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ABSTRACT

The present research aims to manufacture concrete that meets compressive strength parameters,
has the lowest environmental impact, and resists chloride ion penetration and corrosion. This
study used varied volumes of cement replacement with slag (GGBS) (30, 40, and 50)% by mass
of cement for two concrete classes, C30 and C40. Fresh tests (slump, initial and final setting time),
hardening (compressive, splitting, and flexural strength), and durability (porosity, water absorption,
density, penetration depth, chloride ion migration coefficient, electrical resistivity, corrosion rate,
mass loss, crack width due to corrosion, and microstructure analysis) were performed.

The environmental impact of concrete components in each mix was also assessed. The
impressed current technique increased rebar corrosion in concrete specimens immersed in 5%
sodium chloride. Replacing cement with GGBS by 30-50% increased the setting time and
enhanced all hardening qualities. Mechanical qualities improved most at 40% GGBS, with C30
mixes' compressive, tensile, and flexural strengths up 29.3%, 38.7%, and 15.8% at 90 days.
Compare 21.3%, 19.2%, and 16.2% at 90 days for C40 combinations to the reference mixture.
Strength reduced marginally at 50% GGBS but remained greater than the reference blend.
However, a 50% GGBS replacement rate best-improved durability, microstructure, and
environmental efficiency. The C30-50% GGBS mixture is ideal because it met the design
requirements of C30 and C40, had the best improvement in porosity and water absorption, the
slightest chloride penetration, and the best performance against corrosive environments of the six
mixtures except C40-50% GGBS. Additionally, it is the least environmentally harmful combination.
Keywords: GGBS; Chloride ion penetration; Corrosion resistance; microstructure of concrete;
environmental impact; Durability

1. INTRODUCTION minimize their environmental consequences, it is

Concrete is an essential component of global
civil construction systems and the most extensively
used building material, particularly valued for its
robustness, affordability, resistance to water infil-
tration, and flexibility[1]. It accounts for 66% of the
total construction materials used worldwide,
resulting in excessive cement manufacturing [2],
Consequently, this phenomenon exacerbates envi-
ronmental issues such as water contamination, car-
bon dioxide release, and depletion of resources [3].
In order to promote worldwide sustainability,
mitigate the manufacturing of raw materials, and
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imperative to enhance concrete durability [4,5].
Chloride-induced steel corrosion is a crucial
determinant of concrete durability [6,7,8].
Numerous developed countries experience
significant economic losses as a result of
infrastructure deterioration caused by corrosion.
More precisely, the United States experiences an
approximate yearly expenditure of $240 billion due
to damage caused by corrosion, with around 20%
of this cost being ascribed to the corrosion of
reinforced concrete [9,10]. Furthermore, the
economic consequences of corrosion on structures
in South Korea, Middle Eastern countries, and
other developed nations are estimated to be (2.9,
5.2, and 3.8)% of their respective domestic finan-
cial resources, respectively [11]. Consequently,
infrastructure management authorities in many
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nations are actively increasing their efforts to
evaluate the state of concrete structures. This
requires monitoring for structural integrity and
longevity and, if needed, establishing suitable
maintenance procedures [12,13]. The implemen-
tation of proactive management strategies serves
to prolong the lifespan of infrastructure and mitigate
the environmental and social consequences..

As depicted in Figure 1, the degradation of
concrete caused by chloride follows a sequential
process consisting of three phases: initiation, rust
propagation, and corrosion acceleration[14].
Corrosion of rebar in concrete initiates when the
protective oxide layer (Fe.Os) loses its stability and
is penetrated by chloride ions upon migration[15].
Upon this disturbance, the process of rust
spreading begins, and the resulting corrosion
products become apparent on the surface of the
rebar. It is possible for the iron in steel to undergo
oxidation up to six times its initial volume[16], which

Initiation Propagation

Concrete Condition

Surface Coating 2

oy SR

3/4
S

greatly increases the tensile stress in the concrete
and results in the formation of microcracks and
internal  cavities[17]. The  proliferation  of
microcracks promotes the continued entry of
chloride ions, which, in turn enhances the
penetrability of concrete and the infiltration of
moisture that may transport other harmful
chemicals. Consequently, this accelerates the
corrosion of reinforce bars. In the absence of
prompt maintenance, structural failure may occur
due to the manifestation of severe deterioration,
including surface-breaking cracks, spalling, and
delamination [17,18]. In addition, Figure 1
illustrates a significant rise in maintenance
expenses throughout the period of accelerated
concrete degradation[14]. Therefore, producing
concrete with high resistance to the penetration of
chloride ions has become imperative, and it can be
possible only by reducing the permeability of the
concrete [20].
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Rehabilitation Cost

Time

Figure 1. Conceptual model of steel corrosion-induced concrete deterioration and rehabilitation costs [18]

Utilizing different supplementary cementitious
materials (SCM) to produce blended cement
contributes to achieving durable and sustainable
concrete [21]. Partial cement replacement with
SCM, such as GGBS, One of the most viable
approaches for manufacturing more ecologically
friendly and sustainable concrete with enhanced
durability[22]. GGBS is a residual material
generated during the manufacturing of pig iron.
Every tonne of GGBS produced releases around
0.14 tonnes of CO.. Comprising a mere 16%
emissions of carbon dioxide resulting from cement
manufacturing [23]. Therefore, the intensive
utilization of high volume GGBS as a substitute for
cement is a successful approach to manufacture
eco-friendly construction materials and fulfill the
criteria of sustainable development[24]. Over the
span of a structure's life, corrosion progresses
gradually and may require several years to cause
damage. Penttala [25] found that the surface may
undergo degradation for a period of up to 10 years
from the initiation of damage to the reinforcement.
Hence, several technologies are being devised to

accelerate the rusting process. An expedited
electro chemical induced corrosion examination will
be conducted for this investigation.

Some studies have shown that GGBS can
significantly enhance resistance to chloride pe-
netration and mitigate the corrosion of reinforcing
steel in aggressive environments. For instance,
Siddique and Khan [26] demonstrated that concre-
te with GGBS exhibits lower chloride permeability
due to its refined pore structure, which reduces the
ingress of aggressive ions. This improvement is
attributed to the pozzolanic reaction of GGBS with
calcium hydroxide, resulting in additional C-S-H gel
formation that densifies the matrix.

Similarly, Matthes et al. [27] reported that
incorporating GGBS into concrete significantly
improves resistance to chloride penetration in
reinforced concrete. This improvement is attributed
to the reduced permeability and denser
microstructure of GGBFS-modified concrete, which
limits chloride ion ingress and delays reinforcement
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corrosion, a critical factor in the durability of
concrete  structures  exposed to  marine
environments. Additionally, the alkalinity of
concrete containing GGBS remains sufficient to
protect the steel from corrosion despite the lower
calcium hydroxide content. while, Arash and
Morteza [28] investigated the impact of GGBS on
pavement durability. The results indicated that the
cracking, porosity, and permeability characteristics
of concrete exhibited a negative correlation with the
incremental addition of slag.

Another investigation by Thomas et al. [29]
highlighted that GGBS improves the corrosion
resistance of steel reinforcement by delaying the
onset of corrosion. The authors noted that GGBS-
blended concrete exhibited a prolonged time to
corrosion initiation under accelerated chloride
exposure tests. The enhanced performance was
attributed to the lower chloride-binding capacity
and higher threshold chloride concentration in
GGBS concrete compared to ordinary Portland
cement concrete.

