2028; 346(3):108-130 ISSN-L 2616-6445, ISSN 2224-5243

= Crossref @Eaena‘g‘i%ens
DOI: 10.31643/2028/6445.32
Mining & Mineral Processing

Blast Furnace Slag as an Alternative to Natural Mineral Materials in
Pavement Engineering: A Review

!Kunaev V.A., ‘Akhmetova G.E., *"Ospanova A.Z., *Kenzhaliyev O.B., ‘Tavshanov I.S.,
2Fathi M.S., 'Ulyeva G.A., 'Batyrbek A.E., 'Charnyi D.Yu.

! Karaganda Industrial University, Karaganda region, Temirtau, Kazakhstan
2Universiti Teknologi Malaysia, Kuala Lumpur, Malaysia

* Corresponding author email: a.ospanova@tttu.edu.kz

ABSTRACT

The presented literature review contains the results of the analysis of scientific articles for 2000-
2026 years, considering the use of blast furnace slag in various areas of road construction. It has
been established that there are clear differences between the application options for different
types of blast furnace slag. Air-cooled blast furnace slag (ACBFS) is more often used as a coarse or
fine aggregate for cement concrete and asphalt concrete, and ground granulated blast furnace
slag (GGBFS) is used as an additional binder or as a mineral/reactive filler. When using blast

Received: July 30, 2026 furnace slag in the production of concrete, the highest results in a number of studies were
Peer-reviewed: August 28, 2026 achieved when replacing 20-40% of the aggregate with slag, although this indicator was not a
Accepted: September 8, 2026 universal optimal value. In some articles, it was pointed out that the use of blast furnace slag as

part of the base of a highway or for soil stabilization was associated with an increase in CBR. Some
authors point to a reduction in the consumption of Portland cement when using complex binders
containing granular blast furnace slag. Data on the improvement of water resistance, fatigue
resistance, Marshall stability, and rutting resistance of asphalt concrete with the introduction of
ACBFS and GGBFS in various proportions are also presented. Pretreatment of porous ACBFS was
also important: selective crushing and related separation methods reduced water absorption,
crushing value, and the proportion of weak porous particles. The main practical conclusion is that
BFS should not be treated as a single interchangeable material. Its use should be selected
according to slag type, particle quality, the component being replaced, and the required pavement
property. Further studies should examine whether improvements achieved by slag pretreatment
at the aggregate level are retained in concrete, asphalt mixtures, and pavement-base materials
under long-term service conditions.

Keywords: air-cooled blast furnace slag, ground granulated blast furnace slag, natural mineral
resource substitution, aggregate enrichment, cement concrete, asphalt concrete, pavement base
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Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources

Introduction

Road construction requires large volumes of
natural aggregates and cementitious materials. At
the same time, metallurgical production generates
mineral by-products that can partly replace these
conventional resources. Blast furnace slag (BFS) is
one of the most widely studied materials of this type
and is used in concrete, pavement layers, soil
stabilization, and asphalt mixtures [[1], [2], [3], [4],
(5], [6]].

The physical and mechanical properties of blast
furnace slag largely depend on the cooling method.
Slow air cooling produces air-cooled blast furnace
slag (ACBFS), which is mostly crystalline, angular,
and often porous and is used primarily as a coarse or
fine aggregate. During rapid cooling, granulated
blast furnace slag (GBFS) is formed, which has a
higher content of the glassy phase. After grinding,
GBFS is converted into ground granulated blast
furnace slag (GGBFS), which exhibits latent hydraulic
activity and is used mainly as a supplementary
cementitious material or as a mineral or reactive
filler [[7], [8], [9], [10], [11]]. The differences in the

appearance and microstructure of ACBFS and GBFS
are shown in Figure 1. The porous structure of some
ACBFS fractions may increase water absorption and
reduce resistance to cyclic environmental effects,
whereas denser or processed slag fractions can
show substantially better engineering properties
([6],[12], [13], [14], [15]].

Published studies address several distinct
applications of BFS, including aggregate
replacement in cement concrete, partial

replacement of cement by GGBFS, use in pavement
bases and subbases, soil stabilization, and
incorporation into asphalt mixtures. Direct
comparison of these studies is difficult because the
term “BFS replacement” may refer to replacement
of coarse aggregate, fine aggregate, cement, total
binder, or mineral filler. In addition, the studies
differ in slag type, dosage basis, treatment method,
mixture composition, curing conditions, and
performance criteria. As a result, replacement
percentages reported in different studies cannot be
interpreted independently of the function of the slag
in the material.

EHT= 5.00kV
WD = 19.10 mm

Signal A= SE1 Date :1 Dec 2025

Photo No. = 2776  Time :15:19:56

Figure 1 — General view and SEM images of blast-furnace slag: a) air-cooled blast-furnace slag (ACBFS); (b) SEM
micrograph of ACBFS; (c) granulated blast-furnace slag (GBFS); and (d) SEM micrograph of GBFS
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The aim of this review is to compare the
reported use of ACBFS, GBFS, and GGBFS in road
construction materials and to identify the main
relationships between slag type, processing method,
replacement level, and engineering performance.
Particular attention is given to cement concrete,
cementitious systems, pavement bases and
subbases, soil stabilization, and asphalt mixtures.
The review also examines the limitations associated
with untreated slag and the effect of processing and
modification on its potential use in pavement
materials

Materials and methods

The literature search covered publications
issued between 2000 and 2026 and was completed
on 25 July 2026. The main search was conducted in
Scopus, Web of Science, ScienceDirect, and
eLIBRARY.RU. ResearchGate and Academia.edu
were used as additional sources for locating full-text
publications. The search was based on a
combination of terms describing blast furnace slag
and its application in road and construction
materials. The following search expression was
used: (“blast furnace slag” OR “GGBFS” OR “ACBFS”)
AND (“pavement” OR “asphalt concrete” OR “road
construction” OR “cementitious composites”).

The search expression was adapted to the
syntax of the individual databases while retaining
the same set of keywords and the same publication
period. The reference lists of relevant publications
were also examined to identify additional studies
that could be useful for the analysis.

The database search identified a total of 1120
records published between 2000 and 2026. At the
title and abstract screening stage, 370 records were
excluded because their subject matter was outside
the scope of the review. Of the remaining 750
records, full-text versions were available for 342
publications. The full texts were subsequently
assessed with regard to the subject of the study, the
type of slag investigated, the presence of an
experimental component, and the availability of

quantitative results suitable for comparative
analysis.
After the full texts were checked, 262

publications were removed from the final sample.
The main reasons were the absence of experimental
work, the lack of separately reported data for blast
furnace slag, insufficient experimental detail, or a
topic outside the scope of this review. Publications

that could not be obtained in full text were not
included in the detailed assessment.

The final set included 80 publications: 77
primary research papers and three review articles.
The quantitative comparisons in this review are
based mainly on the primary studies. The three
review papers were used only for background
information, terminology, general research trends,
and for identifying additional primary studies from
their reference lists.

Records identified through database search
5 (Scopus, Web of Science, ScienceDirect,
i cLIBRARY.RU)
% (n=1,120)
g Publication period: 2000-2026)
=
Title aid abistract acieaning Records excluded as outside
(n=1.120) ) the scope of the review
(n=370)
. I
g Potentially relevant records after title Records for which full-text
‘E‘ and abstract screening —®| versions could not be obtained
‘ 3 (n=750) (n = 408)
“ l Full-text publications excluded
Full-text publications assessed (n=262)
( for eligibility | Reasons:
sy (n=342) * 1o experimental component
= o BFS data not separately identifiable
ﬁ I o insufficient experimental information
:h-.l * outside the defined scope
Publications retained in the final
reference base
(n=80)
I
i v v
‘ T Primary rescarch publications used Review articles retained as
'g for the comparative and quantitative secondary sources
Té synthesis (n=3)
- (n=177) Used for background information,
terminology, research trends, and
identification of additional primary studies

Figure 2 — Flow diagram of the literature search
and selection procedure

Primary studies were considered suitable for
comparative analysis when they met the following
conditions:

- they investigated blast furnace slag or one of
its principal forms;

- contained an experimental component;

- examined its use as an aggregate, cementitious
component, mineral or reactive filler, pavement-
base or subbase material, or soil-stabilization
component;

- reported quantitative results allowing the
influence of slag incorporation or treatment to be
evaluated;

- provided sufficient information on the
experimental conditions and composition of the
investigated material.
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Studies were excluded from comparative
analysis when they dealt exclusively with
metallurgical slags other than blast furnace slag, did
not report the BFS-related results separately, did not
contain original experimental data, lacked sufficient
information for interpretation of the experimental
results, or addressed applications outside the scope
of road construction and related construction
materials. Duplicate records and repeated
publications reporting the same experimental
dataset were considered only once.

The methodological suitability of the primary
studies was assessed during full-text analysis.
Particular attention was given to clear identification
of the blast furnace slag type, description of the
investigated materials and mixture composition,
specification of the slag content or replacement
level, description of the experimental procedure,
and availability of quantitative performance data.
Studies for which these parameters could not be
established with sufficient confidence were not used
for quantitative comparison.

To ensure a uniform interpretation of the
studies reviewed, the following terms and
definitions were used. Blast furnace slag (BFS) was
used as a general term encompassing various forms
of blast furnace slag. Air-cooled blast furnace slag
(ACBFS) was defined as a slowly cooled,
predominantly crystalline slag mainly used as coarse
or fine aggregate. Granulated blast furnace slag
(GBFS) was defined as a rapidly cooled, unground
slag used as a granular material or fine aggregate.
Ground granulated blast furnace slag (GGBFS) was
defined as ground GBFS, primarily used as a
supplementary cementitious material or as a
mineral or reactive filler. The abbreviation GGBFS is
used consistently throughout the main text, tables,
and figures, whereas the alternative abbreviation
GGBS is retained only when reproducing the
terminology of the source, including article titles and
the corresponding entries in the comparative tables.

