a high RM. For example, the permeability coefficient of pure calcareous sand
samples changed 4.45 times more than that of samples with an RM of 20% and even more
significantly in stage A–B, which changed 6.13 times more.

In addition, the permeability coefficient and the deviatoric stress of samples with
different RMs could be well-fitted by exponential functions, which were similar to the
trends of the experimental curves obtained by Wang Shuai et al. [13] when exploring the
influence of the load on the permeability coefficient of calcareous sand. The test data were
fitted by Equation (6), and the fitting equations for the samples with different RMs are
shown in Table 4.

k =
[

A × e(−P/B) + C
]
× 10−4 (6)

where k is the permeability coefficient; p is the deviatoric stress; and A, B, C are the curve
fitting parameters related to the characteristics of rubber-modified calcareous sand.
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Table 4. K-P fitted equations for rubber-modified calcareous sand.

RM/% Fitted Equations Correlation Coefficients

0 k = 6.72e(−P/976.25) + 3.45 R2 = 0.9939
5 k = 5.23e(−P/1339.95) + 1.98 R2 = 0.9926

10 k = 3.60e(−P/1223.16) + 1.45 R2 = 0.9948
15 k = 2.48e(−P/1148.35) + 0.77 R2 = 0.9948
20 k = 1.78e(−P/1740.33) + 0.09 R2 = 0.9934

The curve fitting results for each RM are shown in Table 4.
When p tended to infinity, the permeability coefficient k in Equation (6) was C × 10−4.

There was a good linear relationship between C and RM, and the fitting formula was
as follows:

C = (−0.16W + 3.13)× 10−4 (7)

The linear correlation between parameter C and complex W reached 0.96, as shown in
Figure 11. Therefore, the limit minimum value of the permeability coefficient of rubber-
modified calcareous sand with different RMs could be well-predicted according to this
formula. The 3.13 in the formula represents the ultimate minimum permeability coefficient
of pure calcareous sand, which is a theoretical prediction based on the test results.

Figure 11. The variation trend of parameter c with RM.

3.2.2. Analysis of the Influence of the RM on the Permeability Coefficient of
Rubber-Modified Calcareous Sand

The relationship between the permeability coefficient and the RM of rubber-modified
calcareous sand under different deviatoric stresses is shown in Figure 12. According to
Figure 8, as the RM increased, the permeability coefficient of the rubber-modified calcareous
sand gradually decreased under the same axial pressure. When the deviatoric stress was
0 kPa, the slope of the curve of the graph of the permeability coefficient vs. RM of the
sample was 0.413, and when the deviatoric stress increased to 2500 kPa, the slope of the
graph of the permeability coefficient vs. RM decreased to 0.178. This showed that, as
the axial stress increased, the influence of the RM on the permeability of rubber-modified
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calcareous sand gradually weakened. This was because, when the deviatoric stress was
between 0 kPa and 1000 kPa, the pores inside the sample were not completely compressed,
and the rubber fiber was deformed under the stress and filled the pores of the calcareous
sand particles. With the increase in the RM, the pores of the calcareous sand particles were
more fully filled by the rubber particles, and the permeability of the sample was effectively
reduced. When the deviatoric stress was between 1500 and 2500 kPa, the pores between
the calcareous sand particles were completely compressed, and the fine particles produced
by the friction between the calcareous sand particles filled the original pores to a certain
extent. At this time, the decreased permeability coefficient of the sample was limited, and
the influence of the RM on the permeability of the sample gradually weakened.

Figure 12. Graphs of permeability coefficient vs. mix ratio for rubber-modified calcareous sand under
different deviatoric stresses.

3.3. Triaxial Compression Breakage Test Results and Analysis

Particle breakage is a complex process related to the particle size, particle size distri-
bution, particle shape, void ratio, and particle hardness. The most intuitive manifestation
of particle breakage is the difference in the particle gradation curve before and after sample
compression. Many scholars take the change at a certain point on the particle grading
curve as an indicator of particle breakage. In this study, the breakage model proposed
by Hardin [45] was adopted to evaluate the degree of breakage of particles, and the area
enclosed by the particle grading curve before compression and the vertical line with par-
ticle size D equal to 0.074 mm was defined as the initial breakage potential BP0. It was
considered that the particles less than the upper limit of 0.074 mm did not continue to
break. The area of the particle gradation curve after compression and breakage and the
initial gradation curve and the vertical line with particle size D equal to 0.074 mm were
defined as the total breakage Bt (Figure 13). Then, the ratio of the total breakage Bt to the
initial breakage potential BP0 was defined as the relative breakage rate Br, as shown below:

Br =
Bt

Bp0
(8)
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where Bt is the total breakage; BP0 is the initial breakage potential; and Br is the relative
breakage rate.

Figure 13. Diagram of the definition of Br.

Liu Huabei et al. [27] found that, for the same input energy, the samples with larger
particle sizes were more broken than the samples with smaller particle sizes. To explore the
effect of different RMs on the particle breakage of calcareous sand, the input energy was
analyzed, and the input energy per unit volume of the sample from the beginning of the
test to the end could be expressed as follows:

WP = ∑
[(

σ′
1 − σ′

3
)
dε1 + σ′

3dεv
]

(9)

where WP is the input energy; σ′
1 is the effective major principal stress; σ′

3 is the effec-
tive minor principal stress; ε1 is the axial strain increment; and εv is the volumetric
strain increment.

According to the test results, the relationship between the input energy WP and the
relative breakage rate Br under different RMs is shown in Figure 14. The degree of breakage
of the calcareous sand particles was closely related to the energy absorbed during the stress
process and the RM value of the sample. For different RMs, the relationship between WP

and Br could be fitted by a power function as shown in Equation (10). The curve-fitting
formulae for different RMs are shown in Table 5.

Br = a(WP)
b. (10)

where Br is the relative breakage rate; WP is the input energy; and a and b are the curve-
fitting parameters related to the characteristics of the rubber-modified calcareous sand.

68



J. Compos. Sci. 2025, 9, 578

Figure 14. Graphs of relative breakage rate–input energy for rubber-modified calcareous sand with
different mix ratios.

Table 5. K-P fitting equations for rubber-modified calcareous sand with different mix ratios.

RM/% Fitted Equations Correlation Coefficients

0 Br = 1.39 × 10−2WP
1.16 R2 = 0.9965

5 Br = 7.74 × 10−3WP
1.22 R2 = 0.9979

10 Br = 1.13 × 10−3WP
1.48 R2 = 0.9865

15 Br = 6.66 × 10−4WP
1.56 R2 = 0.9929

20 Br = 1.65 × 10−4WP
1.76 R2 = 0.9886

In the process of energy input, energy is absorbed by the calcareous sand and the
rubber. As shown in Figure 14, with increasing RM, the sample Br-WP curve gradually
became concave. For example, if the sample RM was 20%, then the slope of the curve
was small during the initial stage of the energy input. When the input energy exceeded
220kN/m2, the slope of the curve gradually increased, which indicated that the proportion
of energy absorbed by the rubber gradually decreased for a continuous energy input.
This was because, during the process of compression, calcareous sand did not deform,
and rubber underwent continuous deformation. When the rubber particles compressed
and completely filled the pores of the calcareous sand, the contact mode between the
particles changed from the rubber particle–calcareous sand particle back to the calcareous
sand particle–calcareous sand particle. The change process is shown in Figure 15. As
compression continued, the extent of this change continued to grow. When particles contact
only calcareous sand particles–calcareous sand particles, the subsequent input energy was
mainly absorbed by calcareous sand, which will lead to the breakage of the particles.
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Figure 15. Schematic diagram of particle compression.

In addition, with the same input energy, the relative breakage rates were much smaller
for samples with larger RM values than for samples with smaller RM values. There were
two main reasons for this behavior; (1) As shown in Figure 16, it can be found that the
pores of calcareous sand contain a large number of rubber particles. The presence of rubber
fibers reduced the stress concentrations between calcareous sand particles, thus reducing
the breakage of particles. (2) The rubber fibers will serve as a skeleton to bear a portion of
the load and undergo deformation under the action of the load, thereby absorbing some of
the input energy [38,39].

Figure 16. The sample diagram after compression.

4. Conclusions

The paper presents a comprehensive study on the strength, deformation, permeability,
and particle breakage characteristics of rubber-modified calcareous sand, investigated
through CD tests, triaxial permeability tests, and triaxial compression breakage tests under
different rubber content (RM) values and axial stresses. Based on the analysis of the
experimental results, the main conclusions are as follows:

1. Increasing rubber content (RM) leads to a decrease in the strength of rubber-modified
calcareous sand and an increase in the strain. The stress–strain curve exhibits harden-
ing characteristics, as the modulus of the curve gradually decreases. This behavior is
attributed to the presence of rubber, which inhibits shear dilation, enhances the shear
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compaction characteristics of calcareous sand, and delays the occurrence of rupture
surfaces.

2. Both the rubber content and axial stress have inhibitory effects on the permeability
of rubber-modified calcareous sand. The permeability coefficient decreases linearly
with increasing RM. On the other hand, with increasing axial stress, the permeability
coefficient initially decreases rapidly, then slows down, and eventually converges.
The final convergence value is significantly influenced by RM.

3. Rubber has a substantial impact on particle breakage in calcareous sand. It acts in
two ways: firstly, it reduces the stress concentration between calcareous sand particles,
preventing some particles from undergoing breakage; and, secondly, rubber serves
as a skeleton, sharing the load with calcareous sand and undergoing deformation
to absorb a portion of the input energy. The relationship between the input energy
and the relative breakage rate of calcareous sand particles at different RM levels can
be effectively fitted with a power function. Samples with a higher RM show a slow
initial increase in the relative breakage rate with increasing input energy, followed by
a faster growth rate in the later stage.
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Abstract: To meet the strengthening requirements of damaged steel beams in hygrothermal
environments, this study conducted four-point bending tests on nine pre-cracked steel
beam specimens. The coupled effects of surface roughness, end anchorage, prestressing
level of carbon fiber-reinforced polymer (CFRP), and hygrothermal aging on the flexural
behavior of the strengthened beams were systematically investigated. Results show that
high-grade sandblasting (Sa3) significantly enhances interfacial bond strength through a
synergistic “mechanical interlock-adhesion” mechanism, increasing the cracking load of
the adhesive layer by 8.2–16.8% compared with Sa2, while partially mitigating the perfor-
mance degradation caused by hygrothermal aging. The use of end anchorages effectively
suppresses CFRP debonding at the beam ends, improving the ultimate load capacity and
deformation performance. When a prestress equivalent to 25% of the CFRP’s ultimate ten-
sile strength was applied, the load capacity of the strengthened beams further increased by
10.5–19.3%, interfacial cracking was effectively delayed, and the CFRP utilization efficiency
reached 96.8–98.5%. Although hygrothermal exposure accelerated interfacial deterioration
and reduced the interfacial cracking load, its influence on the ultimate load was relatively
limited. These results offer valuable scientific and engineering insights for the design and
interface treatment of CFRP-strengthened steel bridges in hygrothermal regions.

Keywords: prestressed CFRP; cracked steel beams; interface roughness; hygrothermal
aging; flexural performance

1. Introduction

Steel bridges, characterized by long spans, high load-bearing efficiency, and short
construction periods, are widely employed in highway, railway, and urban transportation
infrastructure. However, during long-term service, factors such as environmental exposure,
increased loads, and functional changes often induce cracking and damage in existing steel
structures, necessitating strengthening to ensure operational safety and durability [1]. Con-
sequently, the development of efficient and reliable strengthening techniques for damaged
steel bridges has become a critical research focus in the field of civil engineering [2].

Carbon fiber-reinforced polymer (CFRP) has been widely employed for steel structure
strengthening due to its high strength-to-weight ratio, corrosion resistance, and excellent
fatigue performance [3]. Compared with welding or bolted strengthening, CFRP avoids
issues such as heat-affected zone embrittlement or stress concentration around bolt holes,
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thereby preventing secondary damage to the original structure [4]. However, the effective-
ness of CFRP strengthening largely depends on the bonding performance at the CFRP–steel
interface [5], and interfacial failure often limits the utilization of CFRP strength to less than
50% for the purely bonding method, hindering its high-strength potential [6].

To improve interfacial performance, physical treatments such as sandblasting and
mechanical grinding have been proposed, with sandblasting being widely adopted due to
its ease of application and moderate cost [7,8]. Increased surface roughness enhances the
“mechanical interlock” effect, significantly improving interfacial resistance to debonding [9].
However, most existing studies focus on the short-term effects of different roughness levels
on interfacial performance, while research on the influence of surface roughness on the
long-term performance of strengthened beams in service environments remains insufficient.
Under high-temperature and high-humidity conditions, the adhesive is prone to aging,
leading to interfacial degradation and premature failure [10], but the differences in the
ability of bonding interfaces with distinct bonding mechanisms (e.g., “pure bonding” or
“mechanical interlocking + bonding”) to resist hygrothermal deterioration and maintain
long-term stability remain unclear.

In addition, the development of prestressed CFRP technology offers another means
to enhance strengthening effectiveness [11]. By applying a pre-tension force, CFRP can
partially counteract stresses induced by external loads, reducing the stress intensity factor
at crack tips and suppressing crack propagation rates [12,13]. Simultaneously, it optimizes
the synergistic behavior between CFRP and steel, significantly improving the utilization
efficiency of CFRP materials. It also alleviates the concentration of interfacial shear stress,
thereby delaying interfacial debonding [14]. Extensive research and engineering applica-
tions have demonstrated that prestressed CFRP strengthening can substantially improve
both the static and fatigue performance of steel beams [15–17].

Despite the significant advantages of prestressed CFRP technology in steel bridge
strengthening, several key issues need to be clarified when applying this technology to
engineering practice. Specifically, the comprehensive influence of laws of critical processes
and parameters—such as steel surface treatment, CFRP prestress level, end anchorage, and
service environment—on the strengthened system has not been fully addressed in existing
studies. Although it is known that hygrothermal environments can accelerate adhesive
aging and interfacial degradation, thereby impairing the mechanical performance of the
strengthened structure [18–20], the long-term stability of interfaces with different steel
surface roughness levels and their effects on the strengthening effectiveness of prestressed
CFRP remain unclear. Therefore, it is essential to investigate the impacts of these parameters
on the strengthened system to optimize the flexural performance and environmental
adaptability of the system.

Against this background, this study focuses on the flexural performance of cracked
steel beams strengthened with CFRP and considers four factors: steel surface roughness,
end anchor, CFRP prestress, and hygrothermal durations. Nine pre-cracked steel beam
specimens were designed, and four-point bending tests were conducted to explore the
influence of each parameter on the flexural performance of the strengthened system,
providing a scientific basis and practical guidance for the design of CFRP strengthening for
damaged steel bridges in hygrothermal regions.

2. Experimental Program

2.1. Materials

For the testing in this work, hot-rolled H-section (HM150 × 100) of Q235B steel
beams were chosen as the strengthening objectives, with a total length of 1.4 m. Two types
of CFRP plates (Nanjing Hitech Composites Co., Ltd., Nanjing, China) were used to
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accommodate both non-prestressed and prestressed strengthening schemes. For non-
prestressed specimens, plain CFRP plates without end anchors were employed, with a
length of 1220 mm, width of 50 mm, and thickness of 2 mm. For prestressed specimens,
customized CFRP plates with end anchors were used to facilitate the application of prestress.
One end of the CFRP plate was fitted with a fixed anchor for anchorage, while the other
end was equipped with a prestressing anchor featuring two longitudinal bolt holes, as
shown in Figure 1. The prestressed CFRP plate has a length of 1600 mm, with the same
width (50 mm) and thickness (2 mm) as the non-prestressed plate. The adhesive used was
Lica-131 CFRP adhesive (Nanjing Hitech Composites Co., Ltd., Nanjing, China), consisting
of components A (white) and B (black) mixed at a weight ratio of 2:1 and thoroughly stirred
before application.

Figure 1. Specimen configuration.

To evaluate material properties, the mechanical behavior of steel beams, adhesive, and
CFRP plates was tested using a DDL electronic universal testing machine in accordance with
Chinese standards GB/T 2975-2018 [21], GB/T 2567-2021 [22], and GB/T 1447-2005 [23].
The average values of the main mechanical properties are summarized in Table 1.

Table 1. Mechanical properties of materials.

Material Ultimate Strength (MPa) Elastic Modulus (GPa) Yield Strength (MPa)

Q235 steel plate 417.9 ± 7.4 197.3 ± 7.5 258.8 ± 1.8
CFRP plate 2439.5 ± 63 183.2 ± 19.9 —

Lica-131 adhesive 39.2 ± 2.3 5.7 ± 0.6 —

2.2. Specimen Design

To systematically investigate the effects of surface roughness, end anchors, prestress
level, and hygrothermal exposure on the flexural performance of damaged steel beams,
a total of nine specimens were designed (Table 2). Notably, specimens for evaluating the
hygrothermal effect on non-prestressed CFRP-strengthened beams were not included in
this study. This design rationale is supported by the authors’ previous study [24], which
has clearly demonstrated that non-prestressed CFRP-strengthened beams with a pure
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bonding configuration (without end anchorage) exhibit significant reductions in interfacial
cracking load and ultimate load under hygrothermal cycling. In contrast, the present work
focuses on the flexural behavior of prestressed CFRP-strengthened beams with end anchors
under the same environmental conditions. The exclusion of non-prestressed specimens
is therefore reasonable, ensuring a focused evaluation of the combined effects of CFRP
prestress and end anchors.

Table 2. Specimen details.

Specimen Surface Roughness Grade End Anchors Prestress Level (Fp/fu) Hygrothermal Exposure (Day)

B0 - without 0 0

B1

Sa2 grade

without 0 0
B1P0 with 0 0
B1P2 with 25% 0

B1P2H with 25% 90

B2

Sa3 grade

without 0 0
B2P0 with 0 0
B2P2 with 25% 0

B2P2H with 25% 90

Note: fu denotes the ultimate tensile strength of the CFRP plate.

The naming of the specimens follows the following principles: Specimen B0, without
strengthening, serves as the reference beam; Specimens B1 and B2 correspond to sand-
blasting grades Sa2 and Sa3, respectively; P0 and P2 denote the absence of prestress and
a prestress level of 25%, respectively; and “H” indicates specimens subjected to 90 days
of hygrothermal cycling. According to the GB/T 8923.1-2011 [25], the definitions of Sa2
and Sa3 sandblasting grades are as follows. The Sa2 sandblasting grade refers to thorough
blast cleaning, which is characterized by the absence of visible oil, grease, and dirt on the
surface when observed without magnification, with almost no scale, rust, coating, and
foreign impurities (minimal roughness). The Sa3 sandblasting grade refers to blast cleaning
that leaves the steel surface visually clean, which is characterized by the absence of visible
oil, grease, and dirt on the surface when observed without magnification, as well as no
scale, rust, coating, and foreign impurities; the surface shall have a uniform metallic luster
(moderate surface roughness).

To simulate service-induced cracks, initial cracks were prefabricated at the midspan
tensile flange and web of the beams. The crack depth was characterized by the relative
ratio a/h (where a is the crack depth and h is the beam section height) [18]; in this study,
a/h = 0.12, corresponding to an initial crack depth of 18 mm. Detailed dimensions of the
beams and cracks are shown in Figure 1. To prevent the local premature buckling of the
steel beam, 8 stiffeners (10 × 47 × 132 mm) were arranged at the cross sections of the steel
beam corresponding to its supports and loading points. Additionally, eight bolt holes were
drilled at the ends of the tensile flange for connecting end anchors to secure the CFRP
plates. The end anchors, fabricated from Q235 steel plates, have a design dimension of
10 mm (thickness) × 200 mm (length) × 100 mm (width) and are connected to the steel
beam using M12 high-strength bolts of grade 8.8. During installation, the bonding adhesive
was applied to both sides of the CFRP plate: one side bonded to the steel beam surface,
and the other side in contact with the end anchor. The mechanical clamping effect of the
high-strength bolts further enhanced the anchorage, ensuring effective composite action
between the CFRP plate and the steel beam.
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2.3. Specimen Fabrication

Prior to strengthening, the bonding surfaces of the steel beams were sandblasted
according to the designed sandblasting grades. The surfaces of the sandblasted steel beams
are shown in Figure 2. It can be seen that the specimens with Sa3 sandblasting grade
exhibited exposed metallic steel surfaces and noticeable roughness, whereas those with Sa2
sandblasting grade had almost no surface roughness.

  
(a) (b) 

Figure 2. Surface conditions of steel beams after sandblasting: (a) Sa2 grade; (b) Sa3 grade.

To facilitate prestress application in the laboratory, a custom prestressing device was
developed (Figure 3), comprising a specimen placement section and a prestress application
section [18]. The placement section, consisting of vertical plates, compression rods, and
adjustable supports allowing horizontal and vertical movement of the steel beam, was
used to position and support the beam. The prestress application section, composed of
vertical plates, a jack, tie rods, and a stopper plate, connected to the prestressing anchor of
the CFRP plate. The jack pushes the baffle, transmitting tensile force through the tie rod to
apply prestress.

 

Figure 3. Prestressing setup for CFRP-strengthened steel beams.

The strengthening procedure for prestressed CFRP-strengthened damaged steel beams
was as follows: First, strain gauges were attached to the non-bonded surface of the CFRP
plate to monitor prestress. The steel beam was placed on the adjustable supports, and
the strengthening region was marked. The CFRP plate was installed in the prestressing
device and connected via tie rods to the prestressing anchor and stopper plate, with non-
strengthened areas and the non-bonded surface of the plate protected by tape. A small
initial tensile force was applied via the jack to straighten the CFRP plate, the adjustable
supports were used to set a 1 mm gap between the strengthened flange and the CFRP plate
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and align the strengthening zone. After fixing the steel beam, the jack was released, and the
CFRP plate was removed for cleaning the bonding surface with anhydrous ethanol. Next,
the Lica-131 adhesive was proportionally measured and mixed with 1% by mass of 1 mm
glass beads at low speed to ensure uniform dispersion. The adhesive was evenly applied to
the strengthening region of the steel beam, the CFRP plate was reinstalled, and the jack was
used to gradually apply the designed prestress, locking the tie rod nuts. End anchor plates
were then installed with a pre-tightening torque of 85 N·m, and any excess adhesive was
removed. After 24 h of adhesive curing, the tie rod nuts were loosened, the jack unloaded,
and the CFRP plate end anchors were cut off, completing the strengthening process.

Accelerated hygrothermal aging of the specimens was conducted using a large-scale
hygrothermal cycling system [14,26]. A 3.5% sodium chloride solution was prepared to
simulate a marine environment. Each hygrothermal cycle consisted of the following steps:
the NaCl solution was heated to 40 ◦C in a constant-temperature water tank and then
pumped into the specimen chamber, immersing the specimens for 10 h. Subsequently,
the solution was returned to the water tank, and the specimens were dried in air for 14 h,
during which fans at the top of the specimen chamber were activated to accelerate drying.
Each cycle lasted 24 h, with a temperature control accuracy of ±1 ◦C. In this study, the
specimens were subjected to 90 hygrothermal cycles.

2.4. Loading and Measurement Scheme

Four-point bending tests were conducted using an SDS500 electro-hydraulic servo
universal testing machine. The loading setup and data acquisition system are shown
in Figure 4. The span between the loading points was 300 mm, with a clear span of
1300 mm. All bending tests were performed under displacement control at a loading rate
of 0.05 mm/s.

 
Figure 4. Experimental loading and data acquisition setup: (a) loading apparatus; (b) schematic of
the loading configuration; (c) data acquisition system; (d) Interface at notch position from camara
perspective.

During loading, high-resolution photographs of the interface at midspan cracks were
taken to monitor CFRP debonding (Figure 4a,d). The camera was set to automatically
capture one image every 2 s, and the time of the first photograph was recorded. By
subsequently matching the recorded load data (with corresponding timestamps) from the
data acquisition system, the interfacial cracking load at the onset of debonding can be
determined. To obtain the yield and cracking loads of the prefabricated crack in the steel
beams, two strain gauges were placed at the crack tips (Figure 5); the load at which a
crack-tip strain gauge failed was defined as the web cracking load. To capture the strain
distribution along the CFRP plate during loading, eleven strain gauges were arranged
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along its longitudinal axis. Since the interfacial stress is more complex at midspan cracks,
the strain gauges were positioned more densely in this region (Figure 5).

 

Figure 5. Strain gauge arrangement.

3. Experimental Results and Discussion

3.1. Load–Deflection Response

The load-deflection response of all specimens is presented in Figure 6. The load–
deflection curve of the reference beam (B0) exhibited the typical “elastic–plastic–brittle
failure” behavior, which reflects the evolution of the initial web cracks. In the elastic
stage, the internal stresses did not exceed the steel yield limit, and the load–deflection
relationship remained approximately linear. Once the load surpassed the elastic thresh-
old, stress concentration at the crack tip induced plastic deformation, causing a marked
increase in deflection rate. Ultimately, at the ultimate load, the crack rapidly propagated
through the section, significantly reducing the effective cross-sectional area and leading to
sudden brittle failure. This behavior serves as a baseline for evaluating the performance
of strengthened specimens.

(a) 

 
(b) 

Figure 6. Load–deflection curves of the specimens: (a) Sa2 sandblasting grade; (b) Sa3
sandblasting grade.
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Non-prestressed CFRP-strengthened specimens effectively extended the elastic stage
and significantly enhanced stiffness through the synergistic action between the CFRP plate
and the steel beam. The key mechanism lies in the CFRP sharing tensile stresses and
inhibiting early crack plasticization. The presence of end anchors constrained the slip
at the CFRP plate ends, promoting a more uniform interfacial shear stress distribution,
thereby delaying adhesive layer cracking and maintaining residual load-carrying capacity
after partial CFRP debonding. In contrast, specimens without anchors exhibited load–
deflection behavior that rapidly approached that of B0 after debonding. Sandblasting
grade also substantially influenced the interfacial bonding mechanism: Sa3 sandblasting
formed a “mechanical interlock + adhesion” composite interface, providing superior shear
resistance compared with the adhesion-only Sa2 interface. Consequently, Sa3 specimens
(B2, B2P0) showed delayed adhesive cracking and debonding. However, due to errors in
the experimental arrangement for specimen fabrication and loading, specimen B2 did not
receive sufficient curing time for the adhesive layer. Consequently, it exhibited a lower peak
load compared to specimen B1. This also indirectly indicates that in the practical application
of engineering reinforcement, sufficient curing of the interface requires focused attention.

Prestressed specimens (B1P2, B2P2) demonstrated a more stable linear elastic stage
because the CFRP plates were already in tension at the early loading stage, enhancing the
synergistic action with the steel beam and slowing the load drop after debonding, thereby
improving structural ductility relative to non-prestressed specimens. Hygrothermal cycling
(B1P2H, B2P2H) accelerated adhesive aging and interfacial degradation, shortening the
elastic stage, advancing debonding, and promoting brittle failure modes (e.g., CFRP rupture
at ultimate load in B2P2H). Notably, Sa3 sandblasting partially mitigated the detrimental
effects of the hygrothermal environment. The “mechanical interlock” interface exhibited
enhanced resistance to degradation, resulting in higher first debonding load and ultimate
load for B2P2H compared with B1P2H with Sa2 treatment. This indicates that high-
roughness surface treatment can delay the degradation of CFRP-strengthened systems
under hygrothermal service conditions.