Moreover, studies by Burnell and Black [30]
emphasized the sustainability and economic adva-
ntages of supplementery cementiciouse materails,
suggesting that its incorporation not only improves
durability but also reduces the cement content and
overall carbon footprint. The authors found that
substituting 40% of cement with pulverized fuel ash
resulted in decrease in eCO2/MPa within the
desired strength range of 50 to 70 MPa.

Babalola et al. [31] studied the concrete
mechanical properties and durability using GGBS.
They found that the mechanical properties,
durability and chloride permeability were superior
when the GGBS content was 30%. Reddy S. and
Srinivasa.[32] investigated the optimum use of
micro silica and GGBS for the strength properties
of concrete. Results indicated that the inclusion of
GGBS in concrete enhanced both its workability
and strength.

Based on the review of existing literature,
limited studies have explored the enhancement of
concrete properties, particularly corrosion resis-
tance and resistance to chloride ion penetration,
through the replacement of cement with a
substantial proportion of ground granulated blast
furnace slag (GGBS). While prior research has
highlighted the benefits of GGBS in improving
durability and mitigating the ingress of aggressive
agents, the optimal balance between concrete
strength, corrosion resistance, and environmental
impact remains underexplored. Most existing
studies focus on conventional replacement ratios
and fail to provide comprehensive insights into
achieving the highest corrosion resistance while
maintaining adequate structural performance.

This gap underscores the need for a more
detailed investigation into the wuse of high
replacement ratios of GGBS in concrete
production. The primary objective of this study is to
evaluate the performance of concrete mixes
incorporating a significant proportion of GGBS. The
research aims to determine the optimal design that
meets the required strength criteria, offers superior
corrosion resistance, minimizes chloride ion
penetration, and achieves the lowest environmental
impact (El). By doing so, the study seeks to provide
an effective solution for reducing cement consum-
ption, thereby addressing both durability and susta-
inability concerns in modern concrete applications.

2. THE PROGRAM OF EXPERIMENTAL
2.1. Primary Materials Used

2.1.1. Binders

The binding substances utilized in this work
were Ordinary Portland cement (OPC) according to
EN BS 197-1:2011[33], and GGBS, which stands
for granulated blast furnace slag, as specified in BS
EN 15167-1:2006[34]. Laboratory tests have been
conducted to assess the physical and mechanical
characteristics of these binders according to BS EN
standards. Detailed results are presented in Tables
1 and 2.

Table 1. Physical and Mechanical Characteristics of Binder Materials

. . Fineness . Setting time min. Strength MPa
Specific gravity N Consistency (%) — -
cm?/g Initial Final 2 days 28 days
Cement 3.15 3460 31 106 170 18.4 43.75
GGBS 2.9 4150 - - - - -
Table 2. Chemical analysis of Cement and GGBS
CaO SiO2 Al2O3 Fe203 MgO K20 Na20 SOs L.O.I
Cement 62.43 19.36 4.82 3.28 3 0.56 0.29 2.26 1.69
GGBS 41.95 35.59 14.32 0.35 7.41 0.09 0.66
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The specific surface area fineness of GGBS
was measured to be 4150 cmz?/g, which is greater
than the fineness of OPC calculated to be 3460
cmz/g. An essential Influential factor on the
reactivity of GGBS and the early strength growth of
concrete is the particle size of GGBS [35].
According to Swamy[36], increasing the fineness of
GGBS to two-three times that of cement provides
numerous advantages for the engineering
characteristics of concrete, including durability,
setting time, evolution heat, and bleeding. To
achieve optimal efficiency, the surface area of
GGBS should fall within the range of 4000 and
6000 cm2/g [37]. The surface area of the currently
utilised GGBS falls within the specified range. The
chemical characteristics of the binders were
determined by empirical testing and are illustrated
in Table 3. Chemical Analysis of the binders
reveals that the lime (CaO) content in GGBS
(41.95%) is lower than that of cement (62.43%).
Nevertheless, the silica (SiO.) percentage of GGBS
(35.59%) and alumina (Al.O;) content (14.32%) are
higher than cement (19.36% and 4.82%,
respectively), therefore guaranteeing its pozzolanic
properties. Prior investigations [27,29,30,31] have
shown that GGBS mostly exhibit hydraulic activity,
which is a cementitious characteristic, together with
specific pozzolanic activity. The GGBS material

% P I T

can exhibit cementitious characteristics when
combined with activators such as lime, Portland
cement, and alkalis including sodium carbonate or
sulfate, calcium, or magnesium. The hydraulic
activity of GGBS is mostly determined by its
producing method and chemical compositions.
ASTM C 989-06[40] suggests using the slag
activity index as the main evaluation criterion to
determine the relative cementitious capacity of
GGBS. Therefore, GGBS is categorized into 80,
100, and 120 according to their slag activity
indices.

Table 3. Index of slag activity as per ASTM C 989-

06
Examination Grade GGBS utilized in
research
80 | 100 | 120
7d -- 75 95 --
28d 75 95 | 115 122

Table 3 demonstrates that the GGBS employed
in this context meets the criteria of grade 120,
particularly having a high slag activity index. The
grain gradation of the cement and GGBS used is
depicted in Figure 2.

FPardical s e

Figure 2. Particle size distribution of cement, GGBS, fine aggregate (FA) and coarse aggregates (CA)

2.1.2. Aggregate

The sources of sand and gravel used in this
study are local in Iraq and they are satisfied BS EN
12620:2002+A1:2008 [41] The local sand utilized
has a density of 1660 kg/ms, fineness modulus of
2.91, specific gravity of 2.65 and absorption of
water 0.93%. The gravel utilized was crushed, with
an upper limit of 19 mm in aggregate size, 1640
kg/m: density, specific gravity and absorption of
water 2.58 and 0.47%, accordingly. Figure 2
illustrates the granularity gradation of the
aggregate utilized.

2.1.3. Superplasticiser

All concrete mixes incorporated high-range
water-reducing chemical additives. Its name is
Fosroc Structuro W420. It meets the requirements
of ASTM C494: 2011[42]. the liquid was
distinguished by its light yellow hue, Specific
gravity(s.g) 1.04 @ 25°C. The usual dosage range
is 0.20 - 2.0 litre/100 kg of cementitious material. In
current study, it is used a dose of 0.85% by weight
of cementitious material.
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2.2. Mixture Proportions

The primary goal of the work was to assess the
impacts of GGBS produced during iron ore
manufacturing on the mechanicals characteristics,
chloride migration, and corrosion resistance of
concrete, two concrete mixtures were used as
reference mixes with targeted 28d strength of 30
MPa (C30) and 40 MPa (C40) were designed
according to the American Standard ACI 211.1
, in addition to use six other mixes containing
different ratios of GGBS replacement represented
by (30, 40, 50)% of cement weight and were

Table 4. Mix proportion of concrete mixture

defined as (C30-0%GGBS, C30-30%GGBS, C30-
40%GGBS, C3030-50%GGBS, C40-0%GGBS,
C40-30%GGBS, C40-40%GGBS, and C40-
50%GGBS). Two water-cement ratios were taken
for concrete C30 and C40 MPa, which are (0.5,
0.42) % for all replacement ratios. In order to
achieve  high  workability concrete  without
compromising strength, a superplasticizer additive
mixture containing 0.85-1% of cementitious
materials was included in all mixes. The desired
strength was set at 30 and 40 MPa. The concrete
mixing ratios are summarized in Table 4.