Coarse aggregate refers to the larger particle-
size fraction, whereas fine aggregate refers to the
smaller particle-size fraction. The nominal boundary
between these fractions varies among standards; a
value of 4 mm is commonly used in European
practice, while other national systems use different
limits.

The primary studies were compared by slag
type, application, mixture composition, replacement
approach, test conditions, and reported
performance. They were grouped into four
application areas:

1) BFS as aggregate in cement concrete;

2) BFS as a supplementary cementitious
component;

3) BFS in pavement bases, subbases, and soil
stabilization;

4) BFS in asphalt mixtures.

The main experimental conditions and
quantitative results for each group were compiled in
tables 2-5. Particular attention was given to the slag
type, the component being replaced, the
replacement or dosage level, the modification or
activation method, and the resulting changes in
mechanical properties, durability, and other
performance characteristics.

Direct comparison of replacement percentages
reported in different studies was carried out with
caution because the same numerical value may refer
to different material functions. ACBFS is generally
used as a replacement for natural coarse or fine
aggregate, whereas GBFS and GGBFS may be used as
granular material, supplementary cementitious
components, or mineral and reactive fillers.
Accordingly, the interpretation of the reported
replacement levels was based on the type of slag,
the component being replaced, and the basis on
which the dosage was calculated.

Results and Discussion

Table 1 shows the chemical compositions of
blast furnace slag given in various scientific studies.
As can be seen from Table 1, the chemical
composition differs significantly depending on the
source of the slag. Nevertheless, CaO, SiO,, Al,O3,
and MgO are the principal oxide components in
most of the investigated slags. The reported
contents are approximately 29-50% CaO, 27-42%
Si0,, 5-22% Al,03, and up to 21% MgO. Together,
these oxides generally account for more than 90% of
the slag composition [[12], [13], [16], [17], [18], [19],
[20], [21], [22], [23], [24], [25], [26], [27], [28], [29],
[30], [31], [32], [33], [34], [35], [36], [37], [38], [39],
[40], [41], [42], [43]].
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Table 1 - Chemical composition of blast furnace slags reported in the reviewed studies, wt.%

Slag Cao SiO; Al,O; | FexO3 | MgO MnO S SO3 NaxO K20 Source
WBFS | 32.54 | 3253 | 12.14 | 159 | 17.60 | 1.03 | 1.05 0.12 | 0.60 Kambole C, et al. [12]
FBFS | 35.09 | 3551 | 13.72 | 1.75 | 9.16 | 137 | 0.59 030 | 1.26
BFS 34-43 | 27-38 | 7-12 7-15 | 0.15- | 1.0- Ren Q, et al. [13]
076 | 1.9
GGBFS | 449 | 354 | 13.0 | 047 | 5.01 1.31 0.37 Lee G, et al. [16]
GBFS 39.1 | 351 | 12.8 0.7 10.1 - Bonavetti VL, et al. [17]
BFS 4269 | 40 735 | 228 | 5.19 1.24 0.74 Deboucha W, et al. [18]
ACBFS | 30-40 | 2842 | 522 | 03- | 515 | 0.2-1 | 12 Kanniyappa N, et al. [19]
1.7
GBFS 357 | 369 | 9.41 | 228 | 9.03 1.6 | 0.06 1.1 1.2 Fuentes-Romero M, et al.
[20]
GBFS 37.8 | 35.11 | 17.54 - 5.54 0.7 0.38 | 0.98 Ozkan 0. [21]
BFS 38.96 35.5 12.52 0.54 9.88 0.54 0.07 0.43 Carrasco MF, et al. [22]
GBFS | 38.05 | 34.87 | 14.38 | 0.89 | 8.03 1.96 | <0.01 | 0.72 Kovtun M, et al. [23]
BFS 408 | 35.4 13 0.5 8.0 0.1 0.2 0.5 Zhou J, et al. [24]
GBFS 37.8 334 11.3 0.5 8.9 0.5 3.4 0.5 0.9 Burciaga-Diaz O, et al. [25]
ACBFS | 41.37 | 39.01 | 9.14 757 | 051 001 | 0.64 Nicula LM, et al. [26]
GGBFS | 40.80 | 38.10 | 9.50 | 0.56 | 8.10 | 0.23 0.30 | 0.68
BFS 40.47 | 3528 | 9.71 | 056 | 876 379 | 041 | 045 Bleszynski R, et al. [27]
BFS 21.98 | 33.69 8.69 23.73 0.88 2.47 0.949 0.89 Vadhera K, et al. [28]
GGBFS | 32.61 | 36.70 | 14.21 | 0.98 | 10.12 099 | 042 | 0.76 Yahyaee T, Elize HS [29]
ACBFS | 311 | 313 | 119 | 167 | 13.7 | 0.291 0.515 | 0.639 Tole |, et al. [30]
GGBFS | 30.3 34 11.6 | 0.291 | 12.1 | 0.516 0.531 | 0.811
BFS 39.63 38.3 8.81 0.98 5.54 1.35 0.13 0.59 Benmammar M, et al. [31]
GBFS | 37.79 | 35.09 | 17.54 550 | 0.83 | 0.66 0.30 Yuksel I, et al. [32]
BFS 3245 | 3247 | 994 | 1.25 | 931 | 351 | 033 | 0.82 | 031 | 085 Gegkil T, et al. [33]
BFS 44,50 | 33.84 | 10.35 0.67 7.99 - 0.20 0.40 Lubeck A, et al. [34]
GGBFS 41.81 | 36.44 | 11.60 0.78 5.8 0.55 0.345 | 0.428 Nicula L. M, et al. [35]
BFS 30.4 35 14.3 0.3 16.1 0.5 0.7 0.6 0.7 Humad AM, et al. [36]
GBFS 37.09 | 35.91 | 12.56 0.34 11.23 1.19 0.25 0.49 Tan K, et al. [37]
ACBFS 443 40.7 8.0 5.2 0.2 0.65 Kunaev V, et al. [38]
GBFS | 33.9- | 34.3- | 9.0- | 0.00- | 87- | 0.10- 0.19- | 0.19- | Adigamov RR, et al. [39]
409 | 420 | 129 | 174 | 140 | 1.11 072 | 1.52
GGBFS | 37.34 | 37.73 | 1442 | 1.11 | 871 | 0.02 | 0.39 Karikatti V, et al. [40]
GBFS 344 | 420 | 122 1 6.8 1.1 0.6 0.9 Soganci AS, et al. [41]
GGBS | 32,61 | 367 | 1421 | 098 | 10.12 099 | 0.42 | 0.76 Yahyaee T, et al. [42]
BFS 38.10 | 36.00 | 13.00 0.60 6.60 0.60 0.50 1.10 Bagheri AR, et al. [43]
The differences between individual samples are  affect water absorption, particle strength,

most noticeable for MgO and Al,0s. CaO and SiO,
contents are comparatively less variable, although
their ratio also changes between slag sources. These
variations reflect differences in raw materials, blast-
furnace operation, cooling conditions, and
subsequent processing. Therefore, slags classified
under the same general term may differ
substantially in mineral structure and engineering
behaviour.

The cooling method is particularly important
when the slag is considered for construction
applications. Slowly cooled ACBFS is mainly
crystalline and commonly has a rough and porous
particle surface. These characteristics are relevant
when the material is used as aggregate because they

compaction, and the quality of the aggregate—paste
or aggregate—bitumen interface. Rapidly cooled
GBFS contains a larger glassy fraction, while grinding
increases its specific surface and produces GGBFS
suitable for use as a cementitious component.

The Ca0-Si0,—Al,03—MgO composition of GBFS
and GGBFS provides the chemical basis for their
latent hydraulic behaviour. During hydration or
activation, these materials can contribute to the
formation of calcium silicate hydrate and calcium
aluminosilicate hydrate phases. However, chemical
composition alone is insufficient to predict
performance. Fineness, glass content, activation
conditions, replacement level, and the composition
of the surrounding binder also influence the
resulting properties.
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Blast furnace slag as aggregate in cement
concrete.

Blast furnace slag is used as both coarse and fine
aggregate in cement concrete. The studies
summarized in Table 2 show that the resulting
properties depend not only on the replacement level
but also on slag type, particle porosity, grading,
mixture composition, and compaction conditions.

Several studies reported favourable results at
moderate replacement levels. About 30% ACBFS
replacement of natural coarse aggregate gave the
best overall result in M25 concrete [19]. For
unground GBFS used as fine aggregate, favourable

results were reported at about 20-30% replacement
[[32], [44]], while 30% replacement of natural river
sand with GBFS produced the highest compressive,
splitting tensile, and flexural strengths in [45]. In
road concrete containing a constant GGBFS dosage
and 20-60% ACBFS sand, the mixture with 20%
ACBFS showed the lowest pore density after 300
freeze—thaw cycles [35], the highest wear resistance
among the slag mixtures [46], and lower shrinkage
[47]. These results explain why replacement levels of
approximately 20-40% occur repeatedly in the
reviewed studies. This range, however, should be
regarded only as a recurring tendency and not as a
universal optimum.

Table 2 — Blast furnace slag as coarse or fine aggregate in cement concrete for road and civil construction

Authors Year Substitution approach Key quantitative results

Kanniyappan 2018 Replacement of natural coarse | At 28 days, compressive strength peaked at 35.64 MPa

SP, et al. [19] aggregate with ACBFS at 0%, 10%, | with 30% ACBFS, 19.4% above the control (29.86 MPa).
20%, 30%, 40%, and 50% in M25 | Split tensile strength reached a maximum of 4.99 MPa
concrete. at 40% ACBFS, 28.6% above the control (3.88 MPa). The

authors recommended ACBFS contents up to 30% for
overall use.