3.2. Analysis of Flexural Performance Indicators

To compare the effectiveness of different strengthening schemes under various condi-
tions, the loads corresponding to steel beam crack-tip yielding, adhesive layer cracking,
web cracking, and ultimate failure are summarized in Table 3. The load at crack-tip yielding
was determined using strain gauges attached at the crack tips, while the loads for adhesive
layer cracking and web cracking were identified from photographs taken during testing.
The ultimate load is defined as the load at final failure of the specimen. Note that data for
specimen B1P0 are not included in Table 3 due to strain gauge malfunction during the test.

Table 3. Experimental results of the specimens.

Specimen
Crack-Tip Yield

Load (kN)
Adhesive Cracking

Load (kN)
Web Cracking

Load (kN)
Ultimate Load

(kN)

Bending
Stiffness
(kN/mm)

Crack-Tip Yield
Deflection (mm)

Ultimate
Deflection

(mm)

B0 52.6 — 67.5 70.8 15.7 2.8 6.5

B1 94.5 110.9 117.6 120.3 30.2 3.3 13.8
B1P0 — 114.0 — 135.5 31.3 — 19.4
B1P2 120.0 136.0 149.2 161.5 32.7 3.8 26.8

B1P2H 101.3 120.2 138.5 159.6 33.2 3.1 22.9

B2 74.3 81.3 85.0 89.0 29.8 2.6 7.2
B2P0 83.1 133.1 140.8 145.4 32.7 2.4 20.3
B2P2 113.3 147.1 156.5 161.5 34.1 3.5 28.6

B2P2H 114.6 137.8 148.7 162.7 34.3 3.7 26.1
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The adhesive cracking loads of different specimens are presented in Figure 7a. As
previously noted, specimen B2 exhibited a lower cracking load due to insufficient adhe-
sive curing. Comparison between non-prestressed and prestressed specimens indicates
that the application of prestress significantly increased the adhesive cracking load and
effectively delayed adhesive failure. Under the Sa2 sandblasting grade, the prestressed
specimen B1P2 showed a 19.3% increase in adhesive cracking load compared with the
non-prestressed B1P0, whereas after 90 hygrothermal cycles, B1P2H decreased by 11.6% rel-
ative to B1P2. Under the Sa3 sandblasting grade, the prestressed specimen B2P2 exhibited
a 10.5% increase over B2P0, and B2P2H decreased by 6.3% after 90 hygrothermal cycles.
Moreover, the variation in cracking load for Sa3 specimens was smaller than that for Sa2
specimens. Further comparison between specimens with different surface roughness under
the same conditions shows that B2P0 increased the cracking load by 19.1 kN relative to
B1P0, B2P2 increased by 11.1 kN relative to B1P2, and B2P2H increased by 17.6 kN relative
to B1P2H. These results indicate that higher surface roughness effectively enhances interfa-
cial bond strength and the corresponding adhesive cracking load, and better mitigates the
deterioration of the interface under hygrothermal conditions.

  
(a) (b) 

Figure 7. Characteristic loads of the specimens: (a) adhesive cracking load; (b) ultimate load.

The ultimate loads of different specimens are shown in Figure 7b. Under the Sa2
sandblasting grade, the specimen B1P0 with end anchors exhibited an ultimate load 12.2 kN
higher than the unanchored specimen B1. This improvement is primarily attributed to the
end anchors allowing the CFRP plate to continue carrying load after full-length debonding,
thereby enhancing the safety reserve of the strengthened steel beam. Meanwhile, the
prestressed specimen B1P2 showed an ultimate load increase of 26 kN compared with
the non-prestressed B1P0, whereas the difference between B1P2H after 90 hygrothermal
cycles and B1P2 was only 1.9 kN. Specimens under the Sa3 sandblasting grade exhibited
similar trends (B2 was excluded due to insufficient adhesive curing). The prestressed B2P2
had an ultimate load 16.1 kN higher than the non-prestressed B2P0, with only a 1.2 kN
reduction after 90 hygrothermal cycles (B2P2H). Overall, the hygrothermal environment
has a significant effect on adhesive cracking load but a relatively minor effect on ultimate
load. This indicates that hygrothermal aging primarily accelerates interfacial degradation;
however, when end anchors are employed, its impact on the overall load-carrying capacity
of the strengthened beams is limited.

In this study, stiffness is defined as the slope of the load–midspan deflection curve
prior to the occurrence of interfacial cracks in the steel beam, representing the load-carrying
stiffness of the strengthened beam during the elastic stage. The relevant parameters are
listed in Table 3. The stiffness of all specimens is shown in Figure 8. Compared with the
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reference specimen B0, all strengthened specimens exhibited a significant increase in elastic-
stage stiffness. Non-prestressed specimens with different surface roughness showed similar
stiffness improvements, approximately 91.1%, whereas prestressed specimens exhibited
an overall increase of about 112.7%. Notably, the additional contribution of prestress to
stiffness was not significant compared with non-prestressed specimens, consistent with
previous studies [27,28], indicating that the stiffness of CFRP-strengthened beams primarily
depends on the geometry and mechanical properties of the CFRP rather than the prestress
level when the elastic modulus of CFRP is comparable to that of steel. Furthermore,
comparison between prestressed specimens with and without hygrothermal treatment
shows that 90 hygrothermal cycles had a limited effect on stiffness, suggesting that under
the experimental conditions of this study, the hygrothermal environment has minimal
influence on the elastic-stage performance of CFRP-strengthened steel beams.

Figure 8. Stiffness of the specimens.

The ultimate deflections of the specimens are shown in Figure 9. Compared with the
reference specimen B0, the ultimate deflections of unanchored specimens B1 and B2 in-
creased by 112.3% and 10.8%, respectively. The lower ultimate deflection of B2 is attributed
to premature interface debonding caused by insufficient adhesive curing. For unanchored
strengthened beams, the CFRP plate tends to propagate debonding rapidly toward the
plate ends, eventually resulting in complete end debonding and failure of the strengthening
system. In contrast, strengthened beams with end anchors exhibited substantially higher ul-
timate deflections, regardless of prestress application, with increases ranging from 3.0 to 4.4
times. This indicates that end anchors effectively inhibit plate-end debonding and enhance
the ductile reserve of the beams. The hygrothermal environment has a moderate adverse
effect on the ultimate deflection of the strengthened beams. For Sa2 sandblasted specimens,
the ultimate deflection of B1P2H decreased by 14.6% compared with B1P2, while for Sa3
specimens, B2P2H decreased by 8.7% relative to B2P2. These results demonstrate that
higher steel surface roughness helps mitigate deflection degradation under hygrothermal
conditions.
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Figure 9. Ultimate deflection of the specimens.

3.3. Load–Strain Analysis

Experimental results indicate that the strain distribution patterns of the CFRP plates
are generally consistent across different surface roughness treatments. Figure 10 presents
the strain distribution curves of the CFRP plates at various load levels for all specimens.
It should be noted that one strain gauge near the end anchor of Specimen B2P2 failed in
the later stage of loading; therefore, there is one missing data point in the curve under the
failure load. As shown, all specimens exhibited stress concentration at the midspan crack.
Under the same load, the CFRP strain gradually decreased from the midspan defect toward
the plate ends. With increasing load, the stress concentration became more pronounced:
when the load reached the adhesive cracking load at the CFRP–steel interface, the strains
on both sides of the defect approached those at the midspan crack. As the load increased
further, strains around the defect continued to rise, and the high-stress zone gradually
extended toward the plate ends. When interfacial debonding approached the end anchor
locations, strains farther from the midspan also increased significantly. However, due
to the anchoring effect provided by the end anchors, the specimen can sustain the load
continuously. At ultimate load, the CFRP plate was almost fully debonded along its length,
and the strain distribution became relatively uniform. For the specimens without end
anchors (B1 and B2), due to the long bonding length of the CFRP plates, after the first
interfacial debonding occurred, the load dropped suddenly, but the CFRP plates did not
debond completely, and the strengthened beams could still maintain their load-carrying
capacity. However, when the load increased only slightly afterward, one end of the CFRP
plates underwent complete debonding, and the strengthened beams finally lost their load-
carrying capacity. As a result, the strain at the ultimate load showed a decreasing trend.
In addition, compared with the specimens with end anchors, the high-strain areas of
the specimens without end anchors were smaller and only concentrated in the mid-span
region. These results demonstrate that end anchors effectively enhance the load-carrying
capacity of the specimens and allow the high-strength potential of the CFRP plates to
be fully utilized.
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(g) (h) 

Figure 10. Longitudinal strain distribution of CFRP plates in the strengthened beams. (a) specimen
B1; (b) specimen B2; (c) specimen B1P0; (d) specimen B2P0; (e) specimen B1P2; (f) specimen B2P2;
(g) specimen B1P2H; (h) specimen B2P2H.
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3.4. Failure Modes

The failure modes of strengthened beams with different surface roughness treatments
were generally consistent. Taking the Sa3 sandblasted specimens as an example (Figure 11),
all specimens initiated debonding from the midspan prefabricated crack. As the load
increased, instantaneous debonding occurred at the adhesive interface, causing a temporary
drop in load. This behavior is primarily attributed to the relatively long bonded length of
the CFRP plate; after instantaneous debonding, the interfacial cracks had not yet propagated
to the plate ends, allowing the strengthened system to continue carrying load. For non-
prestressed specimens with end anchors, failure was characterized by the CFRP plate
being pulled out from the end anchors. In contrast, prestressed specimens, regardless of
environmental exposure, exhibited a mixed failure mode combining CFRP rupture and
end-anchor pullout. These results indicate that prestressed strengthening enables CFRP
plates to fail in the material rather than solely by interfacial debonding, thereby significantly
enhancing the utilization of the CFRP’s high-strength capacity at ultimate load.

 

Figure 11. Failure modes of strengthened beams with Sa3 sandblasting grade.

As shown in Table 3, the sandblasting grade has a significant influence on the in-
terfacial debonding behavior of the strengthened beams. Figure 12 presents the local
failure modes at the midspan crack: specimens with Sa2 treatment (B1P0, B1P2, B1P2H)
primarily exhibited failure at the steel–adhesive interface, whereas specimens with Sa3
treatment (B2P0, B2P2, B2P2H) first experienced cohesive failure within the adhesive layer,
followed by debonding at the CFRP–adhesive interface. From the perspective of interfacial
formation mechanisms, the CFRP–adhesive interface constitutes a strong phase, whereas
the steel–adhesive interface is a weak phase, making the steel/adhesive interface more
susceptible to failure. Increasing the roughness of the steel bonding surface promotes
the formation of an interlocking dentate structure between the adhesive and steel surface,
thereby enhancing bond strength, improving interfacial cracking resistance, and altering
the failure mode. After hygrothermal treatment, corrosive media penetrate more easily
into the Sa2 interface compared with the higher-roughness Sa3 specimens, resulting in a
more pronounced reduction in steel/adhesive bond strength and a decrease in adhesive
cracking load. Comparison of the local failure in B1P2H and B2P2H shows rust formation
at the bond interface in B1P2H, whereas B2P2H remained free of corrosion, indicating that
a superior bonding interface helps resist the ingress of corrosive agents.
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Figure 12. Interfacial debonding characteristics at the crack location of the strengthened beams (the
red arrow means debonding propagation path).

3.5. CFRP Strength Utilization

The strength utilization of CFRP plates is an important indicator for evaluating the
effectiveness of CFRP in structural strengthening. In this study, the ratio of the midspan
strain to the ultimate tensile strain of the CFRP plate (13,316 με, calculated from the data in
Table 2) is defined as the debonding utilization and ultimate utilization. For non-prestressed
specimens, the initial strain is taken as zero, while for prestressed specimens, it corresponds
to the strain after prestress application. The results are summarized in Table 4. It should
be noted that the calculation of CFRP ultimate utilization efficiency in Table 4 does not
account for the prestress loss of specimens after construction. As confirmed by the authors’
previous study [6], specimens prestressed to 40% of the CFRP tensile capacity and anchored
at the CFRP ends exhibited a negligible prestress loss of approximately 40 με over 100 days
(corresponding to 0.73% of the initial prestress). The loss for specimens with 25% prestress
in this study is expected to be even smaller and was therefore neglected. Although this
omission may cause a slight overestimation, the results still reliably reflect the strengthening
effect of CFRP prestress and end anchors under hygrothermal conditions.

Table 4. Comparison of CFRP plate strength utilization.

Initial
Strain (με)

Debonding
Strain (με)

Strain
Sum (με)

Debonding
Utilization

(%)

Ultimate
Strain (με)

Strain
Sum (με)

Ultimate
Utilization

(%)

B1 0 5713 5713 42.9 7284 7284 54.7
B1P0 0 6055 6055 45.5 10,305 10,305 77.4
B1P2 2376 5391 7767 58.3 10,509 12,885 96.8

B1P2H 2452 6549 9001 67.6 10,400 12,852 96.5
B2 0 5531 5531 41.5 3176 3176 23.9

B2P0 0 7780 7780 58.4 10,124 10,124 76.0
B2P2 2255 6500 8755 65.7 10,863 13,118 98.5

B2P2H 2273 6470 8743 65.7 10,392 12,665 95.1

In general, the surface roughness of steel has no significant effect on the strength
utilization rate of CFRP plates in strengthened beams with end anchors. This is because
the final failure mode of all strengthened beams in this study is determined by the end
anchors. In the following sections, specimens with Sa3 surface roughness will be taken as
an example to discuss the strength utilization rate of CFRP. For the specimen B2, the CFRP
utilization at interface debonding was 41.5%, decreasing to 23.9% at complete debonding,
due to the abrupt load drop after interface failure, which prevented the load from reaching
the debonding threshold. In contrast, specimen B1, with more adequate adhesive curing,
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was able to sustain a load up to the ultimate capacity even after interface debonding,
resulting in a significantly higher ultimate utilization. For specimens with end anchors,
such as B2P0, the utilization at interface debonding and ultimate failure reached 58.4%
and 76.0%, respectively, indicating that end anchors substantially enhance the ultimate
utilization of CFRP plates. Prestressed strengthening further improved material efficiency:
for specimen B2P2 with a 25% prestress level, CFRP utilization at interface debonding and
ultimate load was 65.7% and 98.5%, representing increases of 12.5% and 29.6% compared
with the non-prestressed specimen B2P0. This demonstrates that prestressing not only
enhances utilization at interface debonding but also more significantly improves utilization
of ultimate strength. After 90 days of hygrothermal cycling, specimen B2P2H exhibited
utilizations of 65.7% and 95.1% at interface debonding and ultimate load, respectively. The
decrease in utilization of ultimate strength is only 3.4% relative to B2P2, indicating that
environmental effects have a limited impact on CFRP strength utilization.

4. Conclusions

This study investigated the flexural performance of CFRP-strengthened steel beams
under hygrothermal conditions by conducting four-point bending tests on nine specimens
with varying sandblasting grades (Sa2, Sa3), prestress levels (0%, 25% of CFRP ultimate
tensile strength), and hygrothermal exposure durations (0 and 90 days). The effects and
mechanisms of these variables on the strengthened beams were systematically analyzed,
and the main findings are summarized as follows:

(1) End anchors effectively suppressed rapid failure following CFRP debonding, in-
creasing the ductility coefficient by 3.1–3.7 times compared with unanchored specimens.
When combined with 25% prestress of the CFRP ultimate tensile strength, the ultimate
loads of specimens B1P2 (Sa2 grade) and B2P2 (Sa3 grade) increased by 26 kN and 16.1 kN,
respectively, relative to non-prestressed specimens (specimens B1P0 and B2P0). The CFRP
strength utilization reached 96.8–98.5%, fully exploiting the high-strength material proper-
ties and achieving a balance between structural safety and economic efficiency.

(2) Sa3 sandblasting created a “mechanical interlock + adhesive bonding” composite
interface, resulting in adhesive cracking loads 11.1–19.1 kN higher than the purely adhesive
Sa2 interface. After 90 days of hygrothermal aging, the cracking load of Sa3 specimens
decreased by only 6.3%, considerably less than the 11.6% reduction observed for Sa2,
and no interface corrosion occurred. In practice, for controllable steel beam damage,
especially in hygrothermal environments, Sa3 grade sandblasting is recommended to
enhance interfacial durability.

(3) Although hygrothermal cycling accelerates the degradation of the adhesive crack-
ing load, its influence on ultimate load is minimal, with a maximum difference of only
1.9 kN, indicating that overall structural capacity remains controllable. In engineering appli-
cations, combining high-roughness surface treatment with end-anchored prestressed CFRP,
together with enhanced interface sealing and protection measures, can further mitigate the
adverse effects of hygrothermal exposure on interfacial performance.
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Abstract: The study proposes a methodology that combines digital image correlation
(DIC) with cluster analysis (CA) to investigate the damage evolution and localization
behavior of basalt fiber foam concrete (BFFC) under tensile loading. This method can
simultaneously conduct quantitative analysis of both the process of damage accumulation
and the process of damage localization. Quasi-static tensile tests were performed on
specimens with different matrix densities and basalt fiber content. The full-field and full-
process deformation images of the specimens were recorded by a high-resolution CCD.
Cluster analysis was performed on the precise deformation data obtained from the DIC
method, and damage extent factors and damage localization coefficients were defined.
Statistical analysis indicates that the incorporation of basalt fibers not only effectively delays
the progression of damage in foam concrete materials but also significantly enhances their
initial damage threshold load and inhibits the phenomenon of damage localization in
foam concrete. Compared to specimens without basalt fibers, those incorporating basalt
fibers exhibited increases in the damage localization coefficients at tensile failure of 0.4,
0.33 and 0.18, respectively, under three different matrix density conditions. Therefore,
the proposed DIC-CA method, in conjunction with the defined damage extent factor and
damage localization coefficient, can effectively and quantitatively capture the two key
dimensions of damage (accumulation extent and spatial distribution characteristics) in
fiber-reinforced foam concrete under tensile loading. This provides an efficient, intuitive,
quantitative analysis method for characterizing the initiation, development and localization
processes of damage in similar materials.

Keywords: basalt fiber foam concrete; damage evolution; localization behavior; digital
image correlation; cluster analysis

1. Introduction

As a new type of building material, foam concrete (FC) has good thermal and acoustic
insulation properties due to its high porous structure [1–7]. In addition, foam concrete
demonstrates excellent controllability of strength, which is achieved by precisely regulating
its density. This direct correlation between strength and density enhances the flexibility
of material design and ensures the best possible mechanical properties and structural
stability in different application scenarios [8–11]. This enables FC to adapt flexibly to
diverse environmental conditions and working demands. However, despite the many
advantages of FC, its low compressive strength and significant brittleness characteristics
have limited its application and widespread use [12–16].
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FC is a typical brittle material that exhibits difficulty in undergoing significant plastic
deformation when subjected to force. Its stress–strain curve typically experiences a rapid
decline after reaching the peak, indicating low energy dissipation capacity. Domestic and
international scholars have found that the study of the physical and mechanical properties
of fiber-reinforced concrete materials under different environmental conditions has become
a popular research topic. Fernandes et al. [17] studied the microstructure of thermally
damaged concrete from real-scale reinforced concrete columns using scanning electron mi-
croscopy (SEM) and x-ray diffraction (XRD). Manica et al. [18] studied the influence of age
and internal moisture on the performance of reinforced concrete walls at high temperatures.
In FC, fibers can act as crack bridges and prevent further crack propagation [19]. Con-
sequently, fiber reinforcement is frequently employed to enhance foam concrete’s tensile
properties [20]. It was reported that the addition of steel fibers improved the compressive
and flexural strengths, and increased the ductility of lightweight concrete [21]. The addition
of polypropylene (PP) fibers has been shown to increase the splitting tensile and flexural
strength of foam concrete by 44% and 40%, respectively [22]. Amran et al. [23] also found
that the inclusion of polypropylene fiber and silica fume enhanced the strengths of foamed
concrete to levels 20–50% greater than those of the corresponding reference concrete at
the specified volume of foam. Meanwhile, an increase in the tensile strength was seen at
increased compressive strength. In addition to polypropylene (PP) fibers, polyvinyl alcohol
(PVA) fibers also enhance the tensile behavior of foam concrete. This improvement can be
attributed to their high modulus and strength, cost-effectiveness [24], and strong adhesion
to the cement matrix [25]. These factors collectively confirm the advantages of incorporat-
ing PVA fibers in foam concrete applications. It has been reported that adding 0.3% (by
volume) of PVA fibers can increase the splitting and bending strength of foam concrete by
27% and 76%, respectively [26]. The numerous studies mentioned above practiced the use
of various supplementary cementing materials (SCM) and fibers in foam concrete. Above
studies demonstrate that the incorporation of an appropriate number of fibers (such as
polypropylene, steel, glass, and carbon fibers) into foam concrete can significantly enhance
its mechanical properties. Fibers function as ‘microtendons’ during the hardening process,
bridging pores and microcracks, which establishes an effective mechanism for bridging and
pull-out [27]. This action delays crack propagation and improves the material’s ductility
and toughness. Nevertheless, studies have shown that fiber-reinforced foam concrete
incorporating natural fibers, steel fibers, or polymer-based fibers is susceptible to durability
issues [28], low corrosion resistance [29], and inadequate heat resistance [30]. In contrast,
artificially produced ceramic fibers, such as basalt fibers, exhibit superior corrosion and
temperature resistance compared to their steel, polymer-based, and natural counterparts.
Osman et al. [31] found that the incorporation of basalt fibers significantly influenced
the pore network of the fiber slurry, thereby enhancing its strength. Notably, the flexural
strength increased by approximately 88% when the basalt fiber content was raised from 0%
to 3%. The high strength and excellent thermal stability of basalt fibers have contributed to
their growing application in engineering.

Although the incorporation of fibers can form a bridging link at the crack surface,
which effectively delays crack propagation and improves the post-peak bearing capacity of
the material, the bridging effect often exhibits spatial inhomogeneity in practical engineer-
ing applications. When fiber strength is insufficient or their distribution is non-uniform,
localized fibers rupture or pull-out may occur, accelerating microcrack propagation and
leading to microcrack cluster formation. FC typically comprises a substantial number of
both closed-cell and open-cell structures. These pores are susceptible to becoming zones
of stress concentration when subjected to external loading, which can subsequently result
in the formation of microcracks. Due to the randomness of pore distribution, damage
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inside the structure tends to be localized rather than uniformly distributed. Additionally,
the heterogeneous spatial distribution of cement paste, pores, admixtures, and fibers re-
sults in a multi-scale, multiphase discontinuous internal structure. This inherent material
heterogeneity increases the susceptibility of certain regions to premature failure under
load, thereby promoting damage localization. In the study of damage localization in fiber-
reinforced foamed concrete, quantifying the damage and localization behavior is crucial for
understanding the damage mechanism and optimizing the design. Regarding the issues,
relevant literature has investigated strain localization in fiber-reinforced composites using
digital Image correlation and acoustic emission techniques, a description of carbon fiber
reinforced polymers (CFRP) compression damaging scenario from first micro-damages to
final failure of the material and potential effect of matrix (resin) on compressive mechanical
properties and the damaging scenario is given by Khalil et al. [32]. Hafiz et al. [33] focuses
on the failure analysis of woven fabric carbon-reinforced polymeric composites under
tensile and flexural loading. To conduct a detailed investigation acoustic emission is used
to attain damage evolution under flexural loading conditions.

This paper presents an effective integration of the digital image correlation technique
and cluster analysis to enable quantitative evaluation of tensile damage localization in fiber-
reinforced foam concrete. DIC enables high-precision, non-contact acquisition of full-field
strain data, while the clustering algorithm performs automated segmentation and damage
identification within complex strain fields. This combined approach significantly enhances
the accuracy of damage localization and quantification. Moreover, it accommodates the
material’s inherent heterogeneity and features intelligence, visualization, and a data-driven
framework, thereby providing an effective tool for quantitatively tracking and intelligently
assessing the damage evolution in fiber-reinforced foam concrete.

2. Materials and Methods

2.1. Raw Materials and Specimen Preparation

This study used Ningxia Yinchuan Saima ordinary portland cement, which has a
28-day compressive strength of 51 MPa. The basalt fibers were sourced from Liaoning
JinShi Science and Technology Co., Ltd. (Shenyang, China), were 6 mm long, as shown in
Figure 1. The primary mechanical property indices of the basalt fibers are detailed in Table 1.
The blowing agent used was a commercially available animal protein blowing agent, and
the mixing water was tap water from the laboratory. The specific preparation process for
the test sample is as follows: (1) A foaming liquid is created by mixing the blowing agent
and water in a quality ratio of 1:40. The weighed foaming liquid is injected into the foaming
equipment (see Figure 2), where stable and uniform bubbles are generated by controlling
the airflow rate; (2) Cement and water are mixed to form a cement slurry with a water-to-
cement ratio of 1:2. The mixture is stirred for two minutes; (3) The weighed basalt fiber is
uniformly mixed into the cement paste and stirred for an additional 2 min; (4) Air bubbles
are introduced into the homogeneous fiber cement paste, with the foam dosage adjusted
to control the density of the foam concrete. A low-speed mixing is performed for 1 min
to achieve a uniform basalt fiber foam concrete slurry; (5) The basalt fiber foam concrete
slurry is poured into a dumbbell-type test mold and allowed to stand at room temperature
for 24 h; (6) The specimens are demolded and cured in a curing box (China Academy of
Building Research, Beijing, China) for 28 days, with the temperature maintained at 20 ◦C
and the relative humidity at 95%.
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Table 1. Main properties of basalt fiber.

Diameter/μm
Tensile

Strength/MPa
Elastic

Modulus/GPa
Elongation/% Density/(kg·m−3)

9–17 3000–4800 85–110 3.0–3.5% 2.6–2.8

 

Figure 1. Basalt fiber physical picture.

 

Figure 2. Foaming machine physical picture.

2.2. Design of Tensile Specimens

Three groups of uniaxial quasi-static tensile specimens with different matrix densities
were designed for testing. The tensile specimens were dumbbell-shaped (see Figure 3 for
detailed dimensions), with each group containing six specimens with different fiber content
but the same matrix density. This resulted in a total of 18 quasi-static tensile specimens.
Two test variables were considered: foam concrete density and basalt fiber volume dosing.
The designed densities of foam concrete were 900 kg/m3, 1050 kg/m3, and 1200 kg/m3,
while the basalt fiber volume dosages were 0%, 0.1%, 0.2%, 0.3%, 0.4%, and 0.5%. The
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length of the basalt fiber was 6 mm, and the physical drawings of a set of specimens are
provided in Figure 4.

Figure 3. Dimensions of quasi-static tensile specimens.

 

Figure 4. Physical drawing of quasi-static tensile specimen and speckle.

