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A B S T R A C T   

The construction industry is one of the major sources of pollution and global warming, with the utilization of 
cement being a significant contributor. This study aimed to minimize cement usage in construction while 
maintaining overall strength through the development of sustainable and eco-friendly concrete. A self- 
compacting concrete (SCC) was created by replacing cement with eco-friendly ferrock, aggregates and super
plasticizers at levels of 5%, 10%, 15%, 20% and 25%. The optimal blend was determined based on fresh and 
mechanical behaviour parameters. Rheological analysis of the fresh concrete was conducted using L-box, Slump 
cone, V-funnel equipment and visual stability index. The SCC was then cured through water immersion, CO2 
exposure and a combination of both. The performance of the ferrock SCC was evaluated under different curing 
conditions to determine its hardened and microstructural properties. The addition of ferrock altered the prop
erties of the concrete, and changing the curing method also influenced the behaviour of the hardened concrete. 
CO2 curing achieved about 40% of the concrete strength within four hours, while combined water and CO2 
curing produced higher-quality concrete, as shown by UPV, SEM, and XRD results. The incorporation of ferrock 
almost doubled the strength of the concrete in combined curing. At an optimum replacement level of 10%, the 
compressive strength values of water, CO2, and combined curing increased by 21.9%, 25.9% and 32.6%, 
respectively, after 28 days. The bond strength also increased by 20% at this level of ferrock addition for com
bined curing. Comparison with normal SCC indicated that the ferrock-based SCC was physically stronger at an 
optimum replacement level of 10%, with a higher degree of compaction and dense matrix. These findings suggest 
the superiority of ferrock SCC, which offers potential for use in future construction.   

1. Introduction 

The activities of the construction industry have almost reached its 
peak in recent decades and the heights of buildings are increasing at a 
large pace every day. In such an event, the usage of normal concrete is 
fairly difficult for being compacted at heights. Also, in the case of narrow 
beams or where there is less working space normal concreting has 
become tedious [1,2]. In such a situation, SCC can eliminate the issue 
faced in the compaction of concrete in high-scrap buildings. Besides, it 
minimizes the duration of construction. The concept of self-compacting 
concrete came into being in the late 1980s, offering good flowability and 
ideal compaction under its self-weight [3]. Owing to its advantages, its 
application spreads widely in the construction of dams, bridges, high- 
rise buildings and infrastructures. 

Contrary to the claim, the utilization of SCC in the construction in
dustry has to deal with a large quantity of portland cement and chemical 

substances imposing limitations on the sustainability of concrete tech
nology. This issue can be solved by recycling industrial byproducts to 
maintain the freshness and durability of the concrete [4–6]. Also, the 
world’s thirst for materialization and industrialization is increasing in 
an alarming way increasing carbon intrusion into the atmosphere. The 
construction sector accounts for the emission of 38% of carbon forming a 
reason for climate change, says the UN report [7] which compels re
searchers to look for a suitable carbon-negative material. One such 
material is ferrock, developed from the combination of industrial resi
dues with an absolute capacity of absorbing CO2 in the air like a sponge. 
It is a less expensive material developed by researchers equal to that of 
Portland cement concrete having ideal mechanical and flexural prop
erties [8]. 

Ferrock is a combination of iron dust, fly ash, metakaolin and lime
stone powder with a major proportion of iron scraps from steel in
dustries [8,9]. In recent times, India has become the second-largest 
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sector of steel manufacturing in the world. The global production of such 
a demanded material is fully yielded by several steel units all over the 
country. The ministry of steel in India reported a huge turnover of 99.57 
million tonnes of steel around the global year 2020–2021. In such a 
scenario, environmental management and energy efficiency becomes 
the crucial elements to be under control to balance environmental 
destruction [10]. In favour, the ministry of steel has offered the possible 
use of slag waste from the iron and steel industries in the construction 
department with the provision of developing codes and guidelines for 
landfilled hazardous materials. Eventually, the increase in the iron and 
steel market expected a dropout of 2,40,643 tonnes of mill-scale waste, 
iron dust and other solid wastes into the dry lands [11]. These scraps 
occur either as metallic iron or as iron oxides in the form of wustite 
(FeO), haematite (Fe2O3) and magnetite (Fe3O4) [12,13]. It is as well 
associated with iron specks of dust which were liberated during the fume 
purification process with a copious amount of iron oxide in it [14]. These 
residues can harmfully spoil the soil morphology of the dumped areas. 
As a matter of recycling the above, researchers have utilized them as 
replacements in concrete and acquired satisfactory results. Partial 
replacement of iron particles for cement has been reported, which states 
the traces of silica present in the iron slag is converted to calcium silicate 
and aluminate which serves as an activation factor in filling the voids 
through the interfacial transition zone (ITZ) of the concrete. 

The SEM studies of the above concrete showed a well-developed 
crystalline structure along with ettringite causing a denser matrix with 
iron slag [15]. Moreover, studies have been extended to analyze the 
degree of durability issues while incorporating iron in concrete. The 
iron-filled SCC performs relatively well in acid and sulfate exposure with 
good resistance to chloride ions [16]. Besides its solid nature, the iron 
fillings gave greater strength to the concrete due to its angular texture 
which actively fills the voids thereby enhancing the mechanical prop
erties [17]. Studies have also proved the material greenness of these 
iron-packed engineered composites in minimizing primary energy usage 
and CO2 emission [18]. Additionally, the pozzolanic materials in ferrock 
concrete like fly ash, metakaolin and micro sized limestone powder 
enhanced the filling effect in the concrete and build a better bond be
tween the aggregate and the cement paste [19–23]. Equally, the addi
tion of 10% silica fume in SCC does not find to hinder the performance of 
concrete but instead helps in maintaining the flow partially [24]. On 
concern with flowability, researchers focused the potential use of 
superplasticizers (SP) and viscosity modifying agents (VMA) in SCC, 
which assist in maintaining the fluidity and stability of concrete, 
consequently reducing bleeding and segregation problems [25]. This 
increases the ease of working and prevents the problem of the aggregates 
get clogging between the reinforcement [9]. 

The well-settled idea of using pozzolanic materials in concrete is 
needed to be revisited in the context of utilizing industrial waste ma
terials and byproducts such as iron dust, fly ash, metakaolin and lime
stone powder in the form of ferrock in SCC. Furthermore, ferrock is an 
old revolutionary material entirely composed of waste materials, its use 
is restricted in the construction industry owing to its less affordability for 
large scale projects. One of the alternatives for rehabilitating the ferrock 
technology is blending this source material with cement and finding the 
possibility of curing without external CO2 sequestration. The study aims 
in the aforementioned statement by finding the optimum replacement of 
ferrock in SCC to compromise the concrete strength and to analyze the 
feasibility of preparing ferrock-based SCC without CO2 curing. This 
paper presents a novelty of finding an economic method of repurposing 
the thrown out hazardous by products from industries in the form of 
ferrock to develop an environmentally friendly high strength self com
pacting concrete which can possibly be the futures’ preference. 

