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Abstract

Reinforced concrete structures in marine environments face severe
environmental challenges due to constant exposure to chloride and sulfate
ions present in seawater, which contribute to concrete deterioration and
accelerate the corrosion of reinforcing steel, reducing service life and
increasing maintenance costs. To address this problem, research is directed
toward developing sustainable concrete mixes using fine admixtures such as
mineral powders and pozzolanic materials, which improve density, reduce
permeability, and resist harmful chemical reactions.

This study aims to evaluate the performance of reinforced concrete
columns made from mixes containing secondary materials that partially
replace cement, such as glass powder, ceramic powder, and marble powder,
as well as cement additives such as carbon black powder and graphite powder.

These materials were incorporated in the concrete mixes either as
additives specifically carbon black and graphite powders at ratios of 0.5%,
1%, and 1.5% by weight of cement or as partial cement replacements,
including glass, ceramic, and marble powders at replacement levels of 5%,
10%, and 15%. A total of sixteen concrete mixes were investigated in this
study, comprising five different powder-based cement replacement materials,
each tested at three replacement or additive ratios, in addition to a reference
mix without any supplementary materials.

The tested specimens were subjected to a comprehensive experimental
program that included mechanical, structural, and durability evaluations.
Mechanical tests involved measuring compressive strength, splitting tensile
strength, and density. Structural behavior was assessed through ultimate load

capacity, ductility, and toughness indices. For durability assessment, the



specimens underwent chloride ion penetration testing, water permeability
under pressure, and half-cell potential measurements to evaluate the
likelihood of reinforcement corrosion. The structural tests were conducted on
two groups of specimens: the first group was unexposed to corrosion, while
the second group underwent accelerated corrosion through the application of
an electric current.

The enhanced mixtures incorporating fine powders demonstrated a
notable improvement in the structural capacity of concrete columns. The
mixture containing 15% ceramic powder recorded the highest increase in
ultimate load, with an improvement of 19.16% compared to the reference mix.
This was followed by the glass powder mixture 10% with a 17.69% increase,
graphite powder 0.5% with 11.69%, marble powder 10% with 11.36%, and
finally carbon black 0.5% with an 8.93% increase. These results reflect the
positive influence of the added powders in enhancing axial load resistance and
improving the internal cohesion of concrete.

Under accelerated corrosion conditions, several modified mixtures
exhibited a smaller reduction in ultimate load compared to the reference mix,
which lost 19.6% of its structural capacity. The best performance in terms of
durability was achieved by the graphite powder mix 0.5%, with only a 3.6%
decrease in load capacity, followed by 0.5 % carbon black 3.73%, 10% marble
powder 12.39%, 10% glass 16.69%, and 15% ceramic 18.64%. These findings
highlight the effectiveness of certain powders, particularly graphite and
carbon black, in mitigating the adverse effects of corrosion on structural
behavior.

Several modified mixtures also showed reduced water permeability
under pressure relative to the reference mix, indicating improved resistance to
fluid and contaminant ingress. The 10% glass powder mixture exhibited the

11



highest reduction at 76.92%, followed by 15% ceramic powder 68.46%, 0.5%
graphite powder 33%, 10% marble powder 31.54%, and 0.5% carbon black
24.62%. This improvement is attributed to both the physical and chemical
roles of the powders in reducing porosity and enhancing particle packing.

Regarding chloride ion penetration resistance, all mixtures
outperformed the reference mix, reflecting a positive impact on corrosion
resistance. The graphite powder mix 0.5% achieved the greatest reduction in
chloride ingress at 76.27%, followed by 0.5% carbon black 45.76%, 15%
ceramic powder 34.58%, 10% marble powder 33.05%, and 10% glass powder
30.51%. These outcomes indicate that the powders, especially graphite
powder, enhance reinforcement protection in chloride-rich environments.

The non-presentation of the remaining mixes does not imply poor
performance; rather, the highlighted mixes demonstrated improvements
across all tests, unlike the others, which showed either slight decreases or
marginal improvements in certain aspects.

