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Abstract

The use of waste from concrete and reinforced concrete structures is one of the current areas of development in the construction industry
in the Republic of Belarus and abroad. Despite the active growth of this field, there is insufficient research devoted to the comprehensive study
of concretes using recycled aggregates, especially with the introduction of various types of pozzolanic additives. A comprehensive study was conducted
on concrete using recycled aggregate, aimed at examining effects of various levels of recycled aggregate in the concrete at 0 %, 25 %, 50 %, 75 %,
and 100 % of the total aggregate mass, with the addition of fly ash, on compressive strength, tensile strength, and the adhesion between
the reinforcement and the concrete. Experimental results indicate that as the content of recycled aggregate increases, the mechanical properties
of the concrete tend to decline. This is primarily due to the inherent lower strength of the recycled aggregate and the presence of two transitional zones
in the concrete with recycled aggregate (in the cement paste and the recycled aggregate). However, the addition of fly ash can improve this issue:
the pozzolanic reaction of SiO, with portlandite Ca(OH), leads to the filling of pores in the transitional zones with reaction products and the solidification
of their structure. This contributes to the elimination of the distinct phase boundary and, consequently, to the merging of the transition zone
of the cement paste with the transition zone of the recycled aggregate, significantly enhancing its adhesion to the cement paste. The research results
confirm that concrete made with recycled aggregate exhibits improved mechanical properties compared to control mixes without fly ash.
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BNUAHUE COOEPXAHWUA PELIUKITUHIOBOIO 3ANOJTHUTENA U 30/bIl-YHOCA B BETOHE HA EFO MEXAHUYECKUE
CBOWCTBA

CyH YyHbxya, B. B. KpaBueHko

Pechepar

BTopnyHoe MCnonb3oBaHME OTXOZOB KOHCTPYKUMIA M n3penuii u3 6eToHa n xene3obeToHa SBMSETCA OLHWM M3 aKTyarnbHbIX HanpaBneHuii
pa3BuTMS CTpouTenbHO oTpacnn B Pecnybnuke Benapycb u 3apybexHbix cTpaHax. HecMOTps Ha aKTWBHOe pasBMTWE AAHHOTO HampaBfeHus,
OTCYTCTBYET [OCTATOYHbIN 06BbEM MCCnenoBaHWiA, MOCBALLEHHBIX KOMMNEKCHOMY M3y4eHuio BETOHOB Ha PELWKIMHIOBOM 3anofHuTene, 0CoBeHHo
fpW YCNOBMM BBELEHWS Pa3NU4HbIX TWMOB MyLLOnaHoBbIX A06aBok. [poBedeHO KOMMMEeKCHoe WccnefoBaHWe OeToHa Ha  PEeLMKIMHIOBOM
3anonHuTene, HanpaBneHHoe Ha W3y4YeHWe BMUSHUS COAEPXaHUS PeLnKnuHroBoro 3anonHutens B konndectse 0 %, 25 %, 50 %, 75 %, 100 %
OT Macchl BCEro 3anonHuTens ¢ [obaBneHnem 30Mbl-yHOCa HA MPOYHOCTb BETOHA MU CXaTUM M PacTSKEHUW, a Takke MPOYHOCTb CLENMEeHMs
apmatypbl ¢ 6ETOHOM. OKCmepuUMeHTanbHble PesynbTaTbl MOKA3blBAKOT, YTO MO MEPEe YBENUYEHWS COAEPXKaHWS PELMKMMHIOBOrO 3anorHuUTEns
MexaHn4eckie CBONCTBa HETOHA NOKa3blBaOT TEHAEHLMIO K CHIXKEHMIO. 3TO, B NEPBYI0 04Yepesb, CBA3AHO C NPUCYLLIEN PELMKIMHIOBOMY 3anofHUTENI0
fonee HW3KOM MPOYHOCTLIO U HanuuMeM B CTPYKType OeToHa Ha PEeLWKIMHIOBOM 3aronHuTene ABYX TPaH3WTHbIX 30H (B LEMEHTHOM KaMHe
1 peuynknuHroom  3anonkutene). OpHako fobaBneHwe 3ombl-yHOCA CMOCOBHO pewuTb AaHHylo npobnemy: nyuuonaHosas peakuus SiO,
¢ noptnangutom Ca(OH), NpuBOAWT K 3aMOfHEHMIO MOP B TPAH3UTHBIX 30HaX NPOAYKTaMK PeaKLyn U YNOTHEHMIO VX CTPYKTYpbl. OTO CnocobeTayeT
YCTPaHEeHWIO BbIPaXeHHOW rpaHuLpl pasgena das M, kak CrefcTBue, K CAMSIHWIO TPaH3WUTHOM 30HbI LIEMEHTHOTO KaMHS C TPaH3WTHOW 30HON
PELMKMMHIOBOrO 3aMofHATENS, YTO 3HAYUTENbHO YMyYlaeT ero agre3nio C LEMEHTHbIM KamHeM. PesynbTaTbl MccnefoBaHus MOATBEPKAOANOT,
4to 6ETOH Ha PEeLWKNMPOBAHHOM 3anonHUTENe [EMOHCTPUPYET YMyulleHHble MeXaHW4eckie XapaKTepUCTUKM MO CPaBHEHWIO C KOHTPOMbHbIMM
cocTaBamm 63 30Mbl-yHoca.

