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� Fresh and hardened properties of SCC
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a b s t r a c t

Red mud (RM) is a toxic waste, rich in coloured pigments, which affects landfills and surrounding envi-
ronments due to its high alkalinity. But it is suitable for architectural coloured concrete production since
it contains a high volume of ferric oxide (Fe2O3), aluminium oxide (Al2O3), and Silicon dioxide (SiO2).
Therefore, the application of RM in concrete production not only may benefit the construction industry
but also helps mitigating the environmental effects of alumina refineries. In addition, using RM can help
to achieve a green coloured concrete with similar properties to current concrete made with white
cement. This study intends to appraise the effects of RM in self-compacting architectural concrete
(SCAC) production as cement and filler replacement. For that purpose, seven concrete mixes incorporat-
ing various ratios of RM as partial cement (2.5%, 5.0%, and 7.5%) and filler (25%, 50%, and 75%) replace-
ment were produced in the laboratory. The results revealed that RM does not significantly affect the
performance of concrete, as the variations of the results were mostly lower than 5% in relation to the
reference concrete. Moreover, incorporating RM in SCAC can improve the durability to sulphate attack
in terms of weight loss, a very important parameter when evaluating the performance of architectural
concrete, by about 27%. In addition, using RM can help achieve a green coloured concrete with similar
properties to current concrete made with white cement.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction
Red mud is a waste material derived from Al2O3 refineries pro-
duced under heat and high pressure [1] containing a high volume
of Fe2O3, Al2O3, and SiO2, which make it a potential supplementary
cementitious material (SCM) according to ASTM C618 [2]. Also,
Fe2O3, which is mostly the major component of RM [3], makes it
an interesting pozzolanic material in order to produce coloured
concrete. In addition, crystalline phases of RM are mainly
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Table 1
Source of the materials.

No. Material Provided from

1 White cement Shargh Cement Co.
2 White stone powder Stone quarries near Sabzevar city, Iran
3 Granite waste powder Stone quarries near Mashhad, Iran
4 White aggregates Stone quarries near Sabzevar city, Iran
5 RM Jajarm Alumina plant (located in North

Khorasan province)
6 Superplasticizer (SP) Sakhteman Shimi Co.
7 Viscosity modifying

admixture (VMA)
Zhikava Co.

8 Water Tap water
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gismondine, goosecreekite and epistilbite belonging to zeolite, a
material able to contribute to the enhancement of compressive
strength in cement pastes [4]. Regardless of the potential advan-
tages, when producing one tonne of alumina, an approximate
amount of two tonnes of RM is produced [3]. RM generally causes
serious environmental threats due to its high alkalinity and salin-
ity; therefore, its disposal not only may pollute natural resources
and landfills, but can also be very costly [1] because of the expen-
sive methods needed to maintenance surrounding environments of
landfills. However, as researchers who have focused on reducing
the greenhouse gas (GHG) emissions of cement industry are
searching for appropriate SCMs, the application of RM could con-
tribute to the aim and add value to this toxic waste. The toxicity
of RM is attributed to its hyper-alkaline property, which makes it
a toxic source for the aquatic life, and mobility of oxyanionic trace
elements including As, Cr, Mo, and V at a high pH [5], which can be
toxic to the environment and human health [6]. However, by using
this valuable waste material in concrete production, it is possible
to mitigate its adverse effects on the environment and human life
by restricting air, water, and soil pollutants, i.e. the toxic and dan-
gerous particles and valuable pigments become locked in the con-
crete matrix and stay there as long as concrete endures, avoiding
their impacts on the environment.

Recent studies have reported improvements in the properties of
different concrete types obtained from the application of waste
and by-products. For example, increased compressive strength of
high performance concrete and rubber fibre concrete as a result
of the application of granite and marble waste powder [7,8], and
silica fume incorporation [9], enhanced electrical resistivity of con-
crete in terms of chloride diffusion coefficient and resistance to
corrosion of embedded steel by adding rice husk-bark ash [10],
improved rheology and resistance to penetration of chloride ions
of concrete incorporating sugar cane bagasse ash [11], and
increased resistance to sulphate attack as a result of cow dung
ash application [12], have been reported by researchers. RM has
also been used as a building material in producing various con-
struction materials, including cement mortars and concrete in a
limited number of studies that are reviewed next.