The study recommends selecting precise and well-thought-out additive
ratios based on the physical and chemical properties of the materials while
avoiding excessive use of highly conductive materials until their
homogeneous distribution is ensured. It also emphasizes the importance of
conducting a comprehensive assessment of mechanical and structural
properties when designing concrete mixes intended for aggressive

environments to ensure long-term performance sustainability.
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1.1 General

Due to the effects of environmental factors such as corrosion from
seawater, the actual life of marine concrete structures is often less than their
designed life (Val et al., 2003). It is acknowledged that concrete cover is
enough to protect reinforcement from corrosion when a reinforced concrete
structure is intended for an urban or coastal environment. However, since
concrete is a porous material that hostile ions like carbon dioxide and
chlorides can pass through to reach reinforcements and initiate the corrosion
process, merely covering them with concrete is insufficient to safeguard
reinforcement. Many studies have been conducted on this topic because this
design premise does not accurately reflect the harsh conditions that a structure
is subjected to. Thus, it is widely acknowledged that the primary degradation
process associated with actual reinforced concrete structures is reinforcement
corrosion, particularly in marine environments where chloride action can
cause a significant reduction in the bearing capacity of the structure, affecting
not only the structure's service life but also increasing the risk of structural
collapse (Balestra ¢ 2019).

Due to the overuse of natural material sources, the use of waste
materials as a feasible substitute for conventional materials in concrete has
grown in favor in recent years (Hamada et al., 2020). Utilizing garbage in
concrete has two benefits: it allows waste to be disposed of environmentally
and enhances the concrete's strength and durability (Tayeh et al., 2019).

Global technological advancements have demonstrated that
unprocessed or treated industrial waste materials can be included in concrete
to provide a sustainable solution. This alternate option creates a cleaner and
greener environment in addition to helping with waste material recycling

(Azmi et al., 2017).
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1.2 Deterioration of R.C. Structures

Reinforced concrete (RC) infrastructure placed in maritime
environments should not fail too soon because it may have serious
consequences for the economy, the environment, and sustainability. The exact
mechanisms underlying the onset and progression of reinforced corrosion in
marine environments, as well as the potential structural damage that follows,
are still unknown despite decades of investigation. This is not good enough.
It hinders long-term durability through sound design (Melchers, 2020).

Under ideal circumstances, concrete can prevent reinforcement
corrosion by either offering physical shielding, such as a sufficient layer of
concrete cover or by inhibiting the corrosion caused by the often-high pH of
the concrete surrounding the bars. Excellent resistance to reinforcement
corrosion has already been demonstrated by a sizable body of data from real
RC structures in a range of marine and other settings, such as the splash zone,
tidal zone, immersion zone, or a marine, salt-laden atmosphere (Melchers et
al., 2017).

Chloride-induced reinforcement corrosion in a marine environment
causes a localized decrease in the cross-section of reinforcement, which gets
deeper as the corrosion process goes on. This is accompanied by a localized
decrease in cross-section and a concentration of tension in the area of corroded
bars, which reduces the bearing capacity of reinforced concrete buildings even
at low corrosion levels (Balestra et al., 2016). Assessing the corrosion process
dynamic, the alkaline environment in which the reinforcements are embedded
in concrete prevents corrosion by forming a passivating layer made of iron
hydroxides. This is because the concrete pores contain an alkaline solution.
Nevertheless, chlorides found in the marine environment can enter the

network of pores in concrete, and this passivating layer is locally destroyed
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when concentrations exceeding 0.4% of cement mass (0.05% of concrete
mass) reach the surface of reinforcements (Standard, 2011). In this manner,
chlorides, in conjunction with oxygen and moisture found in the pores of the
concrete, initiate a progressive pitting corrosion process, resulting in
expansive corrosion products that accumulate near the reinforcement. This
causes radial tensions along the bars' axis, which causes the concrete cover to
crack and spall (Balestra et al., 2016). The reactions involved are found in the
following two equations:
Fe?" + 2CI" — FeCl,
FeCl, + 2H,0 — Fe(OH), + 2HCI

The reactions in above equations break both ferric oxide and magnetite
(Fe;04) layers on the steel (Popov, 2015). Chlorides in concrete that are
soluble in nitric acid (sometimes referred as total chlorides) include bound
chlorides which can be chemically bound with cement hydration products
such as the C;A or C4AF or loosely bound chlorides with the C—S—H. It is
only the remaining chlorides, namely free or water-soluble chlorides which

react with steel and are responsible for its corrosion(S. Ahmad, 2003).

