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Abstract

This study investigated the underwater abrasion resistance of recycled aggregate concrete
according to ASTM C1138 using recycled aggregates obtained from demolished concrete as
a 100% replacement of natural aggregates. The objective was to reduce the consumption of
natural resources and minimize construction and demolition waste. In addition, ground
granulated blast furnace slag (BFS) was used as a supplementary cementitious material at
replacement ratios of 25% and 50%. Three BFS products with Blaine fineness values of 3000,
4000, and 6000 cm2/g were used to investigate their effects on the compressive strength and
underwater abrasion resistance of recycled aggregate concrete. The experimental results
showed that the compressive strength of recycled aggregate concrete was approximately
7% lower than that of natural aggregate concrete. However, the underwater abrasion test
according to ASTM C1138 showed that the abrasion depth of recycled aggregate concrete
was comparable to that of natural aggregate concrete. After 72 h of testing, the abrasion
depth of recycled aggregate concrete was only slightly higher than that of natural aggregate
concrete. In contrast, recycled aggregate concrete exhibited a higher weight loss, with an
average value of 2.10% compared with 1.77% for natural aggregate concrete. Among the
BFS mixtures, increasing the Blaine fineness of BFS resulted in lower abrasion depth and
lower mass loss. Concrete containing BFS6000 exhibited the best underwater abrasion
resistance within the BFS mixtures, although all BFS mixtures showed higher abrasion depth
and mass loss than recycled aggregate concrete without BFS. At the 25% replacement ratio,
concrete containing BFS6000 exhibited the lowest abrasion depth (3.11 mm) and weight
loss (3.37%), whereas concrete containing BFS3000 showed higher values. A similar trend
was observed at the 50% replacement ratio, although both abrasion depth and weight loss
slightly increased compared with the corresponding 25% mixtures. The results demonstrate
that recycled aggregate concrete combined with BFS has good potential for hydraulic
structures and other concrete structures exposed to underwater abrasion. Although a slight
reduction in compressive strength was observed, the underwater abrasion resistance can
be improved by using BFS with higher Blaine fineness together with quality-controlled
recycled aggregates. These findings provide useful information for the development of
sustainable recycled aggregate concrete and support the efficient utilization of recycled
materials in hydraulic engineering applications.
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1. Introduction
At present, the construction industry places increasing emphasis on sustainability

and environmental impact reduction alongside infrastructure development. This is be-
cause the construction sector is one of the largest consumers of natural resources and
generates significant amounts of waste and greenhouse gas emissions throughout the
life cycle of structures, from material production and construction to service life and
eventual demolition.

Concrete is one of the most widely used construction materials in the world due to
its many advantages, including high strength, ease of casting, durability under various
environmental conditions, and relatively low production cost compared with other con-
struction materials. Therefore, concrete is extensively used in a wide range of applications
such as residential buildings, high-rise buildings, roads, bridges, dams, drainage structures,
ports, airports, irrigation systems, and other public infrastructure facilities. As a result,
global concrete consumption continues to increase with urban expansion and infrastructure
development, particularly in developing countries.

However, although concrete structures generally possess a long service life, demolition
becomes necessary when buildings and infrastructure reach the end of their service life,
deteriorate, or are damaged by natural disasters and other events. This process gener-
ates enormous quantities of waste concrete and construction debris. These materials are
classified as Construction and Demolition Waste (CDW), which has become a major envi-
ronmental issue in many countries worldwide. If not properly managed, CDW can cause
various environmental impacts, including excessive landfill consumption, contamination
of air and water resources by dust and sediments, disturbance of ecosystems due to im-
proper disposal practices, and the loss of valuable natural resources that could otherwise be
recycled. Furthermore, transporting demolition waste to disposal sites requires additional
energy consumption and carbon dioxide emissions. At the same time, the production of
natural aggregates, such as crushed stone and sand, requires quarrying and sand extraction
from natural sources, which may adversely affect landscapes, water resources, ecosystems,
and natural resources over the long term.

One approach that has attracted considerable attention is the recycling of waste
concrete into recycled aggregates (RA) for use as a substitute for natural aggregates in
new concrete production. This approach can reduce construction waste generation and
decrease the consumption of natural resources, thereby supporting the concept of a circular
economy within the construction industry. However, recycled aggregate concrete generally
exhibits certain limitations in engineering performance. Nevertheless, several studies
have reported that recycled aggregate concrete can still be used in structural applications
when proper quality control of recycled aggregates and appropriate mix design procedures
are applied [1].

It has been reported that the quality of recycled aggregates has a significant influence
on the performance of concrete, particularly when the aggregates are not properly pro-
cessed, classified, and quality-controlled. Silva et al. reported that recycled aggregates
obtained from different sources exhibit considerable variations in physical properties, in-
cluding water absorption, density, and contamination content, which directly affect the
quality of the resulting concrete [2]. In addition, Poon et al. found that concrete produced
with low-quality recycled aggregates containing a large amount of adhered old mortar
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and high water absorption could exhibit a substantial reduction in compressive strength
compared with concrete made with natural aggregates [3]. Rao et al. also reported that
inconsistency in recycled aggregate quality and the presence of contaminants such as
brick fragments and ceramic debris are important factors contributing to reductions in
compressive strength and durability of concrete [4]. Therefore, quality control of recycled
aggregates is considered a key factor governing the safe and effective utilization of such
materials in structural concrete applications.

