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Abstract

As a common industrial solid waste, iron ore tailing sand (I0TS) has a large amount of storage, and the treatment effi-
ciency is unsatisfactory. Scientific and reasonable incorporation of IOTS waste into concrete is one of the critical ways
to realize bulk utilization and sustainable development. This paper first summarizes the basic material characteristics
of IOTS, and the similarities and differences between IOTS and natural sand (NS) are compared and analyzed. Followed
with a presentation of research findings on properties of IOTS concrete with respect to mix ratio, workability, mechan-
ical properties, drying shrinkage and durability. Subsequently, the mechanical behaviors of IOTS concrete members
are analyzed and summarized in terms of experimental research, theoretical analysis and numerical simulation. Even-

tually, the future research directions of material and component levels of IOTS concrete are reasonably prospected.
These conclusions may inform the sustainable technical application of IOTS in concrete.
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1 Introduction

In China, iron ore resources are abundant and widely dis-
tributed, while most of them fall into lean iron ore with
low iron content and complex iron ore types (Li et al.,
2014; Qin et al.,, 2024). Influenced by the level of benefi-
ciation, ore grade and mining costs, the current mining
efficiency of iron ore is unsatisfactory, and numerous iron
ore tailings are inevitably produced in mining and benefi-
ciation process (Gyllenram et al., 2021; Rao et al., 2023).
Due to the limited level of existing technology, part of
iron ore tailings are not well disposed and recycled, while
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simply abandoned as tailings (Yellishetty and Mudd,
2014; Sun et al., 2020). Large quantity of iron ore tailings
not only occupy land, waste resources, but also pollute
air, water and soil, which seriously affect the ecological
environment (Galvdo et al., 2018; Li et al, 2024; Yang
et al., 2023; Zhang et al.,, 2021). Therefore, how to scien-
tifically recycle waste iron ore tailings on a large scale and
effectively reduce accumulation has become a hot issue
in research.

With the increase of infrastructure construction, the
consumption of concrete is increasing continually, the
demand for natural sand (NS) is huge, and the shortage
of NS resources is also becoming increasingly promi-
nent. Therefore, the search for suitable replacement
materials for NS is imminent. IOTS is an industrial
waste produced by crushing and magnetic separa-
tion of the raw ores, which is quite different from NS
formed under natural conditions (Tang et al., 2019a,
2019b; Zhou et al., 2023). However, it has been shown
that after reasonable screening and proper treatment,
IOTS can completely or partially substitute NS as fine
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aggregate for the production of commercial concrete
(Zhao et al.,, 2021b; Protasio et al., 2021; Qiu et al,,
2023).

Recently, scholars have performed a series of experi-
mental, theoretical and numerical simulation stud-
ies on workability (Radlinski and Olek, 2015; Li et al.,
2023; Shi et al., 2024a, 2024b), mechanical properties
(Cheng et al., 2016; Wang and Liu 2019; Zhang et al,,
2013), drying shrinkage (Jia et al., 2013; Zhang et al.,
2024; Shi et al.,, 2024a, 2024b) and durability (Li et al.,
2020; Thomas et al., 2013; Wang et al., 2019) of IOTS
concrete, and have achieved considerable results.
Meanwhile, the promulgation of “Technical code for
application of IOTS sand concrete” (GB 51032, 2014)
fully confirms the application values of IOTS and the
feasibility of IOTS concrete application in engineer-
ing from the level of national specification. Resource-
ful application of IOTS concrete can not only solve the
problems of IOTS stockpiling, occupying large quantity
of land and polluting the environment, but also alle-
viate the prominent contradiction of the increasing
shortage of NS resources and reduce the cost of pro-
ject, which is in line with the needs of environmental
protection and sustainable development, with signifi-
cant social and economic benefits.

In this study, the basic material characteristics of
IOTS are summarized from the aspects of physi-
cal properties, mineral compositions, and similarities
and differences between IOTS and NS are analyzed
and compared. The feasibility of IOTS replacing NS
in preparing concrete is discussed. Subsequently, the
research progress and engineering application of IOTS
concrete are summarized in terms of mix ratio, work-
ability, mechanical properties, drying shrinkage and
durability, the problems existing in current researches
are addressed, and the future research directions are
envisioned. Furthermore, the mechanical behaviors,
such as compression, flexural and shear of IOTS con-
crete members are analyzed and summarized, laying

Table 1 The particle gradation of IOTS

The nominal diameter of the  10TS

sieve (mm)

Fine sand Ultra-fine

Square screen hole Accumulated screen residue (%)

4.75 mm 10~0 0

2.36 mm 15~0 15~0
1.18 mm 25~0 20~0
600 pum 40~16 25~0
300 um 85~55 55~20
150 pm 94~74 90~30
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the foundation for large-scale application of IOTS con-
crete members in engineering.

2 Basic Material Characteristics of IOTS

2.1 Physical Properties

As suggested in Chinese code (GB/T 31288-2014),
IOTS is the waste aggregate with particle size lower than
4.75 mm resulting from fine grinding and separation of
iron ores. Depending on fineness modulus, IOTS can be
broadly categorized into fine sand (fineness modulus of
1.6 to 2.2) and ultra-fine sand (fineness modulus of 0.7 to
1.5). Detailed restrictions are made on the particle grada-
tion of IOTS used in concrete (Table 1), the content of
stone powder and mud (Table 2), the content of hazard-
ous substances (Table 3), and the content of sulphides
and sulphates (not more than 0.5% by mass of SO;) in
Chinese code (GB51032-2014). Meanwhile, American
standard (ASTMC33/C33M-2018) and British Standard
(EN, 12620-2008) also impose corresponding require-
ments for the use of IOTS as concrete aggregates.