The ferrock, developed by David Stone is purely a non-cement ma
terial which hardens by the carbonation of pozzolanic materials in the 
presence of oxalic acid. The chemical reaction between iron dust and 
CO2 yields iron carbonate which initiates the strength of the ferrock 
concrete [8,26]. The present study tries to incorporate this eco-friendly 

material in combination with cement and analyses the feasibility of 
developing a hybrid ferrock concrete under water curing. The behavior 
of ferrock in SCC under different curing regimes was studied. The in
fluence of ferrock on the flow characteristics of the fresh SCC and the 
hardening phenomena of the concrete formed part of the study. Micro
structural characterization was carried out to evaluate the porous nature 
of the concrete matrix and the bonding of the aggregate-cement mortar. 
The compatibility of ferrock with SCC under conventional and non- 
conventional methods of curing was studied and the optimum percent
age of ferrock with satisfactory results were reported. 

2. Materials and methods 

2.1. Materials 

The cement used is OPC grade-53 with a specific gravity of 3.15 and a 
fineness modulus of 5% on 90µ sieve, conforming to the standards of BIS 
12269 [27]. The oxides and phase mineralogy composition were iden
tified by XRF (Table: 1) and the SEM and XRD data analysis were as 
shown in Fig. 1. The calcium content is greater than 60%, comprising 
alite and belite crystals with traces of silicate and aluminate. The SEM 
images an irregular rough texture of cement particles as seen in Fig. 1. 

Ferrock is a complex material comprising iron dust, fly ash, meta
kaolin and limestone powder. Required iron dust was collected from an 
iron & steel industry from Karnataka (India), where its disposal is re
ported to be difficult and cost-intensive. As the above material was 
sourced from the disposal yard, the size of the particles was not uniform 
which necessitated screening in the sieve (90 µ). The ferrock is then 
prepared using 60% iron dust 20% fly ash, 10% limestone and 10% 
metakaolin. The cumulative particle size distribution as analysed by PSA 
(particle size analyzer) gave a mean particle size of 75 µm (Fig. 4), which 
correlates the compatibility of ferrock micro-particles with that of 
cement. The fly ash used here is of class F with specifications conforming 
to BIS: 3812-1987 [28] and the limestone and metakaolin were of size 
less than 100 µm. The oxidal composition is presented in Table 1. The 
structural composition of minerals in ferrock was analyzed by X-ray 
diffraction (XRD) conducted at 2θ in the range of 10◦ to 80◦ and the peak 
mineral components were identified. The sharp narrow peaks charac
terize the crystalline phases of hematite (Fe2O3) and aluminium-bearing 
hematite (Fe1.84Al0.16O3). The analysis also confirmed the presence of 
diopside [Ca0.59Mg1.41SiO6], andradite (Ca3Fe2SiO4) and meta-silli
manite (Al2SiO5) as major components. The surface morphology and 
mineral phase distribution of ferrock (Fig. 2) confirm the occurrence of 
iron oxide as a major component constituted by small-sized particles 
with high surface area [29,30]. Iron oxide is a naturally occurring 
compound that can exist in several forms, including hematite, magne
tite, and goethite. These forms of iron oxide have distinct crystal 
structures and exhibit characteristic peaks in their X-ray diffraction 
patterns. Therefore, the presence of iron oxide in a material can result in 
a narrow peak configuration that is indicative of a highly crystalline 
material [31]. On the other hand, the calcite, silicate and aluminate 
phases are minerals that typically have less well-defined crystal struc
tures. These phases can exist in various forms, including amorphous or 
poorly crystalline, which can make the material appear more amorphous 
overall. Therefore, the combination of these two types of phases in a 
material can result in a material that exhibits both highly crystalline and 
amorphous properties. This can make it challenging to characterize the 
material accurately, as it may exhibit a mixture of narrow and broad 
peaks in its X-ray diffraction pattern. Overall, the presence of iron oxide 
may contribute to a narrow peak configuration, but the other phases 
present can make the material appear more amorphous in nature. 

The silica fume with an average particle size of 25 µm is used in this 
study (Fig. 4). The PSA showed a cumulative diameter ranging from 4.2 
µm (10%) to 54 µm (90%). XRD results in Fig. 3 display the SiO2 content 
in the form of quartz, which accounted for a high percentage followed by 
traces of MgO, K2O and Na2O (Table 1). 
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Also, good quality manufactured sand from rock dust (M-sand) of 
size below 4.75 mm was used as a fine aggregate. As high as 96% of the 
above sand particles passed through 4.75 mm sieve. The specific gravity 
was determined to be 2.26 and the fineness modulus was 3.31 con
forming to zone II of IS 383–1970 [32]. Coarse aggregate of crushed 
granite to a maximum size of 12 mm was used. The specific gravity and 
fineness were 2.56 and 6.5 respectively in accordance with IS 2386 (Part 
I)-1983 [33]. The grading of the aggregates was presented in Fig. 4. 

The superplasticizer used in this study was a poly-carboxylate based 
ether (PCE) with a specific gravity of 0.02 to 1.10. PCE is a new gen
eration polymerized superplasticizer conformed to BIS: 9103:1999 [34], 
with a high molecular weight that performs superior to other water 
retarders in maintaining the slump at the usual setting time of the 

concrete [35]. The viscosity modifying agent used was also a polymer
ized form of poly-carboxylate ether solution obtained locally from a 
chemical manufacturing industry. It was a colorless to light hazy liquid 
with a pH of 6 and a specific gravity of 1.10. Normal tap water was used 
for the mixing. 

The calculated quantity of the components was mixed to get ferrock- 
based SCC to qualify for EFNARC standard [36]. Despite the existence of 
some standards, it is more important to conduct some tests on several 
trails in order to improve component ratios and rheological standardi
zation for filling and segregation. For a high strength, self-compacting 
concrete of grade M40, a combination in the proportions 1:1.27:1.32 
was developed. Table 2 indicates the replacement level of cement with 
ferrock. Ferrock was substituted at different levels (5, 10, 15, 20 and 
25%) of cement with a control mix. Silica fume was substituted at a 
constant level of 10 % of cement in all mixes. The water-to-binder ratio 
was kept at a constant range of 0.32 with a fine aggregate content 
maintained within the specified limit of 48–55% of the total aggregate 
[36]. The volume ratio of paste to the concrete mixture was 0.42 and the 
paste content in the mix was 409.5 l/m3. Generally, SCC is developed 
with high powder content at a low water/cement ratio [37] for which 
the flowability is achieved by the addition of superplasticizers and vis
cosity modifying agents. The superplasticizer used was 1.5% of the 
binder content and water content (190 ± 10 l/m3) and was marginally 
adjusted to achieve the performance of the fresh mix. 