Quantities of mixture ingredients kg/m?3
Mixes Cement% | Cement | GGBS | Fine aggregate | Coarse aggregate Vng* pIasSt;Jc?:err %

C30-0%GGBS 100 375 750 1000 0.5 0.85
C30-30%GGBS 70 262.5 112.5 750 1000 0.5 0.85
C30-40%GGBS 60 225 150 750 1000 0.5 0.85
C30-50%GGBS 50 187.5 187.5 750 1000 0.5 0.85
C40-0%GGBS 100 450 680 1000 0.42 1
C40-30%GGBS 70 315 135 680 1000 0.42 1
C40-40%GGBS 60 270 180 680 1000 0.42 1
C40-50%GGBS 50 225 225 680 1000 0.42 1

w/b: Water to binder ratio, GGBS: Ground Granulated Furnace Slug

2.3. The Process of Mixing, Specimens remaining water are added to the mixer.

Preparation, and Curing

After preparing the required materials for the
concrete mixture, the coarse and refined raw
materials (sand and crushed gravel) are mixed in
the mixer for one minute. A (250-300 kg) pan-type
mixer mixes the concrete components. This step
ensures uniform distribution of the raw materials
before adding the other components. After that,
50% of the required mixing water is incorporated
with the raw materials and mixed for another
minute. The purpose of this step is to hydrate the
raw materials and achieve initial hydration. Once
the water and raw materials are mixed, cement and
GGBS are added to the mixer. The mixer runs for
one minute to mix the cement materials well with
the wet raw materials. This step ensures uniform
distribution of cement and GGBS throughout the
mixture. After that, Superplasticiser (a chemical

admixture used to improve workability) and the
o

Superplasticizer helps in achieving the required
fluidity or workability of the concrete. The mixer is
operated for 1 minute to ensure proper dispersion
of the superplasticizer and uniform mixing of all the
components. As shown in Figure 3(a), tight plastic
moulds form the concrete sample. The inner
surfaces of the molds are lubricated with oil to
inhibit adhesion of the concrete to them after
hardening. The mixture is placed into the molds,
and the samples are then compacted using an
electric vibrating device to remove any gaps or
voids in the mixture. This ensures proper
compaction and eliminates air pockets. In this
experiment, different samples are cast using
specific moulds, cubes, cylinders and prisms. After
24 hours of casting, the molds are taken out
illustrated in Figure 3 (b) and all the specimens are
placed in water tanks and dried at room
temperature 28 days exemplified in Figure 3(c).

() |

Figure 3. (a) the prepared samples, (b) plastic mold and (c)curing
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2.4. Testing procedures

In this study, several laboratory tests were
conducted and are shown in the following sections.

2.4.1. Fresh Tests (Initial and Final Setting Times
and Workability)

According to EN BS 12350-2:2009[43] a slump
examination was conducted to assess the
workability of all mixes shown in Figure 4(a)., while
the Vicat device was utilized to perform initial
setting time and final setting time tests for all mixes
as shown in Figure 4(b) according to BS EN 196-
3:2005 [44].

Figure 4. (a) slump test (b) Vicat apparatus

2.4.2. Test of Hardened Properties

2.4.2.1. Examination of Compressive Strength

As per BS EN 12390-3:2019[45], the
compressive strength examination was performed,
a hydraulic compression device (2000) kN was
used to test cubes (10 * 10* 10) cm. An average of
three cubes is introduced on each check and
examined at 28, 56 and 90 days.

2.4.2.2. Splitting Tensile Strength

The examination employed cylindrical molds
measuring 10 cm by 20 cm. According to EN BS
12390-6:2009[46]. For all mixes, an average of
three cubes is introduced on each check and
examined at 28, and 90 days.

2.4.2.3. Examination of Flexural Strength

The present study involved the execution of
flexural strength tests on prism specimens with
measurements of 10*10 * 40 cm at days 28 and 90.
according to EN BS 12390-5:2009[47]

2.4.2.4. Bulk Density

The experiment was conducted using the
identical cubes used in the compression test,
during which the cubes were weighed and their
precise dimensions were verified. Furthermore, the
bulk density was determined by dividing the mass
of each cubic unit by its size. Three readings were
obtained for each outcome.

2.4.3. Tests of Durability Properties

2.4.3.1. Water Absorption and Porosity

According to ASTM C642:2013[48]. The
concrete samples utilized in this study underwent

porosity and total water absorption tests after 28
and 90 days after initial curing in water. For every
combination, three specimens with (10*10*10) cms
were prepared. The total water absorption and
porosity were determined using the following
equation:

Total water absorption=(m2-m1/m1)*100 (1)
Porosity= (m2-m1/m2-m3)*100 (2)

where: m.: represents the dry mass, m.:
saturated mass, ms: represents the mass of the
sample immersed in water

2.4.3.2. Microscopic Analysis of the Structure

For this examination, small concrete samples of
approximately 5*5 mm dimensions were taken from
the reference mix samples and from the samples in
which cement was substituted with GGBS. A
scanning electron microscope (SEM) was used for
this purpose. Before the examination, the specimen
was dehydrated in an oven set at 110 °C for 24
hour. Subsequently, its surface was polished by
applying a diamond polish. A thin layer of copper
was coated on the sample to make it electrically
charged, and then the sample was placed on the
SEM stem.

2.4.3.3. Examination of Electrical Resistivity:

Electrical resistivity measurement is a criterion
the classification of concrete based on its corrosion
rate. Utilizing the direct two electrode technique
necessitates access to both sides of the concrete.
Given a steady voltage, the current flowing through
the concrete is measured and documented. To get
the resistance (R) of the concrete, the following
equation is used:

R=V/I 3)
where:

V: represents the applied voltage, and |
represents the electric current flowing through
sample.

The following equation was used to determine
the concrete's resistivity[49]:

g=R*(a/t) (4)
where:

g represent the electrical resistivity of the
concrete, measured in kQ. cm, electrical resistance
is denoted as R,

A represents The sample's surface area, and
height of sample is denoted by t.

An electrical resistivity examination of concrete
was conducted using the commercially available
direct two electrode method. The concrete
specimens used for testing had dimensions of
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(10*10*10) cms. The concrete sample was
positioned between two plates, a wet sponge was
inserted to ensure electrical conductivity. The
average of three readings was recorded for each
result.

2.4.3.4. Rapid Chloride Migration Examination

Using the non-steady state migration test
specified in NT Build 492:1992 [50], the resistance
against chloride ingress of concrete samples was
evaluated to calculate the chloride migration
coefficient. The procedure involves applying an
external electric field to a concrete specimen of 100
x 50 mm, which induces the migration of chloride
ions into the specimen. Once the specimen has
been split, the chloride penetration is quantified by
the spraying of a silver nitrate onto the divided
portions. On the basis of the penetration depth, the

Plastic box. ————

Anode

Rubber sleeve

Anolyte
(0.3 mol/ NaOH)

Catholyte
(10% NaCl)

. DC power supply

Stainless steel clamps
|— Concrete specimen
[— Cathode with spacers

|— Plastic support

non-steady state migration coefficient is computed.
Figure 5 depicts the experimental arrangement and
the specimens utilized for testing subsequent to the
application of the silver nitrate. The migration
coefficient was consequently computed using
Equation (5):

Dy = 0 - 0239273+T*LU-2*(Xd - 0 - 0238273+
+T*L*XdU-2 ) (5)

where: D.m: coefficient of non-steady state
diffusion m#/s, T: is the mean value of the beginning
and final temperatures solution at the anode,
measured in °C., L: represents the sample
thickness in millimemeters, U: the absolute value of
the voltage that is being applied (V), Xd:
represents the mean value of the penetration
depths in millimetres, and t: the length of the
examination (in hours).