IOTS is quite different from NS formed under natu-
ral conditions. Fig. 1 shows the SEM images of NS and
IOTS (Zhao et al., 2014). The surface of IOTS is rough
and angular due to repeated mechanical impact and
crushing, while the surface of NS is relatively smooth
after weathering, water impact and other long-term
effects. In contrast, the internal friction between IOTS
particles is greater than that of NS. Due to multiple
crushing, the particles of IOTS contain more fine com-
ponents, most of which fall into fine or ultra-fine sand,
while NS exhibits relatively uniform particle size distri-
bution after natural weathering and transportation, as
depicted in Fig. 2 (Zhao et al., 2014). Thus, the specific
surface area of NS is much smaller than that of IOTS.

Table 2 The content of stone power and mud in IOTS (%)

Item Index
Stone power content MB<1.4 or Rapid test qualified <15.0
MB>1.4 or Rapid test failed <50
Mud content <10
MB the measured value of methylene blue in manufactured sand
Table 3 The limit of hazardous substances in IOTS
Item Index
Mica (by mass) <20
Light substance (by mass) <10
Organics qualified
Chloride (in terms of mass of chloride ions) <0.02
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(a) NS

(b) IOTS

Fig. 1 SEMimages of NS and IOTS (Zhao et al,, 2014)
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Fig. 2 Particle size distribution of NS and I0TS (Zhao et al., 2014)

Additionally, the physical properties of IOTS and NS
are compared in Table 4. It can be concluded that there
is a strong correlation between fineness modulus of
IOTS and NS with respect to the source, while the dif-
ferences in other properties are less pronounced. Gen-
erally, the apparent density of IOTS is greater than that

of NS, and its porosity and water absorption are also
greater than those of NS.

2.2 Mineral Composition

NS is mostly composed of weathered rock, mainly sili-
ceous or calcareous minerals, with relatively homoge-
neous composition, whereas the IOTS often contains
a variety of compounds in its composition, with major
crystalline phases, such as albite, quartz, diopside and
clinochlore, as illustrated in Fig. 3 (Zhao et al., 2014).
Table 5 lists the chemical composition of IOTS from dif-
ferent sources. Apparently, the chemical composition of
IOTS from different sources varies, but their main com-
ponents are similar, including SiO,, Fe,O5 and Al,O,.
Statistically most IOTS has the highest content of SiO,,
followed by Fe,Os.

3 10TS Concrete

IOTS concrete is a new type of green concrete material
that utilizes IOTS waste instead of NS as fine aggregate.
Rational use of IOTS not only solves problem of scarcity
of NS resources, but also exhibits remarkable social, eco-
nomic and environmental benefits. Currently, scholars
have conducted a range of experimental and theoretical
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Table 4 Physical properties of IOTS and natural sand (NS)
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Ref. Region Fine aggregate Fineness Apparent Water Porosity /%
modulus density absorption /%
Shettima et al., 2016 Malaysian Peninsula 0TS 1.05 - 7.0 -
Jayasimha et al., 2022 Bellari 0TS 2.98 2.80 1.0 -
NS 2.55 - 1.75 -
Chenetal, 2017 Liaoning IOTS 1.58 2.82 - -
NS 2.84 2.76 - -
Xie et al,, 2022 Hebei [ 24 2.88 254 -
Chinnappa et al,, 2020 India IOTS - 331 2.29 50
NS 2.70 0.10 47
Bian et al,, 2008 Beijing IOTS 1.3 3.09 - 331
NS 32 2.60 - 300
Feng et al, 20133, 2013b Qianxi 0TS 25 2.83 - 45
NS 2.7 2.73 6.4 40
Feng et al, 20133, 2013b Zunhua 0TS 28 278 - 44
Wang et al, 2017 Shanxi IOTS 2.7 2.64 58 -
NS 24 2.60 3.6 -
Yang et al, 2014 Jiangsu IOTS - 3 - -
Zhaoetal, 2023 Tangshan 0TS 0.9 2.88 8.12 -
NS 259 273 3.54 -
Duarte et al,, 2022 Brazil IOTS - 1.16 - 8.20
Yin et al, 2019 Shanxi IOTS 26 3.03 - -
NS 3.0 2.68 - -
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Fig. 3 XRD patters of NS and IOTS (Zhao et al,, 2014)

studies on mix ratio, workability, mechanical properties,
drying shrinkage and durability of IOTS concrete, and
have obtained considerable achievements.

3.1 Mix Ratio
In terms of mix ratio studies, the mechanical properties
of concrete under mix ratios of 0%, 25%, 50%, 75% and

100% IOTS content were investigated, finding that con-
crete strength increased as IOTS content increased and
then decreased, and the recommended optimal IOTS
content was 25% (Shettima et al., 2016). Subsequently,
a comparable study was conducted and it was indicated
that the incorporation of IOTS was favorable on the
workability and mechanical properties of concrete when
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Table 5 Chemical composition of IOTS from different sources by mass (%)