Ozkan O [21] 2007 Fly ash replaced part of the cement, | Compressive strength, bulk density and water
while unground CBA and GBFS | absorption all decreased as the combined waste content
replaced fine aggregate (FA). Two | increased. The authors considered the modest strength
series were studied: M1 with | reduction acceptable only for low-strength concrete
CBA+GBFS and M2 with | when CBA and GBFS contents were kept within
FA+CBA+GBFS; properties were | reasonable limits.
measured at 7, 28 and 90 days.

Nicula LM, et 2023 Road-concrete mixes contained | Flexural strength increased from 28 to 90 days by

al. [26] 15% GGBS replacing cement and | 20.72% and 20.26% for the two slag concretes, versus
either 25% or 50% ACBFS replacing | 18.58% for the reference. The 15% GGBS + 25% ACBFS
natural sand; reference mix | concrete reached performance similar to the control at
contained conventional cement and | 90 days. GGBS was strength class 80 at 28 days and class
natural aggregate. Mortars with | 100 at 90 days by HAI.

50% GGBS were also studied for
HAI.

Vadhera K, et 2017 BFS incorporated into rigid- | Concrete with 100% slag aggregate showed 10% higher

al. [28] pavement concrete replacing stone | compressive strength than conventional. Split tensile
coarse aggregate (0%, 20%, 40%, | strength dropped 48% at 40% slag but rose ~10% at
60% and 100%) higher replacements.

Yahyaee T, et 2024 GGBFS replaced 30%, 40%, and 50% | At 28 days, G50S1.5 reached 30.1 MPa, only 5.5% below

al. [29] of Portland cement by mass; steel or | the control. At 90 days, G5051.5 showed >38% higher
carbon fibers were added at 0.5%, | compressive strength than the control. G30S1.5
1.0%, and 1.5% by concrete volume; | increased flexural strength by 33.3% at 28 days and
w/c =0.40. 32.22% at 90 days. G50S1.5 improved abrasion

resistance by 25%, while G50S0.5 reduced CO,
emissions by 40.34%.

Yuksel |, et al. 2007 Non-ground GBFS, bottom ash (BA), | Freeze—thaw resistance improved at low-to-moderate

[32] or an equal GBFS+BA blend replaced | replacement levels, with the best performance around
10%, 20%, 30%, 40%, and 50% of the | 20% and an acceptable range of 20-30%. The 10%
natural 0-3 mm fine aggregate. | replacement level gave the lowest capillarity, while all
Durability was assessed by high- | mixtures remained within abrasion limits. Overall, the
temperature, freeze—thaw, drying— | authors identified 20% fine-aggregate replacement as
wetting, capillarity, and abrasion | the optimum level for normal concrete.
tests.
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Nicula LM, et 2021 | Three slag road-concrete mixes | After 300 freeze—thaw cycles, $54/20 (containing 360
al. [35] used a constant 54 kg/m3 GGBS and | kg/m?3(cement) + 54 kg/m3 (GGBS) and 20% (ACBFS)_0/4
20%, 40% or 60% crushed ACBFS | mm + 80% (natural sand)_0/4); showed the lowest pore
aggregate; two conventional | density and the highest compressive strength. Mixtures
concretes used 360 and 414 kg/m3 | with 40-60% ACBFS exhibited increased gel and capillary
Portland cement. Samples were | pore sizes.
subjected to 300 freeze-thaw
cycles.
Adigamov RR, 2020 Milled granulated BFS replaced 40% | 40% GGBFS replacement yielded 6.80 MPa flexural and
et al. [39] of Portland cement in road- | 53.5 MPa compressive strength, reduced water
pavement concrete. absorption by 45% (to 2.6%), doubled frost resistance,
and improved abrasion resistance by 40%.
Nicula LM, et 2020 Three road-concrete  mixtures | After 300 freeze-thaw cycles, S54/20 showed no
al. [48] contained a constant 54 kg/m3 | measurable reduction in freeze-thaw resistance (UPV =
GGBFS (13% cement replacement | 4.642 km/s; dynamic modulus = 41.26 GPa), while the
relative to the 414 kg/m?® cement | reduction was only 0.12% for S54/40 and 2.74% for
control) and 20%, 40% or 60% | S54/60. Water penetration remained below 8 mm for
crushed ungranulated blast-furnace | S54/20 and S54/40 but increased to 16 mm for S54/60.
slag (0/4 mm) replacing natural
sand.
CaoQ, etal. 2022 ACBFS coarse aggregate replaced | A 30% ACBFS replacement produced mechanical
[49] limestone coarse aggregate by | properties close to, and in some cases slightly higher
volume at 30%, 50% and 100%; both | than, those of natural-aggregate UHPFRC. At 100%
straight and hooked steel fibres | replacement, compressive strength decreased by about
were incorporated in ultra-high- | 4.5% in UR100 and 14.4% in UB100; elastic modulus
performance fiber-reinforced | decreased by about 2%, while flexural strength
concrete (UHPFRC) mixtures. decreased by 9.44% and 30.25%, respectively.
Workability and density decreased as ACBFS content
increased.
Nicula LM, et 2023 Five road-concrete mixtures: | At 150 days, flexural tensile strength reached 6.57 MPa
al. [47] controls S360 and S414; slag | for S54/20 (mix with 20 % BFS) and 6.31 MPa for S54/60.
mixtures contained 360 kg/m3? | Shrinkage versus S414 decreased by 32.02% for S54/20
cement + 54 kg/m® GGBS and | and 27.53% for S54/60 (mix with 60 % BFS). At 480 days,
replaced natural 0/4 mm sand with | all slag concretes exceeded controls in compressive
ACBFS at 20%, 40% and 60%. strength; S54/60 was highest. S54/20 showed the
lowest portlandite content and Ca/Si = 1.96.
Verian KP, et 2015 Natural dolomite coarse aggregate | ACBFS concrete developed up to ~6% higher
al. [50] was replaced with ACBFS. Four | compressive strength but up to ~15% lower flexural
pavement concretes were studied: | strength than dolomite concrete. Under CaCl, freeze—
ACBFS - and dolomite-based | thaw exposure, plain ACBFS concrete failed after 111
mixtures with either 100 % ordinary | cycles versus 151 cycles for plain dolomite concrete,
Portland cement (OPC) or 20% Class | whereas the corresponding fly-ash concretes remained
C fly ash replacing OPC by mass; | intact after 321 and 350 cycles, respectively.
w/cm =0.42.
Sawant AB, et 2019 Natural coarse aggregate was | Among the BFS mixtures, 50% coarse-aggregate
al. [51] replaced by BFS at 50%, 75% and | replacement gave the highest compressive strength. At
100%. Two M40 concrete mixtures | 28 days, 50% BFS reached 48.15 MPa versus 48.74 MPa
with w/c = 0.50 (Mix A) and 0.45 | for the Mix A control and 48.74 MPa versus 50.52 MPa
(Mix B) were investigated. for the Mix B control. At 56 days, the corresponding BFS
concretes exceeded the controls, reaching 50.07 vs.
49.04 MPa and 55.70 vs. 53.93 MPa, respectively.
Tay, etal. [52] | 2023 Granulated blast-furnace slag fine | Freeze—thaw resistance improved as the BFS fine-

aggregate replaced silica sand at
25%, 50%, 75% and 100% by
volume. Freeze—thaw resistance
under 3% NaCl exposure, electrical

resistivity, chloride-ion diffusion,
and ITZ microstructure were
evaluated.

aggregate fraction increased. At w/c = 40%, mortar with
BFS-H retained >80% of its mass after 28 cycles, whereas
the crushed-sand mortar was nearly destroyed by 24
cycles. Mixtures containing 275% BFS-I retained >90% of
their mass after 10 cycles, while the silica-sand
reference was almost completely deteriorated. BFS also
increased electrical resistivity and reduced chloride-ion
diffusion. A 0.45-1.4 um reaction layer containing
hydrotalcite-like phases was identified at the BFS—
cement-paste ITZ.
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Dhanasri K, et 2013 Natural coarse aggregate was | At 30% replacement, 28-day compressive strength
al. [53] replaced with BFS and natural fine | remained approximately equal to the control, while
aggregate with crusher dust | splitting tensile and flexural strength showed only a
simultaneously at 0-100% in 10% | marginal increase. Above 30%, the mechanical
increments; concrete proportion | properties declined.
1:1.86:3.77, w/c = 0.45.
Rios JD, et al. 2019 ACBFS wused as industrial-waste | 50% ACBFS in self-compacting concrete lowered density
[54] aggregate in  self-compacting | (3-5%) and strength (23.7-26.5 MPa vs. 41.2 MPa), but
concrete; the study compares | vibrated mixes reached 56.7 MPa - 37% higher than
concrete containing slag aggregate | reference overcoming porosity via compaction. Fracture
with conventional SCC. energy rose 10.5-30% (51.3-60.6 N/m), with minor
tensile loss. Leaching confirmed ACBFS as inert (EU
2003/33/EC).
Vamsi Mohan 2017 Natural fine aggregate and sand | Concrete with 20% GBFS reached 48.04 MPa at 28 days
U, et al. [44] were replaced with 10%, 20%, and | (w/c=0.3), 14% higher than the reference (42.14 MPa);
30% GBFS. at 30%, strength fell to 27.81 MPa (34% lower),
indicating ~20% as optimal. Gains were strongest at low
w/c (0.3-0.4), where GBFS densified the microstructure
and enhanced long-term strength.
DZananovi¢ A, 2018 | The authors used BFS (fraction | 100% BFS aggregate concrete reached 39.5 MPa at 28
et al. [55] 0/4mm, 4/8mm, 8/16mm, | days, 32% above the C25/30 benchmark.
16/31,5mm, 8- 11,2 mm, 11,2- 16
mm, 16-22,4mm) in concrete.
Nicula LM, et 2020 | Three slag concretes contained 54 | Wear resistance was highest for the mix with 20 % BFS
al. [46] kg/m3® GGBS and replaced natural | and lowest for the mix with 60 % BFS. Abrasion
0/4 mm sand with ACBFS at 20%, | resistance followed compressive strength inversely
40% and 60%; compared with | through volume loss: stronger mixtures had lower
conventional S360 and S414 | abrasion loss. 20 % BFS and 40 % BFS exceeded S414, but
mixtures. Abrasion was tested at | slag mixtures were below the richer S360 control.
100 and 150 days by the Béhme
method.
Sawant AB, et 2019 Natural coarse aggregate was | Among the BFS mixtures, 50% coarse-aggregate
al. [56] replaced by BFS at 50%, 75% and | replacement gave the highest compressive strength. At
100%. Two M40 concrete mixtures | 28 days, 50% BFS reached 48.15 MPa versus 48.74 MPa
with w/c = 0.50 (Mix A) and 0.45 | for the Mix A control and 48.74 MPa versus 50.52 MPa
(Mix B) were investigated. for the Mix B control. At 56 days, the corresponding
values were 50.07 vs. 49.04 MPa and 55.70 vs. 53.93
MPa, respectively.
Singh G, et al. 2015 GBFS used as replacement for | Under normal curing, maximum compressive strength
[57] natural sand in concrete; several | occurred at 50% GBFS (35.62 MPa at 28 d and 40.63 MPa
contents were investigated | at 90 d), compared with 20.79 and 22.56 MPa for the
together with compressive-strength | control. Under artificial marine conditions, maximum
and cost analysis. strength occurred at 60% GBFS (32.63 and 36.58 MPa at
28 and 90 d). Considering both strength and economy,
the authors identified 40-50% GBFS as optimum under
normal conditions and 50-60% under marine
conditions.
Mujedu KA, et 2018 100% replacement of crushed | Slump decreased from 47-48 to 41-43 mm for the
al. [58] granite coarse aggregate by BFS in | 1:1.5:3 mix and from 45-46 to 39—40 mm for the 1:2:4
two nominal mixes, 1:1.5:3 and | mix. At 28 days, compressive strength decreased from
1:2:4, both with w/c = 0.55. 20.00 to 18.96 MPa and from 17.93 to 17.33 MPa,
respectively. BFS concrete also had lower density,
although all measured densities remained within the
normal-concrete range (2200-2550 kg/m3).
Pawar VS, et al. | 2022 Natural river sand was replaced | The best overall mechanical performance was reported