Pera et al. [13] appraised the influence of RM on the compres-
sive strength of mortars, showing that the incorporation of RM
could reduce the compressive strength. Pan et al. [14] produced a
new kind of RM cementitious material using RM with excellent
resistance against chemical attacks as a result of the absence of cal-
cium hydroxide (Ca(OH)2), Aft (Al2O3, Fe2O3, and tri-sulphate), and
zeolite-like products. The cementitious activity of calcined RM at
different intervals between 400–900 �C was evaluated by Liu
et al. [15]. The results indicated that the formation of poorly-
crystallized calcium silicate (Ca2SiO4) at 600 �C can result in a good
cementitious activity. Senff et al. [16] carried out some researches
on the effects of RM on the rheological and mechanical properties
of concrete, resulting that the hydration process does not change
by incorporating RM, although for over 20% replacement the max-
imum temperature of the hydration process decreases, without
any significant delay in the process. In addition, higher water
absorption and lower mechanical strength result from increasing
the RM content. Ribeiro et al. [17] monitored the corrosion of rein-
forced concrete by performing various tests, concluding that RM
can be an appropriate SCM for concrete production in environ-
ments with high possibility of corrosion as it can reduce the chlo-
ride migration rate (diffusion coefficient) and corrosion potential,
and improve the electrical resistivity. Rathod et al. [18], after per-
forming research on the compressive and splitting tensile strength
of RM concrete, concluded that with the increase in RM content as
cement replacement compressive and tensile strengths decrease.
Liu et al. [1] enhanced the compressive strength, splitting tensile
strength and elasticity modulus of concrete with RM as partial
FA replacement. According to the result, the strength activity
indices (SAI) of the RM could be equal to those of class F FA, while
it can improve the viscosity of self-compacting concrete (SCC).
Moreover, they concluded that RM is capable of remarkably pre-
venting segregation and bleeding as well as reducing drying
shrinkage. However, when using RM in SCC, a slight decrease in
the flow and passing ability should be expected.

Reviewing the literature reveals a knowledge gap in studying the
effects of RM in concrete production for aesthetic purposes as it can
be used as an efficient pigment according to its chemical composi-
tion. The development of coloured self-compacting concrete opens
new interesting applications, as it can turn environmentally haz-
ardousmaterials that are rich in colour pigments into attractive sup-
plementary cementitious and additions, in order to ease the
production of complicated architectural elements in various shapes
and colours. Inmost cases, coloured concrete elements are cast with
similar methods and equipment to conventional concrete. In this
study, the authors first assess the properties of RM, rich in red colour
pigments, and then appraise the rheological andmechanical proper-
ties of SCAC, offering an opportunity to produce complex architec-
tural elements, incorporating RM, a toxic waste threatening the
environment, as cement and filler replacement.

2. Experimental work

2.1. Materials

The materials used in the production of architectural concrete specimens were
supplied from different locations and companies as illustrated in Table 1.

The raw materials were characterized by the following characterization tech-
niques and research methods. The mineral composition was obtained using a
GNR-Explorer multipurpose diffractometer with Cu K alpha radiation. Phases were
identified using reference database COD (Crystallography Open Database). The
chemical composition was determined by X-ray fluorescence spectrometry (XRF).
Particle size analysis followed ASTM C136 [19] and ASTM E2651 [20], particles
dry density was determined according to ASTM C29 [21], saturated surface dry den-
sity using ASTM C127 [22] and C128 [23], and specific gravity in accordance with
ASTM C188 [24].

2.2. Mix design

Most of the methods to design an SCC mix are based on trial and error. There-
fore, a similar process was used in the laboratory in order to: 1. find a primary mix
with acceptable rheological and compressive strength, 2. find the effective content
of SP and VMA, 3. specify the ratio of fine to coarse aggregates, and 4. specify the
range of water-cement ratio. Then, mixes were designed considering a target slump
in the range of 750 ± 50 mm. In order to maintain the slump range, the content of SP
was changed when making specimens. The details of all mixes are provided in
Table 2.

All steps were performed at the laboratories of Ferdowsi University of Mashhad,
according to the requirements for mixing, moulding, and curing of concrete speci-
mens. After 24 h, the moulds were removed and the specimens were immersed in
water in a curing tank until testing.

2.3. Testing fresh and hardened concrete

Data on the test methods are summarized in Tables 3 and 4. When testing fresh
and hardened concrete, the average result obtained from three specimens was con-
sidered, for each age.