Due to the limitations associated with recycled aggregates, many countries and stan-
dards permit their use only within specified limits [2,5]. For example, the Japanese Indus-
trial Standards (JIS A 5022) classify recycled aggregates into different quality categories,
such as Class H and Class M, in order to ensure that the material quality is suitable for
structural concrete applications. According to JIS A 5022 [6], recycled coarse aggregate
classified as Class M must have a water absorption not exceeding 5%, while recycled fine
aggregate classified as Class M must have a water absorption not exceeding 7%. In the
United Kingdom, BS 8500 [7] permits the use of recycled coarse aggregate in structural
concrete at replacement levels generally limited to approximately 20–30%, depending on
the type of structure and exposure conditions. Similarly, EN 206 [8] and RILEM recommen-
dations in Europe suggest limiting the replacement ratio of recycled aggregates in certain
structural applications in order to maintain adequate quality and long-term durability.

Although many standards continue to restrict the use of recycled aggregates in struc-
tural concrete, these limitations are largely associated with concerns regarding variations in
recycled aggregate quality arising from different sources and processing methods. There-
fore, if recycled aggregates can be produced under controlled conditions and consistently
satisfy the same quality requirements, uncertainties in concrete performance may be signif-
icantly reduced, leading to greater confidence in practical applications.

However, there is still limited information regarding the performance of concrete pro-
duced with quality-controlled recycled coarse and fine aggregates conforming to JIS A 5022
Class M when used as a complete replacement for natural aggregates. This is particularly
true for durability-related properties in hydraulic structures and structures continuously ex-
posed to flowing water. Therefore, investigating the performance of concrete incorporating
100% quality-controlled recycled aggregates is of considerable importance. The findings
can provide valuable information regarding the feasibility of completely replacing natural
aggregates with recycled aggregates and may contribute to increasing confidence in the
structural use of recycled materials while promoting sustainable resource utilization in the
construction industry.

For hydraulic structures and structures exposed to flowing water, such as dams,
spillways, irrigation canals, ports, and coastal protection structures, abrasion resistance
is considered one of the most important durability properties in addition to compressive
strength. The continuous movement of water carrying sand, gravel, and suspended par-
ticles can cause progressive abrasion on the concrete surface, resulting in material loss,
cracking, and a reduction in service life. Consequently, the development of recycled aggre-
gate concrete with adequate abrasion resistance is essential for its practical application in
such aggressive environments.

One promising approach for improving the performance of recycled aggregate concrete
is the incorporation of ground granulated blast furnace slag (GGBFS), commonly referred
to as blast furnace slag (BFS), as a partial replacement for Portland cement. BFS is a latent
hydraulic material obtained as a by-product of the iron-making industry. The use of BFS
has attracted considerable attention because it can reduce cement consumption, decrease
carbon dioxide emissions associated with cement production, and improve the long-term
durability of concrete. Previous studies have demonstrated that BFS contributes to the
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refinement of concrete microstructure by reducing pore connectivity and permeability,
thereby enhancing resistance to aggressive environmental conditions [9].

Bilim et al. reported that the incorporation of BFS can improve the durability per-
formance of cementitious materials through the formation of additional calcium silicate
hydrate (C-S-H) gel, which contributes to a denser microstructure and lower permeabil-
ity [9]. As a result, concrete containing BFS generally exhibits improved resistance to
chloride penetration, sulfate attack, and other deterioration mechanisms associated with
long-term exposure conditions.

In the case of recycled aggregate concrete, the use of BFS has been reported as an effec-
tive method for mitigating some of the disadvantages associated with recycled aggregates.
Limbachiya et al. found that incorporating BFS in recycled aggregate concrete could par-
tially compensate for the reduction in mechanical properties caused by recycled aggregates
by improving the quality of the interfacial transition zone (ITZ) between aggregates and
cement paste [10]. Similarly, Majhi and Nayak reported that BFS-based recycled aggregate
concrete exhibited improved durability characteristics, including reduced permeability and
enhanced resistance to the ingress of harmful substances [11].

In addition to improving durability, BFS has also been shown to enhance abrasion
resistance. Jian et al. investigated the abrasion resistance of recycled aggregate concrete
incorporating blast furnace slag and reported that the use of BFS significantly improved
abrasion resistance due to the densification of the internal concrete structure and the
enhancement of matrix hardness [12]. These findings indicate that BFS may play an
important role in improving the durability performance of recycled aggregate concrete
intended for hydraulic and abrasion-prone applications.

Despite these advantages, previous studies have primarily focused on the influence
of BFS replacement ratio, while comparatively limited attention has been paid to the
influence of BFS fineness. Since the hydration activity and reaction rate of BFS are strongly
affected by particle fineness, the Blaine fineness of BFS may significantly influence strength
development, pore refinement, and long-term durability properties of concrete. Therefore,
a better understanding of the influence of BFS fineness is necessary for optimizing the
performance of recycled aggregate concrete.

Date et al. reported that the fineness of blast furnace slag has a significant influ-
ence on hydration reactions, microstructural development, and durability performance
of cementitious materials. BFS with higher fineness can accelerate hydration reactions,
promote the formation of additional calcium silicate hydrate (C-S-H) gel, reduce internal
porosity, and improve the resistance of cementitious materials to chloride penetration [13].
These findings suggest that the fineness of BFS may also influence other durability-related
properties of concrete.

However, although numerous studies have investigated the effects of BFS on the
mechanical and durability properties of conventional concrete and recycled aggregate
concrete, limited information is available regarding the influence of BFS fineness on the
underwater abrasion resistance of recycled aggregate concrete. In particular, there is
insufficient information concerning concrete produced with 100% replacement of both
natural coarse and fine aggregates by recycled aggregates conforming to JIS A 5022 Class
M. Most previous studies have focused on partial replacement of natural aggregates or
have investigated the influence of BFS replacement ratio rather than the influence of BFS
fineness [10–12].