1.3 Columns in a marine structure

The reinforced concrete (RC) structures have been extensively
employed globally. The efficacy of this structural system, especially in civil
engineering contexts, can be ascribed to its attributes, including sufficient
mechanical strength, cost-effectiveness, adaptability, chemical and heat
resistance of steel, durability, and financial considerations. Nonetheless,
pathological issues diminish the longevity of such structures. The issues
identified include sulphate expansion, alkali-aggregate interaction, leaching,

and corrosion of reinforcements (Goncalves et al., 2018). Furthermore, it is
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important to emphasise that the corrosion of reinforcements has resulted in
significant economic losses globally. It is projected that the expenses
associated with inspection, maintenance, and repair due to corrosion of
reinforcements amount to 4% of the Gross Domestic Product (Ueda et al.,
2007).

The corrosion of reinforcements transpires by chemical and/or
electrochemical processes. In reinforced concrete constructions, the
reinforcements are safeguarded against such reactions by the passivating
layer. The thin layer encasing the reinforcements exhibits chemical stability
due to the alkalinity of the aqueous solutions within the concrete pores.
Nonetheless, the chemical interactions of Cl- ions within the concrete pores
compromise the chemical stability of this layer (Shaikh, 2018). The corrosion
process commences when the Cl- concentration at the passivating layer attains
the critical threshold. The phenomenon of depassivation transpires in this
instance. The corrosion products occupy a greater volume than the original
arrangement, resulting in internal tensions that produce cracking and spalling,
as illustrated in Figure 1-1. The precise prediction and modelling of the
initiation period are crucial for structural engineering applications to avert and

prevent complex and accelerated mechanical deterioration events.

Figure 1-1. Column in sea water (Moser et al., 2011).
4
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1.4 Concrete Performance Enhancement through Alternative Materials

Improving concrete performance and increasing its durability are key
goals in developing sustainable building materials. In this context, recent
studies have shown that the use of alternative materials such as marble
powder, glass, ceramics, graphite, and carbon can have a positive impact on
concrete's mechanical properties and durability. Using ceramic waste powder
as a partial replacement for cement is a promising approach to sustainable
concrete, addressing both environmental and resource conservation concerns.
Incorporating ceramic waste powder into cement has the potential to improve
the microstructure of concrete, as well as enhance its mechanical, structural,
and durability properties. Ceramic waste powder can be obtained from a
variety of products, such as pottery, household items, electrical insulation,
tiles, and sanitary ware. Results have demonstrated the promising potential of
ceramic waste powder as an effective alternative to cement (Ikotun et al.,
2025).

The reactivity of glass powder, which is a pozzolanic substance, is
mostly determined by its size; smaller sizes react more. Glass is a ubiquitous
material that is used in windows, windshields, cathode ray tubes, bottles, jars,
and other products. These products have a short lifespan and need to be
recycled to prevent landfilling or stockpiling, which can harm the
environment. To create environmentally friendly concrete from glass waste,
glass powder must be used in the building industry. The results showed that
using glass powder as a substitute for cement significantly improves the
properties of fresh and hardened concrete (Elagra et al., 2019).

Marble powder waste, which has a lot of potential for use with concrete
materials, is produced in huge quantities during the production and processing

of marble. A significant environmental issue arises from waste marble
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powder, an inert substance that is produced as an industrial by-product of the
sawing, shaping, and polishing of marble. The impact of various marble
powder varieties and their replacement ratio on the mechanical characteristics
of concrete has been the subject of numerous investigations. The findings
demonstrated that the filler effect of marble dust greatly enhanced the
mechanical behavior of concrete (Aliabdo et al., 2014a).

Black carbon with different sizes, shapes, microstructures, and surface
arcas can be used to develop cement-based materials for deformation
monitoring and damage detection in concrete structures. Black carbon holds
promising prospects for the production of multifunctional building materials.
However, the current literature mainly focuses on electrical properties.
Limited studies have been conducted to demonstrate the effect of black coal
on fluidity, strength, hydration, porosity, and microstructure. These results
indicate that it improves the mechanical properties of concrete (Q. Zhang et
al., 2022).