Table 2
Mixes composition.

No. Mix Cement
(kg/m3)

W/C RM
(kg/m3)

Filler
(kg/m3)

Water
(kg/m3)

SP
(kg/m3)

Coarse A.
(kg/m3)

Fine A.
(kg/m3)

VMA
(kg/m3)

Slump
(cm)

1 SC 400 0.475 0 150 190 8 600 900 4 80
2 RC2.5 390 0.475 10 150 190 8 600 900 4 79

RC5 380 0.475 20 150 190 8 600 900 4 77
RC7.5 370 0.475 30 150 190 8 600 900 4 77

3 RF25 400 0.475 37.5 112.5 190 9 600 900 4 75
RF50 400 0.475 75 75 190 10 600 900 4 72
RF75 400 0.475 112.5 37.5 190 11 600 900 4 71

Table 5
Chemical composition of cement, RM, and filler.

No. Constituents White cement (%) RM (%) Filler (%)

1 SiO2 24.1 13.36 0.51
2 Al2O3 4.5 16.63 0.11
3 Fe2O3 0.45 23.68 0.06
4 CaO 65.2 18.23 54.78
5 Na2O - 4.37 0.02
6 K2O - 0.48 0.02
7 MgO 2.5 1.75 0.49
8 TiO2 - 5.21 0.015
9 MnO - 0.068 0.015
10 P2O5 - 0.143 0.055
11 SO3 2 0.46 0.21
12 LOI 1.5 14.89 43.68
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3. Results and discussion

3.1. Raw materials testing

3.1.1. Chemical composition
The chemical composition of cement, RM and white stone pow-

der (filler) is described in Table 5. The chemical composition of the
filler and aggregates is the same.

3.1.2. Grain size distribution
The grain size distribution of the cement, RM, filler, and aggre-

gates used in the production of the specimens is shown in Fig. 1.
The average grain size of cement, RM, and filler was 6.34 mm,
2.86 mm, and 4.57 mm, respectively.

3.1.3. XRD results
The XRD pattern of RM, supplied from tailings dam of Jajarm’s

Alumina Refinery Company, is illustrated in Fig. 2.
The main phases existing in RM, based on the XRD analysis, are

as follows: calcite (CaCO3), hematite (Fe2O3), corundum (Al2O3),
and quartz (SiO2). RM is a complex material and its chemical and
mineral composition, depending on the characteristics of raw
materials, processing steps of bauxite, type of additives used dur-
ing the bauxite processing and the composition of final formed
compound [38], vary widely all over the world [15]. RM obtained
from Jajarm’s alumina refinery is mostly composed of the men-
tioned minerals that can alter the hydration products. Calcite can
Table 3
Details of the tests performed to evaluate the rheological properties.

Test Reference Specific info

Slump BS EN12350-8 [25] Target slump (750 ± 50 mm)
V funnel BS EN12350-9 [26] –
L box BS EN12350-10 [27] –
J ring BS EN12350-12 [28] –
Fresh density ASTM C138 [29] 30 � 15 cm cylindrical moulds

were used

Table 4
Details of tests performed on hardened specimens.

Test Testing age (days) Type of specimens

Compressive strength 28, 56, 90 Cube (100 mm)
Tensile strength 28, 90 Cylinder (200 � 100 mm)
Modulus of elasticity 28 Cylinder (300 � 150 mm)
Freeze-thaw cycle 28 (start of cycles) Cube (100 mm)

Sulphate attack 28 (start of cycles) Cube (100 mm)

24-hour water absorption 28, 90 Cube (100 mm)
Electrical resistivity 28, 90 Cylinder (200 � 100 mm)
be reactive with cement and play two roles, as an active participant
in the hydration reactions, or as an inert filler [39]. Silicon dioxide
and calcium oxide in cement with presence of water can form cal-
cium carbonate, being capable of increasing compressive strength,
during hydration process [40]. Iron and aluminum oxides (Al2O3

and Fe2O3) are also considered to have cementitious properties
[41]. Nevertheless, according to ASTM C618 [2] and the results
obtained by XRF test, RM cannot be considered a pozzolanic
material.

3.1.4. Physical properties
Table 6 shows the physical properties of the cement, RM and fil-

ler and Table 7 those of the fine and coarse aggregates.