@) (b)

Figure 5. Experimental arrangement for the Rapid Chloride Migration test (a) schematic depiction
(b) Implementation of the conducted tests

2.4.3.5. Corrosion Rate by Impressed Current Test
(10):

The corrosion of steel is slow. Alkaline
concrete takes slower to corrode, even under harsh
conditions. Due to the time required to replicate
reinforcement corrosion in labs, accelerated
corrosion test procedures have been developed.
Impressed current is a fast and effective
accelerated corrosion test method that decreases
de-passivation corrosion initiation time from years
to days.[51]. In this method, a continuous direct
current (DC) is applied to the embedded steel in
the concrete to initiate corrosion. The current is
impressed from the electrode to the reinforcement
through concrete immersed in an electrolyte
(sodium chloride solution) [52]. This research used
prismatic specimens with dimensions of (10*10*20)
cm. Steel bars of 15 cm length were prepared and
weighed. This weight measurement serves as a
reference for evaluating mass loss due to
corrosion. In addition, the rebar were connected
with copper wires. The steel bars were inserted into
the prismatic mold with a 2 cm cover. The concrete
pouring process was carried out smoothly. After 24
hr., the samples were unmolded and subjected to a
28-day curing process. After hardening, the
specimen were placed in a 5% NaCl solution. At
the bottom of the sample, a stainless steel mesh
was placed connected to the wires and connected

to the DC power source, representing the cathode
electrode. As for the electrical wires in the sample,
a 1 kQ variable resistance was placed in them and
connected to the power source as an anode
electrode. Then the current was applied while
maintaining the voltage constant as shown in
Figure 6. The period was 26 days, calculated by
Faraday's law to achieve 10% corrosion as shown
in Equation 6. After this period, the samples were
divided into two halves, the steel was removed,
cleaned, and weighed.

t=m*z*FM*[ .(6)

where: t. represents the time in second, m:
represents the mass loss in gram, Z: valance (2),
F: represents the Faradays constant equal to
96480 (in A.sec.), M: The atomic weight of the
metal is 55.85, I: represents the Imposed current in
ampere.

Pesvay copply
R

S warer with SX M1

Seaindess sreel saeth (Carhuuie)

Figure 6. Impress current test
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2.4.3.6. Analysis of Environmental Impact (EI)

The environmental impact of the mixes
proposed in this work is examined by assessing the
collective influence of concrete ingredients such as
Cement, sand, gravel, GGBS, and water on various
environmental factors. Abiotic depletion potential
(ADP), global warming potential (GWP),
photochemical ozone generation potential (POCP),
acidification potential (AP), and eutrophication
potential (EP) are the several environmental factors
taken into count. The literature was consulted to

gather data on the environmental effects of each
component in producing of 1 ms concrete. The
findings are summarized in Table 5. Concrete
utilizing GGBS is subjected to an environmental
impact study using the inventory data provided in
Table 5. This environmental impact analysis
considers all eight concrete mixes, including the
reference mixes. Calculations were performed to
determine the effects of six concrete mixes in terms
of the percentage reduction compared to the
reference mix on various environmental factors.

Table 5. Environmental effect data for producing of concrete constituent

) ADP GWP POCP AP EP
Material Reference

kg Sheq kg CO-.eq kg C2H4eq kg SO2eq kg PO4eq

Cement (1 kg) 3.83x10° 9.27x10* 7.52x10% 2.55x10° 3.50x10+
Sand (1kg) Kurda et al.(2018)[53] 3.30x10% | 9.87x10°% 2.80x10+ 4.58x10% 1.08x10%
Gravel (1kg) 1.09x10° 2.44x102 7.83x10% 1.44x10+ 3.18x10%
GGBS (1 kg) Kim et al.(2016)[54] 4.55x10% | 5.19x107 1.29x10% 1.72x10+ | 6.38x10-5
Water (1kg) Kurda et al.(2018)[53] 1.57x10 | 1.33x10-4 4.99x10°® 3.87x10°® 9.70x107

3. RESULTS AND DISCUSSION facilitated the transportation, placing and

3.1. Fresh Examination Results

3.1.1. Slump

In Fig.7, it is evident that the concrete using
GGBS has enhanced workability in comparison to
the reference mixture. Moreover, when the
substitution percentage rises, there is a clear and
substantial improvement in workability. Findings of
this investigation are basically in line with the
earlier results [47,48]. It is clear that the increase in
the slump value of the C30 mixes (C30-30%GGBS,
C30-40%GGBS, and C30-50%GGBS) was (10, 20,
25)% respectively, compared to the reference mix,
which had a slump value of 100 mm. The increase
in C40 mixtures (C40-30%GGBS, C40-40%GGBS,
and C40-50%GGBS) was (4.16, 8.3, and 12.5)%,
respectively, compared to the reference mix (C40-
0%GGBS), which had a slump value of 120 mm.
The enhanced workability of concrete including
GGBS can be ascribed to the greater dispersion of
cement particles and the surface characteristics of
the GGBS, which display a smooth surface
(vitreous phase) and high density, resulting in less
water absorption during mixing. [49,50,51].

3.1.2. Results of Initial and Final Setting Time

As shown in Figure 8, when OPC was replaced
by 30%, 40% and 50% of the cement weight with
GGBS, the initial setting times were slightly
prolonged by (3, 7, and 21) min respectively,
compared with reference. the final setting times
rose from 170 min for the reference mix to (176,
180 and 185) min with the mixtures containing
GGBS at replacement ratios (30%, 40% and 50%),
respectively. The slightly prolonged setting time

compaction of concrete prepared with these
blended cement. The observed increases due to
the prolongation of the hydration process of GGBS
and a reduced amount of OPC [60]. Similar results
were with previous findings[53,54].
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3.2. Hardened Examination Results

3.2.1. Results of Compressive Strength

The compression examination results for all
mixtures (with and without GGBS) at 28, 56, and
90 days are presented in Figure 9. Evidently,
compressive strength of the mixtures rises as the
curing age progresses, owing to the production of
more C-S-H as a hydration of cement result and
improvement of the microstructure of concrete [63].
It was discovered that the introduction of GGBS in
concrete mixes at (30, 40 and 50)% of cement
weight enhances the compressive strength over all
test ages, and this increase is gradual with
increasing replacement ratio up to 40% after which
the compressive strength starts to decrease slightly
at 50% replacement ratio. These results indicate a
continuous and significant contribution of GGBS to
the compressive strength in comparison to the
reference concrete mix (0% GGBS). At 28 days,
the compressive strength of the mixes (C30-