KntoueBbie cnoBa: 6ETOH, PELMKITMHIOBbIN 3aMONHUTENb, 30Ma-YHOC, MEXaHYECKIe CBOVICTBA.

Introduction

Against the backdrop of the continuously expanding scale of construc-
tion in the global building industry, the demand for building materials contin-
ues to rise. Among these, natural aggregates, as a key component of con-
crete, are being consumed in particularly large quantities. However, long-
term and large-scale extraction has led to the increasing depletion of natural
aggregate resources, triggering serious sustainability issues. On the other
hand, with urban construction and renewal, large amounts of construction
waste are continuously generated. The stockpiling of this waste not only
occupies land resources but may also cause compound pollution to soil,
water, and the atmosphere, creating a heavy environmental burden. In this
context, promoting the resource utilization of construction waste by pro-
cessing it into recycled aggregates for use in concrete production is regard-
ed as an important pathway to balance the conflict between resource supply
and environmental protection, and has garnered widespread attention [1-4].
This approach not only helps alleviate the pressure on natural aggregate
resources but also significantly reduces the negative impact of construction

waste on the ecological environment, offering notable comprehensive eco-
nomic, social, and environmental benefits.

Although recycled aggregate concrete demonstrates significant po-
tential for sustainable development, its material performance still faces
challenges. Compared to natural aggregates, recycled aggregates have a
large amount of old cement mortar attached to their surfaces and contain
initial defects such as microcracks, resulting in lower apparent density,
higher water absorption, and weaker mechanical strength. These differ-
ences in physical and mechanical properties often lead to issues such as
relatively low strength and insufficient durability in recycled aggregate
concrete at the macroscopic level. The root causes can be attributed to
the weakening of the aggregate-cement paste interface zone and the
formation of a multiple interfacial structure. To enhance the practical
performance of recycled aggregate concrete and promote its application
in high-standard engineering projects, it is of great importance to system-
atically study its performance evolution mechanisms and develop effec-
tive enhancement technologies.
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Among various modification methods, incorporating silica fume
is considered an effective approach to enhance the performance of recy-
cled aggregate concrete. Chen's research findings indicate that the incor-
poration of silica fume accelerates the setting of cement paste and signif-
icantly reduces its fluidity. However, silica fume has a very notable effect
on enhancing the later-age (28-day) compressive strength of the paste
[5]. Zhao's study found that the incorporation of silica fume can signifi-
cantly improve the compressive and flexural strength of cement mortar,
and there exists an optimal dosage range (approximately 5 % in the
study) [6]. Li's research discovered that the pozzolanic reaction of silica
fume consumes calcium hydroxide, a hydration product, and generates
more dense calcium silicate hydrate (C-S-H) gel with a low calcium-to-
silica ratio, thereby optimizing the microstructure of the mortar, making it
denser, reducing porosity, and strengthening the interfacial structure [7].
Yang's study found that silica fume significantly enhances the frost re-
sistance of concrete and effectively reduces the diffusion coefficient of
chloride ions in concrete. This is because silica fume densifies the con-
crete structure, hindering the penetration pathways of moisture and cor-
rosive ions [8]. Liu's research found that in low-temperature environ-
ments, silica fume can also effectively improve the compressive strength
and impermeability of cement mortar. The study revealed that silica fume
overcomes the adverse effects of low temperature on cement hydration
and microstructure development by optimizing pore structure and promot-
ing hydration [9]. Silica fume is characterized by its extremely fine particle
size (approximately 0,1-0,2 um), large specific surface area, and high
pozzolanic reactivity. When added to concrete, silica fume can undergo a
secondary reaction with calcium hydroxide, a product of cement hydra-
tion, generating additional calcium silicate hydrate gel. This effectively fills
capillary pores and microcracks, optimizes the pore structure, and there-
by increases the density of the matrix. More importantly, silica fume sig-
nificantly strengthens the interfacial transition zone between recycled
aggregates and the cement paste, improving the bond between the old
and new mortar and alleviating stress concentrations caused by the pres-
ence of the old mortar. Consequently, it enhances the overall mechanical
properties and durability of the concrete [10-12]. In recent years, Hama-
da et al. [13] provided a comprehensive review of using plastic waste as
aggregate in concrete, synthesizing a broad set of laboratory and field
studies and assessing environmental and economic implications. Danish
and Ozbakkaloglu [14] examined the role of nano-silica in mortars con-
taining e-waste plastic used as fine aggregates, showing that nano-silica
can partially recover the strength loss caused by replacing natural sand
with plastic particles by (1) filling micro-voids, (2) accelerating pozzolanic
reactions that densify the binder, and (3) improving the interfacial transi-
tion zone around irregular plastic fragments. Alhajiri and Akhtar [15] pro-
duced a systematic review focused on silica fume as a sustainability and
economic lever in concrete production.