3.2. Fresh concrete testing

3.2.1. Slump
The results of the slump test are displayed in Fig. 3.
As mentioned, the range of slump was considered to be the lev-

elling parameter. So, in order to obtain the target slump, the SP
content was changed in each mix. By comparing the SP content
used and the results of the slump test, it can be concluded that
Reference Specific info

BS EN 12390-1, 2 (2000), and 3 [30–32] –
ASTM C496 [33] –
ASTM C469 [34] –
ASTM C666-B [35] � After 100 cycles

� Two cycles in a day
� Freezing: in 8 h
� Thawing: in 4 h

ASTM C1012 [36]
BS EN 12390–3 [32]

� 5% sulphate solution
� Testing after 56 and 90 days
of immersion

ASTM C642 [37] -
Asadi Shamsabadi et al. [8] � Constant voltage of 30 V
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Fig. 1. Grain size distribution of the filler, white cement (WC), and RM particles.

Fig. 2. XRD pattern of RM.

Table 6
Physical properties of cement, RM and filler.

Properties White cement RM Filler

Specific gravity (gr/cm3) 3.1 2.95 2.65
Average grain size (mm) 6.34 2.86 4.57

Table 7
Physical properties of the fine and coarse aggregates.

Properties Fine aggregates Coarse aggregate

Specific gravity (gr/cm3) 2.50 2.55
Water absorption (%) 1.50 1.90
Fineness modulus 2.60 –
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RM can adversely affect the slump flow due to its particles’ surface
area, which is greater than that of cement and stone powder, as the
average grain size of RM is smaller than that of both cement and
stone powder, and due to RM’s porous structure entrapping water
[42]. In addition, the torque, which has an inverse relation with
slump, increases as a result of RM addition, and more so as the
RM content is higher and the W/C ratio lower [16].

The downward trend with the increase of replacement ratio can
be observed in both series. However, the series RF, which con-
tained higher amounts of RM, experienced a sharper decrease.
Mix RF75 showed the lowest slump flow diameter (SFD) at
710 mm, while SFD of RC7.5 decreased just by 30 mm in relation
to the reference mix. Among all RM mixes, RC2.5, with an SFD of
790 mm, just 10 mm lower than SC, showed the best workability.

The relationships of slump test with J-ring, L-box and V-funnel
results are drawn in Figs. 4–6. They are clear between slump and
these parameters, and obviously, with the increase of RM content,
all filling, passing, flowing abilities are degraded. The rheological
properties are positively correlated with the packing density of
concrete; the degraded packing of concrete mix decreases the
available water acting as a lubricant for the solid ingredients,
lowering fluidity [43].



Fig. 3. Slump test results.

Fig. 4. Slump versus L-box results.
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3.2.2. J-ring
The blockage tendency and passing ability of fresh SCC can be

assessed by performing J-ring test. Fig. 7 shows the results of the
test for all mixes, all within the 9–15 mm range. Adding RM
decreased the passing ability of concrete. The passing ability of
RF75 decreased by 6 mm up to 15 mm height difference, while
the height difference of RC7.5 in J-ring test increased just to
12 mm.

Nevertheless, all concrete mixes can be used in heavily rein-
forced structures, and structures with complex shapes, according
to the requirements of class SF3 of the European Guidelines for
SCC [44]. Architectural concrete is mostly used for aesthetical pur-
poses in unreinforced or lightly reinforced structures, but with
small cross sections which need an SCC with a great slump flow,
passing ability and low blockage tendency. In other words, archi-
tectural elements are similar with heavily reinforced structures
in terms of the requirements for the application of SCC.
3.2.3. V-funnel and L-box
The filling ability and viscosity of SCC are mostly determined

with the help of the V-funnel test, while the L-box test is com-
monly used to evaluate the flow and passing abilities. The V-
funnel and L-box tests are well-known indicators of viscosity.
Figs. 8 and 9 illustrate the results of the tests performed on the
fresh mixes using the V-funnel and L-box, respectively, and the
correlation between the results is pictured in Fig. 10. Obviously,
the flow and passing abilities are highly correlated with viscosity.
As the time for the mix to pass through the V-funnel increased,
the values of the L-box test decreased, showing higher viscosity.