Ref. Region sio, Fe,0, ALO, Ca0 MgO K,0 SO, Na,O TiO,
Shettima et al,, 2016 Malaysia 56 8.30 10 4.30 - 1.50 - - -
Jayasimha et al,, 2022 Bellari 34.65 0.12 28.65 2842 57 0.249 - 0.441 -
Chenetal, 2017 Liaoning 544 9.26 5.65 3.78 298 137 - 0.87 043
Xie et al, 2022 Hebei 58.70 11.10 14.40 4.30 3.80 3.80 0.10 0.20 -
Chinnappa et al,, 2020 India 49.75 27.03 9.74 4.06 3.1 0.50 - - -
Bian et al,, 2008 Beijing 59.3 43 135 2 1.7 - 59 15 -
Feng et al, 20133, 2013b Qianxi 70.27 7.04 843 3.92 3.03 262 2.02 1.66 -
Feng et al, 2013a, 2013b Zunhua 58.76 1041 11.84 5.14 6.11 1.62 0.10 2.71 -
Wang et al, 2017 Shanxi 68.79 11.63 6.57 2.96 3.05 1.21 0.12 1.38 -
Yang et al, 2014 JiangSu 36.48 18.58 11.67 16.85 5.66 0.84 - 0.77 046
Zhaoetal, 2023 Tangshan 60.12 12.56 8.02 5.10 3.11 1.30 - - -
Duarte et al, 2022 Brazil 54.10 44.80 043 0.06 0.03 0.05 - 043 -
Yinetal, 2019 Shanxi 36.94 16.96 10.38 11.04 7.94 037 022 1.19 597
Chen etal, 20233, 2023b Maanshan 61.63 11.09 16.22 6.35 2.86 032 - 0.29 0.17
Yu et al, 2024

the IOTS content was 25%-50% (Tang et al, 2019a,
2019b). Recently, Jayasimha et al., (2022) explored the
mechanical properties of IOTS concrete with different
mix ratios, and revealed that the compressive strength of
concrete with less than 40% IOTS at all ages was superior
to that of control concrete. Test results of 56d showed
that the compressive strength of concrete containing
20%, 30%, 40% and 50% IOTS increased respectively by
4.0%, 6.3%, 6.86% and 1.0% compared with control con-
crete. Additionally, Cao (2021) found that the maximum
compressive strength of IOTS concrete was obtained at
70% content when the IOTS particle size was less than
4.75 mm, as shown in Fig. 4a.

Clearly, there is inconsistency regarding the optimal
mix ratio for IOTS concrete. However, it is worth not-
ing that after reaching the optimum mix, continuing to
increase the IOTS content lowers the workability and
mechanical properties. Scholars have suggested different
optimum levels of IOTS (ranging from 20 to 70%) for the
production of concrete (Chen et al., 2023a, 2023b; Shetty
et al,, 2014; Zhang et al.,, 2020; Zhu et al., 2015), as shown
in Fig. 4b. Differences in optimal mix ratio might be
related to mineralogical composition of geological explo-
ration region that produced IOTS.

3.2 Workability

Obviously, workability is an essential prerequisite for
obtaining favorable mechanical properties and durability.
Generally, slump value is employed to evaluate quantita-
tively the workablitily of IOTS concrete. Incorporation
of IOTS into concrete enhances the water demand and
decreases the flowability due to rough surface of IOTS
and high specific surface area (Zhao et al., 2014).

Comparatively, slump value of IOTS concrete is smaller
than that of NS concrete, and it also exhibits a tendency
of decreasing with the increase of the amount of IOTS
(Deng et al,, 2010; Ugama et al., 2014; Shettima et al.,
2016; Xu et al., 2019; Liu et al., 2022; Ling et al., 2023), as
shown in Fig. 5. This is mainly because, compared with
the ordinary smooth surface of the river sand, IOTS sur-
face is rough and angular, friction between particles is
relatively large, which is not conducive to improving free
flow of fresh concrete. Additionally, the specific surface
area of IOTS is greater than that of NS, and more cemen-
titious materials are required to maintain the slump of
fresh concrete.

It is noteworthy that a small number of investigations
have shown inconsistent influence laws. The test results
of (Jayasimha et al., 2022) showed that the slump of con-
crete containing 50% IOTS was 13.3% higher than that
of control concrete. This phenomenon might be caused
by the reasons as (1) the inclusion of a small amount of
IOTS might adjust particle gradation of fine aggregate
and improve the flow performance of newly mixed con-
crete; (2) IOTS contained some ultra-fine components,
which might act as the cementing ingredient and improve
the fluidity.

Furthermore, some scholars have concluded different
influence rules and found that slump value was related
to the content of IOTS concrete. The slump of IOTS
concrete increased and then decreased as IOTS content
increased (Huang et al., 2019; Jiang et al, 2019; Tang
et al., 2019a, 2019b). The concrete slump was maximized
when the IOTS content was increased to 25%. Mean-
while, the effect of IOTS content on the slump of IOTS-
steel slag concrete was studied, and it was found that the
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Fig. 4 Influence of IOTS content on compressive strength of samples at different ages

slump of the concrete increased and then decreased with
the increase of IOTS content (Cao, 2021), as shown in
Fig. 6, which might be because the content of concrete
slurry gradually increased, the slurry could play a lubri-
cating role, reduce the friction resistance of coarse aggre-
gate and enhance concrete fluidity (Tang et al., 2019a,
2019b). However, as IOTS content continued to increase,
the surface of IOTS became rough and angular, which
made the concrete more prone to segregation and water
seepage, affecting the cohesion and water retention of
concrete. Similarly, the study of Jiang et al (2019) showed
that when the IOTS content was 30%, the slump could
reach the maximum of 195 mm, while as IOTS content
increased to 60%, the slump decreased to 80 mm.