Some scholars have also studied the use of recycled concrete ag-
gregates and various plastic wastes as aggregates, systematically evalu-
ating their impact on the workability, mechanical properties, and durability
indicators such as chloride ion migration of concrete. In addition, the
incorporation of steel fibers has been proven to be an effective means to
improve the compressive and flexural properties and toughness of con-
crete, including geopolymer concrete. These studies not only promote the
progress of concrete technology, but also provide important technical
paths and practical cases for achieving sustainable development and
carbon reduction goals in the construction industry [16-18]. Fernando
etal. [19-20] investigated strategies to produce high-strength recycled
aggregate concrete (RAC) by combining multiple supplementary cementi-
tious materials (SCMs). The study systematically examined the effects of
fly ash, silica fume and rice husk ash (RHA) used both as cement re-
placements and as treatments for recycled aggregates. Shamass et al.
[21] combined mechanical testing with environmental assessment to
evaluate concretes formulated with blast furnace slag (GGBS), silica
fume and recycled aggregate, emphasizing both engineering perfor-
mance and global warming potential (GWP). Nasir, Butt and Ahmad [22]
focussed on recycled plastic aggregate concrete (RPAC) and demon-
strated that coupling silica fume with fiber reinforcement (steel and poly-
propylene fibers) significantly improves mechanical and axial (column)
resilience of RPAC.

Therefore, investigating the synergistic effects of recycled aggregate
content and silica fume addition on the mechanical behavior and micro-

structure of recycled aggregate concrete holds significant theoretical
value. It will also provide critical technical foundations for material design,
performance optimization, and engineering application of recycled aggre-
gate concrete, contributing positively to advancing the green and low-
carbon transformation of the construction industry.

1 Experimental Materials and Methods

1.1 Experimental Materials

This experiment used ordinary Portland cement as the cementitious
material. Its physical and chemical properties comply with national stand-
ard requirements, ensuring stable and reliable hydration reactions and
binding capacity for the concrete system.

Natural siliceous river sand was selected as the fine aggregate. This
sand features rounded particle shapes and a continuous, well-graded
distribution, effectively filling the voids between the coarse aggregate
skeleton and significantly enhancing the compactness and homogeneity
of the concrete.

The coarse aggregates used in the experiment included two types:
The first was natural pink limestone gravel with a maximum particle size
of 20 mm, characterized by uniform texture and stable physical proper-
ties, as shown in Figure 1. The second was recycled coarse aggregate
sourced from construction and demolition waste, as shown in Figure 2.
This was processed by manually breaking with a steel hammer, sieving,
and cleaning waste concrete components with different mix proportions,
cement types, and ages. lts particle size distribution was ultimately con-
trolled within the range of 4,75-19 mm to meet the experimental compari-
son requirements.