The results show that the filling ability of concrete incorporat-
ing RM strongly depends on the RM content, regardless of the type
of replacement. Mix RF75 showed the lowest filling ability, while
the RC2.5 and RC5 mixes had similar abilities to that of SC. The
L-box test results agree with the behaviour of the mixes in V-
funnel test, as evidenced by the high correlations of the results of
the two tests.

In general, due to the smaller size of RM particles and their
higher surface area relative to PC and filler grains, the free water
content is reduced, resulting in higher friction of solid particles
and less plasticity of the fresh mix [16]. According to Ribeiro
et al. [45], the yield stress, torque, and plastic viscosity of a mix
tend to increase with increasing RM content, which leads to poor
workability. They attributed the poor workability to particle size,
surface area, and amorphous degree of RM. In addition, very fine
grains increase the tendency of the solution to agglomerate, par-
tially entrapping the free water content, which reduces the flow
ability of the mix [16].
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3.2.4. Fresh density
The fresh density test results of the SCC concrete mixes are pre-

sented in Fig. 11. This property is directly proportional to the con-
tents of the individual components. Therefore, by increasing the
RM content, density showed a tendency to decrease. This slight
downward trend can be attributed to the lower specific gravity
of RM relative to that of cement and filler. Among the mixes with
RM, RC2.5 and RF75 had respectively the greatest and lowest fresh
density, with a difference of about 0.4%. However, the fresh density
of RF75 decreased by just 11 units relative to the reference mix.

3.3. Hardened concrete testing

3.3.1. Compressive strength
The compressive strength of the specimens at three ages (28,

56, 90 days) is shown in Fig. 12. It is obvious that, within each test-
ing age, the compressive strength of all mixes with RM decreased,
similarly to the results of the study done by Rathod et al. [18],
except for the mix with 25% RM in replacement of filler, which
can be related to the modifying effect of RM on the grain size dis-
tribution of the filler content. This trend remained unchanged at all
ages proving the low pozzolanic activity and non-hydraulic charac-
ter of RM. Additionally, the graph shows that the compressive
strength decreases with increasing RM content, which could be
related with its low pozzolanic activity in series RC [16], and the
potential of RM particles to partially absorb free water adversely
influencing the hydration process of cement in both series. How-
ever, regardless of this low pozzolanic capacity, the compressive
strength of all mixes continued to similarly increase, with the high-
est increase in the mix with RM as 25% replacement of filler.
According to Senff et al. [16], the small particles of RM may act
as heterogeneous chemical activation cores for the hydration reac-
tions, helping the enhancement of properties such as compressive
strength. The same conclusion were drawn by Asadi Shamsabadi
et al. [8] and Bacarji et al. [46] when using granite waste powder
and marble residue which are waste materials with strong crys-
talline structures making them non-active pozzolanic sources.

The behaviour of the mixes produced with RM as cement
replacement was satisfactory, with all results at 90 days less than
5% lower than that of the reference mix. Overall, a high RM content
can reduce the compressive strength of concrete even at 90 days;
as a result, series RC, which was produced using a low amount of
RM as cement replacement, had a better performance than series
RF. In contrast, Liu and Poon [42] showed that using RM as high
replacement of FA can even improve the compressive strength of
SCC as a result of its high pozzolanic activity. Nevertheless, this
property of RM can be highly dependent on the production process
of waste materials, particularly the temperature that it undergoes;
therefore, the pozzolanic activity of RMmay vary from case to case.

3.3.2. Splitting tensile strength
The mixes’ splitting tensile strength is presented in Fig. 13.

There was a slight enhancement in the tensile strength in the



Fig. 13. Splitting tensile strength of all mixes.
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mix with 25% of RM replacement of filler, while in the mix with RM
replacement of cement the property remained almost unchanged,
indicating that this property is not correlated with the replacement
type and ratio. After 90 days of curing, the tensile strength was
similar to that at 28 days, particularly for the series with RM as fil-
ler replacement. The slight increase in tensile strength at 90 days
in the mixes of series RC may be due to internal curing of RM
[42], and in all mixes it may be related with the higher filling abil-
ity of voids, which results in improving the structure of reaction
products [47]. Additionally, the addition of a considerable fine par-
ticles content may change the behaviour of concrete at a micro
level, changing the structure and modality of the hydrated
compounds.
3.3.3. Modulus of elasticity
Fig. 14 shows the modulus of elasticity of all mixes. The refer-

ence concrete had the highest value, which decreased as the RM
content increased, in both series. Similarly to the results of tensile
and compressive strengths, the RF25 mix had the best performance
of all mixes with RM, with a modulus of 32 GPa, close to that of SC
(33 GPa). On the other hand, the RC7.5 mix showed the greatest
decrease in this property, about 12% lower than that of the refer-
ence mix.