3.3 Mechanical Properties of IOTS Concrete

The mechanical properties of IOTS concrete, including
compressive, spiting tensile, flexural strength and elastic
modulus, are summarized in this section.
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Fig. 5 Variation of sample slump with time at different IOTS contents
(Deng et al,, 2010)

3.3.1 Compressive Strength

Numerous existing researches had shown that the com-
pressive strength of IOTS concrete was related to con-
tent and fineness of IOTS. When the fineness of IOTS
was similar to that of NS, the difference in compressive
strength between IOTS concrete and NS concrete was
marginal, whereas when the fineness of IOTS was smaller
than that of NS, the compressive strength of IOTS con-
crete increased and then decreased as IOTS content
increased (Shettima et al., 2016; Tang et al., 2019a, 2019b;
Kumar et al,, 2019). The research results of Sunil et al.,
(2015) revealed that the concrete with 30%—40% IOTS
content was increased by 9.19%-8.91% compared with
control group, as shown in Fig. 7a. Similarly, Li et al,
(2016) reported that concrete with 25%-50% IOTS con-
tent increased by 2.1%-3.5% compared with control
group, while compressive strength of concrete with 100%
IOTS content decreased by 1.63%, as shown in Fig. 7(b).
Recently, it was found that 28 days compressive strength
of IOTS concrete was larger than that of control group
when IOTS content was not exceeded 40%. The com-
pressive strength of concrete with IOTS content of 20%

2541
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Slump (mm)
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E T
“’\

248
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40 50 60 70 80 9(C

IOTS content (%)
Fig. 6 Effect of IOTS content on slump (Cao, 2021)
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Fig. 7 Effect of content on compressive strength of samples at different ages

and 40% was 3.56% and 5.34% higher than that of con-
trol group, respectively. When IOTS content exceeded
40%, the concrete strength was smaller than that of con-
trol group, and compressive strength of concrete with
60%, 80% and 100% IOTS content was 6.7%, 9.16% and
14.47% lower than that of control group, respectively (Liu
et al., 2022). Apparently, currently there is inconsistency
regarding the compressive strength for IOTS concrete.
The reason was that the origin and fineness of IOTS were
different, fine-grained IOTS could favorably optimize the
pore structure (Uchechukwu et al., 2014; Liu et al., 2023),
effectively filled internal void of concrete, and improve
concrete compactness. Meanwhile, the rough surface
and many angles of IOTS could improve the adhesion
with cement paste. However, when the IOTS content
was high, due to the poor grading degree, the defects
gradually became obvious and porosity and micro-cracks
increased (Xu et al., 2020, 2021). Additionally, the spe-
cific surface area of IOTS was large, and the amount of
cement slurry attached to IOTS per unit area decreased,
weakening bonding force between aggregates.

3.3.2 Splitting Tensile Strength

Tensile strength is a key indicator for measuring the
crack resistance of concrete and an important param-
eter for indirectly determining bond strength between
concrete members. In view of discreteness of test data
of axial tensile strength of concrete, the splitting tensile
strength test method is usually adopted to measure con-
crete tensile strength, which provides easy operation and
high precision.

A series of research results showed that the influence
of IOTS content on tensile strength was consistent with
that of the above compressive strength, exhibiting a trend
of increasing and then decreasing (Li et al., 2021; Arbili
et al., 2022; Tao et al.,, 2023). It was indicated that the

splitting tensile strength of concrete with 20%, 40%, 60%
and 80% IOTS content increased by 8.72%, 18.16%, 9.56%
and 5.19% compared with ordinary control concrete,
respectively (Liu et al., 2022). The reduced splitting ten-
sile strength of IOTS concrete was attributed to the fact
that excessive IOTS content would lead to inferior adhe-
sion between aggregates and weak inter-facial transition
zones. Similar conclusions were drawn by Tanvir (2021)
and Wu et al., (2012), further confirming that the con-
crete with 40% IOTS content exhibited the best splitting
tensile strength, as shown in Fig. 8. Differently, Shettima
et al,, (2016) and Kumar et al., (2019) suggested that the
optimum IOTS content were 15% and 25%, respectively
as shown in Fig. 9.

To explore the correlation between splitting tensile
strength fi and compressive strength f,, the form of the
formula for the correlation between f and f., suggested
in ACI 318 (2019), ACI 363R (1992) and EC4 (2004)
specifications was referred, as shown in Egs. (1-3), and
the correlation between the fi and foy of IOTS concrete
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Fig. 8 Results of 28 day splitting compressive strength of samples
with different IOTS contents (Tanvir et al., 2021)
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was fitted by Liu et al., (2022) based on a large number of
test data, as shown in Eq. (4). Similar work was also car-
ried out by Zhao et al.,, (2021a, 2021b), on the basis of the
Eq. (5) of fit and f, of ordinary concrete suggested by
Chinese code GB/T50010 (2010) and a large number of
collected test data, the correlation relationship was estab-
lished in Eq. (6).

fir = 0.53f25 (1)
oo = 059f37 vy
fir = 0.3 3)
fir = 0.125£%°1 (4)
fir = 0.19£%7° (5)
fie = 0197273 (6)

3.3.3 Flexural Strength

Similarly, flexural strength is also an important indica-
tor of material properties. In contrast, flexural strength is
more sensitive to features in micro-structure than com-
pressive strength (Toutanji and Bayasi, 1999; Cao et al,,
2000). The research results of Zhao et al., (2014) showed
that under standard curing conditions, the inclusion
of IOTS exerted little effect on concrete early flexural
strength, and flexural strength of concrete with 20%, 30%
and 100% IOTS content at 3d and 7d were even greater
than that of control group. However, when IOTS content
ranged from 20 to 50%, the flexural strength of sample
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at 28d approximately decreased by 20%, and decreased
by 29% for the concrete with 100% IOTS content, as
shown in Fig. 10. Meanwhile, it was found that the flex-
ural strength of concrete with low IOTS content (less
than 40%) increased slightly as IOTS content increased,
while it decreased as IOTS content increased when IOTS
content exceeded 40% (Chen et al., 2017). A similar con-
clusion was drawn by Li (2017) that as the increase of
IOTS content, the flexural strength increased and then
decreased. This influence law coincides with the variation
rule of IOTS content on the compressive and flexural
strength. The reason for this variation is also similar to
the mentioned above explanations.