The mixing was done as follows: The components in dry form were 
mixed well using a mixer machine for one minute. Around 70% of the 

Fig. 1. SEM and XRD data for cement.  

Table 1 
Oxide composition in percent of cement, ferrock and silica fume.  

Oxide Cement Ferrock Silica fume 

CaO  68.05  6.50 2.05 
SiO2  17.51  27.23 86.85 
Al2O3  9.75  20.88 1.88 
MgO  2.59  11.22 1.28 
Fe2O3  –  32.66 1.88 
SO3  –  0.04 0.90 
Na2O  1.22  0.56 1.00 
K2O  0.88  0.22 4.30 
TiO2  –  0.69 \mathord{-} -  

Fig. 2. SEM and XRD data for ferrock.  

J. Jeffy Pravitha et al.                                                                                                                                                                                                                         



Construction and Building Materials 396 (2023) 132289

4

Fig. 3. SEM and XRD data for silica fume.  

Fig. 4. Particle size distribution of ferrock, silica fume, and fine and coarse aggregates used in the study (upper and lower limits of fine and coarse aggregates 
corresponds to IS 383-1970). 

Table 2 
Material Composition of SCC.  

Mix ID* Cement (Kg/ m3) Silica fume 
(Kg/ m3) 

Ferrock 
(Kg/ m3) 

Fine aggregate 
(Kg/m3) 

Coarse aggregate 
(Kg/m3) 

Water 
(l/m3) 

SP (%) VMA (%) 

SCCF0 550 50 0 764 790 180  1.5  0.1 
SCCF5 522.5 50 27.5 764 790 180  1.5  0.1 
SCCF10 495 50 55 764 790 186  1.5  0.1 
SCCF15 467.5 50 82.5 764 790 190  1.5  0.1 
SCCF20 440 50 110 764 790 196  1.5  0.1 
SCCF25 412.5 50 137.5 764 790 200  1.5  0.1 

*SCCF0 represents the control mix and SCCF5, SCCF10, SCCF15, SCCF20, SCCF25 represent ferrock-SCC at 5, 10, 15, 20 and 25% respectively. 
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total water required is then added and mixed for another minute. 
Superplasticizer is added to the concrete mixture with the remaining 
20% of water [21]. Finally, the remaining 10% water and viscosity 
modifying agent were added and blended with SCC. The SCC thus pre
pared is tested for its workability requirements and then cast into cubes 
with the side measurement of 150 mm and cylinders (150 mm dia. and 
200 mm height). The fresh SCC poured into moulds was placed under 
ambient room temperature for one day to enable the setting. After 24 h, 
they were unmoulded and subjected to three different curing conditions.  

− C1 curing by hydration with a relative humidity of 100 %, for 
7,14,28 and 56 days  

− C2 curing in a closed environment containing CO2 at an initial 
pressure of 340–380 kPa [38] for 4 h followed by air curing under 
ambient temperature for 7, 14, 28 and 56 days.  

− C3 curing under CO2 for 4 h with similar conditions of C2 followed 
by water ponding until 7,14,28 and 56 days of testing. 

The CO2 curing was carried out in a closed chamber with an outlet 
valve and an inlet pressurized valve for the supply of CO2 and its 
regulation. The demoulded SCC specimens were kept in a sealed 
chamber containing CO2 gas of 99.9% purity and the gas is allowed to 
penetrate the samples under high pressure of about 350 kPa (350 ± 10 
kPa). After 4 h the samples were taken out of the chamber and exposed 
to the above mentioned curing conditions. 

2.2. Methods 

2.2.1. Test setup and procedures 
The rheological study on the passing and filling ability of the viscous 

SCC characterizes the flowability criteria. Slump test, T500, V- funnel, 
V-funnel at T5 min and L-box test were carried out as per IS 1199 part 6 
[39]. Also, visual observation was done to assess the possibility of 
segregation and bleeding in concrete. Also, concrete in its hardened 
state was tested for compression, tension and density to assess the 
robustness under differential curing regimes. Three cubes of the size 
150x150x150 mm were compressed under a Universal Testing Machine 
(UTM) according to IS 516 (1959) [40] and the average ultimate 
strength was evaluated. Similarly, cylindrical specimens were tested 
under UTM for tension along the horizontal axis as per IS 5816 (1999) 
[41]. An Ultrasonic Pulse Velocity test was also carried out in accor
dance with ASTM C 597-02 [42], to infer the porous nature and quality 
of the solid concrete material. 

The Bond test is done in accordance with RILEM RC6 [43]. Pull-out 
specimens are customized by supporting a 16 mm reinforced rod to the 
full depth of the cube specimen through its vertical axis. After 28 days of 
relevant curing, the pull-out specimens are tested under UTM and the 
nominal bond strength τbond was determined [44,45] using the Eqn. (1): 

τbond =
Fmax

πdl
(1) 

In exercising the above formula, it is assumed that the distribution of 
bond stress along the embedded length of the steel bar was uniform. 
Here the value ‘l’ was kept constant for every mix specimen as 150 mm. 

2.2.2. CO2 uptake and cement-use efficiency 
The quantity of CO2 absorbed was estimated as per the mass-curve 

method [38,46]. Eqn. (2) is used to know the degree of carbonation 
for the CO2-exposed samples by proportioning the mass increment on 
the samples. The change in mass directly correlates to the amount of 
reacted CO2. 

CO2 uptake (%) =
Mf

Mi
× 100 (2) 

In the above equation, Mf denotes the increase in mass of the sample 
subjected to CO2 whereas Mi, is the initial mass of the sample. Cement- 

use efficiency index calculation is made to arrive at the reduced usage of 
cement in ferrock-based SCC production. Eqn. (3) calculates by deter
mining the total amount of binder necessary to develop 1 MPa of 
strength [47,48]. The SCC performance based on this index serves as the 
deciding factor for satisfactory surveillance of ferrock in a hazard free 
environment. 

Ci =
b
p

(3) 

Where, Ci- cement use efficiency Index, b- the total amount of cement 
consumed, p -performance of the system which is mainly compressive 
strength. 

2.2.3. Micro-structure characterization 
Broken concrete pieces were crushed to powder and sieved in a 90- 

µm sieve. A sample containing 5 g was tested in an X-Ray Diffractometer 
at a range of diffraction angle (2θ) between 10◦ and 90◦ with a step 
width of 0.02◦. The XRD spectral patterns obtained are then analyzed by 
comparing the peaks with the JCPDS chart of inorganic compounds. For 
morphological analysis, a high-vacuum scanning electron microscope 
with secondary electron detectors was used at 10 kV, picturing the 
mineralogical components formed during the process of hydration and 
carbonation. 