(45]

with GBFS. Compressive strength
was evaluated at replacement levels
of 25%, 30%, 35%, 40%, and 50%,
while splitting tensile and flexural
strengths were evaluated at 25%,
30%, and 35%.

at 30% replacement. Relative to the control concrete,
compressive strength increased by 11.80%, splitting
tensile strength by 22.64%, and flexural strength by
12.53%. Strength generally decreased when the GBFS
content exceeded 30%.
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The effect of slag aggregate also differs between
individual performance indicators. In [32], the
lowest capillarity was obtained at 10% GBFS,
whereas the best freeze—-thaw performance
occurred at about 20%, with 20-30% considered an
acceptable range. All mixtures tested in that study
remained within the abrasion limits. In UHPFRC, 30%
ACBFS produced mechanical properties close to
those of the natural-aggregate reference, while
further replacement reduced workability, flexural
strength, fracture toughness, and fracture energy
[49]. In pavement concrete, ACBFS increased
compressive strength by approximately 6%
compared with dolomite aggregate, but flexural
strength was about 15% lower [50]. These results
show that the replacement level associated with the
highest compressive strength may not provide the
best response for other properties relevant to
pavement performance.

Higher replacement levels can nevertheless be
effective in some mixtures. Complete replacement
of natural aggregate with BFS gave higher
compressive strength than conventional concrete in
[28] and [55]. In contrast, self-compacting concrete
containing ACBFS aggregate showed compressive
strengths of 23.7-26.5 MPa compared with 41.2
MPa for the reference mixture, while vibration
increased the strength to 56.7 MPa [54]. This
difference indicates that the performance of high
slag contents is strongly affected by particle quality
and the degree of compaction.

Figure 3 summarizes the BFS replacement levels
for which favourable values of selected performance
indicators were reported. The ranges represent the
span between the lowest and highest reported
contents associated with favourable results and
should not be interpreted as continuous optimum
intervals. Intermediate contents were not
necessarily tested in all studies and did not
necessarily produce the same level of performance.
Isolated favourable values outside the main ranges
are shown separately.

Pretreatment can substantially improve the
properties of ACBFS aggregate. Density-based
separation reduced water absorption from
approximately 4.9-6.8% to 2.19-3.13%, decreased
the crushing value from 30-31% to 20-21%, and
increased frost resistance from about 150 to 300-
400 cycles [6]. Selective crushing followed by
hydrophobization reduced water absorption to

1.08% and the mass loss after 15 sodium-sulfate
cycles to 1.87% [38]. These results indicate that the
replacement level should be considered together
with the physical quality of the slag fraction.
Removal of weak and highly porous particles can
reduce variability and allow higher slag contents to
be used without the same loss of aggregate quality.

GGBFS as a
material.

In addition to its aggregate function, blast
furnace slag is frequently used as a supplementary
cementitious material in various composites (Table
3). In [18], replacement levels up to 30% provided
equal or higher medium- and later-age strength,
whereas 40% GGBFS reduced capillary absorption by
approximately 40%. In [31], contents above 40%
produced a marked increase in 28-day porosity.
Conversely, long-term testing of pavement concrete
showed that slag mixtures could exceed control
strength at 480 days [47]. Assessment at only 7 or 28
days therefore systematically underestimates the
later-age contribution of GGBFS.

supplementary cementitious

The replacement levels associated with the
highest strength and the best durability
performance did not necessarily coincide in the
studies summarized in Table 3. Several studies
reported favourable combinations of early strength,
workability, and later-age performance at GGBFS
contents within approximately 20-40% of the
cementitious component [[18], [31], [39], [59], [60]].
This interval should be regarded as a recurring
tendency in the reviewed evidence rather than as a
generally applicable optimum. Higher contents of
50-70% may be justified when electrical resistivity,
chloride resistance, clinker reduction or specialized
performance is prioritized. For example, 50% GGBFS
in white cement produced approximately 35-60
MPa compressive strength, about five times the
electrical resistivity and 14.6% lower cost, whereas
further slag addition increased resistivity but
reduced strength [34]. Increasing the GGBFS content
from 10% to 50% resulted in a denser pore structure.
At 50% replacement, the average pore diameter
decreased by 47% at 28 days. The same mixtures
also showed lower chloride permeability and higher
electrical resistivity in long-term tests, although
carbonation became more pronounced at higher
GGBFS contents [42].
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(a) Cement concrete: BFS as aggregate (c) Key for the figure
Performance indicator Reported favourable range / level References
= Reported favourable range
. 19.28. 32. 34, 44, (minimum — maximum level)
Compressive strength 55%'49%’51‘ '55’ 57, (;1]
10-60% 100%
. Reported favourable single level
Splitting tensile i | (19,28, 45, 49] (specific content)
strength 30-100%
! ’ 4 The ranges indicate the span between the lowest
Capillarity 4 I TS [18,32] and highest BFS contents for which favourable
10% 2 values of the corresponding performance indicator
F b were reported in the selected studies. They do not
r?eZ&t v —— ’ [32, 35,48, 52] imply that all intermediate contents were tested
resistance 20-60% 75-100% or produced equally favourable results.
Wear resistance [29, 32, 39, 46]
10-50%
(b) Asphalt concrete
ACBFS (aggregate)
Porosi * 73
ty 21% (7]
Marshall stability/flow 21% [73, 79, 80]
Indirect tensile strength (ITS) (73, 80]
1-21%
GGBFS (filler / reactive component) Notes:
1. Percentages refer to different components
Marshall stability ;} [791 in different studies (e.g. aggregate, cement,
. X * filler). They are not directly comparable
Indirect tensile strength (ITS) % [76, 80] Hetweenstiies.
Rut depth L 3 4‘VI [77,79] 2. The references correspond to the studies
= included in Tables 2-5.
Stiffness modulus ratio (SMR) 4"7 (771
3
0 20 40 60 80 100

BFS replacement or dosage level (%)

Figure 3 — Reported BFS replacement levels associated with favourable values of selected performance indicators

Table 3 — BFS as a supplementary cementitious material in cement-based composites

et al. [22]

by combined limestone filler
and BFS, with the experimental
domain including up to 22%
limestone filler and varying BFS
content; strengths were
measured at 2, 7, 14, 28, 90 and
360 days.