In addition, some scholars have attempted to establish
the correlation between flexural strength f; and com-
pressive strength fo, of IOTS concrete. On the basis of
Eq. (7) of f; and fuy of ordinary concrete suggested by
ACI 318 (2019) and ACI 363R (1992) codes, the correla-
tion between f; and fo, of IOTS concrete was fitted by
Zhao et al,, (2012) based on a large amount of collected
test data, as shown in Eq. (8).

fi = 0.54£7 (7)

fi = 0.42f%73 (8)

3.3.4 Elastic Modulus

Comparatively, relatively few investigations have been
conducted on elastic modulus of IOTS concrete, and the
limited studies available had derived inconsistent results.
The 28 days elastic modulus of concrete with 20%—100%
IOTS contents was studied, indicating that elastic
modulus of IOTS concrete increased as IOTS content
increased, and it increased by 45.37%—65.74% compared
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Fig. 11 28-day elastic modulus of samples with different IOTS
contents (Shettima et al,, 2016)

with control group, as shown in Fig. 11 (Shettima et al.,
2016). This may be due to the following reasons (1) the
addition of IOTS improves the particle gradation between
aggregates; (2) the rough surface and angular structure of
IOTS enhance the bonding effect between cement and
aggregates; (3) the Ca(OH), generated by hydration of
cement reacts with IOTS in secondary hydration, con-
tinuously fills the internal pores of the samples, and the
compactness is constantly improved, which leads to the
enhancement of deformation resistance.

Differently, the opposite conclusion was reached, find-
ing that elastic modulus of concrete with 20%—-60% IOTS
content decreased by 0.53%—3.74%, as shown in Fig. 12
(Wang et al., 2018). Similar conclusion was also drawn
by Tao et al.,, (2023). This was mainly due to the high

39
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Fig. 12 Effect of IOTS content on elastic modulus of samples
at different ages (Wang et al., 2018)
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mud content in IOTS and the irregular shape of its par-
ticles, which could easily lead to the separation of aggre-
gate from mud and segregation when the mud content
was excessive, thus reducing the strength of IOTS con-
crete and leading to the continuous reduction of elastic
modulus.

Moreover, the results of Chen et al., (2017) revealed
that the elastic modulus of IOTS concrete with 40% IOTS
content increased by 0.77% compared with control group,
while elastic modulus of concrete with 50%-70% IOTS
content decreased by 1.93%—-2.57%, as shown in Fig. 13.
This was mainly because the irregular angular structure
on the surface of IOTS led to more pores inside the con-
crete structure, preventing the reaction between cement
and water, thus reducing the actual water-binder ratio.
The increase of effective gels system at the aggregate
interface and the strengthening of the chemical binder
force of cement made the bond between the aggregates
inside the concrete structure dense, reducing the defor-
mation rate of the materials, and thus increasing elastic
modulus. However, the surface of IOTS had uneven edge
angle, which was easy to be damaged in the process of
stress, resulting in the reduction of elastic modulus.

In contrast, there are relatively few studies on elastic
modulus and the conclusions are inconclusive. In view of
the inconsistency of the current research results and the
limited number of data samples, the subsequent research
on elastic modulus of IOTS concrete needs to be further
conducted.

3.4 Drying Shrinkage

Due to evaporation of free water, hardened concrete
inevitably produces drying shrinkage, and several micro-
cracks will occur in concrete when the shrinkage stress
is larger than concrete tensile strength (Deysel et al,
2023). With the drying shrinkage gradually increasing,

3.15
_ 3.1193
g
E310} 3.09
z
<t
2
= 3051 38359
=
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Fig. 13 Elastic modulus of samples with different IOTS content (Chen
etal,2017)
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cracks gradually become distinct. Drying shrinkage is
also a critical indicator of concrete long-term behavior.
The research results of Shettima et al., (2016) reported
that drying shrinkage of concrete with IOTS content of
25%, 50%, 75% and 100% at 90 days were 24%, 43%, 46%
and 58% lower than control group concrete, as shown
in Fig. 14. A similar conclusion was also drawn for the
concrete made of IOTS and manufactured sand, the dry-
ing shrinkage of IOTS concrete with C30, C50 and C60
grades was examined, and it was found that the drying
shrinkage was lower than control group concrete (Jia
et al,, 2013; Feng et al., 2011). Additionally, Zhang et al.,
(2013) found that drying shrinkage of mixed sand con-
crete was smaller than that of NS concrete and decreased
as the IOTS content increased.

Clearly, the conclusion of existing studies (Feng et al.,
2011; Jia et al, 2013; Shettima et al., 2016; Wang et al.,
2022; Deysel et al., 2023) was basically the same, the dry-
ing shrinkage of IOTS concrete decreased as IOTS con-
tent increased. This could be attributed that the following
reasons (1) filling effect of fine IOTS on pore structure;
(2) the porosity of IOTS concrete would absorb more
moisture during the concrete drying stage and release
moisture slowly; and (3) the microstructure built on the
multi-angular surface of IOTS were relatively stable.

3.5 Durability of IOTS Concrete

Durability refers to the capacity of concrete to with-
stand the action of environmental media, to maintain
its favorable performance and appearance integrity
chronically, and to sustain the safety and normal use of
the structures. The durability of concrete affects the ser-
vice life of the structures. This section focuses on the
research progress of durability of IOTS concrete from the
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aspects of permeability, frost resistance and carbonation
resistance.