30%GGBS, C30-40%GGBS, and C30-50%GGBS)
improved by (10.4-36.3) % compared to the
reference mix (C30-0%GGBS), and at 56 days it
ranged between (14.8% and 34.3%), while the
compressive strength at 90 days recorded (44, 50,
and 49.27) MPa, respectively. As for the mixes
(C40-30%GGBS, C40-40%GGBS, and C40-
50%GGBS), the percentage improvement in
compressive strength was between (5.97-17.14)%
at 28 days, and at 56 days it was between (8.27,
and 19.37)%, while at 90 days the compressive
strength recorded values (51.2, 56, and 53.23)
MPa respectively. The concrete mix (C30-40%GBS
and C40-40%GGBS) gave the highest values for
all ages. The enhanced strength is ascribed to the
pozzolanic interaction between GGBS and cement,
which exhibits greater stability with ageing [64].
This trend was in agreement with previous
studies[56,47,24,21].
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Figure 9. (a) compressive strength results for (28 , 56 and 90) days (b) Enhancement in Compressive
Strength of with the addition of GGBS at 28, 56, and 90 days

3.2.2. Splitting Tensile Strength

In this test, results were evaluated after 28 and
90 days of curing. The experimental findings are
summarized in Figure 10. The relation between
splitting tensile strength and GGBS amount
exhibited a similar pattern to the observed trend in
compressive strength. The splitting tensile strength
exhibited a positive correlation with the GGBS
content at all stages of development. The reference
mixes (C30-0%GBS, C40-0%GGBS) recorded
indirect tensile strengths of (2.95 and 3.52) MPa at
28 days and (3.62 and 4.3) MPa at 90 days. The
tests revealed that the split tensile strength of the
mixtures (C30-30%GGBS, C30-40%GGBS, C3-
50%GGBS) increased by a range of 4-15.3% at 28
days and 20-38.7% at 90 days. The mixtures (C40-

ZASTITA MATERIJALA 66 (2025) broj

30%GGBS, C40-40%GGBS, C4-50%GGBS)
recorded an increase of (12.8-26.1)% at 28 days
and (11.5-19.2)% at 90 days, respectively,
comparison to the reference mixtures. The
mixtures (C30-40%GGBS and C40-40%GGBS)
had the most significant improvement in splitting
strength, which was (15.3 and 26.1) at 28 days and
(38.7 and 19.2) at 90 days, sequent. Enhancement
in strength is attributed to enhanced bonding of
mineral admixtures (GGBS) with cement and Other
components of concrete [65]. Reddy et. al. [66]
have found that incorporating ultra-fine particles of
GGBS into concrete improves packing density and
promotes the connecting and binding of component
parts. Thus, strength improvement is noticed.
These results are consistent with previous work
[24,22].
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Figure 10. (a) Splitting Tensile Strength values : (b) Improvement in Splitting Tensile Strength
values for 28 and 90 days

3.2.3. Results of Flexural Strength

Figure 11 displays the resulting flexural
strength values at 28 and 90 days for mixes of
concrete (C30, C40) including varying ratio of
GGBS. This figure shows that flexural and
compressive strength behave similarly. All mixtures
have higher flexural strengths than the reference
mixture. These values increase with increasing
partial replacement of GGBS compared to the
reference mixture (without GGBS), where mixtures
(C30-40%GGBS, and C40-40%GGBS) obtained
the highest flexural strength values (5.9, 6.3) MPa
at 28 days and (6.73, 6.99) MPa at 90 days

respectively, after which there was a slight
decrease in flexural strength at 50%GGBS

L

d

Flosural sircngih MFa

replacement ratio. The mixtures (C30-30%GGBS,
C30-40%GGBS, and C30-50%GGBS) recorded an
increase in flexural strength at ages 28 and 90
days, ranging between (7-16.6)% and (6.2-15.8)%
in comparison to the reference mixture,
respectively, while the increase in the mixtures
(C40-30%GGBS, C40-40%GGBS, and C40-
50%GGBS) reached (3.7-16.3) and (5.3-16.2)% at
28 and 90 days, sequent, in comparison to the
reference mix. The improvement in this property is
primarily due to the enhanced bonding between the
paste and the aggregate and the reduced porosity
in the matrix. These results were consistent with
the study [57,56].
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Figure 11. Flexural strength values at (28 and 90) days

3.2.4. Bulk Density of Concrete:

The concrete density examination was
conducted at 28 and 90 days for all mixes (with and
without GGBS), illustrated in Figure 12. The
findings demonstrated a reduction in density by the
incorporation of 30%, 40%, and 50% of GGBS by
weight of cement, as the mixes (C30-30%GGBS,
C30-40%GGBS, and C30-50%GGBS) achieved
value are range between (2343.3 to 2360) and
(2346.6 to 2370) kg/m: at 28 and 90 days in order
manner, less density compared with the reference
mix (C30-0%GGBS). As for the mixtures (C40-

10

30%GGBS, C40-40%GGBS, and C40-50%GGBS)
achieve Density ranging between (2325 to 2342)
kg/m: and (2363, 2344.6) kg/m: in comparison to
reference mixture at 28, and 90 days in order
manner. The findings show that the density
reduces as the proportion of cement substituted by
GGBS rises. The observed decrease in density
was resulted from the greater specific gravity of
cement in comparison to GGBS. Moreover, the
decrease can also be ascribed to the fact that,
similar to other supplementary cementitious
materials (SCMs), GGBS initially functions as a
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filler and needs to wait for the activation of Ca(OH).
generated during the hydration process before the
pozzolanic reaction can take place. In essence, the
decrease in density over time is caused by the

leading to the formation of less dense calcium
silicate hydrate compared to the cement con-
stituents from which Ca(OH). is derived [67]. This
observation is similar to that of Bheel N. et al. [68].

depletion of Ca(OH). during secondary hydration,

nlin

TiE O roti o

Figure 12. Density of concrete specimens at 28 and 90 days.

T

3.3. Durability Examination Results

3.3.1. Porosity

Figure 13 illustrates the result of concrete porosity with GBBS substitutes carried out at 28 and 90
days. Evidently, with rising percentage of GGBS substitution, the porosity of concrete reduces. Reduce in
porosity is ascribed to the pozzolanic reaction with cementitious secondary materials (C-S-H), which
enhanced the mortar binding property, leading to lower permeability. Moreover, the partial filling impact of
GGBS, which fills the empty spaces in the aggregate, results to a denser mass, at last decreasing the
porosity of the concrete. The porosity of concrete is directly enhanced by the synergistic interaction of
pozzolanic and micro-void filling.

At 90 days, the highest porosity measured was (7.32)% at C30-0% GGBS, while the minimum porosity
measured was (3.42 )% for C30-50% GGBS. As for the second group mixes (C40), the behaviour was
similar to the first group mixes, as The maximum porosity was determined to be (7.15)% with C40-0%
GGBS. In comparison, the minimum porosity was calculated to be (2.47) % with C40-50%GGBS at 90
days. Furthermore, the porosity of concrete is an essential factor. Among the characteristics of durable
concrete, concrete with low depth of water penetration shows excellent resistance to chemical attacks
[15].
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Figure 13. Results of porosity tests conducted at 28 and 90 days
second series mixtures (C40-30%GGBS, C40-

3.3.2. Results of Water Absorption

Figure 14 presents that absorption of water of
the concrete mixes (C30-30%GGBS, C30-
40%GGBS, C30-50%GGBS) decreased
significantly by about (49.0, 54.2, 61.8) %, and
(45.1, 49.3, 68.8) %, respectively at 28 and 90
days, in comparison to the reference mix (C30-
0%GGBS). While the water absorption of the