Authors Year Substitution approach Key quantitative results
Bonavetti VL | 2014 Portland cement was replaced | Silica fume provides early-age acceleration, while GBFS
[17] by silica fume up to 10% and/or | contributes to later-age strength; their synergy enables high
GBFS up to 70%; binary and | clinker replacement without proportionate strength loss.
ternary binders were studied
under sealed curing.
Deboucha W, | 2015 Cement replaced separately | BFS replacement up to 30% produced equal or better medium-
et al. [18] with BFS or natural pozzolana at | and long-term strength than the control. At 40% BFS, capillary
10%, 20%, 30% and 40%. water absorption decreased by approximately 40% relative to
the control; the control absorption was about 3.32 kg/m?2.
Fuentes- 2011 100% H-class cement; 100% | Pure H-class cement exceeded 20 MPa by 7 days; the 20% GBFS
Romero M, et GBFS activated with 2% or 5% | blend exceeded 20 MPa by 14 days. Increasing NaOH from 2%
al. [20] NaOH; and H-class | to 5% increased activated-slag strength. However, slag addition
cement/GBFS blends containing | reduced early strength and the authors concluded that overall
20%, 40%, 60% and 80% GBFS. | durability was limited for the tested composites.
Sulfate resistance and alkali-
aggregate reactivity  were
evaluated.
Carrasco MF, | 2005 Portland cement was replaced | The ternary LF-BFS—-PC blend outperformed the individual

binary systems because limestone filler improved early strength
and BFS improved later strength. Quadratic strength models
had R? values of at least 0.80.
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Zhou J, et al. 2009 ECC matrices contained | At 28 days, the optimized mixture achieved 3.3% tensile strain
[24] Portland cement, limestone | capacity, 57 um crack width and 38 MPa compressive strength.
powder and BFS; BFS | The simplified CEM I1l/B mixture achieved 3.1%, 76 um and 40
replacement of cement | MPa, respectively. All mixtures had average crack widths below
increased from 50% to 70%. A | 100 pum.
simplified mixture used CEM
111/B slag cement and limestone
powder. PVA fibre content was
2% by volume.
Bleszynski R, 2002 Seven field and laboratory | After approximately 2 years of outdoor exposure, significant
et al. [27] concretes, including three | alkali-silica expansion occurred in the high-alkali control,
ternary Portland cement—silica | whereas it was not observed in the ternary mixtures. Ternary
fume-blast-furnace slag | systems also showed improved resistance to chloride ingress
mixtures. and deicer-salt deterioration.
Benmammar | 2019 Reference concrete plus silica- | At 28 days, ultrasonic pulse velocity of all mixtures was
M, et al. [31] fume concretes at 5%, 10% and | approximately 3.96-4.36 km/s. Silica-fume concretes had
15% cement replacement and | higher dynamic modulus, UPV and compressive strength than
BFS concretes at 20%, 40% and | the control. BFS slowed early hydration; porosity increased
60%; binder = 350 kg/m® and | markedly above 40% replacement.
w/p = 0.50.
Lubeck A, et 2012 White Portland cement | The 50% GGBFS + 50% white-cement concrete delivered
al. [34] replaced with 50% or 70% | approximately 35-60 MPa compressive strength, about five
GGBFS; corresponding grey- | times the electrical resistivity of the reference, 14.6% lower
cement mixtures and 100% | cost per m3 and nearly unchanged whiteness. Higher slag
white/grey cement controls | contents increased resistivity but reduced strength.
were tested at several w/b
ratios. Some mixtures used
Na2S04 activation.
Divsholi BS, et | 2024 Portland cement replaced with | Increasing GGBFS content refined the pore structure; at 50%
al. [42] 10, 30 and 50% GGBFS; w/cm = | replacement the average pore diameter decreased by 47% at
0.4,0.5and 0.6 28 d. At 4 vyears, chloride permeability remained very low
(~400-800 C, depending on w/cm), while electrical resistivity
reached 33-72 kQ-cm. Compressive strength was maintained or
slightly increased, although carbonation increased at 30-50%
replacement.
Bagheri AR, et | 2012 Binary slag concretes contained | Silica fume only moderately accelerated strength development
al. [43] 15%, 30% and 50% low- | of low-reactivity slag concrete but substantially improved
reactivity Grade 80 slag; binary | electrical resistance, RCPT and chloride-migration performance
silica-fume concretes contained | up to 180 days. Ternary blends also required less
2.5%, 5%, 7.5% and 10% SF; | superplasticizer than silica-fume-only mixes.
ternary combinations were also
tested. Total binder = 420 kg/m3
and w/b = 0.38.

Familusi AO, 2017 A partial replacement of cement | 20% BFS replacement gave peak 28-day strength (20.87
et al. [59] in concrete with 0%, 5%, 10%, | N/mm?), 67% above control (12.50 N/mm?; F=5.873, p<0.01),
15%, and 20% BFS. despite lower workability at w/c=0.5.

Verma N, etal. | 2016 Replacement of fine and coarse | Replacing cement with 10-20% BFS (with 30% cast iron chips)

[61] aggregate of cement with 10%, | slightly increased compressive strength, but at 30% BFS + 30%
20%, 30% BFS and sand with | chips, strength dropped by 6.12% (7 days) and 1.4% (28 days).
Cast Iron Chips
Okba SH, et al. | 2006 Addition of 0%, 17,5%, 23,3%, | Higher slag replacement reduced 28-day strength but increased
[62] 25%, 35%, 75% BFS into | it significantly by 360 days. Slag mixes showed markedly
concrete (instead of cement) improved corrosion and sulfate resistance at late ages, with
resistance rising as slag content increased. Strength loss was
greater in 5% MgS04 than 2% MgSO04 solutions.
Iravani A, et al. | 2022 The study evaluated the effect | BFS cement (CEMIII/A) can significantly improve the residual

(63]

of ground granulated blast
furnace slag on the thermal
performance of concrete under
repeated heating—cooling
cycles.

compressive and flexural strengths, particularly after exposure
to 20 thermal cycles and in combination with thermally stable
aggregates such as basalt.
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Babu KG, et al. | 2000 Addition of GGBS in concrete at

[60] the replacement levels: 0%,
10%, 30%, 50%, 60%, 65%, 70%,
80%

GGBS concrete strength depends on replacement level and age:
10-30% replacement yields 28-day strength comparable to or
exceeding control, while 50-80% causes significant reduction.
To match conventional concrete strength at 50% and 65% GGBS
replacement, binder content must increase by 8.5% and 19.5%,
respectively.

Huang H, et al. | 2014 BFS in cement paste containing
[64] 66% of slag and saturated Ca
(OH)2 solution as an activator

66% BFS cement paste achieved ~60% filling of 10 um cracks
after 240 h self-healing in Ca(OH)2 solution. Crack ettringite (9.5
wt.%) doubled bulk content (5 wt.%); carbonation initially
raised filling to 56% but declined to 47% upon completion.

De Matos PR, | 2020 Pastes and self-compacting
et al. [65] concrete (SCC) with GBFS, ACS
and LF

ACS as SCM raised paste yield stress by 44-88% and viscosity vs.
limestone, needing 0.95-1.36 kg/m? superplasticizer for target
flow. Despite no pozzolanic activity up to 91 days, ACS matched
limestone in strength (~50 MPa) and hydration heat (~440 J/g),
especially in 50/50 blends.

The efficiency of high replacement levels
increases in multicomponent systems. Silica fume
accelerates early hydration and compensates for the
delayed strength development of GGBFS, while slag
provides later-age strength and structural
densification [17]. Limestone filler has a similar
kinetic role: it improves early strength, whereas
GGBFS improves later strength, allowing ternary
systems to outperform corresponding binary
mixtures [22]. Field exposure of Portland cement—
slag—silica fume concretes showed no significant
alkali-silica expansion and improved resistance to
chloride ingress and deicer salts relative to the high-
alkali control [27]. The optimum slag content should
therefore not be selected in isolation; it depends on
slag reactivity, fineness, activating components, and
the target age.

Specialized composites permit even higher
GGBFS  contents. Engineered  cementitious
composites containing 50-70% slag replacement
achieved 3.3% tensile strain capacity, a mean crack
width of 57 um, and 38 MPa compressive strength
[24]. In alkali-activated systems, 100% GGBFS with
5% Na,O reached up to 120 MPa [25], while chemical
acceleration of carbonate-activated slag yielded up
to 15 MPa after 24 h, compared with about 2.5 MPa
after 48 h without an accelerator [23]. These values
cannot be transferred directly to conventional
Portland-cement concrete because high alkali
concentrations, shrinkage, carbonation,
efflorescence, activator  safety, and the
environmental burden of sodium silicate require
separate assessment.

Thus, maximizing the benefits of GGBFS requires
an integrated optimization of replacement level,
binder composition, and intended service
performance rather than pursuing compressive
strength alone.

Road bases, subbases and soil stabilization.

In pavement base and subbase layers, the
performance of ACBFS is determined mainly by its
bearing capacity, resistance to crushing and
abrasion, volumetric stability, and behaviour in the
presence of water. The studies summarized in Table
4 show that blast furnace slag can provide high
bearing capacity, although this result alone is
insufficient for assessing its suitability for road-base
applications. Fresh and weathered BFS in [12]
showed CBR values of 128% and 153%, respectively,
with long-term expansion of 0.39% and 0.32%. In
[66], CBR values of 95.3%, 88.7%, and 76.1% were
obtained for base, subbase, and subgrade
conditions, respectively, while the Los Angeles loss
reached 49.2%, exceeding the specified 35% limit.
These results show that high CBR values may coexist
with  insufficient  resistance to  aggregate
degradation.

The physical quality of the slag aggregate is
therefore an important factor in base and subbase
applications. In [6] and [38], selective crushing,
density or friction separation, and hydrophobization
reduced water absorption, crushing value, and cyclic
mass loss. Such treatment can remove weak and
highly porous particles and improve the uniformity
of the resulting aggregate. For practical use, the
assessment of ACBFS should therefore include not
only volumetric stability and chemical safety, but
also particle density, open porosity, crushing
resistance, abrasion resistance, and consistency
between batches.

A different relationship applies to bound soil and
base stabilization. Adding 20% BFS to clay increased
CBR from 25.6% to 222.9%, reduced calculated
pavement thickness from 66 to 51 cm, and lowered
estimated cost by 5.65% [33]. In a slag—gypsum-—
reclaimed-asphalt cement-free binder, mixtures
with 47.5% GGBFS achieved about 27-29 MPa at 28
days, while 60% GGBFS reached approximately 41

— 119 ——




2028; 346(3):108-130

ISSN-L 2616-6445, ISSN 2224-5243

MPa at 90 days [67]. A ternary binder containing
50% GGBFS, 30% electrolytic manganese residue,
and 20% cement, used at 5% of dry sediment mass,
exceeded 6 and 8 MPa at 7 and 28 days; relative to
8% cement, cement use fell by 87.5%, CO, emissions
by 84.5%, and cost by 67% [68]. Road bases are
therefore among the most promising applications
for deep decarbonization because the required
strength can be achieved with substantially less
clinker than in structural concrete.