3.5.1 Permeability Resistance

Rapid chloride penetration and water penetration tests
are employed to assess the permeability of IOTS con-
crete. Permeability is closely correlated to IOTS content
in concrete. The research result of Feng et al., (2017)
and Wang et al,, (2023) showed that the relative perme-
ability coefficient of IOTS concrete decreased and then
increased as IOTS content increased, and the recom-
mended optimal IOTS content was 25%. However, a
different conclusion showed that when IOTS content
was less than 20%, the permeability resistance of IOTS
concrete increased as IOTS content increased, while
decreased as IOTS content increased when IOTS con-
tent was more than 20%, and the impermeability of IOTS
concrete was 1.78x107°-5.96x10° cm/h (Wang et al,,
2020). Meanwhile, the permeability resistance of concrete
with different IOTS contents (i.e., 0%, 20%, 40%, 60%,
80% and 100%) was analyzed, finding that the imperme-
ability increased as IOTS content increased, as shown in
Fig. 15 (Zhang et al., 2020). Additionally, an experimental
study on permeability resistance of IOTS and fly ash con-
crete with large dosage was also conducted, confirming
that under the same water-cement ratio, the compressive
and tensile strength of IOTS concrete were lower than
that of fly ash concrete, while the chloride ion perme-
ability resistance was larger than that of fly ash concrete
(Han et al., 2017, 2020).

Obviously, there are some deviations in the conclusions
drawn by the scholars, which might be related to the dif-
ferent sources and mineral compositions of the IOTS
used in the experiments. However, the reason that the
incorporation of IOTS could improve the impermeability
of concrete might be attributed to the following reasons
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Fig. 15 Permeability test under different IOTS contents (Zhang et al,,
2020)
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(1) fine IOTS could fill the voids, optimize the pore struc-
tures and decrease porosity; (2) some ultra IOTS parti-
cles consumed Ca(OH), and produced more C-S—H, thus
resulting in dense and uniform structures (Han et al,
2017; Shettima et al., 2016).

3.5.2 Frost Resistance

The frost resistance is the capacity of a material to resist
multiple freeze—thaw cycles in the state of water without
damage and significant reduction in strength, which is a
critical indicator for assessing concrete durability in cold
conditions (Cheng et al., 2020; Wang et al., 2022).

The result of Zhang et al., (2014) revealed that the addi-
tion of IOTS had little effect on the frost resistance of
the samples compared with the NS, the strength loss and
weight loss of concrete with IOTS content of 20%-60%
were less than 22% and 5% respectively after 200 freeze—
thaw cycles. The freeze—thaw cycle tests of IOTS con-
crete respectively was carried out, and it was found that
with the increase of IOTS content, the freeze-resistance
of the samples increased and then decreased, and the
frost resistance of concrete with 30% IOTS content was
comparable to that of NS concrete, as shown in Fig. 16
(Cheng et al.,, 2020; Feng et al,, 2017). The freeze—thaw
cycle tests on IOTS concrete exposed to different pro-
portions of NaCl solution were also performed, revealing
that the freeze—thaw cycle increased the diffusion rate of
CI” to the concrete interior, and the compressive strength
decreased as the number of cycles increased (Zhang
et al,, 2018).

Obviously, the previous studies (Cheng et al., 2020;
Wang et al, 2022, 2023; Zhang et al., 2014, 2018) had
demonstrated that there was little difference in the frost
resistance between IOTS and NS at appropriate content,

~90 ‘ -
= XY 0% 27 10% R 20%
2 80F 7 7 R 309 R 40%
220l NN \ S
o
soof VAR 2
250t SVS S
D40t
E30f
g
520t
>
Z10f
6‘2 0 N NN NN

25 50 75

Times of freeze-thaw cycles (times)
Fig. 16 Effect of IOTS content on relative dynamic elastic modulus
of samples under different freeze-thaw conditions cycles (Cheng
etal, 2020)
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and the frost resistance of samples increased and then
decreased with the addition of IOTS. This might be due
to the following reasons (1) IOTS had high water absorp-
tion, and with the freeze—thaw cycle, the free water in the
internal pores of concrete kept freezing and expanding;
(2) the addition of IOTS optimized the particle size gra-
dation of aggregates, while IOTS was inactive substances,
with the progress of freeze—thaw cycle, the hydration
reaction of IOTS continuously occurred, and micro-
cracks continuously occurred on the sample surface; (3)
excessive addition of IOTS destroyed the integrity of the
concrete structure, resulting in the increase of harmful
pores.

Apparently, from the available studies, it could be sug-
gested that subsequent attention should be focused on
the effect of more relevant influencing factors on the
frost resistance of IOTS concrete, in-depth research on
the anti-freezing mechanism of IOTS concrete, and rele-
vant prediction models for the anti-freezing performance
of IOTS concrete should be proposed.

3.5.3 Carbonation Resistance

Carbonation is a relatively slow chemical process in
which CO, in the atmosphere reacts with Ca(OH), in
concrete to form CaCO;. Concrete carbonation exerts
little effect on strength, while the effect on steel in con-
crete should not be ignored. Currently, the influence law
of IOTS content on carbonation resistance was inconsist-
ent. Shettima et al., (2016) reported that the carbonation
depth reduced as IOTS content increased, and compared
with NS concrete, carbonation depth of concrete with
100% IOTS content decreased by 51.98%. Subsequently,
it was also reported that the incorporation of 20% IOTS
content was conducive to reducing the carbonation
depth, and the low water-binder ratio was benefit to
improve the carbonation resistance (Song et al., 2019).
Meanwhile, the impact of IOTS content and water-binder
ratio on carbonation resistance of concrete was exam-
ined, revealing that the carbonation resistance decreased
as IOTS content increased, and the optimal water-binder
ratio of IOTS concrete was 0.4, as shown in Fig. 17 (Sun
and Liu 2020). Obviously, most research results demon-
strated that the introduction of IOTS contributed to the
reduction of carbonation depth. This might be attributed
to the incorporation of IOTS was conducive to compact-
ing void and optimizing pore structure, thus avoiding or
delaying the entry of CO,.