2.3. Uniaxial Quasi-Static Tensile Test

The quasi-static tensile test was performed using an MTS Exceed E44.304 microcomputer-
controlled electronic universal materials testing machine (MTS, Eden Prairie, MN, USA)
(see Figure 3). Due to the brittle nature of foam concrete, the experiment used displacement
loading control and applied a relatively low loading rate of 0.2 mm/min. This study
integrates the digital image correlation method with cluster analysis to quantitatively
assess tensile damage localization in fiber-reinforced foam concrete. To facilitate this, a
CCD camera (China Daheng (Group) Co., Ltd., Beijing, China) was positioned in front of the
tensile specimen to capture real-time surface images under varying loading conditions. The
CCD image acquisition device has a resolution of 3088 × 2064 pixels, with an imaging area
of 420 mm × 280 mm. When analyzing the experimental results, the size of the speckles
on the specimen surface has a significant influence on the measurement accuracy of the
DIC method. The size and uniformity of the speckles produced by different fabrication
techniques can vary considerably. According to references [34–36], the ideal speckle size
is between 4 and 6 pixels. Considering the specimen size in this experiment, we used
a method of randomly applying spots with a black marker to create speckles, thereby
ensuring randomness and uniformity in their distribution (see Figure 5). In the DIC
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calculation process of this article, the size of the displacement calculation subset is 31 × 31,
and the calculation step size is 10.

Figure 5. Schematic diagram of the testing system and speckle pattern of the specimen surface.

2.4. DBSCAN Clustering Method

DBSCAN (Density-Based Spatial Clustering of Applications with Noise) is a very
popular and powerful unsupervised machine learning algorithm that is primarily used
to discover clusters in data [37]. Unlike other clustering algorithms such as K-means,
DBSCAN does not require the number of clusters to be pre-specified and is capable of
recognizing clusters of arbitrary shapes, as well as marking data points that are considered
noisy. The core concept of DBSCAN is to define clusters based on density. The core principle
relies on two important parameters: (1) Epsilon (ε): defines the distance threshold from
a given point to another point. If the distance between two points is less than or equal to
ε, they are considered “neighboring”. (2) MinPts (λ): Indicates the minimum number of
neighboring points (including the point itself) required for a point to be considered as a
core point. For more details, refer to reference [38,39]. An example plot of the DBSCAN
clustering method is given in Figure 6.

Figure 6. DBSCAN clustering example graph (left: original data scatter plot, right: DBSCAN
clustering results).

In this study, a substantial amount of strain data acquired through the digital image
correlation method will be systematically analyzed utilizing the cluster analysis technique. By
performing cluster analysis on the strain field, key feature regions in the damage evolution
process will be identified, facilitating the quantitative identification and assessment of damage
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localization behavior in basalt fiber foam concrete under uniaxial tensile loading. Additionally,
this research aims to investigate the effect of basalt fiber incorporation on damage localization
behavior. By comparing the clustering results of specimens with varying fiber volume frac-
tions, the role of basalt fibers in delaying damage progression, dispersing strain concentration,
and enhancing overall structural crack resistance will be analyzed.

3. Results and Discussion

3.1. Tensile Damage Analysis

The tests were performed using the DIC method to obtain full-time and full-field
displacement and strain information from the specimen surface during the loading process.
Under tensile loading, the tensile strain in the vertical direction plays a decisive role in
the tensile damage process. Therefore, vertical strain (εyy) was selected as the analysis
factor, and seven characteristic points (A–G, Figure 7) were chosen from the displacement-
load curve to analyze the tensile damage process of BFFC. It is important to note that
the size of the strain calculation window significantly influences the results of strain field
calculations using DIC. This study reflects the localization of damage (strain localization)
in the material under tensile loading by accurately calculating strains. Figure 8 illustrates
the strain results obtained from different strain windows along the yellow dashed line
on the specimen surface. It demonstrates that a smaller strain window is more sensitive
to significant strain regions and can accurately reflect their deformation. In contrast, a
larger strain window tends to over-smooth the displacement data, leading to distorted
strain information. Consequently, this paper uses a strain calculation window size of
5 × 5. Figure 9 shows the distribution of strain evolution in the vertical direction at each
characteristic point (A–G, with loads gradually increasing) of the BFFC-900 specimen
without basalt fiber. Comparative analyses indicate that the tensile damage process of
the BFFC can be categorized into three distinct stages: the microcrack initiation stage, the
microcrack synergy stage, and the main crack development stage. Microcrack initiation
stage (B–C): The overall vertical tensile strain level of the specimen is low at this stage.
However, a more obvious strain concentration area has appeared in the local area at the
edge of the specimen, indicating that microcracks have begun to emerge there. Microcrack
synergistic stage (C–E): In this stage, with the increase in load, multiple microcracks form
and develop synergistically in the specimen. Significant strain concentration occurs in the
local area (especially in the main crack formation area), which is much higher than in other
areas. In the latter part of this stage, main cracks gradually form. Main crack development
stage (E–G): The main crack forms in the middle of the specimen near the left edge. The
vertical tensile strain at this position is significantly higher than that in other areas. With
the continuous load increase, this strain difference expands dramatically, which ultimately
leads to specimen fracture at the main crack.

Figure 7. The displacement-load diagram of the BFFC-900 specimen without basalt fiber.
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Figure 8. The strain results calculated under different strain windows along the yellow dotted line on
the specimen surface.

Figure 9. The vertical strain evolution at each characteristic point ((A–G) load increasing gradually)
of BFFC-900 specimen without basalt fiber reinforcement.

3.2. Ultimate Tensile Strength

The ultimate tensile strength of all specimens was determined by performing quasi-
static tensile tests. Figure 10 shows the ultimate tensile strength of BFFCs and the percentage
increase in ultimate tensile strength compared to specimens without basalt fiber reinforce-
ment. The results demonstrate that the addition of basalt fibers significantly enhances the
ultimate tensile strength of BFFCs with different matrix densities. However, the enhance-
ment patterns for BFFCs with different matrix densities are not entirely consistent. For
BFFC-900 and BFFC-1050, which have relatively low matrix densities, the tensile strength
does not increase with the addition of basalt fibers. For BFFC-900, the tensile strength
reaches its maximum value at a basalt fiber content of 0.2%, reflecting a 29.57% increase
compared to the ultimate tensile strength of foam concrete without basalt fiber. Conversely,
when the basalt fiber content increases to 0.3%, the tensile strength rises by only 11.27%.
Similarly, the tensile strength of BFFC-1050 also peaks at a basalt fiber content of 0.2%,
showing a 71.89% increase compared to foam concrete without basalt fiber. However, at a
basalt fiber content of 0.3%, the increase in tensile strength diminishes to 42.48%. The above
phenomena can be analyzed from two perspectives. Firstly, it is challenging to control
the density of foam concrete precisely during the sample preparation process, leading to
fluctuations in the actual density of the prepared foam concrete relative to the designed
density within a certain range. Since the strength of foam concrete is closely related to its
density, this discrepancy can significantly impact the material’s performance. Secondly, for
foam concrete with a relatively low density and high porosity, fibers cannot bond effectively
with the matrix. This means that the bridging effect of fibers is not fully utilized, thus
diminishing the correlation between strength and fiber content. Conversely, for BFFC-1200,
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which has a relatively high matrix density, there is a positive correlation between ultimate
tensile strength and fiber content. As the fiber content increases, tensile strength also
increases, reaching a maximum value at 0.4% fiber content, which is 61.57% higher than
that of foam concrete without basalt fiber. However, when the basalt fiber content reaches
0.5%, the increase in tensile strength diminishes. These results suggest that the optimal
basalt fiber content is not fixed, but depends on the matrix density of the foam concrete.
In the experiments conducted in this study, the optimal basalt fiber content for the three
matrix densities ranged from 0.2% to 0.4%.

(a) (b) (c)

Figure 10. Variation in ultimate tensile strength. (a) BFFC-900, (b) BFFC-1050, (c) BFFC-1200.

As illustrated in Figure 11, the optical images of the fracture surfaces of all the spec-
imens after fracturing are presented. It has been observed that, as the content of basalt
fibers increases, the corresponding fracture surfaces become increasingly irregular. This
phenomenon can be attributed to the fact that the process of fiber pull-out requires the
expenditure of additional energy to overcome interfacial friction and adhesion forces. Dur-
ing this process, the fibers are pulled out of the matrix, leaving pits (where the fibers were
pulled out) and protrusions (fiber tips remaining in the matrix) on the fracture surface. The
numerous fiber pull-out marks are the primary cause of the rough and uneven fracture
surface. Additionally, due to factors such as the strength distribution of the fibers them-
selves, differences in their orientation within the matrix, varying local stress states, and the
presence of micro-defects, the fracture location for different fibers does not typically occur
on the same plane. This significantly increases the irregularity of the fracture. Figure 12
shows a magnified image of the fracture surface of three samples with different matrix
densities without basalt fiber reinforcement. Through appropriate image processing, it
can be seen that, under the same preparation process, the main difference between foam
concrete with different matrix densities is the size of the foam particles. The higher the
matrix density, the smaller the corresponding foam particle size.

Figure 11. Optical image of the fracture surface of all specimens.
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Figure 12. Local magnified images of fracture surfaces of specimens with different matrix densities
without basalt fiber addition.

3.3. Statistical Analysis of the Strain Field Based on DBSCAN

To quantify the damage accumulation and damage localization of basalt fiber foam
concrete under uniaxial tensile loading, cluster analysis was performed on a large amount
of strain data obtained from digital image correlation (DIC) using the DBSCAN method.
Specifically, for each load level shown in Figure 9, the top 181 strain points (3% of all
calculated points) in the vertical direction were subjected to DBSCAN clustering analysis.
The evolution of the top 181 strain points effectively reflects the strain localization process
in the specimen. The distribution of these vertical tensile strain points also reflects the
damage evolution process of the specimen [40,41]. Therefore, statistical analysis of the
strain of the top 181 points was conducted to quantify the damage evolution process of
the specimen as the load increases, as well as the damage extent and localization extent
of the specimen at different load levels. For this purpose, two indicators (the damage
extent factor and the damage localization factor) were defined to characterize the damage
of the specimen:

The damage extent factors (Df ) is used to characterize the increment of vertical tensile
strain in BFFCs, and is defined as follows:

Df = εi/εmax

εi =
1
M

M

∑
j=1

(εyy)j −
1
N

N

∑
j=1

(εyy)j.

where εi is the difference between the average vertical strain of the top M (In this article,
M = N*0.03) points and the average vertical strain of all the points in the analysis area; N
is the number of points in the analysis area; εyy is the vertical strain of point j; εmax is the
maximum of εi.

The damage localization factor (L f ) is used to characterize the centralization of the
distribution of BFFCs in the vertical direction, and is defined as follows:

L f = sx/sxmax

100



J. Compos. Sci. 2025, 9, 694

sx =
nx

∑
n=1

kn

∑
j=1

∣∣ynj − ync
∣∣

where ynj is the y-coordinate in the nth cluster of the top M points; ync is the y-coordinate
of cluster center in the nth cluster; kn is the number of points contained in the top M points
in the nth cluster; nx is the number of clusters; sxmax is the maximum of sx.

Section 2.4 of this paper states that the core principle of DBSCAN relies on two impor-
tant parameters: Epsilon (ε) and MinPts (λ). According to the strain data characteristics
in this paper, take ε = 10, λ = 3. Figure 13 shows the DBSCAN clustering results for the
top 181 tensile strain points in the vertical direction at each load level corresponding to
Figure 9. In each figure, different colored regions represent different strain classes and red
crosses indicate the cluster centers corresponding to the same color class. Under the initial
loading condition, it can be seen that the high tensile strain points on the specimen surface
exhibit a discrete distribution, indicating that no obvious damage regions have yet formed
at this stage. As the load increases (stages B to E), the high tensile strain points begin to
aggregate and evolve in localized regions, clearly showing the emergence and continuous
development of multi-regional damage. In the later loading stage (stages E to G), the main
damage zone gradually forms and dominates the damage evolution process, while the
development of other secondary damage zones tends to slow down or stagnate. Ultimately,
the specimen fractures and fails in the main damage zone.

Figure 13. The DBSCAN clustering results of the vertical stretching strain points under each load
level corresponding to Figure 9.

Figure 14 shows the load-dependent curves of Df and L f under different matrix
densities and basalt fiber content. The results indicate that, despite differences in matrix
density and fiber content, the load-dependent curves of Df and L f in all specimens exhibit
similar trends. For Df : it can be divided into two stages. Stage I (low-value fluctuation
stage): Df remains at a relatively low level overall, fluctuating within a certain numerical
range. This indicates that the specimen has not yet undergone significant macroscopic
damage at this load stage. Stage II (rapid growth stage): Df significantly increases and
exhibits a rapid growth trend with increasing load. This indicates that the specimen has
entered a distinct stage of damage development, with damage continuing to accumulate
and intensify. For L f : it is also divided into two stages. Stage I (rapid decline stage): L f

decreases significantly with increasing load. This change characteristic indicates that strain
localization phenomena have occurred in the specimen during this stage, and the strain
localization regions exhibit a multi-point concurrent trend. Stage II (slow decline stage):
L f has decreased to a relatively low level, with a significantly slowed decline rate. This
marks the significant development of damage localization, primarily due to the formation
and continued development of the dominant damage zone, while the development of
secondary damage zones has significantly slowed or even stagnated.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

(m) (n) (o)

Figure 14. Cont.
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(p) (q) (r)

Figure 14. Variation of Df and L f with increment of load for all specimens. (a) BFFC-900-0%,
(b) BFFC-900-0.1%, (c) BFFC-900-0.2%, (d) BFFC-900-0.3%, (e) BFFC-900-0.4%, (f) BFFC-900-0.5%,
(g) BFFC-1050-0%, (h) BFFC-1050-0.1%, (i) BFFC-1050-0.2%, (j) BFFC-1050-0.3%, (k) BFFC-1050-0.4%,
(l) BFFC-1050-0.5%, (m) BFFC-1200-0%, (n) BFFC-1200-0.1%, (o) BFFC-1200-0.2%, (p) BFFC-1200-0.3%,
(q) BFFC-1200-0.4%, (r) BFFC-1200-0.5%.

3.3.1. Effect of Basalt Fibers on the Df

Figure 15 shows a comparison of the damage-load curves of specimens with varying
basalt fiber content. The damage development process (damage extent-load curve) of basalt
fiber foam concrete with different matrix densities can be divided into two stages. In stage I:
the damage extent-load curves of specimens with different basalt fiber content all exhibit
a gradual upward trend and have similar shapes. During this stage, the damage extent
of basalt fiber foam concrete with different matrix densities are all below 0.4, indicating a
low level and suggesting that the fibers have a very limited inhibitory effect on material
damage evolution. Stage II: As the load increases, the rate of increase in the damage
extent-load curves of specimens with different basalt fiber content accelerates significantly.
At this point, the differentiated effects of fiber content on damage control become evident.
The same basic pattern is observed under three different matrix densities: at the same
load level, the higher the fiber content, the smaller the corresponding damage variable,
indicating a lower degree of material damage. Conversely, a decrease in fiber content
results in an increase in the damage variable and a faster growth rate of the damage.
Consequently, the incorporation of basalt fibers not only significantly delays the material’s
damage progression but also effectively increases its initial damage threshold load.

(a) (b) (c)

Figure 15. Comparison chart for variation of Df with increment of load. (a) BFFC-900, (b) BFFC-1050,
(c) BFFC-1200.

3.3.2. Effect of Basalt Fibers on the L f

Figure 16 shows the variation curve of the localization coefficient with load. Similar
to the pattern described in Section 3.3.1, this curve can also be divided into two distinct
stages: Stage I: During this stage, the discretely distributed high tensile strain points
gradually converge toward the local region of the specimen, forming a potential damage
concentration zone. In this stage, the incorporation of fibers effectively suppresses the
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localization of strain. At the same load level, the localization coefficient increases with
the increase in fiber content, indicating that fibers disperse stress and promote a more
uniform stress distribution. Stage II: After entering this stage, the rate of decrease in the
localization coefficient with increasing load significantly slows down. The main reason is
that the primary damage zone (the primary crack zone) has essentially formed in this stage.
Further increases in load primarily lead to the continued expansion of the main damage
zone, while other secondary damage zones stabilize as stress is released. It is worth noting
that fibers also have a certain inhibitory effect on the development of damage in the main
damage zone during this stage. Figure 16 also shows that, at this stage, the higher the
fiber content, the larger the corresponding localization coefficient, reflecting that higher
fiber content can more effectively inhibit the rapid expansion of the main damage zone.
Additionally, Figure 17 presents bar charts showing how the localization coefficient varies
with fiber content for three different matrix density specimens at the moment of failure.
This figure visually compares the influence of fiber content on damage localization at the
moment of failure under different matrix densities.

(a) (b) (c)

Figure 16. Comparison chart for variation of L f with increment of load. (a) BFFC-900, (b) BFFC-1050,
(c) BFFC-1200.

Figure 17. Bar chart of L f at tensile failure.

4. Conclusions

This study innovatively combines the DIC method with CA to propose a damage
localization quantification analysis method named DIC-CA. This method is applied to
systematically investigate the damage evolution process of basalt fiber foam concrete under
quasi-static tensile loading conditions. Based on the clustering analysis results of the DIC
full-field deformation data, two key damage characterization parameters were defined: the
damage degree factor and the damage localization coefficient. These parameters are used
to quantify the overall damage accumulation state of the material and the non-uniform
spatial concentration of damage, respectively. By analyzing the evolution patterns of these
parameters during the tensile process, the following main conclusions were drawn:
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(1) The experimental results of this study indicate that the addition of basalt fiber sig-
nificantly enhances the ultimate tensile strength of basalt fiber foam concrete. The
experiments demonstrate that, under three different matrix densities, the maximum
tensile strength of specimens containing basalt fiber increased by 29.57%, 71.89%, and
61.57%, respectively, compared to the control group without fiber addition. It is worth
noting that the experimental conclusions indicate that the optimal addition ratio of
basalt fibers is not a fixed value but is closely related to the matrix density of the
foam concrete. Under the three matrix density conditions studied in this research, the
optimal addition ratio range of basalt fibers is 0.2–0.4%.

(2) The statistical analysis results of this experiment show that the addition of basalt
fibers not only effectively delays the damage process of the material but also increases
the initial damage threshold load of the material. At the same time, the fibers disperse
stress through their bridging action, promoting a more uniform stress distribution
and effectively inhibiting the localization and concentration of damage (especially the
rapid development of the main damage zone).

(3) The damage degree factor and damage localization coefficient defined by the DIC-CA
method in this paper can synchronously and quantitatively characterize two key
dimensions of material damage: the former objectively reflects the overall damage
accumulation of the material, while the latter precisely quantifies the degree of non-
uniform spatial concentration of damage.

(4) Although the DIC-CA method proposed in this paper demonstrates certain advan-
tages in the quantitative analysis of material damage extent and strain localization, it
also exhibits certain limitations. These limitations lie in the statistical analysis results
being relatively sensitive to the two parameters of the DBSCAN clustering method,
and to some extent also being influenced by the DIC computational parameters. The
optimization of parameter combinations requires further research and exploration.
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Abstract

This study systematically investigates the tensile property degradation of Carbon Fabric-
Reinforced Cementitious Matrix (CFRCM) composites under anodic polarization, explicitly
comparing the effects of three standard-required electrolyte environments (NACE/ISO).
CFRCM specimens were polarized for 20 days at current densities of 200 and 400 mA/m2 in
NaCl, NaOH, and simulated concrete pore solutions. Results reveal that anodic polarization
significantly reduces peak tensile strength and post-cracking stiffness, with degradation
severity dependent on the electrolyte type (NaCl > NaOH > Pore Solution). Crucially,
comparative analysis demonstrates that the strength degradation of carbon fiber bundles
embedded in the mortar matrix is more pronounced than that of bare bundles. This work
provides essential durability data for CFRCM composites for integrated ICCP-Structural
Strengthening systems.

Keywords: CFRCM composites; anodic polarization; tensile properties; tensile stress versus
strain curves; tensile strength

1. Introduction

Steel corrosion is recognized as a critical issue threatening the durability and safety
of reinforced concrete structures. Corrosion not only leads to reduction in the effective
cross-sectional area of the steel reinforcement but, more critically, the volumetric expansion
of its products (which can reach 2–6 times the original volume) can induce cracking and
spalling of the concrete cover, severely compromising structural capacity [1]. Although
traditional strengthening techniques, such as bonding Fiber Reinforced Polymer (FRP),
can improve short-term load-bearing capacity [2–5], they are unable to halt the ongoing
corrosion process of steel. For preventing corrosion, Impressed Current Cathodic Protection
(ICCP) is widely employed as a reliable long-term protection technology [6–13]. It operates
by impressing an external current to maintain the steel reinforcement in a stable cathodic
state, effectively suppressing its electrochemical corrosion.

To simultaneously achieve long-term anti-corrosion and structural strengthening,
an innovative concept integrating these two functions has been proposed, namely ICCP-
Structural Strengthening (ICCP-SS) [14–16]. The key advantage of this integrated technique
lies in its ability to provide immediate enhancement of load-bearing capacity while also
delivering continuous cathodic protection, which is expected to significantly extend the
service life of structures and reduce life-cycle costs. The realization of this technique relies
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on the development of dual-functional materials which serve as structural strengthening
elements and impressed current anodes. Carbon Fiber Reinforced Polymer (CFRP) was
utilized as a dual-functional material in the early research [17–22]. However, its polymeric
resin matrix is susceptible to anodic polarization-induced degradation, and its inherent
low electrical conductivity hinders uniform current distribution, limiting the reliability of
long-term application.

To address the issues associated with the polymer matrix, Carbon Fabric Reinforced
Cementitious Matrix (CFRCM) composites (also termed textile reinforced concrete/mortar),
which utilize cementitious materials to replace the resin, have emerged. The cementitious
matrix offers excellent compatibility with the concrete substrate and superior performance
to FRP under thermal exposure, though the mechanical behavior of FRCM can be compro-
mised under elevated temperatures [23–26].

Extensive research has been conducted to investigate the mechanical properties of
CFRCM composites at the material level and their strengthening effectiveness at the mem-
ber level [27–34]. Materially, CFRCM exhibits typical tensile strain-hardening behavior and
multiple cracking under tensile load, and its mechanical constitutive relationship has been
well characterized. At the structural member level, studies have confirmed that CFRCM
can be effectively used to strengthen beams [28,33,35–37] and columns [38–42].

Nevertheless, when CFRCM composite serves as an anode in an ICCP system sub-
jected to long-term anodic polarization, its durability concerns become prominent. The
anodic polarization process may induce electrochemical oxidation of the carbon fibers
themselves [43–48], acidification of the cementitious matrix [49–52], and damage at the
fiber-matrix interface [43,53,54], leading to the degradation of the mechanical properties
of CFRCM composites. Research indicates that with increasing charge density (the prod-
uct of current density and time), the tensile peak strength and the modulus representing
post-cracking stiffness of CFRCM show significant deterioration [55–58]. Microscopic
observations have further revealed signs of degradation on the carbon fiber surface after
polarization [43,46–48].

It is noteworthy that for ensuring reliability in engineering applications, relevant
technical standards (NACE TM0294-2016 [59] and ISO 19097-1:2018 [60]) explicitly require
that impressed current anodes for concrete structures must undergo long-term polariza-
tion tests in different electrolyte solutions (such as chloride-containing solutions, alkaline
solutions, and simulated concrete pore solutions) to assess their durability. However,
there is still a lack of systematic research investigating the evolution in the mechani-
cal properties of CFRCM composites after being subjected to anodic polarization in the
aforementioned environments.

This study aims to reveal the tensile mechanical properties of CFRCM after anodic
polarization in three typical environments: NaCl, NaOH, and simulated pore solution.
Through tensile tests on polarized specimens, the failure modes, crack propagation, load
versus deformation curves, and stress–strain constitutive relationships were analyzed.
Mechanical parameters sensitive to anodic polarization were extracted. Furthermore, by
comparing the strength degradation of CFRCM with that of bare carbon fiber bundles, the
exacerbating effect of non-uniform degradation caused by the mortar matrix on the fiber
degradation process was elucidated. This work provides a critical basis for the durability
design and assessment of CFRCM composites in integrated ICCP-SS systems.

2. Materials and Methods

This investigation was designed to reveal the tensile mechanical properties of CFRCM
composites after being subjected to anodic polarization in different electrolyte solutions,
with a focus on analyzing the failure mode, crack characteristics, peak strength, and
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stress–strain constitutive relationship during tension. The main work included specimen
preparation, anodic polarization testing, and tensile testing.

2.1. Raw Materials and Specimen Preparation

CFRCM composites were composed of carbon fiber fabric and mortar matrix. To
exclude the influence of the fiber bundle nodes in a bidirectional fabric, the composite used
in this study contained only a single longitudinal carbon fiber bundle, and its geometrical
configuration followed that documented in the reference [57]. The specimens had a cross-
sectional area of 10 mm × 10 mm and a length of 250 mm, with the carbon fiber bundle
positioned centrally along the specimen axis (as shown in Figure 1). The carbon fiber
bundle was sourced from untwisted continuous fiber roving, with a width of 3 mm. Each
bundle contained 12,000 filaments, with the filament diameter being 7 μm. The elastic
modulus and tensile strength of the carbon fiber bundle were 230 GPa and 2300 MPa,
respectively.

Figure 1. Geometrical details and casting mold for CFRCM composites (unit: mm).

The mortar matrix was prepared using PO 42.5 ordinary Portland cement with a
water-to-cement ratio of 0.35. Fine sand with a particle size range of 0–0.18 mm was
used as fine aggregate, accounting for 50% of the cement mass. To improve workability,
a polycarboxylate superplasticizer, amounting to 0.055% of the cement mass, was added
during mixing.

The CFRCM composite specimens were cast using customized plastic molds. Each
mold could produce 10 specimens simultaneously (Figure 1). After casting, the molds were
immediately sealed with plastic wrap to prevent rapid moisture evaporation which would
affect cement hydration. After 24 h, the plastic wrap was removed, and the entire mold
containing the CFRCM specimens was transferred to a standard curing room for curing.
Besides serving as a mold, this setup also functioned as the electrolytic cell for the anodic
polarization device, used to contain the electrolyte solution.

2.2. Implementation of Anodic Polarization

A simulated ICCP setup was used for the galvanostatic anodic polarization tests on
CFRCM composites. This setup included the anode (CFRCM composite), the cathode
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(stainless steel plate), the electrolyte solution, the electrical circuit, and a DC power supply
(constant current output), as illustrated in Figure 2. To ensure good electrical connectivity,
the exposed carbon fiber ends of the CFRCM composite specimen were reliably connected
to copper wires using conductive silver paste before being connected to the positive
terminal of the power supply. The cathode (stainless steel plate) was connected to the
negative terminal.

Figure 2. Anodic polarization setup.

Three types of electrolyte solutions were selected based on NACE and ISO stan-
dards [59,60]: a 30 g/L NaCl solution, a 40 g/L NaOH solution, and a simulated concrete
pore solution (SCP, concentration in weight: 0.20% Ca(OH)2, 3.20% KCl, 1.00% KOH, 2.45%
NaOH and 93.15% deionized water), to analyze the effects of different solution environ-
ments. Each polarization cell contained ~900 mL of electrolytes which were refreshed twice
during polarization. The polarization duration for all specimens was set at 20 days. The
anodic current density (relative to the surface area of the carbon fiber bundle) was set at
200 mA/m2 and 400 mA/m2. The polarization was conducted indoors with the electrolyte
temperature controlled at around 26 ◦C throughout polarization to prevent significant
thermal variations.