Furthermore, the majority of current design standards and practical recommendations
continue to adopt conservative limits on the use of recycled aggregates because of concerns
regarding quality variability and durability performance [5–8]. Therefore, evaluating
the performance of concrete produced with quality-controlled recycled aggregates under

https://doi.org/10.3390/constrmater6040046

https://doi.org/10.3390/constrmater6040046


Constr. Mater. 2026, 6, 46 5 of 21

severe exposure conditions is important for expanding the practical application of recycled
aggregate concrete.

Accordingly, this study aims to investigate the effects of blast furnace slag (BFS) fine-
ness and cement replacement ratio on the compressive strength and underwater abrasion
resistance of recycled aggregate concrete incorporating 100% recycled coarse aggregate and
recycled fine aggregate classified as Class M according to JIS A 5022. Three BFS fineness
levels, namely 3000, 4000, and 6000 cm2/g, were used together with cement replacement
ratios of 25% and 50%.

The underwater abrasion resistance of the concrete mixtures was evaluated using
the ASTM C1138 [14] test method. The results obtained from this study are expected to
contribute to a better understanding of the potential of quality-controlled recycled aggregate
concrete containing BFS for hydraulic structures and other concrete structures exposed to
long-term abrasion caused by flowing water. In addition, the findings may provide useful
information for increasing confidence in the utilization of recycled aggregates as a complete
replacement for natural aggregates, thereby promoting sustainable construction practices
and more efficient use of resources in the construction industry.

2. Materials and Methodology
2.1. Materials and Proportions

The recycled aggregates used in this research consisted of recycled coarse aggregate
and recycled fine aggregate, which were procured from Musashino Doboku Kogyo Co., Ltd.
(Machida Recycling Plant, Machida, Tokyo, Japan). The aggregates satisfied the require-
ments of Japanese Industrial Standards JIS A 5022 Class M. Class M recycled aggregate is
produced from waste concrete through crushing, grinding, and classification processes in
order to obtain suitable size and properties for reuse in concrete production. This type of
aggregate is suitable for concrete structures that are not significantly affected by drying
shrinkage or freezing and thawing conditions, such as piles, foundation beams, and some
underground structural elements. In addition, the reuse of recycled aggregate helps reduce
construction waste and decrease the consumption of natural resources, which is consistent
with the concept of sustainable development in civil engineering.

The recycled aggregates used in this experiment were obtained from demolished
concrete structures and buildings. The concrete debris was crushed using a jaw crusher
and subsequently sieved into recycled fine aggregate (RF, 0–5 mm) and recycled coarse
aggregate (RC, 5–20 mm) for use in this study. The recycled aggregates satisfied the
requirements of JIS A 5022 Class M, as shown in Figures 1 and 2. Contaminants such as
steel, wood, asphalt, and other unwanted materials were removed before use in order to
ensure suitable quality for concrete production.

 

Figure 1. Physical appearance of the recycled coarse aggregate (RC, 5–20 mm) used in this study.
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Figure 2. Physical appearance of the recycled fine aggregate (RF, 0–5 mm) used in this study.

The recycled aggregates used in this study satisfied the physical property requirements
specified in JIS A 5022 Class M. The main properties, including density, water absorption,
and fineness modulus, were examined before being used in concrete production. As shown
in Figure 1, the recycled coarse aggregate contained adhered old mortar and exhibited an
irregular and angular particle morphology with a relatively rough surface texture. These
characteristics generally result in higher water absorption and lower particle density than
those of natural aggregates, which is consistent with previous studies on recycled concrete
aggregates [15]. Likewise, the recycled fine aggregate, shown in Figure 2, consisted of a
heterogeneous mixture of natural aggregate particles, adhered mortar, and fine particles
generated during the demolition and crushing processes, resulting in a rougher surface
texture than natural sand. Such characteristics are also commonly associated with increased
porosity and changes in the interfacial transition zone (ITZ), which may influence the
mechanical and durability properties of recycled aggregate concrete [15]. The detailed
physical properties of the recycled aggregate are presented in Tables 1 and 2.

Table 1. Grade segment of recycled aggregate in JIS A 5022 Class M.

Coarse Aggregate Fine Aggregate

JIS A 5022 Class M Materials Used
in This Study JIS A 5022 Class M Materials Used

in This Study

Absolute dry density (g/cm3) 2.3 or above 2.44 2.2 or above 2.44
Water absorption (%) 5.0 or below 3.51 7.0 or below 3.41
Ultra fine content (%) 2.0 or below 0.2 8.0 or below 0.8
Solid content rate (%) 55 or above 61.2 53 or above 60

Table 2. Impurity amount of recycled aggregate Class M.

Classification Impurity Content Upper Limit (%) *
Materials Used in This Study

Coarse Aggregate Fine Aggregate

A Tiles, bricks, ceramics, asphalt
concrete lumps 1.0 0.5 0

B Glass pieces 0.5 0 0
C Gypsum and gypsum board pieces 0.1 0 0
D Inorganic boards exp. above 0.5 0 0
E Piece of plastic 0.5 0 0

F Wooden pieces, scrap paper, asphalt
lumps, etc. 0.1 0 0

G Metal fragments other than
aluminum and zinc 1.0 0.2 0

Total amount of impurities (total
amount of impurities) 2.0 0.7 0

* The upper limit is expressed by mass ratio, and the total of each classification (JIS A 5022).
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The cement used in this experiment was ordinary Portland cement (OPC), which had
a density of 3.16 g/cm3 and Blaine fineness of 3300 cm2/g. In addition, blast furnace slag
(BFS) was used as a supplementary cementitious material in order to study the effect of
BFS on the underwater abrasion resistance properties of recycled aggregate concrete.