The material particles that make up fresh concrete are widely
distributed in size inside the water. It has been demonstrated that adding
graphite particles broadens the range of particle sizes to include nanoscale
dimensions. This could improve the packing of particles in freshly mixed
concrete as well as the characteristics of concrete materials once they have
hardened. One study examined five different packing density classes of
concrete (normal-strength, high-strength, ultra-high-performance, normal-
strength self-compacting, and ultra-high-performance self-compacting) in
order to test this idea. The results showed that ultra-high-performance
concrete had the maximum packing density and normal-strength concrete had

the lowest. Fine particles were found to have a stronger impact on raising the
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packing density with increased compressive strength in the case of self-

compacting concrete (Ahmed Sbia et al., 2015a).

1.5 Research Significance

This study aims to analyze the impact of seawater corrosion on concrete
columns using the electrical conductivity method. It then explores the
potential of utilizing local materials, including some construction waste, as
part of a sustainability approach by reusing them to improve the behavior of
concrete mixes. The effect of adding ceramic powders, marble, glass, carbon,
and graphite on the properties of concrete mixes was studied, improving their
durability and mechanical behavior, given the chemical and physical effects
of these materials. In addition, Abaqus software was used to simulate the

concrete column models studied.

1.6 The Objective of Research

This research aims to comprehensively investigate the effect of
incorporating alternative sustainable materials on the mechanical, structural,
and durability properties of reinforced concrete, with a particular focus on
their behaviour under accelerated corrosion conditions. The specific

objectives are as follows:

1. To identify the optimal replacement ratios of ceramic and glass
powders originating from construction and demolition waste, as
sustainable pozzolanic materials partially substituting cement and to

assess their influence on the properties of concrete.

2. To determine the most effective ratios of marble powder originating
from construction and demolition waste, as a sustainable filler

replacement, and to assess its influence on the properties of concrete.
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3. To evaluate the incorporation of graphite and carbon powders,
considered sustainable by-products of industrial manufacturing
processes, as filler additives, and to investigate their effect on the

properties of the concrete.

4. To evaluate the mechanical properties of modified concrete mixes
incorporating the above-mentioned materials through standardized
tests, including compressive strength, splitting tensile strength, and

density.

5. To assess the durability properties of the modified concrete, including
water permeability under pressure, half-cell potential, and chloride ion
penetration, in order to determine the resistance of the mixes to

aggressive environmental conditions.

6. To analyze the structural behaviour of reinforced concrete columns cast
with selected optimal mixes by subjecting them to axial loading until
failure, focusing on parameters such as ultimate load capacity,

toughness, and ductility.

7. To simulate the degradation process of reinforced concrete columns by
applying an accelerated corrosion technique using impressed electric
current, and subsequently evaluating the residual structural

performance after corrosion.

8. To develop a finite element model using ABAQUS software that
accurately represents the mechanical response of both uncorroded and
corroded reinforced concrete columns incorporating the alternative

materials, and to validate the model with experimental results.
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9. To provide a comparative analysis between traditional and modified
concrete mixes in terms of sustainability, long-term performance, and
resilience under corrosive environments, offering practical insights for

future use in marine or aggressive exposure conditions.

1.7 Dissertation Outline
Chapter One: This chapter provides an introduction to the effect of salts on

concrete columns, in addition to reviewing the main objectives of the study.

Chapter Two: This chapter presents a detailed study of the effect of seawater
on sustainable concrete columns, in addition to reviewing previous studies

on practical applications and case studies with a similar topic.

Chapter Three: This chapter reviews the general plan of the study, the
method of work, and the tests of the materials necessary for the purpose of

achieving the study case.

Chapter Four: In this chapter presented the practical results with explanations

that show the general behavior of each case study with it is discussions.

Chapter Five: This chapter shows the results of the analytical study using the

Abacus program.