The specimens were labeled according to the following convention: Polarization
duration (D followed by number of days)-Current density (I followed by current density
value)-Solution environment (denoted by letters A, B, C, where A represents 30 g/L NaCl
solution, B represents 40 g/L NaOH solution, and C represents the simulated pore solution).
For instance, D20-I200-A denotes a specimen polarized in 30 g/L NaCl solution at a current
density of 200 mA/m2 for 20 days. The non-polarized control group specimens were
labeled as Ref.

2.3. Tensile Tests

After the polarization period, the CFRCM specimens were removed from the molds
and allowed to dry under ambient laboratory conditions. Both ends of the CFRCM com-
posite tensile specimens were reinforced with aluminum alloy plates to prevent slippage
of the carbon fiber bundle from the grips during testing. Gripping CF bundles in tension
enabled CFRCM specimens to fail by bundle fracture, allowing for comparative assessment
of mechanical properties with bare bundles. Note that this gripping method differs from
standard characterization tests (e.g., ACI 549.4R [61] or RILEM TC 232-TDT [62]) where
the load is transferred through the matrix. While standard methods are preferable for
determining design properties, gripping the fiber bundles directly was necessary in this
study to ensure fiber rupture, thereby allowing for a direct quantification of the degradation
of carbon fiber bundles within the matrix.

The tensile tests were conducted on a universal testing machine with a 10 kN load
cell, as shown in Figure 3. The tests were displacement-controlled, with a loading rate of
2 mm/min. The load applied to the specimen was measured by the machine’s built-in load
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cell. After excluding machine compliance following toe compensation (ASTM D638 [63]),
the tensile deformation was calculated by deducting the elastic deformation of the exposed
fiber bundle from the total machine crosshead displacement. Both load and deformation
data were synchronously recorded by a data acquisition system.

 

Figure 3. Tensile tests for CFRCM composite specimens.

3. Results

3.1. Failure Modes

After tensile testing, the CFRCM specimens primarily exhibited two failure modes, as
shown in Figure 4. The control specimens (Ref) showed multiple cracking in the mortar
matrix during tension. At the peak load, failure occurred due to the rupture of the exposed
carbon fiber bundle outside the mortar matrix, as shown in Figure 4a. After anodic
polarization, the specimens still developed multiple cracks in the mortar matrix during
tension, but the average crack spacing was noticeably increased. At the peak load, the
location of the carbon fiber bundle rupture shifted to within a mortar crack (Figure 4b).
This indicates that the anodic polarization process may have caused degradation at the
carbon fiber-mortar interface or within the carbon fibers themselves, thereby changing the
failure location of the specimens.

(a) Without anodic polarization (b) With anodic polarization

Figure 4. Failure patterns for CFRCM composites without (a) and with (b) anodic polarization.
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3.2. Load–Displacement Curves

The typical load–displacement curves of the CFRCM composite specimens are de-
picted in Figure 5. All specimens exhibited characteristic strain-hardening behavior. Their
mechanical response can be divided into three stages: the initial linear-elastic uncracked
stage, the multiple cracking stage, and the crack-widening stage. In the initial stage, the
load and deformation showed a linear relationship, as the stress was primarily carried by
the mortar matrix. Once the load reached the tensile strength of the mortar, matrix cracking
initiated, leading to a reduction in the slope of the curve accompanied by fluctuations,
marking the beginning of the multiple cracking stage where the number of cracks increased
and the crack spacing decreased. This was followed by the crack-widening stage, where the
curve ascended approximately linearly, but with a slope lower than the initial elastic stage,
until the rupture of the carbon fiber bundle resulted in final failure. Anodic polarization
significantly affected the mechanical behavior of the specimens in the crack-widening stage,
manifesting as a decrease in the slope of the curve in this stage and a reduction in the
peak load. This phenomenon can be attributed to the degradation of the carbon fibers
themselves and the fiber-matrix interface induced by anodic polarization [43,46,48].

Figure 5. Applied load versus displacement curves.

https://doi.org/10.3390/jcs10010016
113



J. Compos. Sci. 2026, 10, 16

3.3. The Number of Cracks Within Mortar

The number of cracks on the surface of the CFRCM specimens after tensile testing
was counted. The average values and standard deviations for each polarization condition
were calculated. The average crack numbers for the CFRCM specimens are plotted in
Figure 6. Compared to the control group (average number of 16), the number of cracks
in the anodically polarized specimens decreased with increasing current density and was
influenced by the type of electrolyte solution. After 20 days of polarization at 400 mA/m2,
the average number of cracks decreased to 9.75, 10.2, and 8 for specimens polarized in
solutions A, B, and C, respectively.

Figure 6. The number of cracks in the CFRCM composite matrix.

The reduction in the number of cracks confirms the degradation effect induced by
anodic polarization. The mechanism of crack spacing formation is related to stress transfer:
a crack forms when the stress in the mortar reaches its tensile strength, transferring the load
at the crack to the carbon fiber bundle. Through the interfacial bond stress between the fiber
bundle and the matrix, the load is gradually transferred back to the mortar matrix until the
stress in the mortar reaches its tensile strength again at a sufficient distance, forming a new
crack. Anodic polarization weakens the interfacial bond strength, leading to an increase in
the required bond transfer length (half the crack spacing) to complete the stress transfer,
consequently resulting in a reduced number of cracks in the specimen.

3.4. Tensile Stress–Strain Constitutive Relationship

The tensile stress in the CFRCM composite was calculated by dividing the applied load
by the cross-sectional area of the carbon fiber bundle. The average strain was determined
by dividing the tensile deformation of the specimen by its gauge length. The established
tensile stress–strain constitutive relationship for CFRCM is shown in Figure 7, sharing a
similar shape with the load–displacement curves. Given the relatively brief duration of the
multiple cracking stage, the constitutive relationship can be simplified into a bilinear model,
comprising the elastic uncracked stage and the post-cracking stage. The effect of anodic
polarization was primarily reflected in the changes in the modulus of the post-cracking
stage and the peak strength, as illustrated in Figure 8.
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Figure 7. Tensile stress versus strain curves.

Figure 8. Tensile stress versus strain curves for CFRCM composites with and without anodic polarization.
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To quantify the effect of anodic polarization, the elastic modulus (slope of the curve) in
the post-cracking stage and the peak strength of the polarized specimens were normalized
against the corresponding values of the control specimens. Charge density (the product of
current density and time) was introduced as a comprehensive indicator of the polarization
level. The relationship between the normalized mechanical properties and the charge
density is shown in Figure 9. At a charge density of 691,200 C/m2, the modulus in the post-
cracking stage decreased by 54.5%, 26.8%, and 15.1% for specimens polarized in solution A
(NaCl), B (NaOH), and C (SCP), respectively. Correspondingly, the peak tensile strength
was reduced by 38.7%, 22.0%, and 19.2%. This indicates that the NaCl solution environment
had the most significant degrading effect on the mechanical properties of CFRCM, while
the effects in the NaOH and simulated pore solutions were relatively weaker.

Figure 9. Effects of anodic polarization on mechanical properties of CFRCM composites: (a) Elastic
modulus at the cracked stage; (b) Tensile strength.

3.5. Comparison of Tensile Strength: Bare Carbon Fiber Bundles vs. CFRCM-Embedded Bundles

Since all CFRCM specimens ultimately failed due to the rupture of the carbon fiber
bundle, their tensile strength directly reflects the residual strength of the fiber bundle.
Figure 10 compares the normalized tensile strength of bare carbon fiber bundles and the
bundles embedded within CFRCM composites after polarization under various conditions.
The results demonstrate that for any given electrolyte solution, the degree of strength
degradation of the carbon fiber bundles within the CFRCM composite specimens was more
severe than that of the bare carbon fiber bundles. A plausible explanation is that within the
CFRCM, the distribution of current within the carbon fiber bundle, composed of tens of
thousands of filaments, may become non-uniform due to the presence of the mortar matrix.
This non-uniformity could lead to localized areas of high current density, thereby exacer-
bating the non-uniform degradation of the fiber bundle. Consequently, the non-uniform
polarization effect induced by the mortar matrix must be considered when evaluating the
impact of anodic polarization on the overall performance of CFRCM composites.
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Figure 10. Comparisons in normalized tensile strength between bare carbon fiber bundles and
CFRCM composites subjected to anodic polarization.

4. Conclusions

Based on the tensile tests conducted on carbon fabric-reinforced cementitious matrix
composites subjected to anodic polarization in different electrolyte solutions, the following
main conclusions were drawn:

(1) The anodic polarization treatment altered the tensile failure mode of the CFRCM
specimens. In the non-polarized control specimens, the rupture of the exposed
carbon fiber bundle occurred outside the mortar matrix. In contrast, after anodic
polarization, the rupture of the carbon fiber bundle consistently occurred within a
crack inside the mortar matrix. This indicates that the anodic polarization process
caused degradation at the carbon fiber-mortar interface and within the carbon fibers
themselves, prompting a shift in the location of fiber rupture.

(2) Compared to the control group, the polarized specimens exhibited a reduced number
of cracks and an increased average crack spacing. This confirms that anodic polariza-
tion weakened the interfacial bond strength between the fibers and the mortar matrix.

(3) All specimens exhibited typical strain-hardening behavior. However, the slope of
the load-deformation curve in the crack-widening stage was noticeably reduced after
anodic polarization. This indicates that anodic polarization not only reduced the peak
strength of the material but also impaired its stiffness during the primary service
stage (post-cracking stage).

(4) The degrading effect of anodic polarization on the post-cracking modulus and peak
strength of CFRCM composites was positively correlated with the charge density (the
product of current density and polarization time) and was significantly modulated
by the type of electrolyte solution. At a charge density of 691,200 C/m2, the property
degradation was most pronounced in the NaCl solution (A: 54.5% reduction in modu-
lus, 38.7% reduction in strength), while it was least significant in the simulated pore
solution (C: 15.1% reduction in modulus, 19.2% reduction in strength).

(5) Comparison with bare carbon fiber bundles directly exposed to the solutions revealed
that the strength degradation of the bundles embedded within CFRCM composites
was more severe. This highlights a critical issue caused by the mortar matrix: non-
uniform current distribution. This non-uniformity induces more significant localized
damage, thereby exacerbating the overall degradation of mechanical performance.
Therefore, the non-uniform polarization effect resulting from the matrix must be con-
sidered in the durability assessment of CFRCM composite for long-term applications.
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Abstract

The construction industry faces growing pressure to adopt sustainable materials due to
the high CO2 emissions associated with ordinary Portland cement (OPC) production.
Geopolymers synthesized from industrial by-products such as fly ash offer a promising
low-carbon alternative. However, the extensive use of commercial sodium silicate (SSC)
as an activator remains constrained by its high cost and energy-intensive manufacturing.
This study investigates a silica fume-derived sodium silicate alternative (SSA) combined
with NaOH as a more sustainable activator for fly ash-based geopolymer mortar. Mortars
were prepared with alkali activator-to-precursor (AA/P) ratios of 0.7 and 0.5 and cured at
65 ◦C and 80 ◦C. SSA-based mixes exhibited comparable flowability to SSC-based mortars,
with slightly longer setting times making them favorable for placement. Mechanical tests
showed the superior performance of SSA systems, with AS0.7-65 achieving the highest
compressive strength and AS0.7-80 demonstrating greater flexural and tensile strength.
Microstructural analyses (SEM, EDX, ATR-FTIR) revealed denser matrices and enhanced
sodium aluminosilicate hydrate (N-A-S-H) and calcium-rich N(C)-A-S-H gel formation.
Economic assessment indicated approximately 30% cost reduction and a modest (~2%)
decrease in CO2 emissions. These findings highlight SSA as a technically viable and
sustainable activator for next-generation geopolymer construction.

Keywords: geopolymer; fly ash; silica fume–derived activator; sustainability; microstructure;
mechanical properties

1. Introduction

Traditional construction materials, particularly ordinary Portland cement (OPC), are
associated with high CO2 emissions that raise significant environmental concerns. Concrete
is the second most utilized substance globally after water, with annual consumption
exceeding 30 billion tons. The production of OPC emits approximately 630–800 kg of CO2

per ton, depending on the fuel source and the decarbonation of limestone required to form
clinker phases such as C3S and C2S [1]. Consequently, the search for alternative binders that
avoid the energy-intensive clinkerization process has become a major research focus [2].

Fly ash-based geopolymers have emerged as one of the most promising alternatives,
using industrial by-products such as fly ash to reduce energy demand and minimize carbon
footprints. These aluminosilicate binders are formed by alkaline activation, producing
three-dimensional inorganic polymer networks [3]. Geopolymers are valued for their high
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mechanical strength, low shrinkage, thermal stability, and fire resistance [4]. More recently,
they have also gained attention as specialized binders for 3D printing, due to their rapid
setting and early strength development [5]. However, widespread implementation has
been hindered by the reliance on commercial alkaline activators, most notably sodium
silicate (SSC). These activators are not only costly but also associated with additional CO2

emissions that offset some of the sustainability benefits of geopolymers.
Rapid geopolymerization reactions take place when natural or artificial alumino-

silicate precursors such as Fly ash, Ground Granulated blast Furnace Slag (GGBS), red
mud, volcanic ash, calcined clays, etc., react with alkaline solutions such as NaOH (sodium
hydroxide), KOH (potassium hydroxide), or a mixture of these hydroxide solutions and
their corresponding silicate solutions [6]. Hydroxide activators promote crystallinity in
geopolymers by dissolving aluminosilicate precursors, thereby increasing the availability
of aluminum and silicon ions necessary for the formation of crystalline structures [7,8].
Geopolymers activated with NaOH demonstrate enhanced resistance to acids and sulfates
and improved thermal stability and mechanical strength [9]. Silicate-based activators, such
as sodium silicate (Na2SiO3) and potassium silicate (K2SiO3), introduce additional silicate
species that create a more cross-linked amorphous network, leading to higher ductility
and improved chemical resistance [10]. Binary combinations of hydroxides and silicates
balance these effects, yielding denser and more homogeneous microstructures [11]. Sodium-
based activators are generally more effective than potassium-based ones, producing higher
compressive strength and a refined pore structure [12]. However, sodium silicate—the
most widely used activator—has critical drawbacks.

Alkaline activators for geopolymers are commonly classified as hydroxide- or silicate-
based systems using sodium or potassium cations. Hydroxide activators promote rapid
precursor dissolution but often lead to lower polymerization and strength, whereas silicate-
based activators provide additional reactive silica, resulting in more cross-linked gel net-
works and improved mechanical performance. Sodium-based activators generally out-
perform potassium-based systems due to their smaller ionic radius and more efficient gel
formation. However, commercial sodium silicate is energy-intensive and costly to produce,
motivating the development of waste-derived alternatives such as silica fume-derived
sodium silicate. In the conventional fusion process, sodium carbonate (Na2CO3) and
quartz (SiO2) are calcined at 1400–1500 ◦C [13,14], then dissolved in water and filtered to
form the product [15]. Hydrothermal synthesis requires lower temperatures (225–245 ◦C)
but involves high-pressure autoclaves (27–32 bar), reducing overall energy efficiency [16].
Both methods result in significant embodied energy and CO2 emissions, undermining
the sustainability of sodium silicate-activated systems. Recent cost assessments of alkali-
activated concretes (AACs) suggest large variability, with costs ranging from 70.67 to
114.78 CAD/m3, in some cases even higher than OPC-based concrete [17]. Thus, replacing
or reducing commercial sodium silicate in geopolymers is essential for advancing economic
and environmental viability.

In response, researchers have explored alternative sources of reactive silica to synthe-
size sodium silicate or sodium silicate alternatives (SSA). Rice husk ash (RHA) and silica
fume (SF), both abundant industrial by-products, have shown promise. Tong et al. [14] used
RHA to synthesize sodium silicate for alkali-activated binders. Sun et al. [18] evaluated
slag activated with SF-derived sodium silicate, reporting improved rheology due to the
“ball-bearing” effect of undissolved particles. Cheng et al. [19] demonstrated that silica
fume–derived activators reduced production costs and CO2 emissions when used in fly
ash binders. Similarly, Billong et al. [6,20], Oti et al. [21] and Adeleke et al. [22] confirmed
that RHA- and SF-derived sodium silicate can achieve comparable or superior strength
and durability relative to commercial sodium silicate. These findings suggest that SSA can
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reduce reliance on conventional SSC, but systematic evaluations integrating mechanical
performance, microstructural analysis, and sustainability metrics remain limited.

Microstructural characterization is critical for understanding geopolymer performance
and durability. Techniques such as scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDX) reveal features such as gel morphology, unreacted
particles, porosity, and elemental distributions [23]. Studies have shown that dense matrices
with sodium aluminosilicate hydrate (N-A-S-H) and calcium aluminosilicate hydrate (C-
A-S-H) gels correlate with enhanced strength and reduced permeability [24]. Fourier-
transform infrared spectroscopy (FTIR) also provides insights into reaction mechanisms,
with characteristic band shifts linked to polycondensation and network formation [25]. By
correlating these microstructural features with mechanical and sustainability outcomes, the
practicality of SSA-based binders can be better established.

Recent studies have explored diverse activation strategies for low-carbon binders, in-
cluding nano-silica-enhanced alkali activation, calcined clay activation, and waste-derived
silicates. Sodium-based activators remain the most effective due to their high dissolution
capacity, whereas potassium-based activators often exhibit rapid viscosity increase and less
efficient gel formation [26]. Commercial sodium silicate, while effective, is energy-intensive
to produce. Silica fume-derived sodium silicate offers a low-cost, low-emission alternative
with high reactive SiO2 availability. Previous research has shown that nano-silica and natu-
ral pozzolans can significantly enhance geopolymerization [27]. While prior studies have
synthesized sodium silicate alternatives (SSA) from RHA, SF, and other by-products, most
have examined either mechanical performance or chemical reactivity in isolation. Few have
provided an integrated evaluation of mechanical properties, microstructural development,
and sustainability. In this study, fly ash-based geopolymer mortars were activated with
silica fume-derived sodium silicate (SSA) combined with NaOH, and their performance
was benchmarked against commercial sodium silicate (SSC). To provide broader context,
potassium-based activators (CK and AK) were also included, as KOH is locally used in
some regions due to cost, availability, and lower hygroscopicity. Although these mixes un-
derperformed, they offer useful contrasts that inform the selection of activators. The scope
of this work includes mechanical testing, fresh property assessment, and sustainability
analysis supported by new benchmarking indices for cost (Ic) and CO2 efficiency (Efc). Mi-
crostructural and chemical transformations were examined using SEM, EDX, and ATR-FTIR
to establish links between binder chemistry, strength development, and environmental
impact. Together, these contributions aim to demonstrate SSA’s potential as a sustainable,
cost-effective, and technically reliable alternative to SSC for construction applications.

2. Materials

2.1. Silica Fume (SF)

Con-Fume [28]—a commercial reactive microsilica following ASTM C1240 [29] pro-
duced by Kryton International in Canada—was utilized as the Silica Fume in the study to
make the alternative sodium silicate (SSA) and potassium silicate (PSA). It is composed
predominantly of amorphous SiO2 (>95 wt.%), in gray powder form. The SEM image of raw
silica fume (Figure 1) shows the characteristic spherical morphology of the particles, with
a smooth surface and size ranging less than 1 μm in diameter. Significant agglomeration
is observed due to the high specific surface area (15,000–25,000 m2/kg) [30,31] and fine
particle size, contributing to the geopolymer matrix’s densification. According to supplier
specifications, silica fume particles have primary spherical sizes in the range of 0.1–0.3 μm,
with agglomerated particle sizes typically below 1 μm due to their high surface energy. The
reported pozzolanic strength activity index of silica fume typically exceeds 120% at 7 days,
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which is attributed to its amorphous structure, ultra-fine particle size, and high specific
surface area.

 

Figure 1. SEM image of the Silica Fume (SF) at magnification of (a) 100 μm, (b) 10 μm.

2.2. Fly Ash Class-F

Centralia Class F fly ash [32], in accordance with ASTM C618 [33], manufactured by
Lafarge, was used as a Precursor Material (PM) for the geopolymer preparation. According
to supplier specifications, this Class F fly ash exhibits a broad particle size distribution
ranging from approximately 1 to 100 μm, with a mean particle diameter typically between
15 and 30 μm, and predominantly spherical morphology. Several authors have reported that
the fly ash particles are spherical in shape [34,35], as illustrated in Figure 2, which shows
SEM images of the fly ash. Class F fly ash consists mainly of an amorphous aluminosilicate
glass phase with minor crystalline constituents such as quartz and mullite. The fly ash
exhibits adequate pozzolanic activity of 75% at standard testing ages.

 

Figure 2. SEM images of the Fly Ash (FA) at magnifications of (a) 30 μm, (b) 10 μm.

Tables 1 and 2 represent the detailed chemical compositions and physical properties
of the silica fume and fly ash.

Table 1. Chemical compositions of silica fume and fly ash [28,32].

Chemical Compositions Silica Fume (SF) Fly Ash (FA)

Silicon Dioxide (SiO2) 89–95% 47.1%
Aluminum Oxide (Al2O3) 1.0–2.0% 17.40%

Calcium Oxide (CaO) 0.9–1.5% 14.0%
Iron Oxide (Fe2O3) 1.5–2.5% 5.7%
Magnesium Oxide 0.5–1.0% 5.40%
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Table 1. Cont.

Chemical Compositions Silica Fume (SF) Fly Ash (FA)

Total Alkalis as Equivalent Na2O 0.5–0.9% N/A 1

Sulfur Trioxide (SO3) 0.1–0.5% 0.80%
Loss on Ignition 2.5–5.0% 0.19%

Moisture Content 0.1–0.5% N/A
1 Not Provided by Manufacturer.

Table 2. Physical properties of silica fume and fly ash [28,32].

Physical Properties Silica Fume (SF) Fly Ash (FA)

Appearance Light Gray Powder Tan Powder
Specific Gravity, CSA A3004-13-A4 2.2 2.66

Bulk Density 600–650 kg/m3 -
Fineness, CSA A3004-13-A3 (45 μm

retained) 1–3% 18.30%

Soundness, CSA A3004-13-B5
(Autoclave Expansion) 0.01–0.05% 0.02%

7-day Pozzolanic Strength Activity
Index, ASTM C1240-14 120–127% 101%

BET Fineness, ASTM C1240-14
(specific surface) 18–21 m2/g N/A 1

Physical Properties Silica Fume (SF) Fly Ash (FA)
Appearance Light Gray Powder Tan Powder

1 Not Provided by Manufacturer.

2.3. Chemicals

Sodium hydroxide (NaOH) pellets from Thermo Fisher Scientific, with a 40 g/mol
molecular weight and pH 14, were used to prepare a 10 M NaOH solution. This solution
was then used to dissolve silica fume and produce an SSA solution with a SiO2/Na2O
molar ratio of about 2. Potassium hydroxide (KOH) pellets from Sigma-Aldrich, USA (85%
purity, molecular weight 56.11 g/mol, pH 13.5) were used to prepare a 10 M KOH solution.
This solution was used to dissolve silica fume and produce a PSA solution with a SiO2/K2O
molar ratio of 2. The commercial sodium silicate (SSC) was waterglass (Na2SiO3), in liquid
form, reagent grade, obtained from Sigma-Aldrich in the US. Its composition is 10.6% Na2O,
26.5% SiO2, and 62.9% H2O, with a 1.39 g/mL density. The commercial potassium silicate
(PSC) was an anhydrous powder with a molecular weight of 116.11 g/mol from Thermo
Fisher Scientific, which was combined with water to produce a solution comprising 53.75%
K2SiO3 and 46.25% H2O.

The target silicate modulus (SiO2/M2O, M = Na or K) of approximately 2 was calcu-
lated based on the reactive SiO2 content of silica fume and the alkali oxide equivalents
derived from hydroxide solutions. The silica fume used contains approximately 95 wt.%
SiO2. A 10 M NaOH solution provides 10 mol of NaOH per liter, where two moles of
NaOH are stoichiometrically equivalent to one mole of Na2O; thus, 10 mol NaOH corre-
sponds to 5 mol Na2O. To achieve a SiO2/Na2O molar ratio of 2, 10 mol of SiO2 is required,
corresponding to approximately 600 g of SiO2. Accounting for silica fume purity, this
equates to about 630 g of silica fume per liter of 10 M NaOH solution. The same approach
was applied for potassium-based activators, where 10 M KOH provides 5 mol of K2O
equivalents, requiring an identical SiO2 input to maintain a SiO2/K2O ratio of ~2.
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3. Methodology

3.1. Mix Design

Preliminary trials at AA/P ratios of 0.4 and 0.8 showed poor workability: the 0.4 mix
was too stiff to mold, while the 0.8 mix exhibited flash setting. Therefore, ratios of 0.5 and
0.7 were selected as practical bounds [36], allowing comparison between low- and high-
alkali conditions. A Sand/P ratio of 2:1 was fixed, following prior studies, to ensure
consistent workability and strength. Table 3 presents the mix proportions for geopolymers
prepared with commercial sodium silicate (CS), alternative sodium silicate (AS), commercial
potassium silicate (CK), and alternative potassium silicate (AK).

Table 3. Mix compositions of geopolymer mortars.

Mix Code FA (kg)
Total AA

(kg)

Alkaline Activators (AA)

Sand (kg)
SSA (kg) SSC (kg)

NaOH 10
M (kg)

PSA (kg) PSC (kg)
KOH 10
M (kg)

CS0.7

600

420 214.63 205.37

1200

AS0.7 420 228.71 191.31
CS0.5 300 153.3 146.7
AS0.5 300 163.4 136.6
CK0.5 300 105.53 194.47
AK0.5 300 162.77 137.24

The AA used in these mixes is a binary solution of either sodium or potassium silicate
(Na2SiO3 or K2SiO3) and sodium or potassium hydroxide (NaOH or KOH). The volumetric
proportion Na2SiO3/NaOH and K2SiO3/KOH is maintained at 1:1, and the densities
of NaOH, SSC, SSA, KOH, PSC, and PSA are 1.33, 1.39, 1.59, 1.29, 0.7 and 1.53 g/mL,
respectively. Table 4 shows the volumetric proportions of the mixes.

Table 4. Volumetric proportions of geopolymer mortars.

Mix code Sand/P AA/P Ratio M2SiO3/MOH * MSC (L) MSA (L) MOH 10 M (L)

CS0.7

2:1

0.7

1:1

154.41 154.41
AS0.7 143.84 143.84
CS0.5

0.5

110.3 110.3
AS0.5 102.74 102.74
CK0.5 150.75 150.75
AK0.5 106.38 106.38

*: M = Na or K.