3. Results and discussions: 

3.1. Fresh concrete analysis 

The firmness and the viscosity of flow determine the stability of SCC 
which is characterized from the fresh concrete examination by slump 
test, T500 test, V – funnel and L – box tests. Visual observation on 
segregation and bleeding was done to avoid deformability and the high 
risk of drying shrinkage in concrete. The amount of water added to an 
SCC mix impacts the workability of the concrete in a number of ways 
[19]. Since ferrock is relatively a water-absorbing firm [49], estimated 
slump flow diameter was designated to a maximum limit (725 mm), 
which would not likely affect the flow with the addition of ferrock. On 
enquiring about the slump specifications, all the values fall under the 
slump class of SF2, where EFNARC suggest a safe applicable limit for the 
normal construction of walls and columns [36]. Upon addition of fer
rock, the slump flow was found a whit restricted as expected, although 
resilient in its properties against 25% replacement of ferrock as shown in 
Fig. 5. Each increment in ferrock content decreases the slump rate by an 
average of 10 mm as the iron powder in ferrock retards the flow rate of 
the fresh mix, whereas the presence of fly ash, metakaolin and limestone 
powder was found to increase the working ability in its fresh state [50]. 
These ultra fine particles tend to fill the voids existing among the binder 
particles, thereby decreasing the ratio of voids between the cementing 
substances. It can be said to balance the water content absorbed by the 
iron powder [51]. Furthermore, the existence of limestone in the sup
plementary material creates a positive synergetic action with the fly ash 
promoting the liquid state behavior of SCC due to its structural config
uration and filling capability [52,53]. 

L-box test values were defined in the range of 0.8 – 1 [36]. All the 
mixes with ferrock have been found to possess its marginal distribution 
of values between the limits except SCCF25 as in Fig. 5. However, it was 
suggested to have the L-box values from 0.6 to 1, as a criterion of 
blocking resistance necessitating passing ability [54]. Thus, all the SCC 
mixes can be accepted for its satisfactory performance under the filling 
and passing ability. The viscosity of the mix is remarkable by its 
perception under T500 and V-funnel tests. Fig. 6 reveals a drop in flow 
seconds indicating an impingement in filling ability for higher replace
ment of ferrock. Such hindrance may be due to the high-level packing 
density of minerals which would progressively lower the rate of flow in 
the mix [55]. The flow concerning plastic viscosity is smooth up to 15% 
replacement of ferrock, thereafter the flow rate tends to outrage the 
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limitations specified by EFNARC [36]. The addition of fines tends to 
increase the viscosity of the mix, thus decreasing the flow rate followed 
by an increased time of flow which is in agreement with earlier works 
[50,56]. 

The segregation was analyzed by visual stability index (VSI) and V- 
funnel at T5 min and the values are given in Table 3. Mix SCCF25 
demonstrated an unsatisfactory time of flow, besides the mix looked 
unstable with a minimal threat of segregation and bleeding, which falls 
under the category of VSI I. All the other mixes were found to have an 
acceptable performance of + 3 sec in T5 min and incurred a visual 

stability index of VSI 0. The discrepancy is due to an increase in plastic 
velocity that gradually decreases the settlement rate of coarse aggre
gates improving the property of segregation resistance [4]. The rela
tionship between bulk density and fluidity in concrete is apparent, as a 
higher bulk density results in a lower rate of fluidity. However, the 
addition of pozzolanic fines with a ball-bearing effect can increase the 
rate of flow by reducing cohesion between particles, which may lead to 
segregation and bleeding in self-consolidating concrete (SCC) [57]. To 
counterbalance this effect, the introduction of iron powder with an 
enlarged bulk density aims to negotiate the possibility of segregation 
and bleeding by counteracting the ball-bearing effect of other fines in 
the mix. 

3.2. Hardened properties 

3.2.1. Compressive strength 
The mechanical strength at the 7, 14, 28 and 56th day was ascer

tained by concrete compression test using a universal testing machine. 
The real-time strength variation is compared and presented in Fig. 7 (a), 
(b) and (c). Fig. 7(a) shows the compressive strength exhibited by C1 
cured samples as a function of the replacement of ferrock in percentage. 
To understand the relationship of compressive strength with replace
ment and period of curing polynomial expressions are established and 
correlated. The experimental results show a good increase in strength, 
up to 10% substitution of ferrock. The samples SCCF15C1, SCCF20C1, 
appear to have relatively low strength, and the mix SCCF25C1 shows a 
poor performance than the control mix. The mix SCCF10C1 showed a 
peak value of 63.41 MPa and 67 MPa on the 28th and 56th day of water 
curing (C1). The intruded materials such as metakaolin, fly ash and 
limestone in ferrock, thus improved the mechanical strength of the 
concrete by increasing the pozzolanic action with the cement hydrating 
materials [25,45]. Further, the presence of iron dust in ferrock enhances 
the crushing value by making the concrete dense and compact 
[15,37,59]. The strength was higher by11.8%, 21.9% and 20.2% for 
SCCF5C1, SCCF10C1 and SCCF15C1 at 28 days in the C1 type of curing, 
and the values were low in SCCF20C1 and SCCF25C1 (-2.3 and 
− 10.7%). This is because of the reduction in the amount of Ca (OH)2 
crystallites due to the accelerating hydration effects of the iron fines in 
concrete [60]. 

Concerning the compressive strength of C2 samples, they endeavour 
almost a similar performance as that of C1 type curing. The test results of 
the samples, immediately after 4 h of CO2 curing and at 7,14,28 and 56 
days were graphically explained in Fig. 7(b). It was found that the 
application of CO2 at an early age improves the crystalline form of 

Fig. 5. Influence of ferrock on the properties of slump and L-box ratio (Slump flow of 660–750 mm is maintained which notifies class of SF2 according to EFNARC).  

Fig. 6. Influence of ferrock on the properties of T500 and V-funnel time.  

Table 3 
Segregation and bleeding properties in fresh SCC.  