40%GGBS, and C40-50%GGBS) also recorded a
significant decrease, as shown in the following
figure, and was (49.60, 55.437, 59.94) %, and
(53.01, 55.87, 66.6) % at 28 and 90 days, sequent,
when contrasted to the reference mixture (C40-
0%GGBS). It can be noted that with age progress
and increased GGBS content, water absorption
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decreases; decreased absorption of water denotes
improvement of the microstructure of concrete over
time. This finding may be due to the fact that these
mixes contain fewer interconnected pores as C-S-
H forms from primary hydration and secondary
pozzolanic reactions of GGBS and gradually fills
water-filled spaces. In addition, GGBS had high
fineness functioning as fillers between cement
particles, which might enhance this phenomena
[69].

water absobtions

The most significant decrease in water
absorption was recorded at 90 days of age for the
mixtures C30-50%GGBS and C40-50%GGBS,
where its value was (1.09, and 1.05) %, compared
to the reference mixtures, whose values were
(3.49, and 3.15) % respectively. These results
conform to the study Aghaeipour and
Madhkhan[21,23]
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Figure 14. Water absorption behavior of concrete mixtures at various stages of curing

3.3.3 Electrical resistivity

Concrete specimens were subjected to
electrical resistance testing at 28 and 90 days of
age using the direct two-electrode technique. The
relation between corrosion rate and electrical
resistance, as determined by the direct two-
electrode technique, is presented in Table 6 [71].

Table 6 Electrical resistivity EI measurement of
the concrete [71]

ER kQ.cm Rate of Corrosion
>20 Low
10-20 Low to moderate
5-10 High
<5 Very high
Measurement and categorization of the
corrosion rate of concrete mixtures are
demonstrated in Figure 15. The electrical

resistance is inversely proportional to the corrosion
rate, increasing with the percentage of GGBS
replacement by the weight of cement. It is clear
that the concrete mix containing the highest
percentage of GGBS replacement (50%GGBS)
recorded a meagre corrosion rate and high
electrical resistance at 28 and 90 days for both
groups(C30, C40), followed by the mixture with a
40% replacement percentage (40%GGBS), and
then the mixture with a replacement percentage of
(30% GGBS), where at 90 days, the electrical
resistance measurement ranged between (32.57 to
41.63) kQ.cm for mixes (C30-30%GGBS, C30-
40%GGBS, C30-50%GGBS) and (39 to 74.03)
kQ.cm for mixes(C40-30%GGBS, C40-40%GGBS,

C40-50%GGBS), compared with the reference
mixtures, which recorded values of (10.86) for the
mix(C30-0%GGBS) and (15.23) for the mix(C40-
0%GGBS), which greatly exceeds the value of 20
(kQ.cm) given by Table 6 for low-value corrosion
rate. Therefore, mix corrosion (40%GGBS) is
unlikely to occur after 90 days of curing. The
introduction of GGBS and the subsequent
pozzolanic reaction cause physical condensation of
the microstructure, which in turn stimulates the
production of secondary C-S—H bonds. The
development of secondary bonds will enhance the
resistivity of concrete [72]. To a greater extent, the
ions will have a more difficult time moving through
the concrete if the electrical resistivity of the
concrete is higher. Thus, this inhibits corrosion [73].
This is consistent with what other researchers have
found Bhojaraju [74] The relation between concrete
resistivity and corrosion rate [71].
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Figure 15. Electrical resistivity test results at 28
and 90 days
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3.3.4. Depth of Chloride lon Penetration

A test was conducted to assess migration at 28
and 90 days of age. The depth of chloride ion
penetration was determined by spraying a 0.1 N
silver nitrate to the fresh fracture surfaces of the

specimen. To ascertain the penetration depth,
Figure 16 displays the split face of the concrete
specimens that were sprayed with the AgNO;
solution.

Figure 16. Depth of chloride penetration into concrete mixture with different percentage of GGBS:
(a) For 28 days (b) For 90 days

The superficial sections of the mortar samples
had a lighter hue as a result of the presence of
silver chloride, a white deposit that serves as an
indicator of the level of chloride penetration. By
contrast, the internal parts of the samples

Dipth o chiands ganlirsban me

i dnlmﬁ:vn

appeared darker due to the formation of silver
hydroxide precipitation. Also, the depths of chloride
ion penetration into all concrete mixtures are
presented in Figure 17.

| Epi

Figure 17. Correlation between chloride penetration depth and GGBS replacement amount at 28 and 90 days

Clearly, the extent of chloride ion penetration
reduces as the GGBS replacement ratio rises., and
the decrease is more significant with the mixtures
of the second series C40, the depths of chloride ion
penetration for concrete mixtures including GGBS
(C30-30%GGBS, C30-40%GGBS, C30-50%

GGBS, C40-30%GGBS, C40-40%GGBS, and C40-
50%GGBS) were (23.27, 18.33, 11, 21.53, 12.97,
and10.49) mm at 28 days, which was
approximately (41.15, 55.2, 75.2, 27.55, 59.6, and
69.6)% lower than that of the C30-0%GGBS and
C40-0%GGBS (reference mixture), respectively,
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and decreased to (8.79, 6.38, 5.03, 7.66, 4.33 and
3.74) mm at 90 days, which was approximately
(76.8, 84.2, 85.9, 64.9, 80.75, and 85.4)% lower
than that of the C30-0%GGBS C40-0%GGBS
(reference mixture), respectively. The results
suggest that higher quantities of GGBS substitution
enhanced the concrete's resistance mixture against
chloride penetration. chloride penetration into the
concrete mixture C40-50%GGBS is almost non-
existent. The rise in chloride resistance can be
attributed to the physical densification of the pore
structure caused by the replacement process of
GGBS. Moreover, the high chloride binding
capacity of GGBS, due to its significant Al.O; con-
tent, as reported by Obada et al.[75] and Yttedal
[76], contributes to this increase. GGBS as a binder
to replace OPC had an apparent positive influence
on durability of mixture in terms of chloride ion
penetration resistance. This is consistent with other
researchers Natanzi et al. [77].

3.3.5. Non-Steady-State Diffusion Coefficients of
Chloride Ions ( Dyssm)

The main factor responsible for steel bar
corrosion is chloride ions, which also diminish the
lifespan of concrete constructions. The permeability
of chloride ions is a crucial variable in assessing
the ability of concrete to withstand corrosion
caused by chloride. Cracking and spalling of
concrete are strongly related to the rebar corrosion,
particularly in structures that are exposed to
maritime conditions and roadways[78]. The rapid

Dirmsm®*18-13 ma s

chloride migration coefficient test can assess the
resistance to chloride ion penetration of concrete
mixture. Hence, the corresponding chloride
migration coefficient could determine the chloride
migration coefficient at the curing ages of 28 and
90 days, according to Equation 7, and the findings
of the analysis are visualised in Fig.18. The
chloride migration coefficients at 28 days for the
reference mixture and concrete mixture containing
different replacement with GGBS (C30-0%GGBS,
C30-30%GGBS, C30-40%GGBS, C30-50%GGBS,
C40-0%GGBS, C40-30%GGBS, C40-40%GGBS,
C40-50%GGBS) were (20.78, 12.23, 9.31, 5.15,
15.57, 11.28, 6.29, and 4.73)*10-2 m/s, in order
manner. At the same time, recorded values at the
age of 90 days were (16.55, 3.48, 2.62, 2.34, 9.51,
3.34, 1.83, and 1.39)*10-2 m/s, respectively. It is
noted that adding GGBS to concrete mixtures led
to a significant reduce in D, in comparison to the
mixture without GGBS. The decline in chloride
migration coefficients of concrete containing GGBS
can be attributed to the pozzolanic interaction with
secondary cementitious materials. This interaction
enhances the binding characteristics of the mortar,
resulting in reduced chloride migration coefficients.
Moreover, the filling impact of GGBS, which fills the
spaces in the aggregate, results in a more dense
mass, ultimately reducing chloride migration
coefficients of the concrete [79]. This is consistent
with other researchers such as Kopecsk6é and
Balazs [80] and Zhao et al. [81].