The blast furnace slag used in this study was divided into three types according
to Blaine fineness values, namely 3000, 4000, and 6000 cm2/g, with a density equal to
2.90 g/cm3. BFS was used to replace ordinary Portland cement at replacement ratios of 25%
and 50% by weight of the binder material. The use of BFS was expected to improve pore
structure and enhance durability properties of concrete through the pozzolanic reaction
and latent hydraulic reaction of the material [9,11].

For natural aggregates used as comparison in the experiment, crushed stone was
used as natural coarse aggregate and natural sand was used as natural fine aggregate.
The physical properties and density values of all materials used in this experiment are
presented in Table 3.

Table 3. Raw materials.

Abbreviations Properties Density (g/cm3)

N Ordinary Portland cement 3.16

BFS Ground-granulated blast furnace slag
(Blaine values 3000, 4000, 6000) 2.90

S Fine Aggregate (Sand) 2.64
G Coarse Aggregate (e.g., crushed stone or gravel) 2.75
RF Recycled Fine Aggregate 2.44
RC Recycled Coarse Aggregate 2.44
W Water 1.00

In this experiment, the concrete mixtures were designed with a constant water-to-
binder ratio (W/B) of 0.45 for all mixtures in order to control variables in the study and
compare the effects of recycled aggregate and replacement of ordinary Portland cement
with blast furnace slag on underwater abrasion resistance properties of concrete. Blast
furnace slag was used to replace ordinary Portland cement at replacement ratios of 25% and
50% by weight of the binder material. In addition, a control mixture without blast furnace
slag was also prepared for comparison. The concrete mixtures were designated according to
the use of recycled aggregate, the BFS replacement ratio, and the BFS Blaine fineness. “OPC”
denotes the control concrete made with ordinary Portland cement and natural aggregates,
whereas “RCA” denotes the control recycled aggregate concrete without BFS replacement.
For example, “25RCA3000” denotes recycled aggregate concrete containing 25% BFS with
a Blaine fineness of 3000 cm2/g, while “50RCA6000” denotes recycled aggregate concrete
containing 50% BFS with a Blaine fineness of 6000 cm2/g. The detailed mix proportions of
concrete used in this experiment are shown in Table 4.

Table 4. Mix proportions of concrete expressed as mass (kg) per unit volume (1 m3) of concrete.

No.

Mass (kg)

N W
BFS (Blaine Value)

G S RC RF Superplasticizer
(SP)3000 4000 6000

OPC 400 182 952 864 4
RCA 400 182 952 864 4
25RCA3000 300 182 100 952 864 4
50RCA3000 200 182 200 952 864 4
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Table 4. Cont.

No.

Mass (kg)

N W
BFS (Blaine Value)

G S RC RF Superplasticizer
(SP)3000 4000 6000

25RCA4000 300 182 100 952 864 4
50RCA4000 200 182 200 952 864 4
25RCA6000 300 182 100 952 864 4
50RCA6000 200 182 200 952 864 4

2.2. Mixing Method

The concrete mixing and specimen preparation in this research were carried out
according to Japanese Industrial Standards JIS A 1138 [16] Method of making test samples
of concrete in laboratory. Before starting the mixing process, all materials were weighed
according to the mix proportions shown in Table 4. The recycled aggregates were adjusted
to Saturated Surface Dry (SSD) condition in order to reduce the effect of water absorption
during the mixing process.

The mixing procedure began by dry mixing the ordinary Portland cement (OPC), blast
furnace slag (BFS), recycled coarse aggregate, and recycled fine aggregate for 30 s to ensure
a uniform distribution of the constituent materials. Water was then added to the mixer,
and the mixture was mixed for 60 s, followed by an additional 30 s of mixing to obtain a
homogeneous concrete mixture and minimize material segregation prior to casting.

After the mixing process was completed, fresh concrete was cast into molds according
to the required dimensions for each testing method. The concrete specimens were com-
pacted using a concrete vibrator to remove air bubbles inside the specimens. After that, the
concrete surface was leveled, and the specimens were stored under laboratory conditions
for 24 h before demolding and curing under the specified experimental conditions.

2.3. Curing Conditions

After casting, the concrete specimens were kept in the molds for 24 ± 2 h before
demolding. Subsequently, the specimens were subjected to water curing in accordance with
JIS A 1132 [17] (Methods of Curing Concrete Specimens) under laboratory temperature
conditions. This curing regime was adopted to ensure continuous hydration of the cementi-
tious materials and promote the development of a stable microstructure. All specimens
were cured in water for 28 days prior to testing, including the compressive strength and
underwater abrasion resistance tests.

3. Testing Conditions
3.1. Compressive Strength Test

The compressive strength test of concrete was conducted after water curing for 28 days.
Cylindrical concrete specimens with dimensions of 10 cm in diameter and 20 cm in height
were used in this experiment. The preparation and testing procedures of specimens were
carried out according to Japanese Industrial Standards JIS A 1108 [18]: Method of test for
compressive strength of concrete, which is the standard method for concrete compressive
strength testing in Japan.

3.2. Underwater Abrasion Resistance Test

The underwater abrasion resistance test of concrete was conducted according to ASTM
International ASTM C1138 [14]: Standard Test Method for Abrasion Resistance of Concrete
(Underwater Method). This test method was used to evaluate the abrasion resistance
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performance of concrete under underwater conditions, which is suitable for simulating
service conditions of hydraulic structures such as dams, spillways, and concrete structures
exposed to flowing water and sediment.

In this experiment, cylindrical concrete specimens with dimensions of 300 mm in
diameter and 100 mm in thickness were installed inside the testing apparatus according
to ASTM C1138, as shown in Figure 3. Inside the testing tank, stainless steel balls with
quantities and sizes specified by the standard were placed on the concrete surface. After
that, clean water was added to the tank until the water level was approximately 16 cm
above the concrete surface.