Differently, some scholars drew an opposite conclu-
sion that carbonation depth of IOTS concrete increased
as IOTS content increased. The carbonation resistance
of concrete with different contents of IOTS (i.e., 10%,
20%, 30%, and 40%) was investigated, demonstrating
that carbonation resistance decreased as IOTS content
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increased, as shown in Fig. 18 (Cheng et al., 2020). The
main reason for the decrease in carbonation depth might
be came from that the addition of fine IOTS made the
cement clinker content relatively reduced, the production
of Ca(OH), decreased, resulting in the reduction of alka-
linity. Additionally, the pozzolanic reaction of fine IOTS
consumed Ca(OH),, which further reduced concrete
alkalinity, leading to a decline in carbonation resistance.

4 Mechanical Behaviors of IOTS Concrete Members
As mentioned above, the application of IOTS concrete
in engineering structural components is an effective way
to realize the recycling and large-scale utilization of solid
waste. Currently, numerous researches have been con-
ducted on material properties of IOTS concrete, and
fruitful achievements have been made. Comparatively,
relatively few studies have focused on the component
level of IOTS concrete, and there is a lack of systematic
research on IOTS concrete members.

Page 12 of 17

In terms of experimental research, experimental stud-
ies on flexural behaviors of IOTS concrete members
were conducted, demonstrating that IOTS content was
closely correlated to flexural behaviors of beam and slab
specimens, and the crack width was positively corre-
lated with IOTS content (Guan et al., 2016, 2017). Con-
sidering the effects of factors, such as concrete strength
grade and diameter of longitudinal reinforcement, the
various mechanical properties of IOTS concrete beams
and ordinary concrete beams were comparatively ana-
lyzed and it was indicated that there was little differ-
ence between the mechanical properties of the two
types of beams, which largely confirmed the feasibil-
ity of using IOTS instead of NS for concrete (Bhar-
gav 2021; Wang et al,, 2015). In addition, the flexural
behaviors of RC beams with different IOTS contents
were investigated and it was found that the replacement
of NS by IOTS had marginal effect on flexural strength,
whereas exerted a greater impact on the deflection of
beams. When the replacement rate of IOTS was 40%,
the deflection of IOTS concrete beams was the maxi-
mum (Prema et al., 2014). Similarly, the influences of
several parameters, such as IOTS replacement rate,
reinforcement ratio, slab thickness, on the mechanical
behaviors of IOTS concrete beams and slabs were ana-
lyzed, demonstrating that when IOTS content reached
70%, the shear behaviors of IOTS concrete beams and
NS concrete beams were significantly different, while
the flexural behaviors of IOTS concrete slabs were little
different from those of NS concrete slabs (Chen 2015;
Ma et al.,, 2024). The flexural behaviors of RC beams
prepared by partially replacing fine aggregate using
IOTS with a small amount of sisal fibers was examined
and it was revealed that when IOTS content was 25%
and sisal fiber was 1%, the flexural capacity of IOTS
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Fig. 19 Comparison of load-deflection curves of beams (Bhargav
etal, 2021)
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concrete beam was 28% higher than that of NS beam
(Bhargav et al., 2021), as shown in Fig. 19. Additionally,
an experimental study on axial compression behavior
of IOTS concrete short columns with different strength
levels was conducted, finding that the axial capacity of
IOTS concrete short columns was similar to that of NS
concrete short columns, considerably indicating that
IOTS could be used in axial compression members
instead of NS (Li and Kang 2018). Relatively few stud-
ies have been conducted on the performance of IOTS
concrete compression members, and their application
in structural engineering requires further research.

In terms of numerical simulation, the impacts of IOTS
content and shear span ratio on mechanical behaviors of
IOTS concrete beams were simulated and the analysis
results indicated that the incorporation of IOTS reduced
the shear behavior of beams, and the decrease in shear
span ratio improved the capacity of IOTS beams (Hu
et al., 2015; Cao et al,, 2019). A similar numerical simula-
tion study was carried out for the IOTS concrete slabs,
the influences of slab thickness and reinforcement ratio
on the flexural behaviors of IOTS concrete slabs were
analyzed and it was found that similar to normal con-
crete slabs, increasing reinforcement ratio or slab thick-
ness would improve load capacity and flexural stiffness
of IOTS concrete slabs (Zhu, 2015). In addition, a sim-
ulation study on axial compression behavior of IOTS
concrete columns was conducted, and the influence of
stirrup characteristic value and concrete strength grade
on axial compression behavior was examined (Zhang
et al., 2016). Simulation analysis illustrated that increas-
ing concrete strength grade improved column stiffness,
and the peak stress and peak strain of IOTS concrete
were positively correlated with the stirrup character-
istic value. Currently, numerical simulation studies on
IOTS concrete members are very limited and the analysis
depth needs to be further deepened. The relevant numer-
ical simulation research can be further carried out in the
future.

In terms of theoretical research, scholars have also car-
ried out relevant research work. To explore the applica-
bility of the calculation formulas of cracks and stiffness
of ordinary RC beams in existing Chinese code GB 50010
(2010) to IOTS beams, the flexural behaviors of IOTS
concrete beams and ordinary RC beams were compared
and analyzed, demonstrating that the calculation formula
of stiffness was suitable for IOTS concrete beams while
the compatibility of crack width formula was general.
On the basis of the existing specification, the formula for
predicting crack width of IOTS concrete was proposed,
and the prediction formula of average crack width and
maximum crack width prediction formula are shown in
Eq. (9) and Eq. (10) (Zhang et al., 2015).
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where, [y, is the average crack width, c is the thickness of
protective layer, d represents the longitudinal reinforce-
ment diameter and pi. denotes the longitudinal ten-
sile steel reinforcement ratio calculated by section area
of effective tensile concrete, wy, is the maximum crack
width, o5 is the equivalent stress of longitudinal tensile
reinforcement of concrete member calculated according
to standard combination and E; is the elastic modulus of
steel reinforcement.