Properties SCC mix 

SCCF0 SCCF 
5 

SCCF 
10 

SCCF 
15 

SCCF 
20 

SCCF 
25 

Segregation 
resistance (V 
Funnel at T5 min) 

1.25 s 1.65 s 2.41 s 2.73 s 2.98 s 3.50 s 

Bleeding resistance 
(Visual Stability 
Index) 

VSI 0 VSI I 

*VSI 0 indicates a highly stable mix with no evidence of segregation or bleeding 
and VSI I indicates a stable mix with a slight observation of bleeding and 
segregation[58]. 
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carbonates, thereby acquiring 40% of its strength at an early age. The 
reactions of calcium silicates (C3S and C2S) when they get in contact 
with CO2, contribute to earlier strength in CO2-cured samples. The for
mation of C-S-H in turn accelerates the carbonation of calcium hy
droxide which undergoes a precipitation reaction in the pores of the 
cement mortar paste resulting in the confinement of pores [61]. This is 
the primary reason for enhancing the density and durability of carbon
ated prototypes. Upon addition of ferrock, the absorption and reaction 
get ameliorated, developing an additional stable ferrous compound 
(FeCO3) which forms rust, acting like reinforcement for the concrete 
matrix. This enables improvement in the strength of SCCF10C2 and 
SCCF15C2 by 25.9% and 24.7% over the control mix (SCCF0C2) at 28 
days. Moreover, the pressure maintained in the chamber and the period 
of exposure to CO2, probably affect the efficiency of C2 curing [38]. This 
profound behavior of the concrete under CO2 curing was rapidly studied 

in recent times, with an outcome that increased time of exposure to CO2 
accelerates the carbonation reaction [62] ultimately leading to a better 
construction material comparable to water-bound concrete. It is worth 
noting that Ca (OH)2 resulting from the hydration process is known to 
boost up the pozzolanic reactions at later ages. Ultimately, the reduction 
in Ca(OH)2 during carbonation, cannot activate the silicaceous materials 
thereby reducing the C-S-H phases in the concrete matrix in later days, 
impeding the performance of SCC [51]. Even though, the CO2 curing 
adopted is sufficient in forming a self-compacting concrete of M40 grade 
with satisfactory results. 

The compressive strength pattern for the C3 type of curing is in line 
with C1 and C2. But the samples exhibited an extreme strength rate than 
the others as observed in Fig. 7(c). The samples show a rapid increase in 
strength for SCCF5C3 and SCCF10C3 followed by a depression at a 
higher-level incorporation of ferrock at the 28th day. The mixes 

Fig. 7a. Variation of compressive strength with respect to curing duration for C1 curing.  

Fig. 7b. Variation of compressive strength with respect to curing duration for C2 curing.  
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SCCF0C3, SCCF5C3, SCCF10C3 and SCCF15C3 exhibit a high early 
strength of 42.32, 46.41, 48.5 and 49.73 MPa at 7 days which reaches a 
peak of 63.9, 69.5, 73.48 and 71.26 MPa at 56 days. This early strength 
increase was due to the expeditious reaction of iron particles with CO2 

during the first four hours [38]. And during the water curing, the hy
dration process of C2S and C3S expands the quantity of Ca (OH)2 
resulting in an intense strength. Since this type of curing facilitates the 
evolution of both Ca (OH)2 and Fe2O3, it greatly enhances the 

Fig. 7c. Variation of compressive strength with respect to curing duration for C3 curing.  

Fig. 8. Comparision of compressive strength at (a) 7 days (b) 14 days (c) 28 days and (d) 56 days.  
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performance of the concrete. The curve for SCCF15C3 was found to 
increase gradually for 28 days but exhibited a slight decrease at later 
ages as seen in Fig. 7(c). This in-efficient performance may be due to the 
presence of high silica content in ferrock which supports the dilution 
effect of C2S and C3S hindering the pozzolanic reactions occurring at 
later stages [63]. 

Fig. 8 provides a comparison of strength development at various 
curing ages. Notably, while water curing does not allow for immediate 
strength determination within the first day of setting, CO2 curing en
ables testing after a mere 4 h once the samples are removed from the 
curing tank. Even at 7 days, the SCCF20C2 and SCCF15C3 mixes exhibit 
nearly double the strength of the control mix SCCF0C1, with observed 
increases of 47.7% and 53.9% respectively. These results emphasize the 
superior effectiveness of CO2 curing when compared to conventional 
water curing, especially during the early stages of curing. Upon reaching 
28 and 56 days, the compressive strength of the specimens becomes 
almost equivalent, for which the SCCF10 mix shows a minimal increase 
in strength of only 1.5% between 28 and 56 days. Remarkably, at the 
56th day, the specimen SCCF10C3, which undergoes both types of 
curing, demonstrates a 30% higher strength compared to SCCF0 with C1 
curing alone, as well as a 32.5% higher strength than C2. These findings 
highlight the positive impact of incorporating 10% ferrock composite 
material into the self-compacting concrete. 

3.2.2. Tensile strength 
The tensile strength of the concrete at 7, 14, and 28 days for C1, C2 

and C3 are evaluated by UTM testing. The behavior of the samples under 
horizontal compression is compared and presented in Table. 4. The 
effort on the addition of ferrock to SCC, influences the performance of 
the concrete at a higher level with an increasing rate of strength for up to 
10% replacement. A high strength was observed for each addition of 
ferrock than the control mix (SCCF0) under C1curing. Under C2 curing, 
the quality of concrete is enhanced by the onsite reaction of iron parti
cles with CO2, producing a compound of ferric carbonate (FeCO3) as in 
Eqn. (4) [26], accelerating the disintegration of iron particles which 
further happens to fill the voids and pores neglecting strength loss [64]. 

Fe + CO2 + H2O → FeCO3 + H2 (4). 
Upon analyzing the findings, it is observed that the strength per

centage varies significantly when ferrock is added, regardless of the 
duration of testing or the conditions of curing. The control specimens, 
which underwent C1 and C2 curing, exhibited similar behavior, as evi
denced by a minimal 3.3% increase in tensile strength. Under C1 curing, 
every addition of ferrock exhibited higher strength compared to the 
control mix (SCCF0) except SCCF20 and SCCF25. While introducing 
10% ferrock resulted in a remarkable and consecutive 17%–22% in
crease in strength across three different curing methods. At all curing 
ages of 7, 14 and 28 days, maximum resistance was offered by SCCF10, 
as shown in Table 4. Obviously for the above-said specimen, a maximum 
tensile strength of 5.23 MPa, 5.31 MPa and 5.57 MPa was observed for 
C1, C2 and C3 curing at 28 days. These results show the superior 
behaviour of combined curing C3 over the other cases. The C3 curing 
exerts a maximum of 30% increase in strength for a 10% addition of 
ferrock than 28 days water cured control specimen (SCCF0C1). It is also 

to be noted that after 28 days of C1 and C2 curing, both exhibit almost 
equal strength development, with a slight variation between 1.5% and 
5.7%. Concerning C2 curing, a 20.68% variation was observed between 
SCCF10 and SCCF0, whereas C1 curing showed a variation of 22.8% for 
the same. It is worth noting that C2 curing primarily exhibits early-stage 
strength development with almost 75% of its strength at 7 days but with 
the incorporation of 10% ferrock, 90% of its strength is achieved early. 
This early age strength in C2 is due to the dilution and nucleation effect 
of the ferrock iron powder [59]. The addition of ferrock up to 10%, 
improves the quality of the mortar paste thereby possessing a good 
resistance against tension. Works of literature confirm SCC with higher 
strength at higher paste content [65]. Also, the ferrock imparts addi
tional strength to the SCC by the angular morphology of its iron parti
cles. The iron particles having a rough surface texture form a sturdy 
interfacial transition zone (ITZ), creating a solid bond between the 
cement matrix and aggregates thereby improving the strength [66]. 
Nevertheless, the fine particles in ferrock with its micro filling capacity 
and pozzolanic activity augment the formation of calcium and 
aluminium silicates in the silicate and amorphous phases and readily 
form hydrates empowering concrete. Although, when fly ash and met
akaolin were combinedly used in concrete, it may hinder the perfor
mance due to the lack of sufficient generation of calcium hydroxide 
necessary for the formation of C-S-H in the concrete matrix, as a result of 
which silica particles are left unreacted probably ending in strength 
reduction [56]. 