   
(a) (b) (c) 

Figure 3. (a) Testing tank, (b) test apparatus, (c) stainless steel balls.

During the test, the water inside the tank was stirred by a rotating paddle with dimen-
sions specified in the standard at a rotational speed of 1200 ± 100 rpm. This movement
caused the stainless steel balls to continuously move along the water flow and generate
impact force and friction on the concrete surface. The testing conditions simulated abrasion
and erosion conditions occurring in actual underwater concrete structures.

Each testing cycle was conducted for 12 h. After each cycle, the concrete specimen
was removed from the testing tank for cleaning and abrasion evaluation by measuring the
specimen’s weight in air and in water. After measurement, the specimen was returned to
the testing apparatus, and the same procedure was repeated for a total of six testing cycles.

From each testing cycle, the weight data of concrete specimens measured in air and
water were obtained. These weight values gradually decreased with increasing testing
duration. The measured weights were used to calculate the specimen volume at each
testing cycle and to evaluate cumulative volume loss after six testing cycles. The calculated
volume loss was compared with the initial specimen volume before testing and used as
an indicator of the underwater abrasion resistance of concrete. In this study, at least three
concrete specimens were used for each concrete mixture according to the requirement of
the standard in order to improve reliability and allow a proper comparison of test results.

The abrasion performance of concrete was evaluated from the change in specimen
volume during the testing process. The specimen volume at each testing period was
calculated from the measured weight in air and water according to Equation (1).

Vt = (Wair − Wwater)/Gw (1)

where:
Vt—volume of the specimen at the desired time, m3

Wair—mass of the specimen in air at the desired time, kg
Wwater—apparent mass of the specimen in water at the desired time, kg
Gw—unit weight of water, kg/m3
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After that, the concrete volume loss caused by underwater abrasion at each testing
period was calculated according to Equation (2).

VLt = Vi − Vt (2)

where:
VLt—volume of material lost by abrasion at the end of the test increment in question, m3

Vi—volume of specimen before testing, m3

Vt—volume of the specimen at the end of the test increment in question, m3

In addition, the average depth of abrasion (ADA) was calculated from the volume loss
divided by the surface area of the specimen according to Equation (3).

ADAt = VLt/A (3)

where:
ADAt —average depth of abrasion at the end of the test increment in question, m
A—area of the top of the specimen, m2

The calculated values from these equations were used to evaluate and compare the
underwater abrasion resistance of each concrete mixture. Lower volume loss and lower
average depth of abrasion indicated better abrasion resistance performance of concrete.

4. Results and Discussion
4.1. Compressive Strength

From the compressive strength test results after 28 days of water curing, it was
found that under the same mix proportion, when natural aggregates were replaced with
100% recycled aggregates, the compressive strength of concrete decreased from 61.20 MPa
to 56.97 MPa, which was approximately 7% lower, as shown in Figure 4. These experi-
mental results indicate that concrete containing recycled aggregates exhibited compressive
strength close to that of OPC concrete, with only a slight reduction in strength.

Figure 4. Compressive strength after 28 days of water curing for ordinary Portland cement (OPC)
concrete and recycled aggregate concrete (RCA).

The reduction in compressive strength of recycled aggregate concrete can be explained
by the presence of old mortar attached to the surface of the recycled aggregate. This
caused the aggregates to have higher porosity and higher water absorption compared with
natural aggregates. In addition, the interfacial transition zone (ITZ) between aggregate and
cement paste in recycled aggregate concrete tended to contain more voids and microcracks.
Therefore, the stress transfer inside the concrete structure decreased, resulting in lower
compressive strength compared with concrete made with natural aggregates.
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Furthermore, when ordinary Portland cement was replaced with blast furnace slag
(BFS) in recycled aggregate concrete at the replacement ratio of 25%, the compressive
strengths were 51.20 MPa, 52.06 MPa, and 54.13 MPa for BFS with Blaine fineness values of
3000, 4000, and 6000 cm2/g, respectively, as shown in Figure 5.

Figure 5. Compressive strength after 28 days of water curing of recycled aggregate concrete with
25% replacement of ordinary Portland cement (OPC) by blast furnace slag (BFS) at different Blaine
fineness values.

Meanwhile, at a BFS replacement ratio of 50%, the compressive strengths were
46.60 MPa, 49.20 MPa, and 51.10 MPa for BFS with Blaine fineness values of 3000, 4000, and
6000 cm2/g, respectively, as shown in Figure 6.

Figure 6. Compressive strength after 28 days of water curing of recycled aggregate concrete with
50% replacement of ordinary Portland cement (OPC) by blast furnace slag (BFS) at different Blaine
fineness values.

The experimental results showed that the Blaine fineness of blast furnace slag signifi-
cantly affected the compressive strength of concrete. Concrete containing BFS with higher
fineness showed higher compressive strength than concrete containing BFS with lower
fineness for both 25% and 50% replacement ratios.

Previous studies have suggested that BFS with higher fineness provides a larger
specific surface area, which may promote faster hydraulic and pozzolanic reactions. In
addition, finer BFS particles may contribute to a denser microstructure through filler effects
and additional C-S-H formation, thereby reducing pore connectivity and internal voids.
Therefore, the higher compressive strength observed in this study is likely associated with
these mechanisms rather than being directly verified by microstructural analyses.