Chapter Six: The last chapter includes the most important conclusions and

recommendations reached through the study as a whole.
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2.1 General

The corrosion of reinforcing steel in concrete presents a considerable
difficulty because to its prevalence in specific constructions and the high costs
linked to repairs. Among the earliest thoroughly documented instances were
noted in marine constructions and chemical production facilities (Biczok et
al., 1964). Numerous investigations have consistently demonstrated the
frequency of this issue in bridge decks, parking structures, and other concrete
components exposed to chlorides, thereby emphasizing the seriousness of the
problem (Litvan et al., 1987).

Corrosion cannot be fully understood or described without considering
the surrounding environment, as every exposure condition possesses a certain
level of corrosiveness (Z. Ahmad, 2006).

Therefore, it can be seen that corrosion is a powerful force that depletes
resources, undermines the economy, and results in expensive and premature
plant, equipment, and component failures.

As a harsh and complicated natural environment, the ocean presents
serious obstacles to the longevity of construction, a problem that many nations
encounter. In marine engineering, steel corrosion is the main cause of
durability failure. Corrosion reduces the effective cross-sectional area of the
steel bars and causes concrete to crack due to rust expansion, which lowers
the safety performance and load-bearing capacity of concrete structures.
Concrete degradation and corrosion caused by chloride are hazards for both
prestressed and conventionally reinforced concrete piles in seawater
(Whitmore, 2018):

Concrete reinforcement steel corrosion and chloride penetration can be
stopped or postponed using a variety of techniques, including organic coatings

and inhibitors. Reinforced concrete structures have also been protected by
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electrochemical techniques that result in cathodic protection or chloride
extraction. To prevent chloride attack, concrete porosity and permeability
should be reduced in coastal and submerged areas. Utilizing waste materials
or industrial by-products as a substitute for cement during the concreting
process is a reasonably priced way to lower the porosity and permeability of
concrete, thereby shielding reinforced concrete against chloride attack

(Chousidis et al., 2016).

2.2 Corrosion of Reinforcing Steel in Marine Concrete Structures
Chlorides accumulate on the concrete surface via direct contact with
adjacent water bodies, polluted runoff across the surface, or exposure to salt-
laden airborne spray. The existence and concentration of chlorides at the
surface facilitate entrance by a variety of intricate transport mechanisms,
including absorption, convection, diffusion, migration, penetration, and
thermodiffusion (Nguyen et al., 2017). The chloride ingress process is further
complicated by chloride binding, ionic interactions, ageing variables,
temperature, humidity, and submerged pressure effects (Bastidas-Arteaga et
al., 2011). The subsequent durability modelling is complicated by the
existence of cracks in the concrete, the sustained or fatigue stress in the
internal reinforcement, and the properties of the reinforcing alloy and its
microstructure (Bastidas-Arteaga et al., 2011). Under ideal conditions, the
reinforcement in concrete remains in a passivated form, stabilized by the
concrete's high alkalinity. When the chloride concentration surpasses a
critical threshold at the reinforcement level, the passivation coating becomes
destabilized, leading to the onset of localized corrosion. Moreover,
carbonation diminishes the alkalinity of concrete and impedes passivation,

hence accelerating corrosion in the presence of chlorides (Bastidas-Arteaga et

11



Chapter Two

al., 2011). Carbonation typically promotes corrosion across a broader area of
the reinforcement, but chloride-induced corrosion can be very localized in
high-performance concrete, particularly in the presence of fissures. Recent
research on the interaction between carbonation and chloride-induced
corrosion has demonstrated enhanced effects. Corrosion deteriorates the
reinforcement, leading to section loss and/or debonding from the adjacent
concrete. The corrosion is exacerbated by the development of expansive
oxidation products, leading to cracks and surface splitting of the concrete,
which subsequently promotes chloride ingress. The enhanced chloride
penetration ultimately results in the delamination of the concrete cover and
subsequent deterioration of structural integrity. Chloride diffusion is
expedited, and the onset of corrosion is more probable in the presence of
carbonation compared to only chloride ingress, possibly due to carbonation
liberating a fraction of the bound chlorides into the pore solution (Bastidas-
Arteaga et al., 2011). A considerable amount of experimental research on
chloride penetration and corrosion under many settings has been conducted,
and more recently, modelling techniques, particularly artificial neural
networks, have illuminated this subject. Various mitigation strategies are
acknowledged and presently employed to diminish chloride penetration into
concrete, including: 1) the utilization of less permeable concrete mixtures,
predominantly incorporating supplemental pozzolans (such as granulated
blast furnace slag, fly ash, silica fume, and metakaolin); 2) enhanced concrete
cover; and 3) surface treatments or barriers to seal the concrete surface (for
instance, silanes and methyl methacrylate). Nonetheless, these mitigating
measures merely postpone the initiation of corrosion. Ultimately, the chloride
1ons infiltrate the concrete cover and amass to the critical concentration level,