According to Davraz et al. [48], variables such as the modulus of
elasticity of the cement matrix, aggregates type and content, W/C
ratio, and volume of the binding materials can significantly influ-
ence the modulus of elasticity of concrete. Therefore, the down-
ward trend of the property when using RM in series RC may be
related with its low pozzolanic activity, as it forms a considerable
part of the binder. The same results were reported by Khod-
abakhsian et al. [49] in mixes with more than 5% marble waste,
with low pozzolanic activity, as cement replacement, Rehman
et al. [50] in SCC samples made with glass powder as cement
replacement, and Esquinas et al. [51] in SCC produced with non-
conforming fly ash as partial filler replacement.
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Fig. 14. Modulus of elasticity of all mixes.
3.3.4. Electrical resistivity
The results of the electrical resistivity (ER) test on all mixes are

shown in Fig. 15. Low ER indicates a high possibility of corrosion in
concrete, especially for mixes with values below 10 kX.cm [52].
Therefore, the results of this test picture the ability of SCMs to
influence the durability performance of concrete against the
aggressive agents prior to the beginning of the corrosive process.
In this study, ER values were less than 10 kX.cm, highlighting
the need to incorporate other admixtures with the ability of
increasing ER for architecture SCC production.

Based on the results, using RM in concrete does not significantly
change the ER, and in cases containing small amounts of RM as
cement replacement, it can even slightly improve this property
at the early stages, which can be attributed to the smaller grain size
of RM slightly increasing the uniformity of the mixes. Hydration
reactions could take place around RM grains improving the unifor-
mity of the mix containing 5% RM. Nevertheless, higher replace-
ment ratios decrease the amount of cement needed for hydration
and the higher content of non-active RM alters the microstructure
of the hardened specimens. The porosity and the way that micro
pores are interconnected are altered by the degree of hydration,
with further hydration, directly related with the amount of cement,
reducing these parameters [53].

However, as RM is a low-pozzolanic material, the slight increase
in electrical resistivity of mix RC2.5 decreased at 90 days. More-
over, the decrease in ER of other mixes at 28 days may be related
with the delay in the hydration process caused by adding RM,
which partially improved at 90 days. The low increase of this prop-
erty at 90 days also reveals the low pozzolanic activity of RM. It can
also be due to the changes in pore structures according to the
research done by Moreno Ortega et al. [54]. They showed that
the percentage pores in mixes made with RM, as cement addition,
and the control mix may vary at early stages, but they show rela-
tively similar behaviour at older ages (90 days). According to them,
RM particles with the presence of hydration products are able to
produce porous calcium silicate hydrate (CSH), progressively but
very slowly filling the pores of concrete and mitigating the adverse
effects of RM addition on early stage properties.

3.3.5. Resistance to sulphate attack
The resistance to sulphate attack after 56 and 90 days of immer-

sion in sulphate solution for mixes made with RM as cement and
filler replacement is shown in Fig. 16. After 56 days of exposure
to a sulphate environment, all mixes had a similar performance
with slight variations. The trend changed as the duration of immer-
sion increased, with the best performance occurring in the mix
containing 7.5% RM as cement replacement.

Pozzolanic materials can improve the resistance of concrete to
sulphate attack by modifying the physical and chemical



Fig. 16. Resistance to sulphate attack after two different immersion times.
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microstructure. Sulphate solutions can ingress the pore network of
concrete, and react with un-hydrated and hydrated particles of the
hardened paste, leading to the formation of destructive products
such as ettringite [55], gypsum and thaumasite [56], which can
result in surface scaling, cracking, and loss in mechanical proper-
ties. However, due to the complex behaviour of reactions of sul-
phate salts with hardened concrete, it has been difficult to
specify the exact nature of the deterioration mechanism [56]. Gen-
erally, based on the results of previous studies [7,8,57,58] that
investigated the effect of pozzolans on the resistance of concrete
to sulphate attack, these materials can be used to potentially
improve this property of concrete.