However, when the BFS replacement ratio increased from 25% to 50%, the compressive
strength of concrete tended to decrease even when high-fineness BFS was used. This reduc-
tion can be attributed to the dilution effect caused by the lower Portland cement content
together with the relatively slow hydration kinetics of BFS. Previous studies have reported
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that concrete incorporating high volumes of BFS generally exhibits lower compressive
strength at early ages but continues to gain strength beyond 28 days because of the latent
hydraulic and pozzolanic reactions of BFS [19]. Similarly, Oner and Akyuz [20] reported
that increasing the replacement level of ground granulated blast furnace slag (GGBFS)
reduced early-age compressive strength, whereas significant strength development was
observed at later curing ages. Since only the 28-day compressive strength was evaluated in
the present study, the interpretation regarding early-age strength development is based on
these previously reported findings rather than direct experimental evidence.

The results of this study are consistent with many previous studies that reported that
blast furnace slag must be used at an appropriate replacement ratio (optimum replacement
ratio) in order to improve the compressive strength of concrete. An excessive replacement
ratio may cause lower compressive strength compared with normal concrete without BFS.

Ayim-Mensah et al. [21] reported that concrete containing approximately 40% ground
granulated blast furnace slag (GGBFS) showed the highest compressive strength, while
replacement ratios of 60–90% caused significant strength reduction. Similarly, Kioumarsi
et al. [22] reported that high-volume blast furnace slag replacement could reduce compres-
sive strength by more than 45% compared with normal concrete. In addition, Cabrera-
Madrid et al. [23] reported that the compressive strength of concrete gradually decreased
when the blast furnace slag replacement ratio exceeded approximately 50%.

Lee et al. [24] further explained that there is an optimum usage level of BFS for com-
pressive strength development because excessive slag replacement decreases the amount
of Portland cement available for hydration reaction, resulting in slower early-age strength
development compared with conventional concrete. Therefore, although high-fineness BFS
can improve the density of concrete structures through filler effect and pozzolanic reaction,
an excessive cement replacement ratio still causes lower compressive strength compared
with control concrete.

Although the compressive strength in the present study was evaluated after 28 days
of water curing, blast furnace slag (BFS) is well known to continue its latent hydraulic
and pozzolanic reactions beyond this curing age. Consequently, additional C–S–H gel
may continue to form, leading to further pore refinement and matrix densification at later
ages. According to ACI Committee 233 [25], concrete incorporating slag cement generally
exhibits slower early-age strength development but continues to gain strength and improve
durability over extended curing periods due to the ongoing hydration of BFS. Similarly,
Shariq et al. [19] reported that ground granulated blast furnace slag (GGBFS) concrete
commonly exhibits significant strength development beyond 28 days, with continued
improvements observed at 56, 90, and even 180 days, together with reduced permeability
and a refined pore structure. Therefore, it is expected that the BFS mixtures investigated
in this study may exhibit further improvements in mechanical properties and underwater
abrasion resistance with extended curing periods. However, verification of this behavior
requires long-term experimental investigation and is recommended for future work.

4.2. Abrasion Depth and Mass Loss
4.2.1. Effect of Recycled Aggregates on Abrasion Depth and Mass Loss

From the underwater abrasion resistance test results according to ASTM C1138 [14], it
was found that after 72 h of testing, concrete using recycled aggregates (RCA) and concrete
using natural aggregates (OPC) exhibited similar abrasion depth values. The abrasion
depth values of RCA concrete and OPC concrete were 2.12 mm and 1.98 mm, respectively,
as shown in Figure 7. These results indicate that the use of recycled aggregates did not
significantly increase the abrasion depth compared with normal concrete.
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Figure 7. Relationship between abrasion depth and abrasion loading time.

In addition, when considering the abrasion behavior at testing periods of 12, 24, 36, 48,
60, and 72 h, both types of concrete showed similar abrasion trends. The abrasion depth
gradually increased with increasing testing duration, and no severe abrasion occurred
during any specific testing period, as shown in Figure 8. This behavior reflects that the
abrasion mechanism of both concretes continuously occurred under the impact force and
friction generated by the steel balls inside the testing apparatus.

Figure 8. Surface appearance of OPC and RCA under underwater abrasion test.

However, when considering the mass loss values, RCA concrete showed slightly
higher mass loss than OPC concrete. After 72 h of testing, RCA concrete showed a mass
loss value of 2.10%, while OPC concrete showed only 1.77%, as shown in Figure 9.

Figure 9. Relationship between mass loss and abrasion loading time.
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From observation of the specimen surface conditions after 72 h of testing, as shown in
Figure 8, it was found that although both concretes had similar abrasion depth values, the
severe abrasion damage area of RCA concrete was clearly larger than that of OPC concrete.
Figure 10, which shows the top view and side view of the tested specimens, indicates that
RCA concrete had a larger damaged surface area caused by abrasion, even though the
abrasion depth was similar. As a result, RCA concrete showed a higher total mass loss.

 

Figure 10. Abrasion of OPC and RCA under underwater abrasion test at 72 h.

This phenomenon can be explained by the fact that recycled aggregates contain old
mortar attached to the aggregate surface, which generally has higher porosity and lower
strength compared with natural stone aggregates. Under continuous impact force and
friction under underwater conditions, the old mortar on the surface of recycled aggregate
concrete can easily detach from the concrete surface. Therefore, the damaged surface
area caused by abrasion becomes larger, even though the average abrasion depth is not
significantly different from conventional concrete. These results are consistent with the
study by Kou, S. C. and Poon, C. S., who reported that old mortar attached to recycled
aggregate surfaces is an important factor affecting the porosity and durability properties of
recycled aggregate concrete [26].

Furthermore, the interfacial transition zone (ITZ) between aggregate and cement paste
in recycled aggregate concrete tends to contain more microvoids and microcracks. This
causes the concrete surface to have lower resistance against surface peeling and results
in higher cumulative mass loss compared with concrete using natural aggregates under
the same underwater abrasion conditions. These findings are consistent with the study by
Evangelista, L. and de Brito, J., who reported that the ITZ structure of recycled aggregate
concrete directly affects the durability properties and abrasion resistance performance of
recycled aggregate concrete [27].