Nevertheless, most studies in Table 4 are based
on laboratory CBR, UCS, or individual material
properties. Reliable service-life prediction requires
repeated-load testing, resilient modulus and
permanent-deformation measurements, saturation,
freeze—thaw cycles, seasonal moisture variation,

and long-term leaching. Chemically bound
stabilization using GGBFS must also be distinguished
from the mechanical action of ACBFS, since identical
CBR values may be associated with different failure
mechanisms and moisture sensitivities.

BFS in asphalt concrete mixtures.

In recent years, the use of blast furnace slag in
asphalt mixtures has attracted increasing attention
as a promising approach to improving pavement
performance while reducing the consumption of
natural aggregates.

Table 5 and Figure 3 confirm the applicability of
both ACBFS and GGBFS in asphalt, although the
evidence base is smaller than for cementitious
composites.

Table 4 — Blast furnace slag for road bases, subbases and soil stabilization

Key quantitative results

Water absorption decreased from 4.9-6.8% to 2.19-
3.13%; resistance without significant destruction
increased from about 150 to 300-400 freeze-thaw
cycles; crushing value decreased from 30-31% to 20—
21%.

Soaked CBR: 153% for WBFS and 128% for FBFS. Long-
term expansion: 0.32% and 0.39%, respectively.
Aggregate crushing, 10% fines, flakiness, plasticity, and
compaction complied with South African base/subbase
specifications.

At 20% BFS, CBR increased from 25.6% to 222.9%
(about 8.71 times). Calculated pavement thickness
decreased from 66 to 51 cm (-22.7%; the paper/table
reports approximately 29.4% reduction depending on
calculation basis), and estimated cost decreased by
5.65%.

Friction enrichment: water absorption 4.45->3.64%,
freeze—thaw mass loss 5.05-2.82%, ACV
30.71->23.80%. Selective crushing: water absorption
4.45->3.15%. Subsequent hydrophobization reduced
absorption to 1.34% after friction enrichment and
1.08% after selective crushing. Selective crushing +
hydrophobization reduced mass loss after 15 sodium-
sulfate cycles to 1.87%.

The optimum GBFS content was 10% for CL soil and
15% for CH soil. At 28 days, the unconfined
compressive strength increased by 73% (255442 kPa)
for CL soil and by 127% (227.4->508 kPa) for CH soil. At
20% GBFS, the maximum dry density increased by 5.4%
for CL and 13.1% for CH soil, while the optimum
moisture content decreased by 6.5% and 18.1%,
respectively.

Authors Year Substitution approach
Kunaev 'V, 2023 | ACBFS aggregate, fraction 20-40 mm;
et al. [6] enrichment by grain density. The study
compares progressively denser/less porous
grain groups.
Kambole C, | 2019 | Weathered blast-furnace slag (WBFS) and
et al. [12] freshly produced blast-furnace slag (FBFS)
used directly as granular road-base/subbase
aggregates.
Gegkil T, et | 2020 | Clay soil was stabilized with 5%, 10%, 15%
al. [33] and 20% BFS by dry mass of soil; NaOH
solution was used to promote the pozzolanic
reaction.
KunaevV, | 2024 | Selection of the strongest 75% of ACBFS
et al. [38] grains by friction enrichment or selective
crushing, followed by hydrophobization.
Soganci AS, | 2023 | Low- (CL) and high-plasticity (CH) clay soils
et al. [41] were stabilized separately with 5%, 10%,
15% and 20% GBFS by dry mass of soil.
Kamara KB, | 2021 | Portland cement was fully replaced by
et al. [67] ternary binders containing GGBS, reclaimed
asphalt filler (RAF), and either plasterboard
waste gypsum (PWG) or vitamin B5 gypsum
(V-B5G). Selected mixtures contained 47.5%
or 60% GGBS.

At 28 days, mixtures containing 47.5% GGBS reached
27.02 MPa with PWG and 29.45 MPa with V-B5G. At 90
days, mixtures containing 60% GGBS reached 41 MPa
and 40 MPa, respectively.
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30-50 wt.% replacement for Portland
cement in concrete intended for rigid
pavement and structural applications,
comparing its performance with
conventional Portland cement concrete.

Hsiung 2025 | ACBFS was used directly as a 30-cm subgrade | An elastic modulus of 400 MPa was adopted for ACBFS,
BCB, et al. layer beneath embedded tram track slabs. Its | and a 30-cm layer was selected for the tramway model.
[69] performance was compared with two | The calculated maximum settlement was 3.7 mm with
alternative ground-improvement systems: | ACBFS, compared with 4.0 mm for QS1 + QS2 and 3.4
QS1 + QS2 and QS2 + cement—soil mixture | mm for QS2 + CSM. For a 6 x 100 m area, the ACBFS
(CSM). layer required 180 m? of material, whereas the QS2 +
CSM alternative required 300 m® of QS2 and 1,800 m?
of CSM.
Rondén H, | 2018 | ACBFS was characterized as coarse | CBRvalues were reported as 95.3% for base conditions,
et al. [66] aggregate for base, subbase, and subgrade | 88.7% for subbase, and 76.1% for subgrade. Micro-
applications. Deval loss: 29.2%; 10% fines value: 123 kN; Los Angeles
abrasion/degradation: 49.2%, exceeding a 35% limit.
Mineralogy included about 58.9% quartz and 18.1%
cristobalite.
Bulko R, et | 2023 | BFS from the Kremnica region tested as a | BFS exhibited CBR values of 31.8-42.8%, an internal
al. [70] geotechnical bulk material; multiple particle- | friction angle of 38.9-43.0°, and an oedometer
size fractions and states were characterized. | modulus of 13.8-24.8 MPa, demonstrating its
suitability as a substitute for conventional aggregates
in road and earthwork construction.
Kadyrov A, | 2019 | The study developed a hydrophobized blast | Compared with untreated slag aggregate, the modified
et al. [71] furnace slag aggregate for pavement | material showed a reduction in water absorption (
subbase layers, replacing conventional | 5.22% to 1,29%), a decrease in ACV (30.23 % to 25.02
natural crushed stone. The optimized | %), and a 2.1-fold increase in frost resistance,
composition consisted of 89.6 wt.% blast | demonstrating its suitability for road pavement
furnace slag, 3.7 wt.% microsilica, 6.3 wt.% | subbase applications
cement, and 0.4 wt.% used engine oil as a
hydrophobic modifier
LangL,et | 2025 | Ternary GEC binder: 50% GGBFS, 30% | Reported 7- and 28-day unconfined compressive
al. [68] electrolytic manganese residue, and 20% | strengths exceeded 6 MPa and 8 MPa, respectively.
cement. The optimized binder was used at | Using 5% GEC instead of 8% cement reduced total
5% dry sediment waste and compared with | binder dosage by 37.5%, cement use by 87.5%, CO,
8% cement. emissions by 84.5%, and cost by 67%, while improving
water and sulfate resistance.
Al-Chaar G, | 2019 | The study evaluated the use of ground | Concrete containing 30-50 wt.% GGBFS achieved
etal. [72] granulated blast furnace slag (GGBFS) as a | compressive and flexural strengths comparable to or

higher than those of the control mix while maintaining
satisfactory density and porosity, confirming its
suitability for rigid pavement concrete.

Table 5 — Applications of blast furnace slag in asphalt mixtures

Authors Year Substitution approach Key quantitative results
Ronddn- 2019 | Replacement of the coarse natural limestone | PC-treated BFS (BFS-C) at 21% replacement
Quintana HA, aggregate with treated blast furnace slag (BFS); | reduced porosity, increased stability/flow by
et al. [73] mixtures incorporating BFS pre-coated with | 35%, ITS (dry/wet) by 26.5%/34.4%, and TSR to
Portland cement paste (BFS-C) were | 90.7%. It showed 6-72% higher resilient modulus
investigated. and better abrasion resistance, overcoming
slag’s porosity limitations.
Ronddn HA, et | 2018 | 21% replacement of the coarse natural | At 21% BFS replacement, a significant increase in
al. [74] aggregate (in WMA) with blast furnace slag | stiffness and moisture damage resistance was
(BFS). achieved, while the abrasion resistance
remained comparable to the control mixture.
Kunaev V, et al. | 2025 | Selective crushing of air-cooled blast furnace | Bulk density: 1169 - 1396 kg/m3 (+19.4%);
[75] slag (ACBFS) in a ball mill for 30-40 min using a | water absorption: 4.96 - 2.38% (-52.0%);
grinding media composition of 50% steel balls | aggregate crushing value (ACV): 30.98 - 18.40%
and 50% cylpebs. (-40.6%); sulfate soundness loss: 5.48 > 1.23%
(-77.6%); surface pore content: 45.06 - 15.68%
(-65.2%).
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Al-Hdabi A, et | 2019 | The study investigated ground granulated blast | Marshall stability was 12.09 kN for the GGBFS-
al. [76] furnace slag (GGBFS) as complete | filled mixture and 8.62 kN for the OPC-filled
replacement for ordinary Portland cement | control. ITS increased from 1153.93 to 1286.35
(OPC) mineral filler in hot mix asphalt (HMA). | kPa, while the index of retained strength
Asphalt mixtures containing GGBFS filler | increased from 73.5% to 88.5%. Marshall
(GGBFSAC) were compared with conventional | stiffness was 3.11 kN/mm with GGBFS compared
mixtures containing OPC filler (OPCAC) using | with 2.28 kN/mm for the control.
Marshall stability, indirect tensile strength,
moisture susceptibility, and long-term aging
tests.
Dulaimi A, et 2023 | Cold asphalt emulsion mixture containing 4% | GCAE: ITSM = 2465 MPa after 3 days; rut depth =
al. [77] GGBFS and 2% calcium carbide residue (CCR); | 1.7 mm after 10,000 cycles; fracture toughness =
3% pre-wetting water was replaced with waste | 7985 N/mm?3; SMR = 103%. Corresponding
alkaline Ca(OH), solution produce | traditional limestone filler values were 188 MPa,
geopolymer-based cold asphalt emulsion | about 9 mm, 7325 N/mm?”3, and 75%.
mixture (GCAE).
Del-Valle-Corte | 2024 | The study evaluated ground granulated blast | GGBFS-2 mix (75 % GGBFS) exhibited the best
J, etal. [78] furnace slag (GGBFS) as a partial replacement | fatigue performance but the highest axial
for virgin mineral filler in warm mix asphalt. | deformation and rut depth.
Replacement levels of 75% and 100% were
investigated, and the optimum mixture
containing 75% GGBFS was selected for further
mechanical evaluation.
Chegenizadeh | 2022 | Ground-granulated blast-furnace slag (GGBFS) | The mixture containing 3% GGBFS demonstrated
A, et al. [79] was investigated as a replacement for the | the best overall performance, with Marshall
conventional 1.5% hydrated lime (HL) filler in | stability of 19.16 kN (an 18.56% increase over the
dense-graded hot mix asphalt. Four mixtures | control), fatigue life of 92,524 cycles (a 26%
were evaluated: a control mixture containing | increase), and rut depth of 2.70 mm,
1.5% HL and three mixtures containing 1.5%, | representing a 27% reduction compared with the
3%, and 5% GGBFS as the sole filler. control mixture (3.73 mm). Increasing the GGBFS
content to 5% reduced performance, with
fatigue life decreasing by 14.68% and rut depth
increasing by 16% compared with the 3% GGBFS
mixture.