In this study, the reason for the improved performance of con-
crete against sulphate attack can be related with the micro-filler
effect of RM, as was concluded in previous studies when using
seawater-neutralized bauxite refinery residue [59], limestone,
basalt and marble powders [60]. Moreover, alkali sodium sulphate
reacts with portlandite (CH), monosulphate and unreacted C3A to

form gypsum ðC� S
�
�HÞ and ettringite C� A� S

�
�H

� �
, forming

gypsum and ettringite being more voluminous (1.2–2.2 times)
than the initial reactants and capable of deterioration of concrete
[61]. In the series RC, the ettringite and gypsum formation decrease
with increasing content of RM, due to the lower volume of cement,
decreasing the amount of C3A formed, and possible low-pozzolanic
potential of RM, reducing the amount of calcium hydroxide in the
binder [60]. In addition, cement contains tri-calcium silicate (C3S)
producing calcium hydroxide in the hardened concrete which
enhances the vulnerability to sulphate attack. Accordingly,
decreasing cement proportion of the mix helps improve the perfor-
mance against sulphates [62].

On the other hand, thaumasite, which can form at room tem-
perature, is considered the main reason for deterioration of
mixes containing high volume of limestone powder in contact
with sodium sulphate solution [63]. Accordingly, in series RF,
replacement of filler with RM led to higher compressive strength
of specimens immersed in sodium sulphate solution compared
with the control mix. However, due to the weaker pozzolanic
property of RM compared with the filler used in this study, ser-
ies RF, immersed in sulphate solution, experienced a downward
trend in compressive strength with the increase of replacement
ratio. In contrast, series RC showed a better performance against
sulphate when higher amounts of RM added to the mix. Replac-
ing RM with filler also reduced the volume of very fine aggre-
gates because of the greater specific gravity of RM compared
with filler, while using RM as cement replacement increased
the volume of very fine grains as in this case partial amounts
of RM worked as filler, leading to improved durability to sul-
phate attack.
3.3.6. Resistance to freeze–thaw cycles
The freeze–thaw phenomenon causes surface defects and scal-

ing, and internal micro-cracking of concrete leading to a deteriora-
tion of the mechanical performance. Moreover, when frost damage
happens along with other events like exposure to aggressive envi-
ronments, it leads to rapid deterioration [64].

The freeze–thaw resistance of concrete samples after 100 freeze–
thaw cycles was assessed by measuring the compressive strength
and weight loss of samples, as illustrated in Fig. 17. According to
the results of weight loss, all mixes with RM interestingly showed
greater resistance than the controlmix for both the RC and RF series.
The value forweight loss of theRF75mixwas 0.58%,while that of the
reference mix was 0.74%, i.e. 1.27 times higher. However, all mixes
with RM showed weaker compressive strength performances after
freeze–thaw cycles than the control mix.

Several factors, including porosity, water absorption, capillarity
and strength affected by the type of materials, water and cement
content, water to cement ratio [65], and fine particles to cement
ratio [66] may influence the resistance of concrete to freeze–thaw
cycles. Increasing the ratio of fine particles to cement ratio results
in the possible existence of fine particles in the interfacial transi-
tion zone and weakens the bond between aggregate and hardened
cement paste, decreasing the compressive strength of concrete
exposed to freeze–thaw cycles, as concluded by Li et al. [66]. In ser-
ies RC, although RM is considered as cement replacement, by
increasing the replacement ratio, the fine particles to cement ratio
increased due to the low cementitious property of RM, resulting in
more compressive strength loss. However, as the replacement
ratios were lower than 10% by cement weight, changes in compres-
sive strength were negligible. In contrast, as the specific gravity of
RM is higher than filler, increasing the replacement ratio from 50%
to 75% decreased the amount of fine particles, enhancing the per-
formance of specimens in terms of compressive strength loss. It
is worth noting that in series RF, the compressive strength of mixes
fluctuated with altering replacement ratio, with mix RF50 showing
the worse performance, and RF25 having the best one, but weaker
than the control mix. Considering the role of voids structure on the
resistance to 9% water expansion when freezing [65], the negative
relation of porosity with reduced workability, the influence of
micro particles on capillary pores [67], and the fine particle filling
effect and pozzolanic reaction on better scaling resistance [68],
these fluctuations and the different behaviour of the mixes in
terms of weight loss when exposed to freezing and thawing cycles
can be inferred, but further investigations would be required.