3.2. Preparation of Alkali Activator (AA)

The NaOH solution was prepared by dissolving 400 g of sodium hydroxide pellets
per 1000 mL of water to obtain a solution with the desired molarity of 10 M. The KOH
solution was prepared by dissolving 561.1 g of potassium hydroxide pellets per 1000 mL of
deionized water to obtain a solution with the desired molarity of 10 M. In contrast, the SSA
and PSA solutions were designed using Equations (1) and (2) and prepared by dissolving
632 g of silica fume per 1000 mL of NaOH or KOH solution with a molarity of 10 M [20].
The mixture was stirred for 30 min and left to react for 24 h in a closed container to ensure
thorough dissolution of the silica fume in the hydroxide solution before subsequent use.
Furthermore, a SiO2/M2O molar ratio of 2 (M = Na or K) and the purity of SF used in the
current study (95% SiO2 with a molecular weight of 60 g/mol) were considered.

2SiO2 + 2NaOH → Na2O (SiO2) + H2O (1)
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2SiO2 + 2KOH → K2O(SiO2) + H2O (2)

3.3. Preparation of Geopolymer Mortar Specimens, Curing and Testing Methods

The fly ash and sand were accurately weighed as per the proportions listed in Table 3
and mixed in a table mixer for 2 min until a uniform dry mixture was achieved. The
pre-mixed binary alkali activator solution (SSC or SSA and NaOH, or PSC or PSA and
KOH) was slowly added to the dry mixture and mixed for two more minutes. After
thorough mixing, the flowability of the fresh mortar was assessed using the flow table
test as per ASTM C1437 [37] at an ambient temperature of 23 ± 2 ◦C. The time of setting
was determined using the Vicat apparatus according to ASTM C807 [38]. Additionally,
specimens in the form of 50 × 50 × 50 mm cubes, dog-bone (briquette) specimens, and 30
× 30 × 100 mm prisms were prepared following ASTM standards C109 [39], C307 [40],
and C293 [41], respectively, for compressive, tensile, and flexural strength tests. Due to
limitations in standards specific to geopolymer, relevant and comparable mortar testing
methods have been used.

The prepared specimens were left to cure for 24 h in the molds at ambient temperature.
After demolding, the hardened mortar samples underwent heat curing in an oven for
72 h. After 72 h heat curing, specimens were allowed to cool gradually inside the oven to
room temperature to prevent thermal shock and microcrack formation. Subsequently, the
specimens were kept at ambient temperature until the day of testing. This curing regime
was chosen because geopolymers typically experience rapid reactions during the early
stages of curing, especially within the first few days [42]. Geopolymer curing temperatures
and heat curing times can vary significantly, ranging from 40 ◦C to 800 ◦C and from 0 to
28 days, respectively. However, elevated temperatures are often required to accelerate the
geopolymerization process and achieve sufficient strength development within a short
time frame [43]. Higher curing temperatures contribute to increased CO2 emissions, which
detract from the sustainability of the process. For this study, two batches of AS0.7 were
cured at 65 ◦C and 80 ◦C (AS0.7-65, AS0.7-80), while one batch of CS0.7 was cured at
80 ◦C (CS0.7-80). Since the effect of the higher temperature was minimal on the strength
development, the rest of the batches were cured at 65 ◦C. The reported results are the
average of three specimens tested on 7, 14, and 28 days.

3.4. SEM Imaging and EDS Analysis

SEM and EDS analyses were performed on sodium-based geopolymer formulations
to investigate the formation and composition of geopolymerization products and compare
the effect of sodium silicate and SSA activators. Rectangular specimens of approximately
5 × 5 × 2.5 mm were cut from hardened beam samples. The specimens were polished
using a ToronPol polishing machine, from Torontech Inc., Toronto, ON, Canada, equipped
with abrasive paper at 400 rpms for 3 min to obtain a surface flat enough for microscopy.
The specimens were vacuum-dried for one week in a Hitachi ZoneSEM desktop cleaner
(Hitachi High-Tech Corporation, Tokyo, Japan), which removes hydrocarbon contamination
from specimens using UV light. The specimens were taken out of the vacuum and quickly
coated with carbon using a Cressington 208 carbon high vacuum carbon coater (Cressington
Scientific Instruments Ltd., Watford, UK) to ensure the preservation of the microstructure
and conductivity for electron microscopy. A Scanning Electron Microscope (SEM) was used
at a 1–15 kV voltage on thin polished sections using a Hitachi S-4800 field emission SEM
(Hitachi High-Tech Corporation, Tokyo, Japan). SEM images were used to recognize the
reaction of geopolymer precursor material with solutions in the internal microstructure
and identify entities such as amorphous gel and crystalline phases, unreacted or partially
reacted particles, microcracks and pores, and Interfacial Transition Zone (ITZ) of aggregates
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and geopolymer paste matrix. The Hitachi S-4800 is equipped with a Bruker Quantax
Energy Dispersive Spectroscopy (EDS) system (Bruker Nano GmbH, Berlin, Germany),
which was used at an acceleration voltage of 8–13 kV and a working distance of 15 mm
to optimize X-ray collection and detect the elemental composition of geopolymerization
products. Quantax software (version 7.3) was used to generate high-resolution elemental
maps while the Hyperspy (version 2.2, https://pypi.org/project/hyperspy/2.2.0/ accessed
on 20 January 2025) [44] python package was used to generate X-ray spectra graphs and
quantify elemental compositions. Comparative imaging and mapping were performed on
different mixes to identify variations in morphology and validate the formation of N-A-S-H
and C-A-S-H gels.

3.5. ATR-FTIR Analysis

The ATR-FTIR analysis was conducted to investigate the structural and chemical
changes occurring in the silicate components of silica fume, fly ash, and geopolymer for-
mulations due to alkali activators. This analysis aimed to identify characteristic functional
groups, monitor shifts in vibrational bands, and assess the geopolymerization process. The
samples were manually grounded into a fine powder in a mortar pestle and placed directly
over the ZnSe ATR crystal of the Agilent Cary 630 FTIR spectrometer. The samples were
analyzed in the spectral range of 4000 to 400 cm−1 at room temperature with 32 scans and
4 cm−1 resolutions and support from the Agilent MicroLab software (version 5.4). The
analysis specifically targeted changes in the Si-O and Al-O bonding environments, using
ATR-FTIR spectra to identify peak shifts in silica fume and fly ash after alkali activation.
These shifts indicate the dissolution of raw materials and the formation of new silicate and
aluminosilicate structures, such as Si-O-Al linkages, which are essential for geopolymer
formation. Additionally, the disappearance of peaks related to hydrates confirmed the
completion of the curing process.

4. Results and Discussion

4.1. Fresh Properties
4.1.1. Time of Setting

Fresh mortars were introduced into the Vicat apparatus mold within five minutes
of initial contact between the alkali activator and the precursor material. As per ASTM
C807, the time of setting is defined as the point at which the Vicat needle penetrates to
a depth of 10 mm (Figure 3). Findings indicate that sodium-based activators (SSA and
SSC) exhibit longer setting times, whereas potassium-based activators (PSA and PSC) set
more rapidly. This variation is influenced by the alkaline activator to precursor (AA/P)
ratio, which affects the dissolution rate of aluminosilicate precursors. A higher AA/P ratio
increases the availability of reactive ions (OH−, SiO4

4−, Na+, and Al(OH)4
−), accelerating

polymerization and gel formation. Notably, SSC-based mixes set faster than SSA-based
ones due to the higher reactivity of pre-dissolved SiO4

4− ions in SSC, which immediately
polymerize with Al(OH)4

− and Na+. In contrast, SSA requires gradual dissolution of
silica fume in NaOH, delaying the availability of reactive silicates despite its higher OH−

content. Additionally, potassium-based activators (PSA and PSC) exhibit the fastest setting
times due to the larger ionic radius [45] and higher mobility of K+ ions, which enhances
charge balancing and condensation reactions [46], leading to rapid gel network formation.
Potassium-based activators showed lower mechanical performance primarily due to their
chemical behavior during geopolymerization. The larger ionic radius of K+ reduces its
ability to stabilize aluminosilicate gel structures compared to Na+, leading to weaker N-A-
S-H network formation. Additionally, potassium silicate dissolves more slowly, limiting the
early availability of reactive silicate species. This slower dissolution causes early viscosity
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buildup and reduced workability, resulting in less dense matrices and lower strength in CK
and AK mixes.

Figure 3. Penetration vs. time: Time of setting corresponds to the moment when the needle penetrates
10 mm in the mortar.

4.1.2. Flowability

Table 5 presents the flow percentage of each mix, obtained using the jump table
according to ASTM C1437. The test involved filling the cone with mortar, lifting it, and
dropping the table 25 times within 15 s. Figure 4 depicts the flow table test. The spread
diameter of the mortar was then measured using the formula below, where A is the average
flow diameter of four readings in mm and Dorg is the original base diameter (100 mm).

Flow (%) =

(
A − Dorg

Dorg

)
× 100 (3)

Table 5. Flowability test.

AS0.7 CS0.7 AS0.5 CS0.5 CK0.5 AK0.5

Flow
Diameter
(A) (mm)

250 245 240 250 235 150

Flow (%) 150 145 140 150 135 50

 

 

Figure 4. Flow table test.
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Results show that sodium-based activators (SSA and SSC) provide higher flowability
than potassium-based activators (PSA and PSC). CK0.5 exhibits the lowest flowability
(50%), highlighting the reduced workability of K-based geopolymers. The lower flowability
of K-based mixes correlates with their faster setting times, as higher K+ ions accelerate poly-
condensation, causing early viscosity buildup and stiffening, reducing flow. Conversely,
sodium-based activators—particularly SSA—react more gradually, improving dispersion
and fluidity. Additionally, the AA/P ratio influences flowability, with higher ratios (0.7)
improving fluidity. However, even at the same AA/P ratio, K-based activators consistently
lower flowability, likely due to their faster setting behavior. Thus, sodium-based activators
enhance workability, while K-based mixes may require water adjustments or plasticizers
to maintain optimal flow without affecting setting time. The use of superplasticizers was
not investigated in this study due to uncertainties regarding their behavior and long-term
compatibility in highly alkaline geopolymer matrices. Although previous studies have
reported that conventional superplasticizers can function in geopolymer systems, their
efficiency and stability often differ from those in OPC-based mixtures because of the high
alkalinity and distinct reaction mechanisms. Therefore, the compatibility and performance
of admixtures in geopolymer mortars are identified as an important area for future research.

4.2. Hardened Properties
4.2.1. Compressive Strength ( f ′c)

In this study, a Forney compression machine with a maximum capacity of 3000 KN
was used, and an applied loading rate was maintained at 0.15 MPa/s for every test. The
compressive strength is calculated as follows:

f ′c =
P
A

(4)

where f ′c is the mortar’s compressive strength in MPa, P is the total maximum load in N,
and A is the area of loaded surface mm2.

The results in Figure 5 show that CS0.7-80 exhibited compressive strengths 20–35%
lower than AS0.7-80 and AS0.7-65 at all ages. Unexpectedly, AS0.7-65 outperformed
AS0.7-80, contrary to typical literature trends. This anomaly is attributed to rapid geopoly-
merization at 80 ◦C, which may produce a rigid but less uniform gel network and induce
thermal microcracking or shrinkage, thereby limiting further reaction of fly ash particles.
SEM analysis, discussed in Section 4.4.1, supports this interpretation, showing more un-
reacted fly ash and microcrack features in AS0.7-80, while AS0.7-65 developed a denser,
more homogeneous matrix that enabled continued geopolymerization.

At AA/P = 0.5, both CS0.5 and AS0.5 reached ~40 MPa at 28 days, though AS0.5
showed higher strengths at 7 and 14 days. This agrees with reports that reducing AA/P
generally improves CS-based systems, but in AS mixes, the higher content of fine SF
particles at AA/P = 0.7 promoted superior strength gain relative to AS0.5.

Strength development was largely completed within the first 7 days, with little or
no gain thereafter, consistent with Davidovits [42]. he 28-day strengths of SSA mixes in
this study (39–45 MPa) compare well with literature: ~43 MPa for fly ash binders with
SF-derived activators [19], ~50 MPa for GGBS binders with RHA-derived activators [22],
and ~50 MPa for GGBS concrete with SF-derived activators [22]. This benchmarking
demonstrates that SSA-based mixes not only outperform SSC-based mortars but also
achieve strengths competitive with other waste-derived activator systems. Quantitative
porosity measurements were not conducted in this study; therefore, interpretations re-
garding porosity and microcrack density are based on qualitative SEM observations and
are acknowledged as a limitation of the present work. Although geopolymers are often
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reported to exhibit high early-age strength, this behavior depends strongly on precursor
type, activator chemistry, and curing conditions. In this study, the fly ash-dominant system
and controlled alkali availability led to slower dissolution and progressive geopolymer-
ization, resulting in a strength-gain trend similar to conventional concrete. Such behavior
is consistent with Class F fly ash–based geopolymers reported under comparable curing
regimes. The slight reduction in 28-day compressive strength is attributed to moisture loss
and microstructural stabilization following early geopolymerization, which may induce
minor microcracking during curing. Similar behavior has been reported for heat-cured
fly ash–based geopolymers. Extended curing periods (e.g., 90 days) are expected to result
in strength stabilization rather than continued decline; however, long-term mechanical
testing and durability studies are required to confirm this trend and are recommended for
future work.

Figure 5. Compressive strength (MPa) at 7, 14, and 28 days.

4.2.2. Flexural Strength (Fr)

The Pasco mini MTM, capable of measuring up to 7100 N (newtons) of force, was used
to perform the three-point bending tests on the 30 × 30 × 100 prisms and measure the peak
load (P). The modulus of rupture is calculated as:

Fr =
3PL
2bd2 (5)

where Fr is the modulus of rupture in MPa, and P is the maximum applied load in N. L, b,
and d are the span length, width, and depth of the prism (and equal to 88, 30, and 30 mm),
respectively. The support’s distance from the beam’s edges was kept at 6 mm.

Figure 6 shows that the mixes AS0.7-80 and AS0.7-65 demonstrated higher Modulus
of Rupture (MOR) values of 3.56 MPa and 2.90 MPa, respectively, at 28 days compared
to CS0.7-80, which showed an MOR of 1.42 MPa. These results represent increases of
approximately 150.7% for AS0.7-80 and 104.2% for AS0.7-65 over CS0.7-80. However, CS0.5
exhibited a superior MOR of approximately 5 MPa across all three testing ages, surpassing
all other mixes. Flexural strength development showed minimal dependence on time, with
an almost flat trendline for all mixes.
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Figure 6. Flexural strength (MPa) at 7, 14, and 28 days.

4.2.3. Tensile Strength (Ft)

The Pasco mini MTM was used to perform direct tensile tests on the dog-bone (briquet)
specimen and measure the peak load (P). The tensile strength ( Ft) is equal to the stress
calculated at maximum load. It is calculated as below, where b and d both equal 25.4 mm.

Ft =
P
bd

(6)

As shown in Figure 7, specimens with an AA/P ratio of 0.5 excel in tensile tests
compared to those with an AA/P ratio of 0.7, achieving tensile strengths of 1 MPa for
CS0.5 and 0.86 MPa for AS0.5 at 28 days. Additionally, AS0.7-80 and AS0.7-65 outperform
CS0.7-80 in tensile tests, showing 76% and 45% higher strength at 28 days, respectively.

Figure 7. Tensile strength (MPa) at 7, 14, and 28 days.

The compressive strength ( f ′c), flexural strength (Fr), and tensile strength (Ft) results il-
lustrate that CS0.5 exhibits robust mechanical performance, with strengths reaching 40 MPa,
5 MPa, and 1 MPa, respectively, by 28 days. AS0.5 displayed comparable performance with
values of 39 MPa for compressive strength, 3.49 MPa for flexural strength, and 0.86 MPa
for tensile strength. making it suitable for applications requiring structural integrity and
strength. The lower AA/P ratio (0.5) is key in enhancing the material’s overall strength,
as the denser microstructure provides better resistance to compressive, bending, and ten-
sile forces. Mixes like AS0.7-80 and AS0.7-65 perform better than CS0.7-80, especially in
flexural and tensile strengths, and their compressive strengths are higher than all other
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mixes. This suggests that the alternative sodium silicate and lower curing temperatures
(65 ◦C) in AS mixes contribute to improved bending and tension performance. However,
potassium-based mixes (CK0.5 and AK0.5) show significantly lower results in all categories,
indicating sodium-based activators are more effective for achieving high strength. Overall,
CS0.5 and AS0.5 stand out as the better-performing mixes in all mechanical tests, while
AS0.7-65 and AS0.7-80 offer good performance in compression.

The trends observed in flexural and tensile strength are consistent with the com-
pressive strength behavior and can be attributed to microstructural stabilization and the
evolution of interfacial bonding within the geopolymer matrix. Minor microcracking in-
duced by moisture loss and thermal effects during curing is more critical under tensile and
flexural loading, leading to slightly reduced strengths at later ages.

4.3. Sustainability
4.3.1. Cost

In this section, we evaluate the cost-effectiveness of CS, AS, CK, and AK by com-
paring the expenses associated with their respective alkali activator (AA) sources and
sodium/potassium silicate options. The varying parameters between the mixes are the
choice of silicate source (SSC/SSA or PSC/PSA) and the proportion of alkali activa-
tor. The commercial sodium silicate (SSC) was procured at 78 CAD per 1 L. The cost
to produce 1 L of NaOH 10 M was determined to be 45.76 CAD (derived from 400 gr
NaOH pellets + 1000 mL H2O) (Sigma-Aldrich [47]). Silica fume was priced at an aver-
age of CAD 0.5 per kg [48]. The commercial potassium silicate (PSC) was purchased at
363 CAD per 2 kg. The cost to produce 1 L of KOH 10 M was determined to be 53.42 CAD
(derived from 561.1 gr KOH pellets + 1000 mL H2O) (Sigma-Aldrich, St. Louis, MO,
USA [49], Thermo Scientific Chemicals, Waltham, MA, USA [50]). Based on the calcula-
tions, the SSA + NaOH alkali activator demonstrates higher cost-effectiveness, with a cost
of 74.15% compared to the SSC + NaOH (Figure 8a). Notably, K-based activators are not
only higher in cost but also less effective in the strength gain of the geopolymer, making
their use impractical. Figure 8a demonstrates the cost of alkaline activators in CAD per liter.
The cost analysis is limited to a material-based comparison, considering only the prices
of alkaline activators and their constituent raw materials. Labor, energy, and processing
costs associated with activator preparation were not included and are acknowledged as
limitations of this study.

4.3.2. CO2 Emissions

Carbon footprint data of individual ingredients were obtained from published sources
and are summarized in Figure 8. The CO2 emissions considered were: sodium silicate
(1.22 kg CO2 e/kg [51]), NaOH (1.22 kg CO2 e/kg [52]), KOH (0.77 kg CO2 e/kg [53]),
and silica fume (0.014 kg CO2 e/kg [54]). Potassium silicate was estimated at ~2.5 kg
CO2 e/kg, based on reported contributions from silica production, potassium carbonate
synthesis, manufacturing, and transport. These values represent material production only;
transportation and the energy required for elevated curing were not considered, which is
acknowledged as a limitation.

4.3.3. Compressive Strength Cost Index (Ic)

The compressive strength cost index Ic is calculated to evaluate the economic effi-
ciency of geopolymer materials [55]. This index, measured in CAD/m3/MPa, is given by
the formula:

IC =
Ct

f ′c28
(7)
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where Ic represents the compressive strength cost index, Ct (CAD/ m3) is the cost of
geopolymer per cubic meter, and f ′c28 (MPa) represents the 28-day compressive strength
of the geopolymer. A smaller compressive strength cost index indicates a relatively lower
overall cost of using geopolymer materials. The costs of Fly ash and sand were averaged to
be 32 CAD [56] and 48 CAD [57] per ton, respectively. Geopolymer mixes with alternative
sodium silicate (AS0.7 and AS0.5) show superior performance with an Ic of approximately
30, indicating better economic efficiency. In contrast, the CS0.7 mix has an Ic of about 66.86,
and the K-based mixes have indices of 64.22 and 73.86, indicating that they are over twice
as costly per unit of strength. The CS0.5 mix, with an Ic of 40, demonstrates significant
strength at 28 days but remains less cost-effective than the AS0.5 and AS0.7 mixes (Table 6).

Figure 8. (a) Cost (b) CO2 emissions of single and binary alkali activators per liter.

Table 6. CO2 emission and sustainability index of geopolymer mixes.

AS0.7 CS0.7 AS0.5 CS0.5 CK0.5 AK0.5

28-day f ′c (MPa) 44.77 30.22 39.02 40.20 11.67 22.4
Production Cost (CAD/m3) 1388.03 1931.89 1104.08 1533.49 1398.74 1494.60

CO2-m3 (kg CO2) 505.65 509.75 399.61 408.26 258.42 284.17
Compressive cost index (Ic) 30.99 63.93 28.30 38.15 119.80 66.74

Sustainability index Efc 10.66 16.86 10.24 10.15 10.21 12.96
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4.3.4. Sustainability Index (Efc)

To evaluate the sustainability of construction materials, we can calculate the Sustain-
ability Index (Efc ) [55] as shown in Equation (7). This index normalizes the CO2 emissions
of concrete mixes according to their 28-day compressive strength. This method provides
a more comprehensive view of the environmental impact by considering both the CO2

emissions and the material’s performance.

Efc =
CO2−m3

f ′c28
(8)

The CO2 emissions of Fly ash and sand were taken as 0.04 [58] and 0.0077 [59] kg
CO2 e/kg, respectively. A smaller Sustainability Index indicates a lower overall CO2
emission from geopolymer materials. The analysis of the Sustainability Index (Efc ) reveals
that the CS0.5 mix is the most sustainable, with the lowest Efc of 10.15, representing the
best balance between low CO2 emissions and high compressive strength. The AS0.5 mix
follows closely with an Efc of 10.24, also demonstrating high sustainability. The AS0.7
mix, though having higher emissions, maintains a relatively low Efc of 10.66, making it a
good sustainable choice. In contrast, the CS0.7 mix has the highest Efc of 16.86, indicating
higher CO2 emissions per unit of compressive strength. Potassium-based mixes, CK0.5
and AK0.5, have Efc values of 10.21 and 12.96, respectively, reflecting more significant
environmental impact compared to sodium-based mixes. Overall, the AS0.5 and CS0.5
mixes are highlighted as the most eco-friendly options, effectively balancing material
efficiency and carbon footprint (Table 6).

Reported Efc values for ordinary Portland cement (OPC) concretes typically range
from 15 to 20, based on emissions of ~300–400 kg CO2/m3 and 28-day strengths of
20–30 MPa [60]. Geopolymer concretes activated with commercial sodium silicate of-
ten report values around 13–18, reflecting improved but still significant embodied CO2 [61].
In comparison, the SSA mixes in this study demonstrate a clear sustainability advantage,
outperforming both OPC and conventional geopolymers.

4.4. Microstructural Analysis
4.4.1. SEM

In SEM imaging of fly ash-based geopolymers, the amorphous and crystalline phases
exhibit distinct morphologies that reflect the geopolymerization process and variations in
material composition. When sodium silicate is used as the activator, the primary reaction
product is an amorphous sodium aluminosilicate hydrate (N-A-S-H) gel. This amorphous
phase typically forms a continuous, dense, and homogeneous matrix [62], embedding
any crystalline phases present [63], as shown in Figure 9 of CS0.7, where the smooth
gel phase covers the imaged surface with few distinct entities and morphologies. The
matrix appears smooth or slightly granular, with minimal defined boundaries between
particles, indicating efficient geopolymerization [64,65]. In contrast, crystalline phases
display discrete, well-defined morphologies, including needle-like, flocculent, or plate-like
structures [66], as observed in Figure 10b. These crystalline features typically form on the
surfaces of partially or fully reacted fly ash particles and are associated with specific reaction
products, including calcium silicate hydrate (C-S-H), calcium hydroxide (Ca(OH)2), and
minerals such as mullite and zeolite [67]. The spherical voids in Figure 10b are remnants of
fly ash particles attacked by the alkali and merged into the gel paste. The transition from
amorphous to crystalline phases has been associated with lower strengths in geopolymer
systems [68]. A qualitative comparison of the interfacial transition zone (ITZ) indicates
that the commercial sodium silicate (CS) mortar exhibits a wider and less homogeneous
ITZ with visible microcracks and partially reacted fly ash near the aggregate surface. In
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contrast, the silica fume-derived sodium silicate (AS) mortar shows a denser and more
continuous ITZ, with the aggregate well embedded in a compact N(C)-A-S-H gel matrix
(Figure 10). Quantitative ITZ measurements were not conducted and is acknowledged as a
limitation; therefore, this assessment is based on qualitative SEM observations.

 

Figure 9. SEM Images of Specimen CS0.7 at magnification of (a) 100 μm, (b) 50 μm.

 

Figure 10. SEM Images of Specimen AS0.7-80 at magnification of (a) 500 μm, (b) 100 μm.

The choice of alkaline activator significantly impacts the phase formation and mi-
crostructure of fly ash-based geopolymers [24]. Hydroxide-based activators, such as sodium
hydroxide (NaOH), facilitate the dissolution of aluminosilicate precursors, increasing the
availability of reactive species necessary for crystallization. This results in the formation of
well-defined crystalline phases. On the other hand, silicate-based activators, like sodium
silicate (Na2SiO3), promote the generation of an amorphous gel phase, leading to a more
cohesive and homogeneous matrix. The combination of NaOH with silica fume produces
results comparable to, and in some cases superior to, commercial sodium silicate in terms
of matrix density and mechanical properties. Loose partially reacted or unreacted fly ash
particles are also evident in SEM images, appearing as spherical entities embedded within
the matrix. Their presence signifies incomplete geopolymerization, which correlates with
higher porosity and lower mechanical strength (Figure 11). These particles are more preva-
lent in CS mixes compared to AS (Figure 12), which is also reflected in the significantly
lower compressive, tensile, and flexural strengths of CS0.7 compared to AS0.7-80 and
A0.7-65 as described in Section 4.2.
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Figure 11. SEM Images of Specimen CS0.7 at magnification of (a) 100 μm, (b) 30 μm.

 

Figure 12. SEM Images of Specimen AS0.7-80 at magnification of (a) 100 μm, (b) 30 μm.

Figures 13 and 14 reveal a continuous mass of a sodium (calcium) aluminosilicate
N(C-)A-S-H matrix and partially reacted fly ash particles. Various products with distinct
morphologies have formed on the surface of the fly ash particles. Regular-shaped prod-
ucts of calcium silicate hydrate (CSH) and aluminum-silicate (Al-Si) gel are observed on
these particles, indicating the development of a dense geopolymer matrix. The strength
development of AS0.7 and AS0.5 can be attributed to the presence of microsilica particles,
densifying the porous microstructure of the geopolymer mix. The SEM images show
fine silica fume particles in AS0.5 and AS0.7 mixtures, contrasting with CS0.7 and CS0.5,
which exhibit a more porous microstructure. This suggests that the incorporation of silica
fume contributes to the enhancement of the microstructure by reducing voids and refining
the matrix.

 

Figure 13. SEM Images of Specimen AS0.7-65 at magnification of (a) 40 μm, (b) 5 μm.
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Figure 14. SEM Images of Specimen AS0.7-65 at magnification of (a) 50 μm, (b) 10 μm.