Figure 1 - Pink limestone natural coarse aggregate

To improve the interfacial structure and mechanical properties of the

recycled aggregate concrete, reactive silica fume was incorporated.
Its main chemical component is amorphous silicon dioxide, characterized
by a fine average particle size, large specific surface area, and excellent
pozzolanic reactivity.
Furthermore, to ensure the workability of the fresh concrete under condi-
tions of relatively high aggregate content, a polycarboxylate-based high-
range water reducer was used to control fluidity, maintaining good plastic-
ity and uniformity during mixing and pouring.

Figure 2 — Recycled coarse aggregate
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From the perspective of aggregate gradation characteristics, the nat-
ural coarse aggregate, sourced from mechanically crushed limestone,
has a relatively concentrated particle size distribution and a relatively
ideal gradation curve. In contrast, the recycled coarse aggregate, limited
by its complex sources and crushing process, has a wider particle size
distribution range and a slightly higher fine powder content. The fineness
modulus of the natural sand is 2,6, classifying it as medium sand. It effec-
tively fills the voids between coarse aggregates, forming a rational parti-
cle grading system and laying a good foundation for the overall workabil-
ity and mechanical properties of the concrete.

1.2 Experimental Design

This study systematically investigated the synergistic effects of recy-
cled aggregate content and silica fume addition on the properties of recy-
cled aggregate concrete. To comprehensively evaluate the influence of
recycled aggregate, five replacement levels were set: 0 %, 25 %, 50 %,
75 %, and 100 % by mass of the total aggregate, allowing for systematic
observation of the evolution of concrete properties with varying recycled
aggregate content.

Regarding the modification with silica fume, the experiment focused
on a reference mix proportion with a cement content of 250 kg/m® and a
water-to-cement ratio of 0,60. Silica fume was added at 10 % of the ce-
ment mass to analyze its improvement effects on the microstructure and
macroscopic properties of concrete within this specific material system.

The experimental design carefully considered practical engineering
application needs, selecting two typical cement contents of 400 kg/m?® and
250 kg/m?, representing common mix proportion ranges for reinforced
concrete elements and plain concrete elements, respectively.

To ensure the accuracy and comparability of the experimental re-
sults, the dosage of the chemical admixture was adjusted differentially
based on the cement content: when the cement content was 250 kg/m?,
the admixture dosage was 1,75 % of the cement weight; when the ce-
ment content increased to 400 kg/m?, the admixture dosage was corre-
spondingly adjusted to 0,75 % of the cement weight.

By precisely controlling the mix proportion parameters, the workabil-
ity of all concrete mixtures was consistently maintained within the range
of 120 + 30 mm, effectively ensuring consistent testing conditions and
reliable data.

This experimental scheme considers both the systematic variation of
recycled aggregate content and provides an in-depth investigation into
the modifying effects of silica fume under specific mix proportions, estab-
lishing a scientific experimental basis for a comprehensive evaluation of
the performance characteristics of recycled aggregate concrete.

1.3 Experimental Methods

1.3.1 Specimen Preparation

After precisely weighing all raw materials according to the estab-
lished mix proportions, the concrete was mixed using conventional me-
chanical mixing procedures. The feeding sequence strictly followed the
order of cement, aggregates, silica fume, chemical admixtures, and finally
water to ensure thorough homogenization of all components. Upon com-
pletion of mixing, the fresh concrete was immediately placed into the
respective molds for casting. The specimen dimensions were specifically
designed according to the different testing items: Compressive strength
tests utilized standard 150 mm x 150 mm x 150 mm cubic specimens;
Tensile strength tests employed cylindrical specimens with a diameter of
75 mm and a height of 150 mm. Bond performance tests used cylindrical
specimens with a diameter of 150 mm and a height of 150 mm. A 16 mm
diameter deformed steel bar was pre-embedded along the central axis of
the specimen before casting. All specimens were demolded and immedi-
ately transferred to a standard curing room. They were continuously
cured under constant temperature and humidity conditions (20 + 2 °C,
relative humidity = 95 %) until the designated testing ages.

This preparation protocol, incorporating standardized mold selection,
regulated mixing procedures, and strictly controlled curing regimes, effec-
tively ensured consistency among the test specimens and comparability
of the test data. The design of the different specimen types fully consid-
ered the standardization requirements of the respective test methods.
Specifically, the unique configuration of the bond strength specimens with
the pre-embedded steel bar accurately simulates the interaction between
concrete and reinforcement.