3.3.7. Water absorption
The durability of concrete is correlated with its pore structure

and consequently transport properties [69]. In other words, the
way potentially aggressive substances can penetrate into concrete
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can approximately determine the service life of structures, as the
degradation mechanism of concrete is influenced by the penetra-
tion of aggressive substances. Absorption is heavily affected by
the concrete microstructure [70], which is strongly related with
the transport properties in cementitious systems [71]; i.e. absorp-
tion is one of the factors governing the transport mechanism in
cement-based systems [69]. Although, according to de Schutter
and Audenaert [72], the water absorption of concrete may not a
credible test to determine durability properties such as carbona-
tion and chloride migration, the durability of concrete is highly
related with its porous structure due to the important role of pore
networks in penetration of aggressive substances into concrete.
Therefore, water absorption has been considered a pivotal param-
eter to assess the durability of cement-based materials [69].

The effects of the replacement type and ratio on the water
absorption were evaluated at 28 and 90 days and illustrated in
Fig. 18. It is obvious that the incorporation of RM in concrete
increases the values of water absorption. It can be inferred that this
trend is related with the low pozzolanic activity of RM, the delay it
causes in the hydration process, resulting in a more porous net-
work, and the porous structure of RM that has a high water absorp-
tion property [42]. Overall, all concrete samples showed water
absorption values between 1.8% and 2.2% at 28 days, and between
2.1% and 2.9% at 90 days. At both ages, the SC mix had the best per-
formance, and the RF75 mix had the worst one. In addition, with
the increase of replacement ratios, the water absorption increased,
which is bad for durability performance. However, when RM was
used as cement replacement, the values of water absorption were
closer to that of the reference mix, and the variations were limited
to 1.15%, which is negligible.

4. Conclusions

The study investigated the potential application of RM in con-
crete production in order to eliminate the adverse effects of this
toxic waste and to produce coloured concrete for aesthetical appli-
cations. The following conclusions can be drawn:

� RM is an attractive SCM, which contains a large amount of cal-
cite (CaCO3), hematite (Fe2O3), corundum (Al2O3), and quartz
(SiO2);

� Increasing the RM content causes a decreasing trend in the flow,
filling and passing ability of fresh SCAC. However, the variations
caused are limited to a very short range, which can be
neglected;

� Overall, RM adversely affected the mechanical performance of
concrete, particularly the compressive strength and modulus
of elasticity, but the level of changes was the same as the vari-
ations in rheological properties. RF25 was the only mix showing
a greater compressive strength than SC, with 0.8%, 2.1%, and
4.7% increases at 28, 56, and 90 days, respectively;

� In terms of tensile strength, RM can slightly contribute to
increase this property. In this study, all mixes of both series
with RM as cement and filler replacement showed a better ten-
sile strength than the reference mix;
� All mixes, including the reference, showed electrical resistivity
values lower than 10 kX.cm, indicating the importance of the
application of supplementary materials in concrete made with
white cement. Nevertheless, only the electrical resistivity of
RC2.5 increased by 2% at the age of 28 days, while all other
mixes experienced a decrease. At 90 days, the pattern of the dia-
gram changes, with three mixes showing slight increases in this
property relative to the reference mix, and approximately equal
values of other mixes;

� Regarding the resistance to sulphate attack, all mixes lost com-
pressive strength by about 2% with very slight variations after
56 days of immersion, while the loss of compressive strength
increased to about 5% with variations of about 2% after 90 days
of immersion. In summary, using 7.5% and 25% RM as cement
and filler replacement will slightly improve the performance
of concrete against sulphate salts;

� Mixes with RM showed a promising performance when subject-
ing to freeze–thaw cycles in terms of weight loss. All of them
experienced a lower weight loss than SC. This property is a piv-
otal parameter for architectural concretes as they are more
exposed to these cycles.

In summary, RM can be used in SCAC production as it does not
decrease the performance of concrete by a considerable amount,
and is even capable of slightly enhancing some specific properties.
However, for future studies, it is recommended to evaluate the
potential power of alkaline activators in enhancing the perfor-
mance of RM concrete. In addition, RM is a combination of sub-
stances like iron, aluminates, silicate, and sodium components;
therefore, its reaction with Portland cement and hydration prod-
ucts could be rather complicated, which highlights the need of fur-
ther studies at a micro level.
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