. ¥ "' =]

mile Sanignabon

Figure 18. Chloride migration coefficient of concrete mixtures with and without GGBS

3.3.6. Microstructural Analysis

Scanning  Electron  Micrographs  (SEM)
examination was conducted on broken small
fragments of flexural strength specimens to
evaluate the microstructure behaviour of concrete.
SEM provides data on the material's topography
and compositional characteristics. Small fragments
of the specimens were affixed to SEM stub and
images were captured using the scanning electron
(SE) imaging mode. In Figure 19, scanning
electron microscope (SEM) images are displayed
for a reference specimen (C30-0%GGBS) and a

mixture which includes 50% GGBS (C30-
50%GGBS). Figure 19(a) clearly shows that the
C30-0%GGBS mixture exhibits cracks and a weak
interfacial transition zone after 28 days of curing.
Figure 19(b) demonstrates that the visibility of the
C-S-H increases for specimens in the C30-
50%GGBS range. Nevertheless, the C-S-H that is
produced has a porous structure. This suggests
that the calcium hydroxide crystals undergo a
subsequent pozzolanic reaction, resulting in their
conversion into C-S-H. The less homogeneous
pattern of C-S-H could be attributed to the partial
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interaction of GGBS with water and glossy slag
particles during this curing phase. Prolonging the
cure period to 90 days, results in a highly compact

I

structure of the C30-50%GGBS mix, characterized
by a significant quantity of C-S-H and little pores
(Figure 19(c).

Figure 19. Scanning Electron Morphology of (a) C30-0%GGBS mix at 28 days, (b) C30-50%GGBS mix at
28 days, and (c) C30-50%GGBS mix at 90 days of curing age

3.3.7. Corrosion Rate by Impressed Current Test

After 26 days of subjecting to chloride solution
and impress current, the concrete prisms are
carefully broken to get out the rebar that is
embedded in the concrete without damage; then
the rebar is cleaned by using a sandblast machine
and stiff metal brush to get out the rust as the
showed in Figure 21. The rebar weights are
measured and recorded before casting and after
sand blast shooting. The gravimetric mass loss and
corrosion rate test was conducted by ASTM G1
2003[82] as shown in Equation 7, 8:

Mass loss= (Mi-Mf)/A (gcm?2) (7)
Corrosion Penetration Rate (CPR) = K*WA/T*D (8)

where: Mi is initially mass in grams, Mf is the
final mass in grams, K represents the constant for
unit required(8.76*10%), W represents the mass
Loss in grams, A represents exposed surface area
(cm?), T is exposure time (in hours) and D is alloy
density (g/cm>).

The data in Figure 20 clearly shows that the
mass loss and corrosion rate of the steel bar

decrease as the GGBS content increases.
Furthermore, this decrease is more pronounced as
the replacement ratio increases, compared to the
mix without GGBS. The mixtures in the second
group (C40) exhibit a higher rate of decrease in
mass loss and corrosion rate compared to the
mixtures in the first group (C30). The mass loss
and Corrosion rate for the mixtures (C30-
30%GGBS, C30-40%GGBS, C30-50%GGBS,
C40-30%GGBS, C40-40%GGBS, and C40-
50%GGBS) were approximately between (0.191,
0.063) g/cmz and (4.45, 1.316) mm/yr respectively,
while for the reference mixtures (C30-0%GGBS,
and C40-0%GGBS) it was (0.276, 0.191) g/cmz and
(6.38, 4.19) mm/yr, respectively.

The concrete mixture containing the highest
percentage of replacement with GGBS (C40-
50%GGBS) obtained the lowest mass loss and
corrosion rate, which was (0.063 gm/cm?, and
1.31mm/yr) respectively. This decrease in the rate
of corrosion and mass loos ascribed to the process
of development of a denser microstructure in the
concrete due to the presence of GGBS particles.
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Figure 20. Corrosion rate and mass loss of concrete samples with and without GGBS

C30-0%GGBS
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Figure 21. Shows the corroded reinforcement steel
for all mixes

3.3.8. Cracks Width

During the rebar corrosion process, the volume
of corrosion products or rust that can be formed on
the rebar surface increases, which generates
internal pressure on the surrounding rebar
concrete. This increase in internal pressure is more
tensile strength capacity of concrete that can cause
cracks to form along the face of the concrete
parallel to the rebar and cracks on the sides of the
area surrounding the rebar, illustrated in Figure 22.
From Figure 23, it is clear that the maximum crack
width was most prominent in the reference samples
without GGBS (C30-0%GGBS), followed by

crack width mm
[=
=
L

.

(C40%-0%GGBS), where the crack width was
recorded as (0.7, 0.43) mm, respectively. While the
crack width seemed to decrease with the inclusion
of the mixture with GGBS, the crack width of the
mixtures (C30-30%GGBS, C30-40%GGBS, C30-
50%GGBS, C40-30%GGBS, C40-40%GGBS, and
C40-50%GGBS) ranged between (0.4 and 0.16)
mm. The concrete mixture containing the highest
percentage of replacement with GGBS (C40-
50%GGBS) obtained the lowest crack width (0.16)
mm). These cracks might result in a decrease in
the durability and strength of the concrete, as well
as the potential for further corrosion to occur.

(b)
Figure 22. illustrates the occurrence of corrosion-
induced cracks in the concrete samples, including
(a) the rusted specimen and (b) the longitudinal
splitting crack that was caused by corrosion
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Figure 23. The effect of GGBS content on crack width cause by corrosion
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3.3.9. Environmental Impact of Concrete Mixes

The concrete mixture including GGBS is
assessed using environmental effect indicators, as
depicted in Figure 24(b). global warming potential
(GWP), acidification potential (AP), overfeeding
potential (EP), non-renewable primary energy input
(PEI non-re), and photochemical ozone production
potential (POCP) are distinct environmental impact
indicators. All pertinent data for each environmental
impact indicator is gathered from some
references.[83,84,85]. The effects of various
concrete mixes were determined by calculating the
percentage reduction compared to the effect of the
reference mixture on certain environmental factors.
The results of this calculation are presented in
Figure 24(a). Compared with the reference
mixtures (C30-0% GGBS and C40-0% GGBS), the
parameters of concrete mixtures containing 50%
GGBS replacement are significantly decreased,

mainly because of the replacement of cement by a
high proportion of GGBS. In addition, compared
with the reference mixtures of both grades (C30,
C40), about 43.2% of GWP, 39.3% of AP, 31.3% of
EP, 30.6% of POCP and 49.4% of PEI non-re are
achieved for C30-50%GGBS.while, 43.9% of GWP,
40.5% of AP, 32.7% of EP, 32.2% of POCP and
49.4% of PEl non-re are achieved for C40-
50%GGBS. Based on the preceding evaluation, it
may be inferred that concrete mixtures including
high-volume GGBS (50%) substantially reduce
their environmental impact. Concurrently, these
mixtures also save an equal amount of natural
resources that maintain the ecological balance and
environment soundness. Thus, it is feasible to
create environmentally sustainable and clean
concrete based on the appropriate application of
replacing cement with GGBS.
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Figure 24. (A) Reduced environmental impact of concrete mixes than control mix (B) Environmental
impact parameters of 1m: reference and GGBS mixtures

4. CONCLUSIONS

Goal of this investigation was to see whether
an optimal eco-friendly concrete with large volume
GGBS would have better corrosion resistance than
concrete of similar or greater strength, that reduces
waste management issues and conserves natural
resources for future generations. A comprehensive
study of fresh, hardened and durability properties
was carried out. This entailed creating eight
concrete mixes of two grades, C30 and C40
concrete, which were then placed in a 5% chloride
solution for impressed current testing. Principal
findings can be inferred from the experimental
results:

1. The incorporation of GGBS in concrete
mixes resulted in increased slump values,
indicating improved workability. This effect was
evident in the setting time of cement paste, both
initial and final setting times were extended with
higher GGBS content.