Although the abrasion depth of RCA concrete was comparable to that of OPC concrete,
the mass loss was consistently higher. This suggests that abrasion damage was governed
not only by penetration depth but also by the extent of surface deterioration. Recycled
aggregates contain adhered old mortar with higher porosity and lower hardness than
natural aggregates. During repeated impact and rolling abrasion, the old mortar is more
easily detached from the concrete surface, resulting in a wider damaged area. Consequently,
even when the average abrasion depth remained similar, the total amount of material
removed increased, leading to greater cumulative mass loss.
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This observation indicates that mass loss may be a more sensitive indicator than
abrasion depth when evaluating the abrasion behavior of recycled aggregate concrete
because it reflects both the depth and the extent of surface deterioration.

4.2.2. Effect of Blast Furnace Slag on Abrasion Depth and Mass Loss

Figures 11 and 12 show the abrasion depth values at testing periods of 12, 24, 36, 48,
60, and 72 h of recycled aggregate concrete mixed with blast furnace slag (BFS) having
Blaine fineness values of 3000, 4000, and 6000 cm2/g at cement replacement ratios of 25%
and 50%, respectively.

Figure 11. Relationship between abrasion depth and abrasion loading time (BFS replacement ratio 25%).

Figure 12. Relationship between abrasion depth and abrasion loading time (BFS replacement ratio 50%).

From the experimental results, it was found that all concrete mixtures showed contin-
uously increasing abrasion with increasing testing duration. No severe abrasion occurred
during any specific testing period. This behavior was similar to normal concrete and
recycled aggregate concrete without BFS, in which the concrete surface was gradually worn
layer by layer under the impact force and friction from steel balls inside the ASTM C1138
testing apparatus.
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However, the Blaine fineness of BFS clearly affected the underwater abrasion resistance
properties of concrete. At the cement replacement ratio of 25%, after 72 h of testing, concrete
containing BFS with Blaine fineness of 6000 cm2/g showed the lowest abrasion depth of
only 3.11 mm, which was lower than concrete containing BFS with Blaine fineness of
4000 cm2/g and 3000 cm2/g, which showed abrasion depth values of approximately
3.96 mm and 4.52 mm, respectively, as shown in Figure 11.

Similarly, at the cement replacement ratio of 50%, concrete containing BFS with Blaine
fineness of 6000 cm2/g showed the lowest abrasion depth of approximately 3.67 mm, while
concrete containing BFS with Blaine fineness values of 4000 cm2/g and 3000 cm2/g showed
higher abrasion depth values of approximately 4.24 mm and 5.37 mm, respectively, as
shown in Figure 12.

These results indicate that, among the BFS mixtures, increasing the Blaine fineness of
BFS reduced the abrasion depth. Concrete containing BFS6000 consistently exhibited lower
abrasion depth than those containing BFS4000 and BFS3000 at both replacement ratios.
However, all BFS mixtures still showed higher abrasion depth than recycled aggregate
concrete without BFS.

Figures 13 and 14 show the mass loss values of recycled aggregate concrete mixed with
BFS having different fineness values. It was found that the mass loss trend was consistent
with the abrasion depth results. Mixtures with higher abrasion depth also showed higher
mass loss values.

Figure 13. Relationship between mass loss and abrasion loading time (BFS replacement ratio 25%).

At the cement replacement ratio of 25%, concrete containing BFS with a Blaine fineness
of 6000 cm2/g showed the lowest mass loss value of approximately 3.37%, while BFS3000
and BFS4000 showed mass loss values of approximately 4.06% and 3.64%, respectively.

Meanwhile, at a cement replacement ratio of 50%, concrete containing BFS6000 still
showed the lowest mass loss value of approximately 3.88%, while BFS4000 and BFS3000
showed increased mass loss values of approximately 4.10% and 5.07%, respectively.

From the experimental results, it can be concluded that increasing the Blaine fineness of
BFS reduced both abrasion depth and mass loss within the BFS mixtures at both replacement
ratios. Nevertheless, the abrasion depth and mass loss of all BFS mixtures remained higher
than those of recycled aggregate concrete without BFS.

The improved abrasion resistance observed in concrete containing finer BFS is likely
associated with the denser microstructure developed through the mechanisms discussed in
Section 4.1. Previous studies have reported that finer BFS promotes pore refinement and
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matrix densification through enhanced hydration, pozzolanic reactions, filler effects, and
additional C–S–H formation, thereby improving resistance to abrasion [9,28]. As SEM and
XRD analyses were not performed in the present study, these mechanisms are presented as
literature-based interpretations rather than direct experimental evidence.

Figure 14. Relationship between mass loss and abrasion loading time (BFS replacement ratio 50%).

On the other hand, BFS with lower fineness reacts more slowly, resulting in more
voids and higher porosity inside the concrete structure. Therefore, the concrete surface can
more easily peel off under underwater abrasion conditions, resulting in higher abrasion
depth and mass loss values.

The results of this study are consistent with the study of Prang Subpa-asa, who
reported that BFS with higher fineness could reduce pore size and improve the density
of cementitious materials better than BFS with lower fineness [29]. In addition, these
results also agree with the study of Horszczaruk, E., who reported that concrete with a
denser internal structure and lower porosity showed significantly better resistance against
underwater abrasion and erosion [30].