1.3.2 Performance Testing

In accordance with standard testing procedures, systematic evaluations
of mechanical properties and physical indicators were conducted on all
specimen types at designated ages. Compressive strength tests were per-
formed at 7, 28, and 56 days. Standard cubic specimens were positioned
centrally on the loading plates of a compression testing machine. Axial
pressure was applied at a constant loading rate while monitoring the load
value continuously until specimen failure. The peak load was recorded, and
the compressive strength was calculated using the standard formula.

Tensile strength was characterized using the splitting tensile test
method. Upon reaching the specified testing age, cylindrical specimens
were placed horizontally in a splitting test fixture. A continuous linear load
was applied through the upper and lower bearing plates, inducing uniform
tensile stress along the diametral plane until splitting failure occurred.
The splitting tensile strength was calculated based on the measured
failure load and specimen dimensions according to the standard formula.

Bond performance tests were conducted specifically at the 28-day
age. Cylindrical specimens with pre-embedded deformed steel bars were
used. A specialized pull-out setup was employed to apply an axial tensile
force to the steel bar. The ultimate load at which slippage occurred at the
concrete-steel interface was precisely measured, and the bond strength
between them was determined through calculation.

This testing framework comprehensively covers the macroscopic
mechanical properties of the concrete material. All testing procedures
strictly adhered to relevant standard specifications, ensuring the accuracy
and comparability of the results. The bond strength test protocol effective-
ly simulates the actual stress state in reinforced concrete elements, while
the multi-age strength testing reveals the development pattern of the
material's properties.

2 Results and Analysis

2.1 Influence of Recycled Aggregate Content

2.1.1 Compressive Strength

The effect of different recycled aggregate replacement levels on the
compressive strength of concrete with a cement content of 400 kg/m?® is
shown in Figure 3.

40-

36 1

28-day Compressive Strength

28 r r r r r T
-20 0 20 40 60 80 100

Recycled Aggregate Content

Figure 3 — Compressive strength of concrete with different recycled ag-
gregate content

Based on the experimental results, the influence of recycled aggregate
content on the compressive strength of concrete exhibits distinct phase
characteristics. When the RA content is limited to within 25 %, the 28-day
compressive strength shows no significant difference compared to the ref-
erence group (with no recycled aggregate). Specifically, the compressive
strength of specimens with 25 % recycled aggregate content was only
3,0 % lower than that of the control group. This minor variation falls within
the acceptable engineering margin of error. This phenomenon is primarily

Civil and Environmental Engineering
https://doi.org/10.36773/1818-1112-2025-138-3-9-14

11



Vestnik of Brest State Technical University. 2025. No. 3 (138)

attributed to the uniform distribution of recycled aggregates within the con-
crete matrix at this replacement level, forming a well-graded combination
with natural aggregates. Furthermore, strict gradation optimization of the
recycled aggregates effectively ensured the compactness of the internal
concrete structure, allowing its mechanical properties to be maintained.

However, when the recycled aggregate content exceeds the critical
threshold of 25 %, the compressive strength begins to show a significant
declining trend. The fundamental reason for this phenomenon lies in the
performance disparity between the old cement mortar adhered to the
surface of the recycled aggregates and the fresh cement paste. This
disparity causes the interfacial transition zone (ITZ) between the two to
become a mechanical weak link. As the recycled aggregate content in-
creases, these weak interfaces interconnect and form continuous paths
within the concrete, significantly compromising the structural integrity of
the material. Under external compressive load, stress tends to concen-
trate in these weak areas, initiating and propagating micro-cracks, ulti-
mately leading to premature failure of the material, which macroscopically
manifests as a significant reduction in compressive strength.

2.1.2 Tensile Strength

The influence pattern of recycled aggregate content on the tensile
strength of concrete under the mix proportion with a cement content of
250 kg/m® is shown in Figure 4. Research indicates a clear negative correla-
tion between the tensile strength of concrete and the recycled aggregate con-
tent. As the proportion of recycled aggregates in the concrete increases, the
tensile performance of the material shows a systematic decline.

This strength degradation primarily stems from the structural defects
in the interfacial transition zone between the recycled aggregates and the
new cement paste. Compared to natural aggregates, the old cement
mortar attached to the surface of recycled aggregates creates a more
complex multiple interfacial structure with the fresh cement paste. When
subjected to tensile stress, these interfacial transition zones, due to their
lower bond strength and higher number of micro-crack defects, become
areas of stress concentration and are highly prone to initiating cracks.