3.2.3. Ultrasonic pulse velocity 
UPV yields information on the quality of the concrete in the attri

bution of pores, voids and packing density of materials. Higher the 
density of concrete higher will the values in UPV [15]. The determined 
values of UPV are tabulated in Table. 5. SCC with the inclusion of ferrock 
in different curing regimes are found satisfactory with values greater 
than 4000 m/s except for SCCF25C1. As stipulated, the mix with a ve
locity range of 4500 m/s and above is said to acquire excellent quality 
whereas 3500 to 4500 m/s are set under good quality concrete speci
mens [67]. In the present study, good quality of SCC for the control 
specimen (SCCF0) was observed for C1, C2 and C3 curing. These ob
servations are in turn enhanced with the addition of ferrock at 5, 10 and 

Table 4 
Splitting tensile test results (MPa).  

SCC mix Average tensile strength (in days) 

C1 curing C2 curing C3 curing 

7 14 28 7 14 28 7 14 28 

SCCF0  3.28  3.34  4.26  3.15  3.52  4.40  4.16  4.43  4.76 
SCCF5  4.37  4.52  4.80  4.46  4.63  4.91  4.55  4.83  5.04 
SCCF10  4.77  5.01  5.23  4.80  4.98  5.31  4.91  5.18  5.57 
SCCF15  4.01  4.63  5.08  4.22  4.86  5.07  4.47  4.96  5.43 
CCF20  3.13  3.41  4.16  3.52  4.02  4.34  3.84  4.18  4.52 
SCCF25  3.04  3.21  4.02  3.27  3.76  4.25  3.53  3.88  4.08  

Table 5 
Ultrasonic pulse velocity of SCC samples at 28 days of different curing conditions 
in m/s.  

SCC mix Curing environment Quality of Concrete* 

C1 C2 C3 

SCCF0 4142 4155 4243 Good 
SCCF5 4318 4361 4512 Good – Excellent 
SCCF10 4676 4687 4922 Excellent 
SCCF15 4345 4526 4850 Good – Excellent 
SCCF20 4035 4228 4414 Good 
SCCF25 3386 4045 4079 Medium – Good 

*UPV values ranging between 3500 and 4500 m/s are classified as good quality 
whereas values above 4500 m/s are represented as excellent [67]. 
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15% in all types of curing. 
The UPV of SCCF10C1 exhibits a high quality of 4676 m/s of ve

locity, which reduced the pore structure under morphological study. 
Similarly, for greater replacement in the C1 category, medium-quality 
concrete was characterized by weak packing density and increased 
pores that do not qualify for the standards. Poor mixing of concrete and 
entrapped air bubbles is yet another reason for the reduction in quality. 
In CO2 curing (C2), all mixes were rated as good quality concrete and 
SCCF5, SCCF10 and SCCF15 excelled compared to other mixes. Simi
larly, a medium to excellent quality was ensured in the C3 curing for 5 
and 10% replacement. Reduction in quality may be subjected to the 
unreacted compounds present in the mixes, lacking the capacity of 
filling the voids. The results obtained are quite in compliance with the 
previously reported results [15,68], for which they used iron slag as a 
replacement material for fine aggregate and found improvement in the 
quality of the concrete. The presence of more fine materials thus pro
duces a condensed matrix and compromises the quality of the hardened 
SCC. 

3.3. Bond strength 

Any failure of the structurally reinforced members is usually initiated 
by its bond failure for the assessment of bonding strength becomes 
crucial in any study. The data as determined by the pull-out test infer the 
actual interfacial bond behavior between steel rebar and the encom
passed concrete materials [69]. The peak load at which the bond be
tween the embedded steel and concrete gets distorted generally 
represents the bonding strength of the concrete. Fig. 9 illustrates the 
bonding behavior of various SCC specimens used in the study on the 
28th day. The bond strength of the control mix was found 24.3 MPa 
under C1 curing which gets elevated to 26.34 MPa at combined curing 
(C3). This infers that the curing conditions play a major role in con
trolling the strength of the SCC specimens. However, the development of 
compressive and tensile strength seems closely related to the bonding 
strength with the addition of ferrock, regardless of the curing conditions. 
At any rate, the incorporation did not impact negatively up to an opti
mum percentage of 15% ferrock by weight of the cement. The increase 
in bond strength for ferrock-incorporated specimens in water curing 
denoted an enhanced hydration mechanism facilitating pozzolanic re
actions at later stages and the filling effect of ultra-fine particles in fer
rock at an earlier stage [45]. The improved microstructure of the 

carbonated specimen (SCCF0C2, SCCF5C2, SCCF10C2, SCCF15C2, 
SCCF20C2 and SCCF25C2) experiences an enhanced strength than the 
C1 cured samples by 1.6%, 1.4%, 2.9%, 1%, 0.5% specifically due to the 
mass increase of carbonation products. For combined curing, the spec
imens achieved an enhancement of 8.3%, 7.11%, 13.2%, 11.2%, 7% and 
− 0.7% strength variation than the conventional water curing. Thus, 
improved bond strength was attained at an optimized quantity of 10% 
substitution of ferrock. 

Maximum bond strength was achieved for SCCF10C3 at a range of 
29.82 MPa, reporting that impregnating ferrock in cement improves the 
pull-out resistance by minimizing the propagation of cracks through the 
dense-compacted SCC-ferrock matrix. The reason is due to the confine
ment at the substrate-concrete interface, which physically improves the 
friction between cementitious compounds and complements the me
chanical bonding offering resistance to pull-out [44,70]. However, the 
resistance to pull-out gets reduced beyond an optimum range (0 – 15% 
by weight of cement), due to the reduction in hydration and carbonation 
by-products. An increase in the content of ferrock significantly increases 
the un-hydrated particles resulting in a weak bonding relationship. In 
this study, SCCF25 acquired lower bond strength than the other mixes, 
limiting its resistance against pull-out. 