2. The compressive strength of C30 and C40
concrete specimens improved with the replacement

of GGBS content up to 40%, which can be
considered as the optimum dosage of GGBS, and
then decreased to 50% GGBS content. The other
strength properties, such as the splitting tensile and
flexural strength, also show similar variation as in
the case of the compressive strength. Compared to
reference  mixes, the highest increase in
compressive, splitting, and flexural strength was
achieved by substituting 40% of OPC with GGBS.

3. The micro-structural analyses of the
concrete paste samples confirm the variation in the
strength properties of their respective concrete
mixes. The microstructural analyses of C30-
0%GGBS and 30-40%GGBS in terms of SEM
revealed that replacing cement with GGBS
improved the concrete microstructure and
increased the ITZ’s density.

4. The inclusion of GGBS has shown an
excellent reduction in environmental impact (El) in
all aspects. Hence, the use of high-volume GGBS
in concrete causes a significant reduction in El in
all respects. The C30-50%GGBS and C40-50 %

ZASTITA MATERIJALA 66 (2025) broj 17



A. O. Kadhum et al.

High-performance eco-friendly concrete with improved strength, chloride ...

GGBS mixture achieved the highest reduction in
El.

5. The electrical resistivity was found to
increase with increasing GGBS replacement ratio
in the concrete mixture, where the electrical
resistivity was significantly improved. The C30-
50%GGBS and C40-50%GGBS mixtures achieved
electrical resistivity measurements of (41.63 and
74.03) kQ.cm, respectively, at 90 days, which were
higher than the values of the remaining six
mixtures, significantly reducing the chances of
corrosion. The reason behind this is the denser
microstructure resulting from the formation of the
secondary CSH gel.

6. In the mix designs containing GGBS, the
porosity and water absorption were decreased
compared to the reference mixes. The mix
containing the highest cement replacement ratio
with GGBS (50%) achieved the highest reduction in
porosity and water absorption at 28 and 90 days.
The C40-50%GGBS mix gave the lowest value of
porosity and water absorption at 90 days compared
to the rest of the mixes, which amounted to
(2.47)% and (1.05)%, respectively.

7. The penetration depths of chloride ions
decreased with increasing the percentage of slag
replacement in the blast furnace. The experimental
results indicated that the inclusion of GGBS in
concrete mixtures led to a decrease in the
penetration depth at 90 days between (8.79-3.74)
mm, while the reference mixtures (C30-0%GGBS,
C40-0%GGBS) recorded a penetration depth at 90
days of (31.34, and 20.38) mm, respectively. The
C40-50%GGBS mixture recorded the lowest
penetration depth at 90 days of (3.74) mm. As for
the chloride ion migration coefficients, it followed
the same pattern of penetration depth. The C30-
50%GGBS and C40-50%GGBS mixtures recorded
the highest decrease in the chloride ion migration
coefficient at 90 days by (85.86, and 85.39)%
compared to the reference mixtures (C30-
0%GGBS and C40-0%GGBS).

8. The mass loss and corrosion rate of the
reinforced steel embedded in the concrete
diminished with increasing GGBS content,
suggesting enhanced durability and longevity of the
concrete. The results indicated that the concrete
mixes with 50% GGBS had the greatest corrosion
resistance over time, which was anticipated
because the low permeability of the high GGBS
addition, Lastly, after extracting and shot blasting
rebars, the rebar of mix C30-50%GGBS was found
to have corroded less than the rebar of mix C40-
40%GGBS.

9. Based on the results of all the tests we have
conducted, we conclude that it is possible to the

optimum strength of the concrete C30 with
50%GGBS replacement can be rather depend
instead of using a larger strength concrete with the
same content of GGBS or leas, tends to result in
carbon emission and cost savings whilst providing
enhanced corrosion protection.
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1ZVOD

EKOLOSKI PRIHVATLJIV BETON VISOKIH PERFORMANSI SA POBOLJSANOM
CVRSTOCOM, PRODIRANJEM JONA HLORIDA | OTPORNOSCU NA KOROZIJU
ZAHVALJUJUCI VELIKOJ KOLICINI MLEVENE GRANULIRANE SLJAKE 1Z
VISOKIH PECI (GGBS)

Ovo istrazivanje ima za cilj proizvodnju betona koji zadovoljava parametre cvrstoce na pritisak,
ima najmaniji uticaj na zivotnu sredinu i otporan je na prodiranje hloridnih jona i koroziju. U ovom
istraZivanju koriscene su razli¢ite zapremine zamene cementa Sljakom (GGBS) (30, 40 i 50)%
mase cementa za dve klase betona, C30 i C40. Svjezi testovi (slijeganje, pocetno i konacno
vrileme vezivanja), ocvrScavanje (Cvrstoca na pritisak, cijepanje i savijanje) i izdrZljivost
(poroznost, upijanje vode, gustina, dubina prodiranja, koeficijent migracije hloridnih jona,
elektricna otpornost, brzina korozije, gubitak mase, Sirina prsline usled korozije i analiza
mikrostrukture).

Takode je procenjen uticaj komponenti betona na Zivotnu sredinu u svakoj meSavini. Tehnika
impresionirane struje povecala je koroziju armature u uzorcima betona potopljenim u 5% natrijum
hlorida. Zamena cementa GGBS-om za 30-50% povecala je vreme vezivanja i poboljSala sve
kvalitete ocvrScavanja. MehaniCki kvaliteti su senajviSe poboljsali pri 40% GGBS, sa C30
mesavinama na pritisak, zatezanje i savijanje za 29,3%, 38,7% i 15,8% na 90 dana. Uporedite
21,3%, 19,2% i 16,2% na 90 dana za kombinacije C40 sa referentnom smeSom. Snaga je
neznatno smanjena na 50% GGBS, ali je ostala veca od referentne mesavine. Medutim, stopa
zamene od 50% GGBS najbolje je poboljSala izdrZljivost, mikrostrukturu i ekoloSku efikasnost.
Smesa C30-50% GGBS je idealna jer je ispunjavala zahteve dizajna C30 i C40, imala je najbolje
poboljSanje u poroznosti i apsorpciji vode, najmanju penetraciju hlorida i najbolje performanse
protiv korozivnih sredina od Sest smeSa osim C40-50 % GGBS. Pored toga, to je najmanje Stetna
kombinacija po Zivotnu sredinu.

Kljuéne reci: GGBS, prodor hloridnih jona, otpornost na koroziju, mikrostruktura betona, uticaj na
Zivotnu sredinu, trajnost
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