As the recycled aggregate content increases, the number of weak in-
terfaces within the concrete correspondingly rises, forming denser poten-
tial failure paths. This makes it easier for micro-cracks to propagate and
interconnect under load, ultimately accelerating the tensile failure process
of the material, which macroscopically manifests as a significant reduc-
tion in tensile strength. This mechanism fully illustrates the importance of
controlling the recycled aggregate content to ensure the tensile perfor-
mance of concrete.
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Figure 4 - Effect of different recycled aggregate content on tensile
strength of concrete

2.1.3 Bond Strength
Figure 5 illustrates the influence of recycled aggregate content on the
bond strength of concrete under the mix proportion with a cement content

of 400 kg/m®. The experimental results indicate that the bond perfor-
mance between concrete and steel reinforcement is highly sensitive to
changes in recycled aggregate content, showing a significant negative
correlation. As the proportion of recycled aggregates increases, the bond
strength demonstrates a systematic declining trend.

This phenomenon is primarily attributed to the adverse effects of the
unique surface characteristics of recycled aggregates on the interaction
at the interface with the steel reinforcement. The old cement mortar coat-
ing the surface of recycled aggregates not only reduces the mechanical
properties of the aggregates themselves but also alters the structural
characteristics of the steel-concrete interface at the micro-level.
The presence of the old mortar layer weakens the mechanical interlock
between the concrete and the steel bar surface, while simultaneously
reducing the chemical adhesion at their interface. This leads to a signifi-
cant reduction in the bond between the steel bar and the concrete.

This degradation of interfacial performance accumulates with in-
creasing recycled aggregate content, ultimately significantly affecting the
composite action of reinforced concrete. Test data indicate that when the
recycled aggregate content reaches 100 %, the bond strength of the
concrete decreases by approximately 20 % compared to the reference
group without recycled aggregates. This quantitative result fully confirms
the significant impact of recycled aggregates on the interfacial perfor-
mance of reinforced concrete and provides an important reference for
rationally controlling the recycled aggregate content in engineering appli-
cations. The research findings offer positive guidance for promoting the
application of recycled concrete in structural engineering.
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Figure 5 — Bond strength of concrete with different recycled aggregate
content

2.2 Influence of Silica Fume Addition

2.2.1 Compressive Strength

Figure 6 presents the influence of silica fume content on the compressive
strength of concrete. Under the reference mix conditions with a fixed cement
content of 250 kg/m® and a water-cement ratio of 0,60, the incorporation of
10 % silica fume produced a significant enhancing effect on the concrete's
compressive strength.

This notable strength improvement is primarily attributed to the dual
improvement mechanisms exerted by silica fume in the concrete. Firstly,
silica fume, characterized by its extremely fine particle size (average
particle size approximately 0,1-0,2 um), effectively fills the microscopic
pores between cement particles and the defects in the aggregate-paste
interface transition zone. This significantly refines the microscopic pore
structure of the concrete and increases the material's density.

Secondly, silica fume is rich in amorphous silicon dioxide, possessing ex-
cellent pozzolanic activity. It can undergo a secondary hydration reaction with
calcium hydroxide, a product of cement hydration, generating additional calci-
um silicate hydrate (C-S-H) gel with cementitious properties. These newly
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formed gel products not only further fill capillary pores but, more importantly,
strengthen the interfacial transition zone between the cement paste matrix and
the aggregates, forming a more stable three-dimensional spatial network
structure. This ultimately leads to a significant increase in the macroscopic
compressive strength of the concrete.

It is noteworthy that the improvement effect of silica fume is
more pronounced in concrete with high recycled aggregate content.
This is mainly because it effectively compensates for the weak
interfaces caused by the old mortar layer on the surface of recycled
aggregates, achieving targeted reinforcement of the shortcomings
inherent in recycled concrete.
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Figure 6 — Effect of silica fume content on the compressive strength
of concrete

2.2.2 Tensile Strength

Figure 7 details the influence of silica fume content on the tensile
strength of concrete. Research indicates that, under the mix proportion
with a fixed cement content of 250 kg/m?, incorporating 10 % silica fume
significantly improves the tensile performance of recycled aggregate
concrete.
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Figure 7 — Improvement in concrete tensile strength with silica fume
addition