The formation of sodium aluminosilicate hydrate, the primary reaction product of
geopolymerization, results in an amorphous gel matrix. This matrix forms through in-
teractions between fly ash glassy spheres and the alkaline solution, signifying effective
geopolymerization and the transition from a loose fly ash structure to a cohesive network.
Alkali activators adhere to fly ash surfaces, filling pores and intertwining to create a robust
network. A significant amount of unreacted fly ash remains in CS0.5, exhibiting larger
pores and a looser structure compared to AS0.5 (Figures 15 and 16). Fewer partially re-
acted spheres are encapsulated in gel products in CS0.5, while AS0.5 demonstrates a more
consolidated microstructure.

 

Figure 15. SEM Images of Specimen AS0.5 at magnification of (a) 50 μm, (b) 20 μm.

 

Figure 16. SEM Images of Specimen CS0.5 at magnification of (a) 100 μm, (b) 10 μm.

4.4.2. EDX

The EDX map and spectra for Specimen CS0.7, shown in Figure 17, provide valuable
insights into the elemental composition and distribution of the geopolymer matrix. The
matrix is predominantly composed of oxygen (37.49 wt.%), silicon (27.13 wt.%), and sodium
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(16.70 wt.%), consistent with a sodium aluminosilicate hydrate (N-A-S-H) gel structure.
Aluminum contributes 10.59 wt.%, reflecting its integral role in forming aluminosilicate
linkages, while magnesium is present at 4.34 wt.%. The relatively low calcium content
(3.76 wt.%) suggests limited reactivity, likely due to incomplete geopolymerization of the
fly ash, which may be attributed to insufficient availability of OH− ions and an excess of
silicate ions (SiO4

4−) in CS0.7 with sodium silicate as the activator.

Figure 17. (a) SEM Image of CS0.7 at magnification of 100 μm, (b) EDX map, (c) Elemental maps,
(d) EDX Spectra.

This lack of calcium incorporation aligns with the observed amorphous microstructure
of CS mixes. Figure 17d shows characteristic peaks in the x-ray (counts) vs. energy (keV)
graph, where calcium shows distinct excitation energies of Kα = 3.75 keV, Kβ = 4.00 keV,
and Lα = 0.3 keV, further corroborating its minor presence in the matrix.

The EDX map for specimen AS0.7-80 (Figure 18e) captures the microstructural and
elemental characteristics near the interfacial transition zone (ITZ) of geopolymer paste
and aggregate. The presence of crystalline phases enriched with calcium is particularly in
the plate-like structures. Silicon and sodium remain dominant in the overall composition
(Figure 18c), while the elevated calcium concentration in crystalline regions supports the
formation of calcium hydroxide (Ca(OH)2) crystals and calcium aluminosilicate hydrate
(C-A-S-H) gel and semi-crystalline phases. Calcium in fly ash reacts preferentially with
OH− ions, forming calcium hydroxide (Ca(OH)2), which precipitates rapidly in an alkaline
environment [69]. This reaction occurs faster than calcium’s interaction with silicate or alu-
minosilicate species. However, when sufficient silicate is available, Ca2+ can also contribute
to the formation of calcium silicate hydrate (C-S-H), and the coexistence of C-S-H and
sodium aluminosilicate hydrate (N-A-S-H) gels influences the density of the microstruc-
ture and mechanical properties of the material (Figure 18b). Silica fume agglomerations
are visible as small clusters of silicon and oxygen, which contribute to densification and
reduce microstructural porosity (Figure 18b,e). This enhanced matrix density explains the
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improved mechanical performance of AS mixes matching CS mixes, as the presence of
reactive silica promotes stronger aluminosilicate linkages.

 

Figure 18. (a) SEM Image of AS0.7-80 at magnification of 100 μm, (b) 30 μm (c) EDX Spectra,
(d) Elemental maps, (e) EDX map.

Figure 19 focuses on specimen AS0.7-80, emphasizing the influence of crystalline
phases within the geopolymer matrix. The EDX map and spectra illustrate a similar
trend, with calcium-rich regions corresponding to plate-like and needle-like crystalline
entities (Figure 19b,e). The surrounding amorphous matrix, consisting of N-A-S-H gels,
benefits from the inclusion of silica fume, which ensures a more homogeneous distribution
of silicon and aluminum. The reactive silica enhances the geopolymerization process,
leading to a dense microstructure with fewer unreacted fly ash particles. The effectiveness
of silica fume in balancing crystallinity with matrix densification to achieve superior
mechanical properties.

The EDX analysis presented in Table 7 provides crucial insights into the elemental
composition and formation of various geopolymer phases. The high Si/Al ratio of 27.1 ob-
served in AS0.5 Point 2 (Figure 20) indicates a dominant N-A-S-H (sodium aluminosilicate
hydrate) phase, suggesting that a significant portion of the fly ash underwent effective
geopolymerization. This advanced geopolymerization process results in a more refined
and interconnected aluminosilicate gel matrix, leading to enhanced mechanical properties.
The high Si content in this phase contributes to the overall densification and strength
of the geopolymer, as silicon is a critical element in forming strong Si-O-Si and Si-O-Al
linkages within the gel network. In contrast, the Ca/Al ratio of 1.38 observed in CS0.5
Point 2 signifies the formation of a C-A-S-H (calcium aluminosilicate hydrate) gel. The
presence of a C-A-S-H phase suggests that calcium plays a more dominant role in the
geopolymerization process for this mix. However, this often leads to a less homogeneous
and more porous microstructure compared to N-A-S-H-dominated systems, which can
contribute to reduced mechanical performance. The higher Ca content in C-A-S-H gels
generally leads to larger pores and microcracks, resulting in lower compressive and tensile
strength compared to N-A-S-H gels.
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Figure 19. (a) SEM Image of AS0.7-80 at magnification of 100 μm, (b) 50 μm (c) EDX Spectra,
(d) Elemental maps, (e) EDX map.

Table 7. EDS of Specimens AS0.5 and CS0.5.

Point O/% Si/% Al/% Fe/% Na/% Ca/% Si/Al Ca/Al Ca/Si Ca/Na

AS0.5
Point 1 48.89 21.55 7.84 9.75 3.44 5.25 2.75 0.67 0.24 1.53
Point 2 53.9 31.98 1.18 5.44 3.07 1.04 27.1 0.88 0.03 0.34
Point 3 48.05 18.72 4.91 7.22 7.25 8.15 3.81 1.66 0.44 1.12

CS0.5
Point 1 36.46 5.79 1.38 1.42 9.58 4.51 4.2 3.27 0.78 0.47
Point 2 23.29 24.94 7.65 7.71 1.99 10.57 3.26 1.38 0.42 5.31
Point 3 38.79 28.71 6.49 2.13 3.04 1.59 4.42 0.24 0.06 0.52

 

Figure 20. SEM Image of Specimen AS0.5.
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Moreover, the EDX data shows the presence of partially unreacted fly ash particles
in the CS mixes, which corresponds to the lower Si/Al ratios and higher Ca/Na ratios in
some points (e.g., CS0.5 Point 3 in Figure 21). This indicates incomplete geopolymerization,
where the alkaline activators did not fully react with the fly ash particles. As a result, these
unreacted fly ash particles create weak points in the matrix, leading to the formation of
microcracks and voids, as observed in the SEM images. This microstructural weakness
directly correlates with the reduced mechanical properties seen in the CS mixes.

 

Figure 21. SEM Image of Specimen CS0.5.

This indicates incomplete geopolymerization, where the alkaline activators did not
fully react with the fly ash particles. As a result, these unreacted fly ash particles create
weak points in the matrix, leading to the formation of microcracks and voids, as observed
in the SEM images. This microstructural weakness directly correlates with the reduced
mechanical properties seen in the CS mixes.

Figures 22 and 23 present the EDX spectra of the selected target points for AS0.5
and CS0.5, respectively, as indicated in the SEM images in Figures 20 and 21. Table 8
summarizes the corresponding quantitative EDX elemental compositions and calculated
elemental ratios for these points.

In contrast, the AS mixes (activated with silica fume) show a more homogeneous and
denser microstructure, as evidenced by the consistent formation of N-A-S-H or N(C)-A-S-H
phases with higher Si content and fewer unreacted particles. This is because silica fume
provides an additional source of reactive silica, promoting the formation of more stable
and cohesive geopolymer gels. This contributes to the enhanced compressive strength and
reduced porosity observed in AS mixes. Additionally, the significant increase in silicon
concentration within the micropores of the fly ash geopolymer confirms the formation of
silica (SiO2) and calcium aluminum silicate (Ca2Al2SiO) within the matrix. These phases
play a crucial role in reinforcing the geopolymer structure, as they fill the voids and
contribute to the overall densification of the matrix. This densification not only enhances
the mechanical strength but also improves the durability of the geopolymer, making it
more resistant to environmental degradation.
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Figure 22. EDX Signal of Points 1, 2, 3 of AS0.5.

 
Figure 23. EDX Signal of Points 1, 2, 3 of CS0.5.
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Table 8. Characteristic infrared bands of the samples.

Wavenumber (cm−1) Bonding

1400–1420 Si-O-Si stretching
1050 Asymmetric stretching (O-Si-O)

960–930 Si-O stretching (Si-O-Na)
880–850 Si-O stretching
810–790 Al-O bending vibrations

700–680 Asymmetric stretching (Si-O-Si and
Ai-O-Si)

4.4.3. ATR-FTIR Results

ATR-FTIR spectra of the silica fume, fly ash, and geopolymer samples were conducted
to study the effect of alkaline activators and the reactions of silicate components (Figure 24).
All the significant peaks corresponding to stretching and bending are presented in Table 8.
All the geopolymer samples (AS0.5, AS0.7-65, AS0.7-80, CS0.7, CS0.5, AK0.5, and CK0.5)
exhibit similar characteristic bands, indicating the occurrence of the expected chemical
transformations during geopolymerization. The AS-based and CS-based mixes show com-
parable stretching and bending shifts, while the AK and CK mixes exhibit slightly smaller
shifts, likely due to differences in polymer network structure influenced by potassium.

Figure 24. ATR-FTIR spectra of silica fume, fly ash, and geopolymer samples.

ATR-FTIR spectra of silica fume show a broad band at 1050 cm−1 and 790 cm−1,
indicating O-Si-O asymmetric stretching vibrations [3,25,66]. The fly ash spectra has peaks
at 930 cm−1 which indicates the Si-O stretching and 690 cm−1 which corresponds to
asymmetric stretching vibrations of Si-O-Si and Ai-O-Si. The 790 cm−1 Al-O peak in the
Silica Fume spectra disappears after the application of the alkali activator, and 1050 cm−1

shifts to 960 cm-1 for all the geopolymer samples, which may be the result of the O-Si-O
bonds changing to Si-O-Al formation [25]. The stretching and bending at 3500 cm−1 and
1600 cm−1 for water is not present in any of the FTIR spectra, indicating complete removal
of hydrates and moisture during the curing process [25]. The 1050 cm−1 of the silica fume
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disappears in the geopolymer mix, and there is a ~1400 cm−1 peak corresponding to the
Si-O-Si stretching in all the geopolymer mixes. The 850 cm−1–880 cm−1 indicates the
presence of non-bridging oxygen (excess oxygen atoms break the local symmetry of the
silica network and create coordinated defects), which results in the silicate species forming
bonds with the alkali ions (Na+) from the alkali activator [70]. These results validate the
complete dissolution of silica fume and fly ash with the alkali activator solutions, causing
changes in the Si-O bonding and stretching in the geopolymer samples. Table 8 lists the
characteristic infrared bands and corresponding bond vibrations of the samples. In addition
to peak position shifts, relative changes in band intensity were observed among different
mixes, indicating variations in the degree of aluminosilicate network formation. However,
full quantitative peak deconvolution, including peak intensity normalization and full width
at half maximum (FWHM) analysis, was not performed and is therefore acknowledged as
beyond the scope of the present study.

5. Conclusions

This research demonstrates the effectiveness of silica fume-derived sodium silicate
alternative (SSA) as an activator for fly ash-based geopolymer mortar through mechanical
testing and microstructural analysis using SEM, EDX, and ATR-FTIR. Comprehensive
mechanical testing, microstructural characterization, and cost analysis confirmed SSA as a
viable, cost-effective, and sustainable alternative for geopolymer applications.

SSA-activated mortars exhibited similar workability to SSC-based mixes while offering
extended setting times, providing a practical advantage in construction applications. The
mechanical testing revealed that SSA-based geopolymers outperformed SSC-based counter-
parts in compressive, flexural, and tensile strengths. Notably, the AS0.7-65 mix achieved the
highest compressive strength, outperforming its SSC counterpart cured at 80 ◦C, highlight-
ing the potential to reduce energy consumption without sacrificing performance. Moreover,
SSA-based mixes exhibited superior flexural and tensile properties; particularly AS0.7-80,
which outperformed all other mixes in bending and tensile performance.

Microstructural analysis via SEM and EDX confirmed that SSA-based geopolymers
formed a denser and more homogeneous geopolymer matrix with fewer unreacted fly
ash particles. The incorporation of silica fume enhanced the development of the sodium
aluminosilicate hydrate (N-A-S-H) gel network, resulting in a well-structured and cohe-
sive matrix. The higher OH− content in SSA-based mixes facilitated the formation of
calcium-rich crystalline phases, further improving strength and ductility. The co-existence
of semi-crystalline and amorphous N(C)-A-S-H phases contributed to a more compact
microstructure with lower porosity. ATR-FTIR spectra validated these chemical trans-
formations, confirming effective geopolymerization and the development of a robust
binder phase.

From an economic perspective, SSA-based geopolymer mortars were approximately
30% more cost-effective than SSC-based ones, primarily due to the lower production
cost of SSA compared to commercially manufactured sodium silicate. The sustainability
analysis revealed that SSA-based geopolymers reduced CO2 emissions by approximately
2% compared to SSC-based counterparts. Although this reduction is modest, the im-
proved mechanical performance and cost-effectiveness of SSA significantly enhance its
viability for sustainable construction applications. Furthermore, the findings indicate
that curing at 65 ◦C is sufficient for optimal strength development, reducing the need for
high-temperature curing and further minimizing the environmental impact.

Despite the advantages of SSA, further research is needed to explore ambient cur-
ing methods to enhance sustainability and reduce the energy footprint associated with
geopolymer production. Additionally, long-term durability studies should be conducted
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to evaluate the resistance of SSA-based geopolymers to environmental factors such as
sulfate attack, freeze–thaw cycles, and carbonation. Investigating the potential of SSA
in large-scale applications, including 3D printing and precast elements, would further
validate its implementation in the construction industry.

The scalability of SSA production is also an important consideration for industrial
adoption. SSA can be synthesized in batch reactors or continuous dissolver systems, both
capable of reliably dissolving silica fume in alkaline solutions. Effective temperature and
mixing control are required to maintain a stable SiO2/M2O ratio and ensure consistent
reactivity. The process can be integrated into existing chemical production lines, with
manageable energy requirements and standard quality-control procedures. These factors
indicate that SSA production can be feasibly scaled for commercial use.

In conclusion, SSA-activated geopolymers present a compelling alternative to tradi-
tional SSC-based systems, offering enhanced mechanical properties, improved microstruc-
tural integrity, and significant cost benefits. While the environmental impact reduction is
modest, the overall performance gains position SSA as a viable and sustainable solution for
next-generation geopolymer technology. The results of this study underscore the potential
of SSA in advancing geopolymer applications, providing a practical pathway toward more
sustainable and durable construction materials.
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Abbreviations

The following abbreviations are used in this manuscript:

AA Alkali Activator
AAC Alkali-Activated Concrete
Al Aluminum
Al-Si Gel Aluminum-Silicate Gel
ASTM American Society for Testing and Materials
AS Alternative Sodium Silicate mortar
ATR Attenuated Total Reflectance
A.U. Arbitrary Unit
C-A-S-H Calcium Aluminosilicate Hydrate
CAD Canadian Dollars
CS Commercial Sodium Silicate mortar
CSH Calcium Silicate Hydrate
EDX Energy-Dispersive X-ray Spectroscopy
FA Fly Ash
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FTIR Fourier Transform Infrared Spectroscopy
ITZ Interfacial Transition Zone
KOH Potassium Hydroxide
MK Metakaolin
NaOH Sodium Hydroxide
N-A-S-H Sodium Aluminosilicate Hydrate
OPC Ordinary Portland Cement
PC Portland Cement
PSC Potassium Silicate (Commercial)
PSA Potassium Silicate Alternative
RHA Rice Husk Ash
SEM Scanning Electron Microscopy
SF Silica Fume
SSA Silica Fume-Derived Sodium Silicate
SS Sodium Silicate
SSC Sodium Silicate (Commercial)
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Abstract

New alternatives in the construction industry are essential for economic, sustainable, and
environmental progress. In this context, this work investigated three sets of sustainable
mortars incorporating industrial lamination waste, assessing their chemical, physical,
microstructural, and mechanical properties to inform their development. Cylindrical and
prismatic specimens were produced using the following incorporation methods: a reference
mortar, mortars with mill scale addition, partial cement replacement with mill scale, and
partial sand replacement with mill scale, at proportions of 10%, 20%, 30%, 40%, and 50%.
Additionally, analyses including X-ray fluorescence (XRF), X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR), and scanning electron microscopy with energy-
dispersive spectroscopy (SEM/EDS) were performed. Physical and mechanical tests,
including bulk density, consistency index, capillary water absorption, axial compressive
strength, and flexural tensile strength, were also conducted. XRF results indicated an
increase in iron oxide content and a decrease in calcium oxide with the addition of mill
scale. XRD confirmed the presence of compounds, such as alite and portlandite, which
are common in cementitious mortars. FTIR spectra exhibited characteristic functional
groups through absorption bands related to Si–O stretching. SEM micrographs revealed
slight morphological changes in the composites as the quantity of industrial lamination
waste increased, and EDS data supported the XRF findings. The addition of industrial
lamination waste affected the spread index and density of the mixtures, while capillary
water absorption decreased in some formulations with mill scale. The strength of the
mortars increased with the incorporation of industrial lamination waste. In conclusion,
using industrial lamination waste in mortars is a technically and environmentally feasible
alternative that aligns with the principles of sustainable development and the circular
economy in the construction industry.

Keywords: mortars; industrial laminate waste; chemical properties; microstructural proper-
ties; mechanical performance
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1. Introduction

The transformation of waste into valuable resources for the construction industry
aligns with sustainability principles because improving industrial practices is crucial for
conserving the planet’s natural resources [1,2]. When considering waste generation, it is
essential to recognize that rapid and global industrialization has increased production
capacity, making goods and services more readily available. This process has helped
improve people’s quality of life and driven economic growth. However, it also presents a
significant challenge: how to manage all this waste effectively [3]. A key example is the steel
industry, which plays a vital role in supplying materials to sectors such as shipbuilding,
healthcare, transportation, automotive, and civil engineering. Despite its importance to the
economy, it is also a significant source of polluting waste. If steel waste is not disposed of
or stored correctly, it can cause severe environmental damage [2,4].

Waste generation is not the only sustainability concern. The construction industry
accounts for approximately half of all natural resources. As a result, this sector has adopted
more sustainable practices, such as the use of industrial waste to produce construction
materials, including mortar and concrete. This reduces the need for new raw materials.
Utilizing waste to produce construction materials is a practical way to reduce environmental
impacts and can also lower costs per square meter. Overall, this approach helps reduce
pollution, conserve natural resources, save energy, and decrease waste sent to industrial
landfills [5,6].

The metallurgical industry also generates substantial amounts of waste and faces
significant challenges in managing it. Even with specific laws in place, many companies
ignore these rules, often due to a lack of technical expertise or difficulties in meeting legal
requirements [7,8]. Due to its characteristics and properties, steel mill waste has been
used to produce recycled construction materials. Managing this waste is one of the most
complex and challenging tasks worldwide, as it has a significant environmental impact.
For example, scale—a metallurgical waste—can be used in cement production to partially
replace clinker, serve as a base for unpaved roads, or act as an aggregate in concrete [2].

While the use of mill scale in concrete production and as a partial replacement for
clinker is well documented, recent studies have explored its potential as a fine aggregate
in mortars [8–11]. However, most of these studies focus on lower replacement levels
or specific properties such as electromagnetic shielding. A comprehensive comparative
analysis that evaluates both the chemical effects (as a binder substitute) and the physi-
cal packing effects (as an acceptable aggregate substitute) within the same experimental
matrix—particularly at high replacement levels (up to 50%)—remains limited. This study
bridges this gap by systematically comparing these two incorporation routes, linking me-
chanical performance directly to microstructural changes (ITZ analysis and densification)
to define the optimal role of mill scale in sustainable mortars. However, most of these
studies focus on lower replacement levels or specific properties such as electromagnetic
shielding [11]. A comprehensive comparative analysis that evaluates both the chemical
effects (as a binder substitute) and the physical packing effects (as an acceptable aggregate
substitute) within the same experimental matrix—particularly at high replacement levels
(up to 50%)—remains limited, with most research focusing on sand replacement [8,9,12].
This study bridges this gap by systematically comparing these two incorporation routes,
linking mechanical performance directly to microstructural changes (ITZ analysis and
densification) to define the optimal role of mill scale in sustainable mortars. The positioning
of this research in relation to the current state of the art is summarized in Table 1.
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Table 1. Benchmarking of recent studies on mill-scale incorporation in cementitious matrices.

Study Material Replaced Max. Replacement Main Research Focus

Pereira et al. [8] Fine Aggregate Not specified Mechanical behavior of concrete using
mill scale as aggregate.

Ozturk et al. [11] Fine Aggregate 15% Development of mortars for
electromagnetic wave shielding.

Parvathikumar et al. [12] Fine Aggregate 20% Durability characteristics and river sand
replacement.

Siriwattanakarn et al. [9] Fine Aggregate 100% Physical, mechanical, and post-fire
properties.

Present Study Cement and Sand 50% Comparison of chemical vs. physical
mechanisms and ITZ analysis.

Furthermore, understanding the upper limits of incorporation is critical for maxi-
mizing the environmental benefits of waste valorization. While conservative replacement
levels are commonly investigated to ensure safety, they limit the total volume of waste
diverted from landfills. By extending the replacement range to 50% and employing ad-
vanced microstructural techniques (such as EDS mapping of the Interfacial Transition
Zone), this research moves beyond simple feasibility testing. It aims to provide a distinct,
mechanism-based explanation for the contrasting behaviors of mill scale as a binder ver-
sus an aggregate, thereby offering a scientifically grounded roadmap for the steel and
construction industries to implement high-volume recycling strategies effectively [9,10,12].

From a chemical perspective, mill scale is composed of iron oxides, with this composi-
tion varying across layers, as depicted in the iron–oxygen (Fe-O) phase diagram. According
to Ahmed et al. [6,13], mill scale can be considered a valuable raw material due to its
high iron content, low impurity levels, and stable chemical composition. Additionally, the
literature indicates that in many cases, mill scale is stored or improperly disposed of in
landfills without proper reuse or segregation [6,11,14]. Further research is needed on the
potential for reusing mill scale in the construction industry, particularly for mortar pro-
duction. Thus, incorporating it into cementitious materials presents a promising strategy
to reduce environmental impacts, decrease the extraction of natural raw materials, and
support practices aligned with the principles of the circular economy.

In this work, sustainable mortars were prepared by replacing cement and sand (at
10%, 20%, 30%, 40%, and 50%) with industrial rolling waste. XRF, FTIR, XRD, SEM, EDS,
and both compressive and tensile strength tests were performed.

2. Materials and Methods

2.1. Materials

The raw materials employed to prepare the studied mortars included Portland cement
(CPII-Z-32), fine aggregate (fine sand), hydrated lime (CH-1), mill scale from the metallur-
gical industry (Figure 1), and distilled water. The chemical properties of cement, sand, and
lime are detailed in Table 2, while the grain size distribution (granulometry) of both sand
and mill scale is presented in Table 3.
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Figure 1. Mill scale: iron oxide residue generated on the steel surface during hot rolling.

Table 2. Chemical compositions of cement, hydrated lime, and sand (unit in % by mass).

MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 MnO Fe2O3 SrO ZrO3

Cement 1.01 5.48 18.54 0.57 4.25 0.04 1.66 65.18 - - 3.18 0.09 -

Hydrated
lime 0.62 0.37 0.84 0.10 0.14 0.28 0.13 97.77 - - - - -

Sand - 1.87 92.17 - 0.14 0.05 0.16 0.63 3.09 - 0.41 - 1.47

Table 3. Particle size distribution of fine aggregate and sand.

Particle Size Distribution

Sieve Opening
(mm)

Test Method

Sand Mill Scale

Percentage
Retained (%)

Cumulative
Percentage (%)

Percentage
Retained (%)

Cumulative
Percentage (%)

4.75

NBR 17054

0 0 0.05 0.05

2.36 0.65 0.65 0.10 0.15

1.18 4.21 4.87 4.66 4.81

0.6 24.74 29.60 12.07 16.88

0.3 42.70 72.30 50.58 67.45

0.15 17.66 89.96 17.93 85.38

Background 10.04 100 14.62 100

Total 100 - 100 -

The mill scale used is a byproduct of the steel rolling process and consists predomi-
nantly of inorganic iron oxides (Table 4). It was obtained free of organic binders, resins,
and hazardous volatile compounds, such as phenols or formaldehyde, ensuring that the
study focuses on the interaction between the mineral phases and the cementitious matrix.

Table 4. Chemical composition of mill scale (unit in % by mass).

Al2O3 SiO2 SO3 Cl K2O CaO MnO Fe2O3

Mill scale 0.63 2.26 0.20 0.02 0.09 0.33 0.57 95.90
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The mill scale used in this study was obtained from Gerdau S.A., located in Pernam-
buco, Brazil. To ensure standardized properties, the residue was oven-dried at 105 ± 5 ◦C
for 24 h to remove moisture, then ground in a ball mill for 30 min at 40 cycles per minute.
After processing, a particle size analysis was performed on two 300 g samples in accordance
with NBR 17054 [15]. The sieving process utilized mesh openings of 4.75 mm, 2.36 mm,
1.18 mm, 0.6 mm, 0.3 mm, and 0.15 mm, following the same procedure adopted for the fine
aggregate. This controlled particle-size distribution enables the scale to function effectively
as a microfiller, thereby increasing mass density and improving packing in the composites.

To evaluate the microstructure, morphology, and chemical element mapping of the
precursor material, scanning electron microscopy (SEM) and energy-dispersive X-ray spec-
troscopy (EDS) were performed on the raw mill scale (Figure 2). This characterization is
essential for establishing baseline physical and chemical properties of the residue, thereby
improving understanding of its interaction with the cementitious matrix. The morphologi-
cal analysis confirmed the particles’ surface roughness and angularity, which are critical
factors for mechanical interlocking at the interfacial transition zone (ITZ).

 

Figure 2. (SEM) of mill scale at different scales and magnifications of (a) 500 μm; (b) 2 μm, and (EDS).