4.3. Effect of Compressive Strength on Abrasion Resistance

From the test results shown in Figure 15, a negative relationship was observed between
compressive strength and underwater abrasion depth. To further evaluate this relationship,
a Pearson correlation analysis was performed between compressive strength and abrasion
depth for all mixtures. A strong negative correlation was obtained (r = −0.936, R2 = 0.8749,
p < 0.01), indicating that concrete with higher compressive strength generally tended to
exhibit lower abrasion depth. However, compressive strength should not be regarded as
the sole factor governing underwater abrasion resistance. This limitation becomes more
apparent when comparing mixtures with similar compressive strengths, where noticeable
differences in abrasion depth were still observed. These results suggest that factors other
than compressive strength, such as pore structure, matrix densification, and the quality of
the interfacial transition zone (ITZ), which are influenced by the Blaine fineness of BFS,
also contribute to abrasion performance.

OPC concrete, which had the highest compressive strength of approximately
61.20 MPa, showed the lowest abrasion depth of approximately 1.98 mm. On the other
hand, recycled aggregate concrete mixed with low-fineness BFS, such as 50RCA3000, which
had a compressive strength of only 46.60 MPa, showed a significantly higher abrasion
depth of approximately 5.37 mm.
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Figure 15. Relationship between Compressive Strength and Abrasion Resistance of Concrete.

In addition, recycled aggregate concrete containing finer BFS (BFS6000) exhibited a
lower abrasion depth than mixtures containing BFS3000. This trend is consistent with
the compressive strength results presented in Section 4.1. The observed relationship
between compressive strength and abrasion resistance is consistent with the microstructural
characteristics discussed previously. Concrete with higher compressive strength generally
exhibited lower abrasion depth because of its denser matrix and improved resistance to
surface deterioration.

This relationship can be explained by the fact that concrete with higher compressive
strength usually has a denser internal structure with lower porosity and fewer internal
microcracks. Therefore, the concrete surface can better resist surface peeling caused by
impact force from steel balls and water turbulence during the abrasion test. In contrast,
concrete with lower compressive strength generally has a more porous structure and a
weaker interfacial transition zone (ITZ), resulting in easier mortar detachment and surface
abrasion, which ultimately increases the abrasion depth.

Overall, the experimental results indicate that the compressive strength of concrete
can be used as an indicator for predicting underwater abrasion resistance performance.
Concrete with higher compressive strength generally showed lower abrasion damage.
These findings are consistent with the studies of Horszczaruk, E. [30] and the American
Concrete Institute ACI 210R-93 [31], which reported that concrete with a denser structure
and higher compressive strength has better resistance against abrasion and erosion in
hydraulic structures.

5. Conclusions
This study investigated the underwater abrasion resistance of concrete incorporating

100% recycled coarse and fine aggregates together with blast furnace slag (BFS) of different
Blaine fineness values under ASTM C1138 testing conditions. Based on the experimental
results, the following conclusions can be drawn:
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(1) Replacing natural aggregates with 100% recycled coarse and fine aggregates reduced
the 28-day compressive strength from 61.20 MPa to 56.97 MPa, corresponding to a
reduction of approximately 7%.

(2) Despite the reduction in compressive strength, recycled aggregate concrete exhibited
underwater abrasion resistance comparable to that of OPC concrete. After 72 h of
testing, the abrasion depth values were 2.12 mm and 1.98 mm for recycled aggre-
gate concrete and OPC concrete, respectively. However, recycled aggregate concrete
showed a slightly higher mass loss value (2.10%) than OPC concrete (1.77%), indicating
greater material removal during the abrasion process.

(3) Among the BFS mixtures, higher Blaine fineness generally resulted in improved
mechanical and abrasion performance. Concrete incorporating BFS with a Blaine
fineness of 6000 cm2/g exhibited higher compressive strength together with lower
abrasion depth and mass loss values than mixtures containing lower Blaine fine-
ness. Within the investigated replacement ratios, 25% BFS generally provided a
better balance between compressive strength and underwater abrasion resistance than
50% BFS.

(4) A clear relationship was observed between compressive strength and underwater
abrasion resistance. Concrete with higher compressive strength generally exhibited
lower abrasion depth, indicating that improved mechanical properties contribute to
enhanced resistance against underwater abrasion.

(5) The results demonstrate that concrete incorporating 100% recycled coarse and fine ag-
gregates together with appropriately selected BFS can achieve satisfactory underwater
abrasion resistance while reducing the consumption of natural aggregate resources
and Portland cement. These findings demonstrate that recycled aggregate concrete
incorporating appropriately selected BFS has considerable potential for sustainable hy-
draulic engineering applications. By reducing the consumption of natural aggregates
and Portland cement while maintaining satisfactory underwater abrasion resistance,
this material could contribute to more environmentally sustainable construction of
hydraulic infrastructure, including irrigation canals, spillways, drainage channels,
coastal protection structures, and other water-retaining facilities subjected to abrasive
flow conditions.

Furthermore, the present study was limited to laboratory-scale ASTM C1138 testing
under controlled conditions and 28-day curing. Therefore, the long-term performance of
recycled aggregate concrete containing BFS under actual service conditions remains to be
verified. Future studies are recommended to evaluate the long-term durability and field
performance of recycled aggregate concrete incorporating BFS under practical hydraulic
environments. Particular attention should be given to sulfate attack, acidic environments,
freeze–thaw cycles, sediment erosion, chloride exposure, temperature fluctuations, and
other aggressive exposure conditions commonly encountered in hydraulic structures.

In addition, detailed microstructural investigations, including SEM, XRD, pore struc-
ture characterization, and quantitative evaluation of the interfacial transition zone (ITZ), are
recommended to verify the proposed mechanisms and to provide a more comprehensive
understanding of the factors governing underwater abrasion resistance. Such investigations
will help establish the long-term reliability of recycled aggregate concrete containing BFS
and facilitate its broader application in hydraulic engineering practice.
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