Lu D, etal. [80] | 2021 | This study developed a cold mix asphalt (CMA) | The optimum mixture containing 2% OPC + 1% FA
incorporating ground-granulated blast furnace | + 1% GGBS exhibited approximately 20% higher
slag (GGBS) as part of a ternary blended | indirect tensile strength, 55% lower raveling loss,
cementitious filler replacing conventional | residual Marshall stability of about 95%, and
limestone filler. The optimum mixture (CMA-B) | dynamic stability approximately 10 times higher
contained 2% ordinary Portland cement (OPC), | than the mixture containing 2% OPC only. T
1% fly ash (FA), 1% GGBS, and 2% limestone
filler, while the total filler content remained 6%
by weight of aggregate.

ACBFS mainly replaces coarse mineral Results for GGBFS filler also indicate a distinct

aggregate, whereas GGBFS acts as a mineral or
reactive filler. Replacement percentages from
different studies must therefore not be compared
directly. A 21% BFS content in the coarse fraction of
warm-mix asphalt increased stiffness and moisture
resistance while maintaining abrasion resistance at
the control level [74]. Coating porous BFS with
cement paste mitigated water-absorption effects:
BFS-C increased the stability/flow ratio by 35%, dry
and wet ITS by 26.5% and 34.4%, TSR to 90.7%, and
resilient modulus by 6—72% [73]. Surface condition,
rather than slag content alone, is therefore a
decisive parameter.

optimum. When 1.5% hydrated lime was replaced
with 1.5%, 3%, and 5% GGBFS, the best performance
occurred at 3%: Marshall stability reached 19.16 kN
(+18.56%), fatigue life 92,524 cycles (+26%), and rut
depth decreased from 3.73 to 2.70 mm (-27%) [79].
Increasing GGBFS to 5% reduced fatigue and rutting
performance relative to the 3% mixture, probably
because of excess fines and a changed bitumen-—
filler volumetric ratio. Conversely, complete
replacement of Portland-cement filler with GGBFS
increased Marshall stability from 8.62 to 12.09 kN,
ITS from 1153.93 to 1286.35 kPa, and retained
strength from 73.5% to 88.5% [76]. “100% filler
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replacement” is not equivalent to “5% of aggregate
mass”; the absolute fine content and its role in the
mixture are different.

The strongest effects were obtained in cold
mixtures, where GGBFS contributes to an inorganic
binder rather than acting solely as an inert powder.
A mixture containing 4% GGBFS, 2% calcium carbide
residue and alkaline Ca(OH), solution reached an
ITSM of 2465 MPa after three days, approximately
13 times the control; rut depth after 10,000 cycles
decreased from about 9.0 to 1.7 mm, and the
stiffness modulus ratio increased from 75% to 103%
[77]. In another cold mixture, 2% Portland cement,
1% fly ash and 1% GGBFS produced about 20%
higher ITS, 55% lower raveling loss and nearly ten
times higher dynamic stability than the mixture with
2% cement alone [80]. Weak-alkali activation of
GGBFS within asphalt is therefore promising, but
long-term ageing, low-temperature cracking, and
compatibility with different emulsions and binders
must be verified.

Open porosity remains the principal limitation of
ACBFS in asphalt. Selective crushing for 30-40 min
increased bulk density from 1169 to 1396 kg/m3,
reduced water absorption from 4.96% to 2.38%,
crushing value from 30.98% to 18.40%, sulfate
soundness loss from 5.48% to 1.23%, and surface
pore content from 45.06% to 15.68% [75]. These
values refer to the aggregate rather than the
finished mixture. The next step is to determine
whether improved grain quality produces
proportional gains in TSR, fatigue life, rutting
resistance, and ageing performance.

Future Research Perspectives.

This review presents the results reported in 80
selected scientific articles focusing on the use of
blast furnace slag as a binding component and as an
aggregate of various size fractions in cement
concrete, road bases, soil stabilization, and road
asphalt concrete. It has been established that blast
furnace slag cannot be considered a uniform and
interchangeable secondary raw material. The
function performed by blast furnace slag as part of
cement concrete, asphalt concrete, or road base
depends on its cooling method, phase composition,
particle-size fraction, water absorption, aggregate
crushing value, bulk density, other physical and
mechanical characteristics, as well as pre-treatment.
ACBFS, GBFS, and GGBFS perform completely
different functions when used in construction.
ACBFS is primarily used as coarse or fine aggregate,
GBFS as a granular material or fine aggregate, and

GGBFS as a supplementary cementitious component
or as a mineral and reactive filler.

Differences in the method of cooling and
solidification of liquid blast furnace slag, its phase
composition, bulk density and particle density,
porosity, water absorption, and surface condition
make it difficult to compare the results obtained by
different researchers and, at the same time, to some
extent explain their significant differences. Based on
this, the authors of this review consider it necessary,
in future studies, to go beyond optimizing the
proportion of blast furnace slag in cement concrete
or asphalt concrete and to pay more attention to the
quality, chemical composition, and variability of the
physical and mechanical characteristics of the blast
furnace slag itself.

Possible ways to improve the physical and
mechanical properties of ACBFS may include
hydrophobization (to reduce its water absorption
and improve frost resistance) and selective crushing,
which makes it possible to remove weak, high-
porosity grains while preserving the integrity of
stronger grains (to potentially increase the strength
of the final product). Studies in these areas are
included in this literature review. However, the
effects of hydrophobization and selective crushing
have been evaluated exclusively at the aggregate
level. Future studies should answer the question of
whether these additional treatment methods
provide a consistent improvement in the physical
and mechanical properties and durability of cement
concrete, asphalt concrete, and road base materials
made using ACBFS of various origins (from different
metallurgical enterprises).

Another gap in research identified based on the
analysis of the literature is related to the interaction
of untreated or pre-treated ACBFS with various
binders, including cementitious and bituminous
binders. The available data indicate that the surface
characteristics of slag can affect interfacial adhesion,
moisture resistance, and the performance
characteristics of the mixture. Thus, the combined
use of ACBFS that has undergone preliminary
selective crushing and modified binders, including,
for example, bituminous binder containing
microsilica or other industrial by-products, may
affect the performance characteristics of the
finished product (asphalt concrete or cement
concrete). Nevertheless, the reviewed literature
does not contain sufficient evidence to establish a
general synergistic effect, and this concept should
be considered a hypothesis requiring experimental
verification rather than an established conclusion.

— 123 ——



2028; 346(3):108-130

ISSN-L 2616-6445, ISSN 2224-5243

Conclusion

The cooling method largely determines how
blast furnace slag is used. Air-cooled slag is mainly
crystalline and often has a rough, porous surface, so
it is used primarily as aggregate in concrete, asphalt
mixtures, and unbound pavement layers. Rapidly
guenched slag contains a larger glassy fraction; after
grinding, it becomes GGBFS and can be used as a
partial Portland cement replacement, a
cementitious component in stabilized bases, or a
mineral or reactive filler in asphalt.

In cement concrete, many studies reported good
results (increased compressive strength and other
properties) at ACBFS replacement levels of about
20-40%. This range is not a universal optimum. The
outcome changed with slag origin, particle porosity
and density, concrete composition, compaction,
curing, and the property being measured.

For pavement bases and soil stabilization, BFS
often gave high CBR values. Fresh and weathered
slag reached 128% and 153%, and adding 20% BFS to
clay increased CBR from 25.6% to 222.9%. GGBFS-
containing binders also reduced cement use, CO,
emissions, and cost. At the same time, CBR alone is
not enough to judge long-term suitability; abrasion,
deformation, moisture, freeze—thaw action, and
leaching also matter. Both ACBFS and GGBFS can
improve asphalt performance, but through different
mechanisms. Treated BFS aggregate at 21%
increased the stability/flow ratio by 35%, dry and
wet ITS by 26.5% and 34.4%, raised TSR to 90.7%,
and increased resilient modulus by 6-72%. For
GGBFS used as filler, 3% provided the best overall
balance in one study, increasing Marshall stability by
18.56% and fatigue life by 26% while reducing rut
depth by 27%. In activated cold mixtures, 4% GGBFS
contributed to an approximately 13-fold increase in
early ITSM and a reduction in rut depth from about
9.0to 1.7 mm.

No universal optimum BFS content can be
established. Reported dosages refer variously to
cement mass, total binder, coarse or fine aggregate,
mineral filler, or total aggregate. The optimum
consequently depends on slag form, particle quality,
processing method, replaced component, mixture
technology, curing or ageing conditions, and
targeted performance.