The morphology and chemical composition of the mill scale are presented in Figure 2.
At a 500 μm scale (Figure 2a), the residue consists of predominantly misshapen fragments
with markedly rough surfaces. Higher magnification (2 μm) reveals smaller particles
adhered to the larger matrix, exhibiting highly irregular surfaces. The EDS spectrum
(Figure 2) confirms that Iron (Fe) and Oxygen (O) are the primary constituents, with minor
occurrences of Carbon (C), Copper (Cu), Aluminum (Al), Calcium (Ca), and traces of Silicon
(Si) and Sulfur (S). This combination of high surface roughness and metallic composition is
pivotal for the mechanical interlocking observed in the mortar’s interfacial transition zone.

2.2. Proportions of the Mortars

The mortar mix proportions, by volume, were 1:1:6, consisting of Portland cement,
CH-I hydrated lime, and sand. Partial replacement was performed under two conditions:
(a) partial replacement of cement with scale residue; and (b) partial replacement of sand
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with scale residue in proportions of 10%, 20%, 30%, 40%, and 50%, in both cement and
fine aggregate. The water/cement ratio was set at 1.5. While this value may appear
high for structural concrete or pure cement mortars, it is characteristic of mixed mortars
containing hydrated lime (1:1:6 ratio). Hydrated lime has a high specific surface area,
thereby increasing the water demand required to achieve the necessary plasticity for
masonry applications. When considering the total binder content (cement + lime), the
water-to-binder ratio is approximately 0.70, which falls within the standard range for
rendering and masonry mortars, ensuring adequate workability and adhesion. The water-
to-cement (w/c) ratio was kept constant at 1.5 across all mixtures to isolate the effect of
mill-scale incorporation on mortar properties. This decision ensured that any observed
variations in workability, density, and mechanical performance could be directly attributed
to the waste’s physical and chemical characteristics rather than to fluctuations in water
content. This standardization is essential for the reproducibility of the experimental matrix
and for a scientifically grounded comparison between the SUB-C and SUB-A series. CP
II–Z–32 cement, sand as fine aggregate, CH–I hydrated lime, and scale were used to make
the mortars, allowing the impact of adding this residue into the mix to be evaluated. For
each formulation, 12 cylindrical and six prismatic specimens will be molded, enabling
a detailed analysis of the mortars’ mechanical and rheological properties. In this study,
mixes with cement substitution are coded as SUB-C, whereas those with substitution in
the fine aggregate (sand) are coded as SUB-A. The numerical values that follow each code
represent the percentage of cement or sand replaced by scale residue. These abbreviations
are consistently used in Table 5.

Table 5. Configuration of the studied mortars.

Code Mortar Configuration

REF Reference mortar in a 1:1:6 cement:lime:sand ratio.

SUB-C-10% Mortar with 10% replacement in a 1:1:6 cement:lime:sand ratio (replacing cement with scale).

SUB-C-20% Mortar with a 20% replacement in a 1:1:6 cement:lime:sand ratio (replacing cement with scale).

SUB-C-30% Mortar with a 30% replacement in a 1:1:6 cement:lime:sand ratio (replacing cement with scale).

SUB-C-40% Mortar with a 40% replacement in a 1:1:6 cement:lime:sand ratio (replacing cement with scale).

SUB-C-50% Mortar with a 50% replacement in a 1:1:6 cement:lime:sand ratio (replacing cement with scale).

SUB-A-10% Mortar with a 10% replacement in a 1:1:6 cement:lime:sand ratio (replacing sand with scale).

SUB-A-20% Mortar with a 20% replacement in a 1:1:6 cement:lime:sand ratio (replacing sand with scale).
Mortar with a 30% replacement in a 1:1:6 ratio of cement:lime:sand (replacing sand with scale).

SUB-A-30% Mortar with a 40% replacement in a 1:1:6 ratio of cement:lime:sand (replacing sand with scale).

SUB-A-40% Mortar with a 50% replacement in a 1:1:6 ratio of cement:lime:sand (replacing sand with scale).

SUB-A-50% Mortar with a 20% replacement in a 1:1:6 cement:lime:sand ratio (replacing cement with scale).

2.3. Processing of Mortars

To produce the test specimens (PCs), the following mortar mixes were prepared: a ref-
erence mix, a mix with partial replacement of cement, and a blend with partial replacement
of sand. Tables 6–8 present the quantities of materials used in the cement-replacement
mixes, expressed as percentages of the total. Additionally, a dedicated table will also be pro-
vided for the mixes with sand replacement. It is important to note that the water/cement
ratio is 1.5 in all proportions.
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Table 6. Materials quantities used in producing reference test specimens.

Reference

Code Proportion
Test

Specimen
Cement

(kg)
Lime
(kg)

Sand
(kg)

Residue
(kg)

Water
(kg)

REF 1:1:6

12
cylindrical 0.7312 0.7312 4.387

-
1.023

6
prismatic 0.6142 0.6142 3.685 0.8599

Table 7. Materials quantities used in preparing cement mass replacement test specimens.

Replacing the Cement Mass

Code Proportion Test Specimen
Cement

(kg)
Lime
(kg)

Sand
(kg)

Residue
(kg)

Water
(kg)

SUB-C-10%
1:1:6

12 cylindrical 0.6581 0.7312 4.387 0.0731 1.023
SUB-C-20% 6 prismatic 0.5528 0.6142 3.685 0.0614 0.8599
SUB-C-30%

1:1:6
12 cylindrical 0.5850 0.7312 4.387 0.1462 1.023

SUB-C-40% 6 prismatic 0.4914 0.6142 3.685 0.1228 0.8599
SUB-C-50%

1:1:6
12 cylindrical 0.5118 0.7312 4.387 0.2193 1.023

SUB-C-10% 6 prismatic 0.299 0.6142 3.685 0.1842 0.8599
SUB-C-20%

1:1:6
12 cylindrical 0.4387 0.7312 4.387 0.2925 1.023

SUB-C-30% 6 prismatic 0.3685 0.6142 3.685 0.2457 0.8599
SUB-C-40%

1:1:6
12 cylindrical 0.3656 0.7312 4.387 0.3656 1.023

SUB-C-50% 6 prismatic 0.3071 0.6142 3.685 0.3071 0.8599

Table 8. Materials quantities used in preparing sand mass replacement test specimens.

Replacing the Cement Mass

Code Proportion Test Specimen
Cement

(kg)
Lime
(kg)

Sand
(kg)

Residue
(kg)

Water
(kg)

SUB-A-10%
1:1:6

12 cylindrical 0.7312 0.7312 3.948 0.4387 1.023
SUB-A-20% 6 prismatic 0.6142 0.6142 3.317 0.3685 0.8599
SUB-A-30%

1:1:6
12 cylindrical 0.7312 0.7312 3.510 0.8775 1.023

SUB-A-40% 6 prismatic 0.6142 0.6142 2.948 0.7371 0.8599
SUB-A-50%

1:1:6
12 cylindrical 0.7312 0.7312 3.071 1.316 1.023

SUB-A-10% 6 prismatic 0.6142 0.6142 2.579 1.105 0.8599
SUB-A-20%

1:1:6
12 cylindrical 0.7312 0.7312 2.632 1.755 1.023

SUB-A-30% 6 prismatic 0.6142 0.6142 2.211 1.474 1.023
SUB-A-40%

1:1:6
12 cylindrical 0.7312 0.7312 2.193 2.193 1.023

SUB-A-50% 6 prismatic 0.6142 0.6142 1.842 1.842 0.8599

The specimens were prepared in accordance with the parameters specified in NBR
7215 [16]. The initial step involved separating the cylindrical molds, measuring 5 cm in
diameter and 10 cm in height, and weighing out the materials: cement, lime, sand, scale, and
water. To facilitate removal from the molds, a liquid release agent was applied to all molds
before casting, thereby reducing their release after the material had hydrated. Additionally, the
sand was oven-dried to eliminate moisture. Once the materials had been accurately weighed,
mortar preparation began. First, cement, lime, and scale (except for the reference mix) were
added to the tank, which had been pre-mixed with a spatula. The tank was then attached to
the mortar mixer (Figure 3a), and water was added. The mixture was stirred at a low speed
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for 30 s. When the 30 s had elapsed, the mortar mixer beeped, signaling it was time to add the
sand. After adding the sand, the mixture was stirred at high speed for an additional 30 s. The
mortar was then allowed to rest for 90 s, during which any material adhering to the tank walls
and spatula was removed. Subsequently, the equipment was operated at high speed for an
additional 60 s, completing the preparation of the cement paste. Once the mortar was ready,
specimen molding commenced immediately. Using a spatula, the mortar was distributed in
four roughly equal layers, each subjected to 30 uniform blows with a tamper, and the final
layer was leveled (Figure 3b). The specimens were then kept in the mold for 24 h; afterward,
they were demolded, labeled, and wet-cured until testing.

 

Figure 3. Mortar mixer (a); molding of cylindrical test specimens (b).

In turn, prismatic specimens were produced in accordance with the parameters spec-
ified in NBR 13279 [17]. The first step involved separating the prismatic molds, which
measured 4 cm in width, 4 cm in height, and 16 cm in length. A liquid release agent was
applied to the molds, and the sand was oven-dried. Additionally, the process performed in
the mortar machine was conducted in the same manner.

To begin shaping, the mold was placed on the compaction table, and the initial layer of
mortar was evenly added to each compartment of the mold (Figure 4a). Then, 30 drops were
applied using the compaction table. Subsequently, the second layer of mortar was applied,
repeating the process with an additional 30 drops (Figure 4b). Once these steps were finished,
the surface was smoothed with a metal spatula. The specimens remained in molds for 48 h,
after which they were demolded, labeled, and wet-cured until the failure date.

 

Figure 4. Prismatic molds on the compaction table containing the first mortar layer (a); addition and
compaction of the second layer (b).

2.4. Mechanical Tests
2.4.1. Mass Density Determination

Mass density was determined in accordance with NBR 13278 [18]. To do this, the
cylindrical mold, already calibrated and weighed, was filled in three layers of roughly
equal height, with 20 blows applied to each layer, for a total of 60 blows per mold. After
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each layer was compacted, the container was dropped three times from an approximate
height of 3 cm to further compact the mortar. Excess material was then smoothed with a
metal spatula. Finally, the assembly (mold and mortar) was weighed, and its mass was
recorded to calculate the mass density using Equation (1).

D =
Mc − Mv

Vr
1000 (1)

where D = mass density (g/cm3); Mc = mass of the container containing the test mortar (g);
Mv = mass of the empty container (g); Vr = volume of the container (cm3).

2.4.2. Water Absorption by Capillarity

The capillary water absorption test complied with the recommendations of NBR
9779 [19]. Its purpose was to measure capillary rise in the produced mortar samples (CPs)
to assess mortar permeability, as increased porosity correlates with a higher void ratio.
After a 28-day wet-curing process, the specimens were placed in an oven at 105 ± 5 ◦C
(Figure 5a) and weighed continuously until a stable weight was reached. The CPs were
then removed from the oven, air-cooled to 23 ± 2 ◦C, and weighed to record their initial
mass (g). Markings were made on the lower base of each CP at a height of 5 mm. For
testing, the CPs were positioned on supports, and the test container was filled with water
to maintain a water level 5 ± 1 mm above the bottom face, thereby avoiding contact with
other surfaces. During the test, three specimens were used, and their mass was measured
at 3, 6, 24, 48, and 72 h of water exposure (Figure 5b). After each measurement, the CPs
were promptly returned to the test container.

 

Figure 5. Oven-drying of the mortar test specimens (a); performance of the capillary water absorption
test on the test specimens (b).

After the final weighing, the specimens underwent diametrical compression in ac-
cordance with NBR 7222 [20], thereby allowing observation of water rising within them.
Absorption was calculated using Equation (2).

C =
A − B

S
(2)

where C = is the water absorption by capillarity expressed in (g/cm2); A = is the saturated
mass of the test specimen that remains with one of its faces in contact with the water during
the specified period of time, expressed in grams (g); B = is the mass of the dry test specimen,
as soon as it reaches a temperature of 23 ± 2 ◦C, in (g); S = is the cross-sectional area,
expressed in square centimeters (cm2).
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2.4.3. Axial Compression Strength

To verify the material’s mechanical behavior, a compression test was conducted. A 20-ton
(t) Engetotus manual hydraulic press was used, meeting the requirements established by NBR
7215 [16]. The test was performed on 9 CPs: 3 at 7 days and six at 28 days.

2.4.4. Flexural Tensile Strength

Following the mechanical tests, flexural tensile strength testing commenced, in accor-
dance with the guidelines outlined in NBR 13279 [17]. An Engetotus electric press with
a maximum capacity of 100 tons was used for this purpose. Three 7-day-old and three
28-day-old CPs were tested. After flexural rupture, each half was subjected to compression
testing to allow for further analysis of the material’s strength.

2.4.5. Determining the Consistency Index (Flow Table)

The flow table test evaluates the mortar’s spreadability (fluidity) and helps analyze
its workability in accordance with NBR 13276 [21]. For each proportion tested, a test was
conducted to assess the effect of adding or replacing the scale in the mortar.

After preparing the mortar on a clean table, the truncated cone mold was filled and
positioned centrally on the table (Figure 6b) to determine the consistency index. Before
this step, the flow table apparatus used in the test is shown in Figure 6a. The mold
should be held firmly and filled in three successive layers of about equal height. Each
layer was compacted with the socket using the specified number of blows: 15 for the first
layer, 10 for the second, and 5 for the third. The blows were evenly distributed to ensure
proper compaction. Once the mortar was compacted, the mold was removed, and the
mortar before spreading is shown in Figure 6c. The crank was then immediately rotated,
delivering 30 strokes in 30 s. Finally, after the spreading was complete, the spread is shown
in Figure 6d, and three measurements were taken at different points to calculate the average
spread diameter.

 

Figure 6. Flow table used for consistency testing (a); introduction of the mortar into the truncated-cone
mold (b); mortar surface before the flow test (c); mortar spread after lifting the mold (d).
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2.5. Microstructural Characterization
2.5.1. X-Ray Fluorescence (XRF)

X-ray fluorescence (XRF) was employed to determine the composition of the precursor
materials and the resulting cementitious composites. This analysis was performed using a
Rigaku Primini (Rigaku, Kyoto, Japan) instrument operating at 40 kV and 1.25 mA. The
samples were prepared as pellets in a press at a force of 10 tons (tf). For scale, boric acid
(H3BO3) was used as a binding agent to prepare the pellets.

2.5.2. X-Ray Diffraction (XRD)

To analyze the microstructure of the scale and mortar, samples from the residue and
each proportion were separated and subjected to X-ray Diffraction (XRD) testing. The
samples were dried in an oven at 105 ± 5 ◦C for 24 h to remove moisture, then ground in a
porcelain mortar and pestle. After this process, a portion of the sample was set aside for
XRD testing. The samples were analyzed using a Rigaku SmartLab X-ray diffractometer
(Rigaku, Kyoto, Japan) at an operating voltage of 40 kV, a current of 30 mA, a 2θ range of
5–80◦, a scanning speed of 2◦/min, and a sampling pitch of 0.02◦.

2.5.3. Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) was employed to identify the chemical
bonds and molecular interactions present in the samples. The analysis was performed
with a Bruker Alpha II spectrometer (Bruker, Billerica, MA, USA) using the universal
transmission module. Sample preparation involved forming pellets, which were then
placed in the sample holder. To do this, the sample was mixed with potassium bromide
(KBr) and compressed in a Specac press (Bruker, Massachusetts, USA) under a 10-tonne
load (10 tf) to form the pellet. Spectra were recorded in the 4000–600 cm−1 range in
transmittance mode, with a resolution of 4 cm−1, for a total of 64 measurements.

2.5.4. Scanning Electron Microscopy (SEM/EDS)

Microstructural analysis was conducted using Scanning Electron Microscopy (SEM)
(Tescan, Brno, Czech Republic). Samples of each material—such as scale, reference mortar,
and other proportions of addition and replacement—were prepared for this purpose. The
samples were metallized before SEM analysis. A Tescan MIRA 3 microscope, equipped with
an energy-dispersive X-ray analyzer (EDS) (Tescan, Brno, Czech Republic), an FEG filament,
and secondary electron detectors, was used for imaging. Images were captured at an
accelerating voltage of 5 kV. For chemical analysis, an energy-dispersive X-ray spectrometer
(EDS) (Ultim Max, Oxford Instruments, Oxford, UK) was employed in high-vacuum
chamber mode at an accelerating voltage of 15 kV.

2.6. Statistical Analysis

The experimental results were subjected to a statistical analysis to verify the signifi-
cance of the differences observed between the reference mortar and the modified mixtures.
A One-Way Analysis of Variance (ANOVA) was performed, followed by Tukey’s post hoc
test, with a significance level set at 5% (p < 0.05). The error bars presented in the graphs
represent the standard deviation of the mean values obtained from the tested specimens
(n = 12 for cylindrical and n = 6 for prismatic specimens).

3. Results and Discussions

3.1. Physical Aspects

Initially, the mortar consistency index was evaluated in accordance with NBR
13276 [21] (flow table test) (Figure 7), indicating that partial replacement of cement with
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mill scale maintained or slightly increased the mortar’s workability. The highest spread
rates were recorded at 30% and 50% replacements, with values of 255 mm and 257 mm,
corresponding to increases of 4.51% and 5.33%, respectively, compared to the reference
sample. Unlike cement, which is highly hygroscopic and reacts rapidly with water, mill
scale is composed of iron oxides that do not react quickly with water. This slow reactivity
of iron oxides helps keep the mortar’s fluidity [22].

 

Figure 7. Consistency Index (flow table spread in mm) of mortars incorporating mill scale residue as
a partial cement replacement.

As shown in Figure 8, the SUB A 30% formulation exhibited a localized deviation
from the overall downward trend, with a higher standard deviation. This behavior is likely
linked to the irregular and angular morphology of the mill scale fragments (as shown in
SEM, Figure 2), which increases internal friction. At the 30% threshold, the balance between
the non-absorbent nature of the scale—which increases the available free water—and the
physical interlocking of the metallic particles may lead to greater experimental variability
in the flow table test. At higher concentrations (40% and 50%), the physical packing and
the high density of the residue (5.5 g/cm3) clearly override the effect of free water, resulting
in a more consistent reduction in workability.

Figure 8. Consistency Index (flow table spread in mm) of mortars incorporating mill scale residue as
a partial sand replacement.

From Pereira, Verney, and Lenz [8] and the results obtained, the scale requires an
increase in water content to maintain workability, as observed. However, all incorporation
and proportion experiments in this study were conducted at a w/c ratio of 1.5.
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Maintaining a constant w/c ratio of 1.5 directly influenced these rheological results.
Since mill scale particles are predominantly metallic and non-absorbent, replacing natural
sand with this residue theoretically increases the volume of free water available in the
paste. However, the drastic reduction in the consistency index observed for the SUB-A
group suggests that the physical properties of the residue—such as its high mass density
(5.5 g/cm3), irregular morphology, and surface roughness—exerted a greater influence on
internal friction than the presence of additional free water. This mechanism also explains
why mechanical strength was maintained in the SUB-A series: effective physical interlock-
ing and dense packing of the residue particles compensated for the high water content of
the mortar matrix.

Figure 9 shows the density of the mortars, illustrating a gradual, consistent increase in
mass density with increasing scale content. The initial density of the reference mortar was
2250 kg/m3, and substitutions of 10%, 20%, and 30% increased the density by 0.89%, 1.78%,
and 2.22%, respectively. Beyond 40%, density decreased by 1.33% relative to the reference
value; at 50%, it stabilized and returned to its initial value.

Figure 9. Mass density of mortars incorporating mill scale residue as a partial cement replacement.

As shown in Figure 10, a steady and consistent increase in mass density was observed
with increasing scale content. The initial density of the reference mortar was 2250 kg/m3,
establishing a baseline for comparison with the REF (2250 kg/m3). The increases were
approximately 2.22%, 4.44%, 5.33%, 8.44%, and 10.67%, respectively.

 
Figure 10. Mass density of mortars incorporating mill scale residue as a partial sand replacement.
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The behavior observed in sustainable mortars shows distinct effects on the compaction
and internal structure of the cement matrix. According to Gagliotti [6], the scale has a
density of 5.5 g/cm3, typical of dense metallic and mineral materials. This characteristic
largely accounts for the increase in mortar mass density, particularly when sand is partially
replaced by scale.

When replacing sand, which has a density of about 2.6–2.7 g/cm3, adding scale
doubles the density. This can improve mechanical properties, such as increased strength
and lower permeability, as the matrix becomes less porous. Omrane and Rabeni [23]
suggest a direct link between density, porosity, and strength. In the specific case of the
mortars studied here, the increase in bulk density (Figures 9–11) is primarily a result of the
high specific gravity of the mill scale (5.5 g/cm3) compared to the sand it replaces. While
in conventional materials a higher density may directly indicate lower porosity, in these
composites the density increase is a physical consequence of the heavier metallic inclusions.
Therefore, the actual refinement of the pore network and the reduction in effective porosity
are better evidenced by the capillary water absorption results (discussed in Section 3.2),
rather than the bulk density alone.

Figure 11. Capillary water absorption as a function of time for mortars incorporating mill scale
residue as a partial cement replacement.

The proportions with 10% and 50% replacement showed water absorption values
that were lower than or very close to the REF at all time points analyzed. However, the
formulations with 20%, 30%, and 40% replacement exhibited absorption values higher
than the REF, suggesting increased porosity or greater heterogeneity of the cement matrix,
possibly due to an imbalance in the cement-to-aggregate ratio that compromised proper
compaction. This increased absorption could adversely affect durability by facilitating
penetration by aggressive agents.

Based on Figure 12, all mortars with sand replacement had lower absorption values
than REF, which showed the highest absorption throughout the test. Among the different
proportions, the formulations with 20% and 30% replacement exhibit the lowest water
absorption values.

Figure 12 suggests that replacing sand with scale may have reduced capillary porosity
in the mortars, likely due to the filling effect of the fine residue particles, which promotes
a denser matrix that is less permeable to moisture. Additionally, the 10%, 40%, and 50%
formulations outperformed REF, although their absorption values were slightly higher
than those previously reported. This behavior could be linked to excess residual material,
which at high levels can promote the formation of unwanted pores, even if it does not
exceed the REF values.
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Figure 12. Capillary water absorption as a function of time for mortars incorporating mill scale
residue as a partial sand replacement.

In summary, each incorporation led to distinct behaviors; however, some similarities
emerged across the various compositions. In all proportions, water absorption increased
over time, as expected in cementitious materials. Additionally, across all compositions,
some proportions outperformed the reference, exhibiting lower water absorption values.
It is essential to note that replacing cement, a crucial component in the formation of C–
S–H and portlandite, can adversely affect microstructural development, particularly at
intermediate levels. According to Mehta and Monteiro [24] and Taylor [25], the proper
formation of hydration products (C–S–H) relies on the presence of reactive cement, and
excessive replacements can dilute the matrix and increase permeability.

3.2. Mechanical Behavior

Figure 13 presents the compressive strength results expressed as mean values ± standard
deviation. Statistical analysis (ANOVA) followed by Tukey’s post hoc test confirmed a
significant reduction (p < 0.05) in compressive strength for all replacement levels compared
to the reference (REF). As indicated by the distinct grouping letters (a–e) in Figure 13, the
decrease was progressive and statistically significant with each mill-scale increment, reaching
a minimum at 50% replacement. Portland cement primarily forms hydration products,
such as C–S–H, portlandite, and ettringite, which together provide mechanical strength [24].
Therefore, it can be concluded that scale lacks the same binding capacity or hydration potential
as Portland cement, thereby compromising the final mechanical strength.

Although a reduction in compressive strength was observed, this behavior is consistent
with the literature on mortars incorporating other waste materials, such as expanded
polystyrene (EPS) or recycled plastics, in which strength losses are accepted in exchange
for environmental benefits [10,26]. Despite the reduction, the mortars with intermediate
cement replacement levels still exhibit sufficient strength for non-structural applications,
such as masonry coating or partition blocks.

For mortars with partial sand replacement (Figure 14), the statistical analysis
(ANOVA/Tukey) indicated no significant difference (p > 0.05) between the REF sample and
the remaining formulations at 28 days, as indicated by the shared grouping letter ‘a’ in the
chart. This statistical analysis supports the observation that replacing sand with mill scale,
even at higher levels, preserves the mechanical integrity of the matrix. Although minor
fluctuations in mean values were observed (such as the slight decrease at 30% followed by
recovery at 50%), they fall within the margin of error (standard deviation), confirming that
the mill scale acts effectively as a filler without disrupting matrix cohesion. Unlike cement
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replacement, sand does not affect hydration processes and primarily acts as a filler [24].
Therefore, replacing sand with an inert material, such as scale, does not cause such notable
interference. Ozturk et al. [8] also examined the effects of using scale as a partial replace-
ment for fine aggregate; in this study, they found that at levels up to 15%, both compressive
and flexural tensile strengths increased. However, levels above 15% reduced mechanical
properties due to the formation of irregular structures and agglomerates that impaired the
compactness and adhesion of the cement paste.
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Figure 13. Axial compressive strength of the reference mortar and of mortars incorporating mill scale
residue as a partial cement replacement. Note: Means followed by different lowercase letters indicate
significant differences at 28 days according to Tukey’s post hoc test (p < 0.05).
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Figure 14. Axial compressive strength of the reference mortar and mortars incorporating mill scale
residue as a partial sand replacement. Note: The shared lowercase letter ‘a’ indicates that there are no
statistically significant differences (p > 0.05) between the mixtures at 28 days according to Tukey’s
post hoc test.

Based on the axial compressive strength test, the scale’s performance varies with the
method of incorporation. When scale is used as a partial cement substitute, mechanical
strength gradually decreases, indicating that scale neither promotes agglomeration nor
contributes to the hydration products required for matrix cohesion. However, when the
residue is used as a partial sand substitute or even added directly, scale is technically feasible
(depending on the proportion added), maintaining or even slightly enhancing compressive
strength at moderate levels without disrupting chemical hardening processes [27].
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The flexural tensile strength results for cement replacement (Figure 15) align with
the axial compression findings. Statistical analysis (ANOVA/Tukey) confirmed that the
reduction in tensile strength is significant (p < 0.05) for replacement levels above 10%, as
shown by the distinct grouping letters (a–d) in Figure 15. This indicates that the loss of
hydration products, such as C–S–H, directly impacts the matrix’s capacity to resist tensile
stresses. Despite decreases in strength values, all proportions showed gains in strength
between 7 and 28 days, indicating that hydration and strength development continue, albeit
less efficiently due to the absence of the material responsible for the hydration reactions.
Additionally, Figure 15 displays the flexural tensile strength of the reference mortar and
the mortar with cement replaced by scale.
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Figure 15. Flexural tensile strength of mortars for SUB-C series. Note: Means followed by the same
lowercase letters for the same curing age are not significantly different (p > 0.05) according to Tukey’s
post hoc test.