Considering the impact of shear span ratio, reinforce-
ment ratio and concrete strength grade, the shear behav-
ior of IOTS concrete beams and ordinary RC beams was
compared and analyzed, a suitable formula for calcu-
lating shear capacity of IOTS concrete beams based on
shear capacity formula of ordinary RC beams was pro-
posed (Ma et al., 2021; Wang, 2019), as shown in Eq. (11).

(o4 Agy
Vs ftbho + fy Tho

Y (11)

where, V; is the shear capacity of IOTS concrete, o and
B are the correction coefficients for IOTS concrete com-
pared to ordinary concrete, respectively, 4 takes 2.0 and
2.5, f; is the tensile strength of concrete, b is the beam
section width, /g is the effective height of beam section,
Jyv is the tensile strength of stirrups, Ay is the stirrup
area and s is the stirrup spacing.

In addition, the impact of axial compression ratio, hoop
characteristic value and concrete strength grade on seis-
mic behavior of IOTS concrete columns was also exam-
ined, and the prediction formula of the flexural bearing
capacity of IOTS concrete columns was derived based on
the existing formula in Chinese code GB50010 (2010) and
a large number of test results (Li et al., 2018), as shown in
Eq. (12) and Eq. (13).

fo = K0.67fcu (12)
pvfys
K=1+4—(K <12
+ 0.7%1( < 1.2) (13)

where, fcis the compressive strength of concrete under
stirrup confinement, fo, is the compressive strength of
IOTS concrete, fys is the yield strength of stirrups, py is
the volume reinforcement ratio of the stirrup and K is the
increasing coefficient of compressive strength of concrete
under stirrup confinement.

To sum up, the existing studies of IOTS concrete
members mainly focuses on flexural members, and the
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limited research results demonstrate that the failure
mode of concrete flexural members with IOTS is similar
to those of ordinary RC flexural members. The mechani-
cal behaviors of the IOTS concrete members with appro-
priate IOTS content are equal to or even exceed those
of ordinary RC members. It is feasible to rationalize the
application of IOTS concrete to engineering structural
members. However, it’s worth noting that most of IOTS
currently used in concrete members are medium sands,
and few reports are available on the application of fine
and ultra-fine IOTS. Future research will be directed
towards further consideration of the properties of fine
and ultra-fine IOTS concrete and the behavior of its con-
crete members, as well as the development of new and
effective ways to utilize IOTS resources.

5 Conclusion and Future Needs

A summary review of findings and investigations on the
basic material properties of the IOTS concrete is pre-
sented, as well as the mechanical behaviors of IOTS con-
crete members. Conclusions can be summarized:

(1) The basic material characteristics of IOTS, such as
physical properties and mineral composites, and the
similarities and differences between IOTS and NS
were compared and analyzed. The apparent density,
porosity and water absorption of IOTS were gener-
ally greater than those of NS. The mineral compos-
ite of IOTS mainly included SiO,, Fe,O4 and Al,Os.

(2) Different conclusions were reached on the work-
ability of IOTS concrete, while it was worth affirm-
ing that the workability of concrete was related to
the IOTS content. The rough, angular surface and
large specific surface area of IOTS resulted in the
decrease of slump of IOTS concrete. Conversely,
the fine or ultra-fine IOTS could adjust the parti-
cle gradation of fine aggregate, act as the cementing
ingredient and improve flow properties.

(3) The mechanical properties of IOTS concrete were
systematically summarized from the aspects of
compressive, splitting tensile, flexural strengths and
elastic modulus. Except for elastic modulus, the
other properties generally showed the similar rules,
which increased and then decreased as IOTS con-
tent increased. Additionally, the drying shrinkage
of IOTS concrete decreased with increasing IOTS
content. This was mainly attributed to the favorable
filling effect of fine IOTS and the stable microstruc-
ture formed on multi-angular surface.

(4) The research progress of durability of IOTS con-
crete, including the permeability, frost and carbona-
tion resistances, was summarized in detail. The

Page 14 of 17

appropriate incorporation of IOTS could improve
the impermeability, frost resistance and carbona-
tion resistance. The inconsistent effect of IOTS con-
tent on concrete durability was mainly due to the
different mineralogical compositions of the geologi-
cal exploration areas where IOTS was generated.

(5) The mechanical behaviors of IOTS concrete mem-
bers were summarized in terms of experimental
research, theoretical analysis and numerical simu-
lation. The limited research mainly focused on the
IOTS concrete flexural members. Concrete mem-
bers with appropriate IOTS content behaved equal
or even higher mechanical behaviors than those of
ordinary RC members, which considerably con-
firmed the feasibility of using IOTS instead of NS
for concrete in engineering.

From the current research, the study on IOTS con-
crete (especially at the component level) is still in its
infancy and relatively limited work has been conducted
on IOTS concrete and members. Further research can
be conducted as follows:

(1) Searching for suitable and effective ways to utilize
fine or ultra-fine IOTS, as well as seeking appro-
priate solid waste materials to cooperate with the
IOTS to improve the workability, mechanical prop-
erties and durability of concrete are future research
directions of interest.

(2) Most of the existing researches are mainly focused
on the material level, while comparatively few stud-
ies have been conducted at the component level.
Further research on the mechanical behaviors of
IOTS concrete members can be conducted in the
future.

(3) Exploring the durability of IOTS concrete and its
members, and revealing the degradation mecha-
nism are also essential research topics that needs
urgent attention in the future.
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