The most effective development pathway is an
integrated one in which the quality and surface
properties of the slag aggregate are engineered
together with the cementitious or bituminous
binder. The integrated valorization of metallurgical
slag and silica-rich industrial by-products can
provide a scientifically grounded route to durable
pavement materials while reducing both the
disposal of industrial residues and the consumption
of virgin mineral resources.
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TYWIHAEME

¥YcbIHbIIFaH 34ebu wony 2000-2026 xblagap apasblfblHAAFbl FIIBIMU MaKananapablH, Tangay
HaTUXKeNepiH KamTuapl, OHAA AOMEHAIK KOMAbl KON KypblIbICbIHbIH, dpTyp/i HafbiTTapbiHAA
KONAaHY KapacTbipblnagbl. JOMHa KOMbIHbIH, 3pTYPAi TypaepiH KongaHy HycKanapbl apacbiHAa
aliKblH  alblpMalwbIibIKTapablH, 6ap eKeHi aHbiKTanabl. YHiHAI AOMHaA  KOXbl  KebiHece
LeMeHTHeToH MeH achanbTOETOH YLWiH ipi Hemece ycaK TOATbIPFbIlW PeTiHAe KOAAaHbLIaAbl, an
YHTaKTaNfaH TYMipWiKTeNreH AOMHa KOXbl KOCbIMWwa 6aliNaHbICTbIPyLbl KOMMNOHEHT peTiHae
Hemece MUHepanablk/peakumanbik 6enceHai TONTbIPFbIW PETiHAE KOMAaHbIIaabl. JOMHA KOXbIH
6eToH eHAipiciHae KondaHfaH Ke3ge 6ipkatap 3epTTeynepae €H  JKoFapbl  HaTuxKenep
TONTLIPFLIWTHIH, 20-40%- apanbifblHAa KOXOEeH anmacTblpy KesiHAe afblHFaH, AereHmeH 6yn
KepceTKilw ambeban oHTalnbl MaH 6onbin TabbinmaraH. Keibip makananap4a AOMHa KOMbIH
aBTOMOOWb ¥KO/bIHBIH, HETi3i KypamblHAa NaitganaHy Hemece ToMbipaKTbl TypakTaHabipy CBR-A4iH,
apTybiMmeH 6ainaHbICTbIpbIFaHbl KepceTinreH. Kelibip aBTopnap KypambiHAQ TyMiplwiktenreH
OOMHa  KOXbl 6ap KeweHai 6GalnaHbICTLIPYWbl —MaTepuangapapl  KongaHy — KesiHae
NOPTAAHALEMEHT LWbIFbIHbIHbIH, TOMEHAEUTIHIH aTan Kepcetedi. CoHpaw-aK YWiHAI »KaHe
TYNipLWiKTeNreH LOMHa KOXbIH apTypAi NponopumMsanapaa eHrisy KesiHae achanbTb6ETOHHbIH, cyFa
Tesimainiri, wapwayfa Tesimainiri, Mapwann 60MbIHWA bifbICyFa TYPAKTbIIbIFbI XKaHe i3 Tycyre
TO3IMAINIMIHIH, KaKcapybl Typanbl AepekTep KenTipinreH. KeyekTiniri apTypAai yniHai AomHa
KOMKbIH anfblH a1a eHAeyAiH Ae MaHbI3bl 30p 6014bl: CeNEKTUBTI ycaTy KaHe KeliHri benwekTepai
661y cy CiHipYyiH, YCaKTany KBPCETKILLiH }KIHEe d/1Ci3 KeyeKTi TyHipnepain yaeciH TemeHAeTTi. Herisri
NPaKTUKaNblK KOPbITbIHALI [AOMHa KOXbIH BIPTEKTI KaHE e3apa anmacTbipbliaTblH MaTepuan
peTiHae KapacTblpyfa 60/1ManTbiHbIH KepceTeai. OHbl KONAAHY Tacini KOX TypiH, Tyhipnepain,
canacblH, asMacTbIpbIIATbIH KOMMOHEHTTI KaHEe XON-KYPblIbIC MaTepuasblHbIH, Tafan eTineTiH
naganaHy KacueTTepiH eckepe OTbipbin  TaHAanybl Tuic. Angafbl 3epTTeynepae  KoX
TONTBIPFbIWbLIH  andblH  ana eH4ey HITWXKeciHAe aNblHFAH  KacueTTepAiH,  Kakcapybl
uemeHTbeToHAa, acdhanbTbeToH KocnanapbiHAA KOHE KON  KaMblIfFbICbl  HerisAepiHiH,
MaTepuanzapbiHAa y3aK Mmep3imai naifanaHy KesiHae cakTana Ma, COHbl aHbIKTay KaKeT.

TyliiH ce3dep: yWiHOI A[OMHa KOMbl, YHTaKTa/ffaH TYyMipWiKTeNreH AOMHA KOXbl, Tabufu
MWHEepanablK WKKI3aTTbl aMacTbIpy, TONTbIPFbILWTbI 6albITy, LeMeHTOeToH, achanbTOeToH, on
TeceMmi HerizaepiHiH MaTepuangapbl.
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AHHOTALUMUA

MpeacTaBNeHHbIN NIUTEPATYPHbI 0630p COAEPIKUT Pe3ybTaTbl aHANN3a HayYHbIX cTaTel 33 2000-
2026 rofbl, paccMaTpUBAEMbIX NPUMEHEHWE [OMEHHOTO LW/aKa B PasHbIX HanpaBleHUsAX
[OPOXHOrO CTPOUTE/NbCTBA. YCTAaHOB/AEGHO HaNMuMe YeTKUX pPasiuuuii mexay BapuaHTamu
NPUMEHEHMA PasHbIX TUMOB AOMEHHOro lwnaka. OTBaNbHbIA AOMEHHbIN LWAaK Yalle Bce
NPUMEHAETCA B KayecTBe KPYMHOrO WAM MENKOTo 3amnofHWUTeNs ANA LemeHTobeToHa W
acoanbTobeToHa, a M3MENbYEHHbIA TPAHYNMPOBAHHLIA  AOMEHHbLIA WAAK — B POAMU
[OMNOAHUTENBHOTO BAMKYLLErO KOMMOHEHTa MMB0 Kak MUHEpPanbHbIM/peaKTUBHbIA HaNOAHUTENb.
Mpu WCNoONb30BaHWM AOMEHHOrO LWAaKa Npu npousBoAcTBe 6eToHa Haubonee BbiCOKWE
pesynbTaTbl B pAfe WUCCNefOBaHWM AOCTUIANNCL NPU 3aMeHe Wnakom B npegenax 20-40 %
3aMONHUTENIA, XOTA AaHHbIN NOKa3aTeb U He 6bli YHUBEpCaibHbIM ONTUMANbHLIM 3HaYeHreMm. B
OTAENbHbIX CTaTbAX YKasblBasoCb Ha CBA3b WMCMONb30BaHWA [OMEHHOTO LWiaka B cOCTaBe
OCHOBaHWA aBTOMOOW/IbHON Aoporn nnbo Ansa ctabunmsauum rpyHTa c nosbilweHuem CBR.
HeKoTopble aBTOPbI YKa3biBAOT HA CHUMKEHWE PacxXoda NOPTAAHALEMEHTa Mpu NPUMEHEHUU
KOMMEKCHBIX BAMKYLLMX, COAEPKALUMX TPAHYIMPOBAHHbBIN AOMEHHDbIN WaaK. Takke npuBeaeHbl
[aHHble 06 yny4yleHUW BOAOCTOMKOCTM, YCTANOCTHOW CTOMKOCTM, CABWUIOYCTOMYMBOCTU MO
Mapuwanny, KoneiHoctu acdanbtobeToHa npu BBEAEHUM OTBAJLHOMO M rPAHYAUPOBAHHOO
[OMEHHOTO LWiaka B Pas/IMyHbIX NPOMOpUMAX. BakHoe 3HaueHWe MMena u npefBapuTesbHasA
06paboTKa pPasHOMOPWUCTOrO OTBAJILHOTO AOMEHHOrO LWiaka: M3bupatenbHoe ApobneHve u
nocneaylLee pasaeNeHne YacTuL, CHUXKaIN BOAONOINOLLEHME, NOKa3aTeNb APOBMMOCTU 1 400
cnabbix NOPUCTbIX 3epeH. OCHOBHOM NPAKTUYECKUIA BbIBOA COCTOUT B TOM, YTO AOMEHHbIN HENb3A
paccmaTpuBaTbh Kak OAHOPOAHbIM B3aMmo3ameHsemblii maTepuan. Cnocob ero npumeHeHus
[OMKeH BbIOBUPATbCA C Y4eTOM TUMA LWAaKa, KavyecTBa 3epeH, 3aMEHAEMOro KOMMOHEHTa U
TpebyembIX 3KCMAYaTaLMOHHbIX CBOWCTB [OPOKHO-CTPOUTENBHOTO MaTepuana. B AanbHerwmx
nccnefoBaHUAX HEOBXOAUMO YCTaHOBUTb, COXPAHAOTCA AW YNYULWEHWUA CBOMCTB, MOJy4YeHHble
nocne npeABapuTenbHOM  06pPabOTKM  LWNAKOBOTO  3amMo/iHWTENs, B  LeMeHTObeToHe,
achanbTOBETOHHBIX CMECAX WM MaTepuanax OCHOBAHWUI AOPOXKHbIX OAEXKA NPU AJUTENbHOM
3KcnAyaTauum.

Knrovesbie ¢a108a: 0TBaNbHbI AOMEHHbIN WAAK, MONOTbII FPaHYAMPOBAHHbIW AOMEHHbIN WAk,
3amellleHMe NPUPOSHOTO MUHEPaNbHOro CbipbA, ObOralleHne 3anosHWUTens, LEeMeHTObEToH,
acdanbTo6ETOH, MaTepmanbl OCHOBAHWUI JOPOMKHbIX OAEXA,
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