This notable performance enhancement primarily stems from the
multiple optimizing effects of silica fume on the concrete's microstruc-
ture. On one hand, due to its ultra-fine particle characteristics (parti-
cle size ~0,1-0,2 pm), silica fume effectively fills the micro-pores
within the cement paste and the structural defects in the aggregate-
paste interface zone, significantly reducing stress concentration in-
side the material. On the other hand, the amorphous silicon dioxide
abundant in silica fume undergoes a pozzolanic reaction with calcium
hydroxide, a product of cement hydration, generating calcium silicate
hydrate gel with cementitious properties. These newly formed gel
products not only enhance the density of the cement matrix but, more
importantly, strengthen the interfacial bonding performance between
the aggregates and the cement paste.

Through this dual mechanism of microstructural improvement, the
concrete exhibits enhanced crack resistance when subjected to tensile
stress: the initiation of micro-cracks is suppressed, and the propagation
paths of existing cracks are obstructed by a denser gel network, thereby
significantly increasing the material's macroscopic tensile strength. It is
particularly noteworthy that the improvement effect of silica fume is espe-
cially pronounced in concrete with high recycled aggregate content. This
is mainly because it effectively compensates for the weak interfaces
caused by the old mortar layer on the surface of the recycled aggregates,
achieving targeted reinforcement of the material's inherent deficiencies.

2.2.3 Bond Strength

Experimental research indicates that incorporating 10 % silica fume
significantly improves the 28-day bond strength of recycled aggregate
concrete. This performance enhancement is primarily attributed to the
positive role of silica fume in the concrete's microstructure. The active
silicon dioxide component abundant in silica fume undergoes a poz-
zolanic reaction with calcium hydroxide, a product of cement hydration,
generating calcium silicate hydrate gel with cementitious properties.
These newly formed gel products effectively fill the micro-pores and de-
fects at the interface between the steel reinforcement and the concrete,
significantly improving the compactness of the interface zone.

Concurrently, the micro-filling effect of silica fume optimizes the mi-
crostructure of the interfacial transition zone, enhancing the concrete's
ability to encapsulate the steel bar surface, thereby increasing both the
mechanical interlock and the chemical adhesion between the two.

It is noteworthy that the improvement effect of silica fume on bond
strength diminishes as the recycled aggregate content increases. This is
mainly because a higher recycled aggregate content introduces more
initial interfacial defects. Although silica fume effectively improves the
interfacial properties, it struggles to fully compensate for the inherent
strength loss caused by the old mortar layer on the surface of the recy-
cled aggregates. This phenomenon suggests that silica fume is more
suitable for use as an enhancing material in concrete with moderate recy-
cled aggregate content.

Conclusion

This study systematically investigated the effects of recycled aggre-
gate content and silica fume addition on the key mechanical properties of
recycled aggregate concrete, including compressive strength, tensile
strength, and bond strength. The main conclusions are as follows:

1) the recycled aggregate content is a critical factor influencing the
mechanical properties of concrete. Experiments demonstrated that when
the recycled aggregate content is limited to within 25 %, the compressive
strength shows no significant difference compared to the reference group.
However, once the content exceeds this critical threshold, the compres-
sive strength exhibits a clear declining trend;

2) under the mix proportion with a cement content of 250 kg/m? and
a water-to-cement ratio of 0,60, incorporating 10 % silica fume significant-
ly enhances the overall mechanical properties of recycled aggregate
concrete. Micro-mechanism analysis reveals that silica fume, through the
physical filling effect of its ultra-fine particles and the pozzolanic reaction
of its active SiO, component, effectively refines the pore structure of the
cement matrix and strengthens the bond at the aggregate-paste interface.
This consequently leads to notable improvements in the concrete's com-
pressive strength, tensile strength, and bond strength with steel rein-
forcement;
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3) based on the experimental findings, a graded utilization strategy is
recommended for practical engineering applications: For structural com-
ponents with high strength requirements, the recycled aggregate content
should be controlled within 25 %. For non-load-bearing elements or appli-
cations with lower strength demands, the recycled aggregate content can
be appropriately increased, but it should be accompanied by the simulta-
neous addition of a suitable amount of silica fume (recommended around
10 %) to compensate for the associated strength loss. This technical
pathway of "content control + performance enhancement" can provide
reliable assurance for the engineering application of recycled aggregate
concrete, thereby promoting the sustainable development of construction
resource.
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