For the sand-replacement group (Figure 16), the ANOVA test followed by Tukey’s post
hoc test showed no statistically significant loss of strength relative to the reference (p > 0.05)
at all tested replacement levels (up to 50%), as indicated by the shared grouping letter ‘a’. In
fact, formulations like SUB A 20% and SUB A 40% showed mean values numerically higher
than the REF. However, these increases fall within the statistical margin of equivalence,
confirming that mechanical performance is maintained. Replacing sand with scale did not
directly impact the hydration products, allowing the matrix to develop correctly.
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Figure 16. Flexural tensile strength of mortars with partial sand replacement (SUB-A). Note: Means
followed by the same lowercase letter (a) for the same curing age do not differ significantly according
to Tukey’s post hoc test (p > 0.05).
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Furthermore, the flexural tensile strength also supports the results of the axial compres-
sion test, in which mortars with up to 50% sand replacement either maintained or exceeded
the reference values. Therefore, the results show that using scale as a partial substitute for
sand in mortars is feasible, effectively preserving mechanical properties throughout the
tested range.

Subsequently, the compressive strength test of the prismatic CPs was performed
(Figures 17 and 18).
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Figure 17. Compressive strength of prismatic specimens for SUB-C series. Note: Means followed by
different lowercase letters indicate significant differences at 28 days according to Tukey’s post hoc
test (p < 0.05).
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Figure 18. Compressive strength of prismatic specimens for SUB-A series. Note: Means followed by
different lowercase letters (a, b) indicate a statistically significant difference (p < 0.05) between the
replacement levels at 28 days according to Tukey’s test.

The results obtained from prismatic specimens (Figures 17 and 18) provide further
validation. Statistical testing on the SUB C group (Figure 17) confirms a significant and pro-
gressive reduction (p < 0.05) in strength corresponding to the cement dilution, as evidenced
by the distinct grouping letters (a–f). Conversely, for the SUB A group (Figure 18), the
analysis shows that compressive strengths for 10% and 20% replacements are statistically
equivalent to the reference (letter ‘a’, p > 0.05). However, for levels from 30% to 50%,
a significant decrease was observed (letter ‘b’), although these values remained within
safe limits for non-structural applications. This supports the proposal’s feasibility from
a sustainability perspective, without compromising the safety of the materials used in
civil construction.
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3.3. Chemical Aspects of the Mortars

In the context of mortars with partial replacement of cement by scale (Table 9), the
results showed changes in the principal oxides, such as CaO, Fe2O3, and SiO2. As the
replacement percentage increased, the Fe2O3 content rose significantly, from 1.60% to
14.51%, reflecting the high iron oxide content in the scale. Conversely, the CaO content
steadily decreased from 61.85% in the reference sample to 49.41%. Additionally, there was
a slight increase in SiO2, likely due to the presence of silicate phases in the scale.

Table 9. Chemical composition of mortars with partial cement replacement by scale (wt%).

CaO SiO2 Al2O3 Fe2O3 MgO P2O5 SO3 Cl K2O TiO2 ZrO2

REF 61.85 29.07 3.50 1.60 0.90 0.40 1.62 0.05 0.43 - 058
SUB C 10% 57.81 29.40 3.14 4.30 0.86 0.35 1.61 0.05 0.34 1.63 0.50
SUB C 20% 55.79 27.59 2.92 7.97 0.81 0.36 1.45 0.09 0.80 1.69 0.52
SUB C 30% 53.21 29.14 2.77 11.19 0.67 0.33 1.29 0.07 0.77 - 0.54
SUB C 40% 50.31 29.24 2.64 12.91 0.60 0.35 1.19 0.08 0.57 1.58 0.54
SUB C 50% 49.41 30.67 2.55 14.51 0.67 0.26 1.09 0.09 0.21 - 0.52

Table 10 shows the results for mortars with partial sand replacement by scale, in which
a similar trend to that observed with the addition of the residue can be observed, although
much more expressive, with a gradual increase in relation to Fe2O3 and a reduction in
CaO. Another relevant point is the behavior of SiO2, which shows a gradual, though more
discreet, reduction, from 29.07% to 16.05%.

Table 10. Chemical composition of mortars with partial sand replacement by scale (wt%).

CaO SiO2 Al2O3 Fe2O3 MgO P2O5 SO3 Cl K2O MnO ZrO2

REF 61.85 29.07 3.50 1.60 0.90 0.40 1.62 0.05 0.43 - 0.58
SUB A 10% 50.39 25.39 3.10 16.97 0.88 0.36 1.51 0.08 0.95 - 0.35
SUB A 20% 44.91 22.94 3.09 25.76 0.85 0.34 1.39 0.04 0.37 - 0.29
SUB A 30% 39.58 20.52 3.08 33.47 0.94 0.32 1.34 0.03 0.30 0.21 0.19
SUB A 40% 35.55 18.71 2.86 39.77 0.82 0.32 1.23 0.03 0.28 0.26 0.15
SUB A 50% 32.61 16.05 2.56 45.72 0.87 0.26 1.15 0.05 0.32 0.27 0.12

3.4. Structural Characteristics of the Sustainable Mortars

Figure 19 displays the diffractograms of the reference mortars and those with partial
cement replacement by scale after 28 days of curing. The crystalline phases identified were
identical to those previously reported and exhibited approximately the same scattering angles.

The intensity of the Portlandite (P) peaks gradually decreases as cement scale replace-
ment increases, particularly at 40% and 50% replacement levels. This decline indicates
reduced formation of hydration products because less cement is available for reaction.
Similarly, the alite (C3S) peak shows a decreasing intensity with increasing scale content,
supporting the idea of reduced reactive potential in the cementitious system.

Figure 20 presents the diffractograms of reference mortars and formulations with
varying levels of partial replacement of sand by scale after 28 days of curing. Overall, it
is evident that replacing sand with scale yields diffractograms that are similar to those
obtained with other substitutions, showing the same crystalline phases: portlandite (P),
alite (C3S), calcite (C), and quartz (Q). The peaks remain in consistent positions, with only
the intensities of the quartz (Q) peaks changing with the scale proportion used.
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Figure 19. XRD patterns of the reference mortars and those with cement replaced by scale.

Figure 20. XRD of the reference mortars and those with sand replaced by scale.

Figure 21 presents the spectral results for mortars with partial cement replacement
at different scales. The same absorption bands observed in the previous spectrum are
visible, with slight differences in peak intensities. The peaks at 1055 cm−1 and 773 cm−1,
characteristic of the Si–O bond, decrease in strength as the cement replacement percentage
increases. This may indicate a reduction in silicate product formation, which affects the
mechanical performance of the mortars. This is evident in the mechanical strength results,
which is discussed later [9,28,29].
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Figure 21. FTIR analysis of reference mortars and mortars with cement replaced by scale.

Finally, Figure 22 presents the results for the partial replacement of sand with scale,
showing behavior similar to that of cement replacement, with a noticeable reduction in the
intensities of the bands at 1055 cm−1 and 773 cm−1, both of which are associated with silica
in the system. This decrease is due to the lower content of silicate compounds in the mixture,
specifically sand, which can directly influence the microstructure and, consequently, the
physical and mechanical properties of the mortars [12,30].

Figure 22. FTIR spectra of the reference mortars and those with sand replaced by scale.

3.5. Microstructural Properties of the Mortars

Figures 23–32 show SEM images of sustainable mortars. When cement is partially
replaced with scale, the formation of portlandite, ettringite, and C–S–H remains consistent
across all tested proportions. The appearance of portlandite, a compound with low mechan-
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ical strength, is notable. When sand is partially replaced by scale, portlandite, ettringite,
and C–S–H are also observed in all proportions.

Figure 23. SEM image of the mortar with 10% cement replacement scale.

 

Figure 24. SEM image of the mortar with 20% cement replacement.

 

Figure 25. SEM image of the mortar with 30% cement replacement scale.
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Figure 26. SEM image of the mortar with 40% cement replacement scale.

 

Figure 27. SEM image of the mortar with 50% cement replacement scale.

 
Figure 28. SEM image of the mortar with sand replaced by 10% scale.
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Figure 29. SEM image of the mortar with sand replaced by 20% scale.

 
Figure 30. SEM image of the mortar with sand replaced by 30% scale.

 

Figure 31. SEM image of the mortar with sand replaced by 40% scale.
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Figure 32. SEM image of the mortar with sand replaced by 50% scale.

Figure 23 (10% Cement Replacement). The micrograph of the mortar with 10% cement
replacement demonstrates that the presence of the residue did not inhibit the formation
of essential hydrated phases. It is possible to clearly identify the formation of Calcium
Silicate Hydrate (C–S–H), along with acicular Ettringite (AFt) crystals and Portlandite
(CH) plates. The microstructure suggests that, at this replacement level, the matrix retains
reasonable cohesion, as cement dilution is not yet severe enough to prevent the formation
of connections among hydration products. However, a reduction in mechanical strength
becomes statistically significant.

Figure 24 (20% Cement Replacement). In this image, the persistence of hydration
products (C–S–H, CH, and AFt) distributed throughout the matrix is observed. However,
the data indicate that intermediate cement replacements (such as 20%) tend to increase
capillary porosity and water absorption. The micrograph shows a matrix in which the
amount of binder paste decreases proportionally as the inert scale is introduced. The visible
presence of Portlandite (CH) is critical, as it is a low-mechanical-strength, high-solubility
crystal that contributes to the observed performance reduction relative to the reference.

Figure 25 (30% Cement Replacement). The micrograph for 30% replacement indicates
that cement mineral phases still form, but matrix heterogeneity increases. The image
highlights C–S–H clusters and Ettringite (AFt) crystals filling spaces. However, since
the scale lacks pozzolanic activity (it does not react with Portlandite to form additional
C–S–H), it acts merely as an inert filler. The increased proportion of residue “dilutes” the
binder, resulting in a less-dense, mechanically weaker microstructure, which aligns with
the progressive drop in compressive strength reported in the study.

Figure 26 (40% Cement Replacement). At 40% replacement, the microstructure exhibits
a pronounced presence of inert particles within the hydration products. Although C–S–
H and Ettringite are still identified, the continuity of the binder phase is interrupted by
the high dosage of non-reactive material. Chemical analysis (discussed in the text via
XRF and EDS) corroborates that there is a significant reduction in Calcium Oxide (CaO)
and an increase in Iron Oxide (Fe2O3) in this phase. The image illustrates the “dilution
effect”: there is less “glue” (hydrated cement) to bind the particles, compromising structural
integrity.

Figure 27 (50% Cement Replacement). The image corresponding to the maximum
replacement (50%) best illustrates the inert nature of the residue. It is possible to clearly
visualize scale particles, identified as Iron Oxides (FeO), adhered to the matrix. The sharp
boundary between the FeO and the cement paste, without a diffuse reaction zone, confirms
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the absence of pozzolanic activity. Although the scale is physically incorporated, the drastic
reduction in cement (the reactive material) results in a C–S–H-deficient microstructure,
which explains why this proportion exhibited the poorest mechanical performance in
the study.

In Figures 23 and 27, scale particles adhered to the mortar, marked by iron oxides (FeO).
This suggests that the scale acted as an inert material, with no significant pozzolanic activity,
but that it may have improved the density and possibly the durability of the mortars [12].
In conclusion, incorporating various types of scale into the essentially inert cementitious
matrix can serve as a barrier, thereby promoting pore and microcrack formation.

Furthermore, the spectra obtained indicate that iron (Fe) is more prominently dis-
tributed in formulations with higher scale percentages. On the other hand, the silicon
(Si) content associated with C–S–H remains relatively constant with addition, with slight
reductions when replacements are incorporated. This behavior supports the hypothesis
that, in this context, scale does not exert a significant pozzolanic action, serving only as a
filler [31,32].

Figure 28 (10% Sand Replacement). The SEM micrograph of the mortar with 10% sand
replacement reveals a cohesive microstructural integrity, characterized by the consistent
formation of essential hydration products such as Calcium Silicate Hydrate (C–S–H),
Portlandite (CH), and Ettringite (AFt). The imagery confirms that at this substitution level,
the incorporation of mill scale does not inhibit the hydraulic reactivity of the cement binder,
enabling the development of a dense matrix comparable to that of standard formulations.
The observed distribution of these phases suggests that the residue acts as a compatible,
inert aggregate, maintaining the necessary microstructural cohesion to account for the
observed mechanical performance.

Figure 29 (20% Sand Replacement). At the 20% replacement level, the microstructural
analysis indicates a denser cementitious matrix, attributed to the higher specific gravity of
the mill-scale particles, which promotes tighter solid packing. The micrograph identifies
the coexistence of mature hydration phases, including C–S–H microlayers and Calcium
Carbonate (Calcite/CaCO3), indicating that the inert filler integrates well without inducing
deleterious cracking or void formation. This compact morphology is consistent with physi-
cal test results indicating reduced capillary porosity, suggesting that the scale effectively
occupies void spaces and enhances the matrix’s impermeability.

Figure 30 (30% Sand Replacement). Figure 30 highlights the effectiveness of the
Interfacial Transition Zone (ITZ) between the mill scale and the cement paste, demonstrating
a “tight physical interface” with no significant detachment voids. The rough surface texture
of the scale particles facilitates robust mechanical interlocking with the surrounding C–S–H
and Ettringite (AFt) network. This physical adhesion mechanism explains the retention of
compressive and tensile strengths observed in the mechanical assays, as the scale functions
as a high-stiffness inclusion that, when properly encapsulated, reinforces the composite
structure rather than acting as a defect.

Figure 31 (40% Sand Replacement). At 40% substitution, the micrograph clearly
delineates the distinct boundary between the inert phase and the binder, accentuating scale
particles rich in Iron Oxides (FeO) embedded within the C–S–H matrix. This observation
confirms the non-pozzolanic nature of the residue; it does not chemically react to form
new binding phases but instead serves as a dense, impermeable physical barrier. The
presence of these laminar, metallic-mineral particles disrupts the continuity of the capillary
pore network, thereby increasing tortuosity and impeding fluid transport, which directly
correlates with enhanced durability in water absorption.

Figure 32 (50% Sand Replacement). The analysis of the mortar with 50% replacement
reveals a microstructure dominated by a high volume of dense mill-scale particles (FeO)
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that appear as compact blocks. Despite the substantial load of inert material, the image
demonstrates that the cement paste maintains adequate coverage of the iron particles, with
C–S–H and Ettringite (AFt) detectable at the interfaces. While the high fines content may
present rheological challenges, the micrograph indicates that the material’s high density
(5.5 g/cm3) yields a low-permeability composite, in which the residue acts as a high-density
filler that physically blocks the ingress of aggressive agents.

The SEM/EDS data for mortars with cement replacement (Figures 32–39) show that
the percentages of calcium (Ca), oxygen (O), carbon (C), and silicon (Si) display expected
patterns that repeat across different proportions. Regarding sand replacement, due to
operational limitations, EDS was obtained only for 10%, 20%, and 40% sand replacement.
These results indicated a significant increase in oxygen (O) and iron (Fe) concentrations,
since the sand was replaced in substantial quantities [33–35].

 

Figure 33. EDS image of the mortar with 10% cement replacement by scale residue.

Figure 33 (EDS of 10% Cement Replacement). The EDS spectrum for the 10% cement
replacement exhibits a chemical profile dominated by Calcium (Ca, 33.0%) and Oxygen (O,
45.8%), which is characteristic of a standard cementitious matrix rich in Calcium Silicate
Hydrate (C–S–H) and Portlandite1. The Iron (Fe) content remains low at 0.6%, indicating
that at this low replacement level, the mill scale is well dispersed and does not significantly
alter the elemental balance of the hydrated paste. The strong Calcium peak indicates that
the binder’s chemistry is preserved.

Figure 34 (EDS of 20% Cement Replacement). At 20% replacement, the spectrum
remains chemically similar to the 10% formulation and the reference, with Calcium (Ca)
rising to 38.5% and Silicon (Si) at 3.0%. The Iron (Fe) content remains stable at 0.6%,
suggesting that the scale particles are effectively encapsulated within the matrix. The
persistence of high Calcium peaks corroborates the SEM findings that hydration products
are still the primary constituents, despite the initial dilution of the cement.
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Figure 34. EDS image of the mortar with 20% cement replacement by scale residue.

 

Figure 35. EDS image of the mortar with 30% cement replacement by scale residue.

Figure 35 (EDS of 30% Cement Replacement). The analysis of the 30% replacement
sample indicates a slight shift in elemental composition, with Iron (Fe) increasing marginally
to 0.8%. While the Calcium (Ca, 31.7%) and Oxygen (O, 47.0%) levels continue to indicate
the presence of hydration phases, the slight rise in iron signals the increasing presence of
the residue6. This gradual chemical change is supported by the mechanical data, in which
binder dilution begins to affect the matrix’s overall cohesion.
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Figure 36 (EDS of 40% Cement Replacement). In this spectrum, the Iron (Fe) content
doubles to 1.2% compared to previous levels, while Calcium (Ca) remains dominant at
41.2%. This increase reflects the higher volume of mill scale replacing the cement. The
detection of distinct iron signals provides evidence for the physical presence of iron oxide
particles, which disrupt the homogeneity of the calcium–silicate binder and are consistent
with the “dilution effect” discussed in the text regarding mechanical strength loss.

 

Figure 36. EDS image of the mortar with 40% cement replacement by scale residue.

 

Figure 37. EDS image of the mortar with 50% cement replacement by scale residue.
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Figure 37 (EDS of 50% Cement Replacement). The spectrum for 50% replacement
indicates a marked change in the chemical profile, with the Iron (Fe) content increasing
to 11.7%. This sharp increase confirms the massive presence of iron oxides (Fe2O3, FeO)
substituting the hydraulic binder. The spectral shape changes to reflect this high impurity
load, indicating that the matrix is now predominantly composed of inert filler rather than
reactive cement, which directly explains the observed minimum compressive strength.

 

Figure 38. Image of the EDS analysis of the mortar with 10% sand replacement by scale.

 

Figure 39. Image of the EDS analysis of the mortar with 20% sand replacement by scale.
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Figure 38 (EDS of 10% Sand Replacement). Switching to the sand replacement route,
the 10% sample shows a higher Iron (Fe) content (1.9%) than the equivalent cement replace-
ment. This is expected because the residue is replacing silica (SiO2) rather than the binder.
The spectrum shows a balanced distribution of Calcium (Ca, 41.2%) from the cement paste
and Silicon (Si, 5.4%) from the remaining sand, indicating a healthy matrix in which the
scale acts as a supplementary fine aggregate.

Figure 39 (EDS of 20% Sand Replacement). The 20% sand replacement spectrum
reveals a substantial increase in Iron (Fe) to 8.9%. The inset mapping is particularly
revealing, showing a distinct iron-rich region (marked as FeO) adjacent to the calcium-rich
paste. This confirms the formation of a tight physical interface without chemical diffusion,
validating the “inert filler” mechanism. The Calcium (Ca) level (34.2%) indicates that the
cement paste remains chemically intact around the scale particles, thereby maintaining its
binding capacity.

Figure 40 (EDS of 40% Sand Replacement). The final spectrum for 40% sand replace-
ment shows a large Iron (Fe) peak at 31.0%, consistent with the significant substitution of
natural sand by metallic waste. The Oxygen (O) level (32.4%), combined with the high iron
content, confirms the predominance of iron oxides (Fe2O3, Fe3O4). Crucially, despite this
high iron load, the Calcium (Ca) signal (15.0%) indicates the continued presence of C–S–H
gel binding the aggregates. This supports the conclusion that sand replacement is the
technically superior approach, as it permits high waste incorporation without chemically
depleting the binder.

 

Figure 40. Image of the EDS analysis of the mortar with 40% sand replacement by scale.

Energy-dispersive spectroscopy (EDS) of sand showed a steady increase in oxygen (O)
and iron (Fe) levels in samples with 10%, 20%, and 40% scale replacement. This reflects the
increasing incorporation of iron oxides (Fe2O3, Fe2O4, and Fe2O5), which are the primary
components of this steelmaking process, as widely documented in the literature. Several
authors describe the scale as predominantly ferric and high in iron, which explains the
Fe levels of 1.9%, 8.9%, and 31.0% at the respective replacement amounts. These findings
confirm theoretical predictions and support the observed link between scale content and
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iron enrichment in the cementitious matrix, since these particles remain as inert oxides and
do not significantly participate in hydration reactions [36,37].

From a microstructural perspective, incorporating scale tends to modify the interfacial
transition zone (ITZ) and matrix density due to the higher specific gravity of the replace-
ment material and its rough surface, which can promote paste-aggregate adhesion. Studies
also report that moderate substitutions can favor porosity reduction and the production of
denser, less permeable matrices, thereby enhancing durability mechanisms. In contrast,
high levels may necessitate rheological and consolidation adjustments, potentially resulting
in a loss of mechanical performance. Thus, the EDS results are consistent with the behavior
described in the literature, reinforcing that scale acts primarily as a semi-inert mineral
phase, altering the physical and microstructural properties of the matrix without modifying
the essential cement hydration mechanisms [9,33].

Thus, the results suggest that the technical feasibility of scaling depends on its use as a
partial replacement for fine aggregate, particularly in the 10–40% range, where microstruc-
tural improvements yield better performance or, at a minimum, results comparable to those
of reference [26]. At the same time, the cement replacement route should be avoided for
structural applications or for those requiring higher mechanical stresses, unless combined
with active additives that mitigate reactivity loss, such as fine pozzolans or silica fume.
From a sustainability standpoint, sand replacement is the most effective option among the
evaluated routes due to its enhanced performance, reduced natural resource extraction,
and alignment with circular economy principles [10,38,39].

A closer examination of the EDS elemental mapping reveals a distinct interaction
at the Interfacial Transition Zone (ITZ). The sharp contrast between the iron-rich regions
(red areas), representing mill-scale particles, and the calcium-rich regions (pink areas),
corresponding to the hydrated cement paste, confirms the predominantly inert nature of
the waste [15]. The absence of a diffuse transition zone suggests limited chemical reaction
between the scale and the cement matrix. However, the microstructure indicates a tight
physical interface without significant detachment voids. This observation supports the
mechanical behavior results: while the lack of chemical reactivity explains the strength
reduction in cement replacement (where binding capacity is lost), the effective physical
interlocking observed at the ITZ explains why sand replacement formulations maintained
their mechanical performance [9,39].

The correlation between the microstructural analysis and the physical–mechanical
tests provides a clear explanation for the divergent behaviors observed in the two substitu-
tion routes:

• The Mechanism of Strength Retention in Sand Replacement (SUB-A): As evidenced
by the SEM micrographs (Figures 28–32) and EDS mapping (Figures 38–40), the mill
scale particles exhibit a rough texture and a high degree of compactness within the
matrix. Although XRD (Figure 20) and FTIR (Figure 22) confirm the inert chemical
nature of the scale (with no new hydration products formed), the interface between
the scale and the cement paste is tight and free of significant detachment voids. This
effective physical interlocking at the Interfacial Transition Zone (ITZ) explains why
the compressive and tensile strengths were maintained (Figures 14 and 16) despite
the replacement of natural sand. The scale acts as a high-stiffness inclusion that
mechanically reinforces the matrix, provided it is well-encapsulated.

• The Mechanism of Permeability Reduction: The capillary absorption results (Figure 12),
which showed a decrease in permeability for the SUB-A group, are directly explained
by the EDS findings. The iron-rich scale particles are denser (5.5 g/cm3) and less
porous than the natural sand they replaced. In the microstructural images, these
particles appear as dense blocks that interrupt the continuity of capillary pores. Con-
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sequently, they act as impermeable physical barriers, increasing the tortuosity of the
pore network and hindering water transport, both of which are critical to the enhanced
durability potential of these composites.

4. Conclusions

The results demonstrated that the use of industrial lamination waste (lamination
scale) in mortars is a technical and environmentally viable alternative, aligning with the
principles of sustainable development and circular economy in civil construction. The
technical feasibility, however, depends directly on the method used to incorporate waste.
The study demonstrated that the scale primarily functions as an inert filler, exhibiting no
significant pozzolanic activity. Microstructural (SEM, XRD, FTIR) and chemical (XRF, EDS)
analyses confirmed this nature.

The main scientific findings were:

• Cement Replacement (SUB C): This approach compromised the performance of
the mortar.

� Mechanical Properties: There was a progressive decrease in axial compressive
strength and tensile strength at flexure as the replacement percentage increased.
XRD and FTIR analyses revealed reduced formation of hydration products,
as evidenced by decreases in the portlandite (P) and alite (C3S) peaks and in
Si–O bonding bands. Chemically, a reduction in CaO content and an increase
in Fe2O3 content were observed.

� Physical Properties: Although workability (consistency index) was maintained
or slightly increased, water absorption by capillary increased in intermediate
proportions (20%, 30% and 40%) compared to references.

� Conclusion (SUB C): The cement replacement route should be avoided for
applications that require mechanical performance.

• Sand Substitution (SUB A): This approach offered the best balance for hardened state
properties but presented a clear trade-off regarding fresh state performance.

� Mechanical and Physical Balance: Unlike cement replacement, substituting
sand did not compromise the hydration process, maintaining compressive and
flexural strength levels comparable to the reference up to 40% replacement.
Furthermore, due to the high density of mill scale (5.5 g/cm3), the matrix
became denser and less permeable, with 20% and 30% proportions exhibiting
the best durability indicators (i.e., the lowest capillary absorption).

� Practical Limitations: However, a significant reduction in workability (consis-
tency index) was observed as the scale content increased. This drastic drop
represents a practical challenge for on-site applications.

Final Considerations: Consequently, the use of mill scale as a fine aggregate is tech-
nically feasible and environmentally beneficial, particularly within the 10–40% range.
However, this recommendation is contingent on effective management of rheological prop-
erties. For high replacement levels, the use of water-reducing admixtures (plasticizers) is
strongly recommended to recover workability without increasing the water-to-binder ratio,
thereby preserving the observed mechanical gains.

Study Limitations and Future Research: It is important to note that this study focused
on the physical–mechanical feasibility over 28 days. Although the reduced capillary
absorption observed suggests potential for high durability (by limiting the ingress of water
and oxygen), specific long-term behaviors—such as the risk of iron oxide leaching (rust
staining), volume stability under thermal cycles, and resistance to carbonation—were not
evaluated. Therefore, future research must conduct accelerated aging and durability tests
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to fully validate the service life of these sustainable composites before their widespread
structural application.
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The following abbreviations are used in this manuscript:

ABNT Associação Brasileira de Normas Técnicas
XRF X-ray fluorescence
XRD X-ray diffraction
EDS energy-dispersive spectroscopy
SEM Scanning Electron Microscopy
ITZ Interfacial transition zone
SAW Submerged arc welding
FTIR Fourier-transform infrared spectroscopy
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Figure

In the original publication [1], there was a mistake in Figure 5. Strain rate–stress–

energy absorption curves under different water–cement ratios (The line graph indi-

cates peak stress, while the bar chart represents absorbed energy.). The mistake is
Figure 5, which is a duplicate of Figure 4 due to an oversight. The corrected Figure 5 ap-
pears below. The authors state that the scientific conclusions are unaffected. This correction
was approved by the Academic Editor. The original publication has also been updated.

 

Figure 5. Strain rate–stress–energy absorption curves under different water–cement ratios (The line
graph indicates peak stress, while the bar chart represents absorbed energy.).
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