3.4. CO2 uptake 

Technically, high pressure of CO2 sequestration would positively 
result in accelerating the early-age carbonation reactions in a sample 
[71]. Also, the efficiency of carbonation is influenced by the duration 
with which the pressure level is maintained in the chamber. The results 
obtained by calculating the CO2 uptake with Eqn.2 are presented in 
Fig. 10. The figure depicts the CO2 uptake for an atmospheric condition 
of 3 bar CO2 maintained under a high pressure of 350 kPa, for 4 h 
initially. The carbonated products formed (as mass representation) will 
present an uptake on the amount of CO2 absorbed by the specimens. The 
mass of the samples depends on the reactions of the alite and belite 
compounds of cement with CO2, producing abundant quantities of 
Calcium Silicate Hydrates (C-S-H) and calcium carbonates (CaCO3) [72] 
as expressed in Eqn. (5), (6) and (7) [38]:  

3C3S + (3 − x) CO2 + nH → CxSHn + (3 − x) CaCO3                        (5)  

2β − C2S + (2 − x) CO2 + nH → CxSHn + (2 − x) CaCO3                 (6)  

Fig. 9. Bond strength variation for SCC specimens under miscellaneous curing.  
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Ca (OH)2 + CO2 → CaCO3 + H2O                                                    (7) 

The development and precipitation of these chemical components 
require CO2 to be supplied at a continuous rate for a sufficient duration 
for complete carbonation to take place. Also, the availability of ferrock 
which is naturally a CO2-absorbing material speeds up the carbonation 
reaction resulting in the earlier formation of carbonated by-products. A 
maximum percentage of intake (1.5%) was observed in SCCF10 samples 
within 4 h of absorption. However, an increase in the percentage of 
ferrock was found to lower the properties at its hardened state as dis
cussed in previous sections. SCCF25 samples had a least absorbed per
centage of 0.53%. The effectiveness of the 3-bar curing is reasonably the 
cause for this gradual decrease. Because of the low content of ferrock in 
SCCF0, SCCF5 and SCCF10 the CO2 sequestration paves way for deeper 
penetration of CO2 gas into the pores of these sample mixtures. As the 
concentration of ferrock increases, CO2 tends to react instantly with the 
ferrock particles at the surface which subsequently reduces the infusion 
process, thus reducing the rate of reactions deeper inside the samples. 
This ultimately supports large voids and porosity during hardening, thus 
causing uncertainty in the properties of strength. Thus, these samples 

are likely to be carbonized at the surface and found to have no deeper 
penetration depth. In addition, the duration of carbonation act as a 
major factor in determining the strength of the concrete. On increasing 
the carbon uptake duration, the CO2 penetrates deeper into the core 
establishing a reduced mass loss between the surface and core [9]. For 
5,10 and 15% ferrock infusion, increasing the time of curing will ulti
mately lead to an increase in properties. When iron dust in Ferrock is 
exposed to carbon dioxide, it transforms into a solid material that is five 
times stronger than regular concrete and has a higher CO2 absorption 
capacity [26]. However, when combined with cement, its effectiveness 
is underestimated. 

3.5. Cement use efficiency 

The sensational achievement of the incorporation of any industrial 
waste depends on its performance of sustainability. The sustainability of 
the SCC-ferrock combination is the reduction in procurement of CO2- 
emitting material for a good cause. Fig. 11 shows the cement use effi
ciency indexes obtained for 28 days of cured samples under different 
curing domains. The indexes obtained for ferrock -SCCs were subse
quently lower than the control SCC mixes. In practical applications of 
water curing, the cement use efficiency was deduced from 10.6 kgm− 3 

MPa− 1 to 7.48 kgm− 3 MPa. It is because of the contribution of nucle
ation sites by the limestone powder, improved silica content from fly ash 
and cohesive nature of metakaolin imparted in the ferrock [9]. The re
sults correlate to the study of Pelisser et al [73], which marked an index 
of 7.8 kgm− 3 Mpa-1. Long et al [48] tried to develop a low binder SCC 
and acquired similar sustainability cement indices. 

On CO2 curing, cement use efficiency was reduced to 7.42 kgm− 3 

MPa− 1 from an extremity of 10.9 kgm− 3 MPa− 1. A peak reduction was 
observed for the third type of curing which depreciates the index from 
9.26 to 6.19 kgm− 3 MPa− 1, which was found most beneficial. On 
interpretation of the results, ferrock replaced with cement by 10%, 
possesses a compromising strength with a significant cement use effi
ciency index. The study was found to potentially enhances the 

Fig. 10. CO2 uptake (in percentage) by the SCC specimens for the initial 4 h.  

Fig. 11. Cement use efficiency of SCC specimens cured at C1, C2 and C3 environment.  
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sustainability behavior of ferrock on self-compacting concrete by cred
itably decreasing the cement content in concrete. 

3.6. Microstructural characterization 

3.6.1. X-ray diffraction (XRD) 
The different patterns of the mineralogical composition obtained for 

the samples cured under different conditions of curing are visualized in 
Fig. 12. The formation of hydrated and carbonated by-products with 
their peak composition are analyzed and compared. Six samples were 
eventually analyzed, of which three were control specimens under the 
C1, C2 and C3 type of curing, whereas the other three were 10% ferrock- 
incorporated SCC specimens. Fe, Mg, Si, Al bearing reactive compounds 
were observed in respective samples along with the commonly visible 
peaks of Ca(OH)2 (otherwise called portlandite), calcium silicate hy
drate (C-S-H), calcium alumina silicate hydrate (C-A-S-H) and quartz 
form of silica (SiO2). Quartz was observed commonly in all the speci
mens at major peaks. Water-cured samples SCCF0C1 in Fig. 12(a) show 
peaks of quartz, portlandite, calcium silicate hydrates, CASH and minor 
quantities of calcite crystal and ettringite formation. Whereas, ferrock 
incorporated SCCF10C1 possess a traceable amount of hedenbergite 
(CaFe2Si2O6), magnesium ferrite (MgFe2O4), and calcium - magnesium 
alumina silicate (CMAS) phases due to the prominent reaction of C2S 
and C3S with supplementary cementitious add-on material (ferrock). 

Specimens cured at C2, showed calcite (CaCO3) as the predominant 
mineral of carbonation, followed by metastable phases of CaCO3 rarely 

available as aragonite as indicated in Fig. 12(b). The effectiveness of the 
curing hours may influence the conversion of these metastable by- 
products to a stable calcite form. However, the early age strength of 
SCC is contributed by the formation of the above-mentioned meta-stable 
compounds. The carbonation reactions also support the formation of 
CSH, CASH, magnesite (MgCO3) and quartz which facilitates the 
development of a strong interfacial transition zone (ITZ) and a dense 
matrix structure. Ferrock-based SCC when undergoing carbonation 
tends to produce siderite (FeCO3), a solid carbonate of iron particles, 
which often indicates the rusting of iron artefacts. Herein the study, this 
mineral composition tends to improve the microstructure by filling the 
voids left even after the formation of CSH, thereby improving the porous 
nature of the SCC Matrix [60]. 

Distinct peaks of cumulative mineral phases of C1 and C2 were 
observed for C3 samples as represented in Fig. 12(c). 4 h of carbonation 
followed by hydration consequently reduces the intensity of peaks for 
calcium phases (calcite, Portlandite & Dolomite). Apart from C2 curing, 
these samples show a balanced formation of Calcite and Portlandite 
formation with abundant C-S-H. Since calcite and aragonite are poly
morphs of calcium carbonate, this type of curing allows the formation of 
stable CaCO3, eliminating aragonite and resulting in high strength and 
performance. In turn, the availability of Fe2O3 in ferrock emphasizes the 
formation of ettringites (Ca6Al2(SO4)3 OH12 26H2O), in reaction with 
calcium hydroxides [74]. The mineralogical phases of iron were found 
dominant under all reactions because of the inert nature of other ma
terials (fly ash, metakaolin and limestone) in the mix. Further, C-S-H and 
C-A-S-H phases were abundant in all the samples due to the excess 

Fig. 12a. XRD for specimens SCCF0 and SCCF10 under C1 curing.  Fig. 12b. XRD for specimens SCCF0 and SCCF10 under C2 curing.  
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silicates and aluminates, which impart additional strength to the SCC 
[63]. 

3.6.2. Scanning electron microscope (SEM) 
The microstructural characterization forms the deciding factors for 

the strength and rheological properties of the concrete and is yet to be 
studied in its deeper concept. The micrographs obtained from SEM 
analysis for the typical SCC specimens were presented in Fig. 13. The 
figure depicts the presence of hydrated phases of calcium in portlandite, 
calcite and C-S-H. Fig. 13(a) representing the specimen SCCF0C1 pic
tures the absence of dense C-S-H gel, but with ample availability of Ca 
(OH)2, ettringite and CaCO3. The bond between the particles was quite 
undesirable, as the propagation of hairline cracks was visible through 
the concrete matrix and pores were widely distributed. For the mix made 
with ferrock (SCCF10C1), the visualization looks similar but with a 
slight improvement in the dense C-S-H gel formation. Fig. 12 (a) images 
the presence of ettringite and calcium iron silicates (Hedenbergite) with 
a substantial reduction in pores and voids providing better performance 
than SCCF0C1. 

The CaCO3 is formed as the immediate by-product of carbonation, 
representing a stable solid product contributing strength in SCC. Fig. 13 
(b), specifies the availability of denser C-S-H gel than C1 samples with 
amorphous phases of calcite and aragonite. However, improving the 
duration of CO2 curing could sufficiently enhance the homogeneity of 
the carbonated specimens. For SCCF10C2, CaCO3 and calcium silicates 
are formed in addition to iron carbonate due to the ample availability of 
Ca, Si and Al ions provided by ferrock as cementing materials. 

The SEM images for SCCF0C3 show reduced content of ettringites, 
portlandite and calcite with uneven calcium silicate hydrate (CSH) 
layers formed from the carbonation and continuous hydration. But the 
ferrock-infused SCC samples (SCCF10C3) under C3 curing provide a 
uniform dense C-S-H formation with prominent iron carbonates which 
becomes responsible for its mechanical strength and voids reduction. 
The existence of an interfacial transition zone between the cement paste 
and aggregates is also clearly seen in Fig. 13(c). Concatenating the SEM 
micrographs with XRD inference and mechanical behavior, the pro
gressive growth in strength is primarily dependent on the development 
of the C-S-H gel structure within the matrix [2]. The refinement in pore 
structure is due presence of micro-fillers in ferrock which significantly 
fills the gap between cement particles and supports pozzolanic reactions 
at later stages. The SEM microstructure is expected to be at its best at 90 
and 365 days since pozzolanic reactions found its way of slow 
progression. 

4. Conclusion 

In summary, the experimental investigation in this study aimed to 
identify the optimal replacement of ferrock in SCC while maintaining 
concrete strength and to assess the feasibility of developing ferrock- 
based SCC without CO2 curing. The results showed that SCC mixes 

Fig. 12c. XRD for specimens SCCF0 and SCCF10 under C3 curing.  

Fig. 13a. Micro-photographs of specimens SCCF0 and SCCF10 under C1 curing (Ettringite represents needle-like structures, CH– Calcium hydroxide, FS- Ferro- 
silicate, CSH- Calcium silicate hydrate). 
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containing up to 15% ferrock exhibited satisfactory properties in terms 
of viscosity and flowability, and the addition of 10% ferrock to SCC 
resulted in excellent hardened characteristics at 7, 14, 28, and 56 days. 
All curing methods yielded reliable performance up to 15% of ferrock. 
The tensile performance of SCC mixes improved by 20% with 10% fer
rock substitution in all curing regimes, and the ultrasonic pulse velocity 
test indicated good and excellent concrete quality for up to 15% 
replacement of ferrock. 

Moreover, the use of ferrock in SCC enhanced the material’s effi
ciency in CO2 uptake and cement consumption, yielding positive envi
ronmental benefits. The experimental results suggest an optimum of 
10% ferrock for developing sustainable concrete. Differences in strength 
due to variations in curing conditions were negotiable, indicating the 
practical application of conventional water curing instead of CO2 curing. 
This initiative could reduce industrial waste dumping on fertile lands 
and provide practical applications for strengthening reinforcements in 
concrete. 

However, further studies are required to investigate the flexural 
properties and crack patterns of structural elements developed using the 
optimized ferrock percentage in SCC. Long-term durability behavior on 
water absorption, sulphate resistance, acid attack, stress–strain 
behavior, and shrinkage assessment need further investigation. Addi
tionally, studies on CO2 absorption and emission characteristics could 
pave the way for sustainability in adopting this carbon-negative 
material. 

In conclusion, the present study demonstrates the potential of ferrock 
in SCC as a sustainable and environmentally friendly construction ma
terial. The findings of this research could be beneficial for engineers, 
architects, and construction professionals in the development of sus
tainable construction practices, while reducing the negative impact on 
the environment. 
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Fig. 13b. Micro-photographs of specimens SCCF0 and SCCF10 under C2 curing (CH represents Calcium hydroxide, α-CaCO3- Calcite, β-CaCO3- Aragonite, FeCO3- 
Siderite, CSH- Calcium silicate hydrate. 

Fig. 13c. Micro-photographs of specimens SCCF0 and SCCF10 under C3 curing (CH represents Calcium hydroxide, α-CaCO3- Calcite, β-CaCO3 fully consumed, 
FeCO3- Siderite, CSH- Calcium silicate hydrate, ITZ- Interfacial transition zone). 
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