so instigating corrosion of the internal steel reinforcement bars.
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Figure 2-1. Corrosion in columns in marine structure (Moser et al., 2011).

2.3 Reinforced Concrete Marine Structures

Many concrete buildings around the world were either directly or
indirectly exposed to seawater. The impact of seawater on concrete warrants
particular consideration for a number of reasons. Numerous physical,
chemical, and mechanical deterioration processes work simultaneously on the
coastal, onshore, and offshore structures (Ahn, 2005).

Depending on their characteristics and impact on the exposed structure,
the sea environment, sometimes referred to as the marine environment, is
typically separated into three zones. According to Table 2-1, concrete is
vulnerable to several kinds of attacks in each environmental zone. The
structural concrete in the splash zone is subject to physical and chemical
reactions, which is why deterioration is typically seen to be more severe four.
Additionally, the structure in the splash zone has alternating cycles of wetting
and drying, which speeds up the chemical reaction of water and salts on the

nearby concrete and steel reinforcement (M. S. Islam et al., 2005).
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Table 2-1. Different attack zones of the marine environment (M. Islam et al.,

2012).
Zone descriptions Type of attack
Atmospheric zone - where structural
components are above the spray zone or the Chemical and Physical

highest point of high tide.

Splash zone - The area above high tide, where it
is not submerged but is exposed to constant
spray from waves and wind.

Tidal zone - The parts between the highestand = Chemical, Physical, and

lowest points of high tide. Mechanical
Submerged zone - Where structural components
are constantly submerged in seawater.

Chemical, Physical, and
Electrochemical

Chemical and Physical

Structures in splash and tidal zones are more susceptible to the violent
action of seawater than those that are completely and constantly submerged

in water for the reasons listed below (M. Islam et al., 2012):

1. Since the rate of corrosion is dependent on the availability of
oxygen, the presence of O, in sufficient quantities causes steel to
corrode in concrete significantly more quickly.

2. The water in the concrete structure's above-sea level section rises
due to capillary action, leaving behind salts and crystals when it
evaporates. Tensile stresses are caused by the progressive wetting
and drying cycles, which cause this crystalline development to rise
steadily. When the tensile strength is exceeded, the concrete surface
disintegrates.

3. The varying sea level causes erosion of the concrete, which leads to
the loss of concrete mass, as well as the washing away of corroded

concrete fragments and leached salts.
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4. Concrete wears down more quickly in active tidal zones due to the

mechanical force of sea waves.

Experience has demonstrated that the splash zone, which is directly
above the high-water level, is where seawater attacks concrete the most
severely. The areas below the water level that are consistently submerged are
least damaged, as is the area between low and high water marks (O’Neill Igbal
et al., 2009). Continuous contact with highly aerated seawater, the erosive
effect of salt water spray, temperature gradient, and wave action in the
presence of ambient O, and CO, gas are the characteristics that define the
splash zone (Gupta, 1988).

Some of the dissolved salts are left behind as crystals, primarily sulfate,
in the tidal/splash zone, where concrete is frequently wetted by sea water and
alternately dried during periods of pure water evaporation. After further
wetting, these crystals rehydrate and expand, applying an expanding force to
the surrounding hardened concrete. High temperatures are especially
conducive to salt weathering, a gradual surface weathering process.
Additionally, salt water can rise by sorption, or capillary action, in which pure
water evaporates from the surface and leaves behind salt crystals that, when
rewetted, can create disturbance (M. Islam & et al., 2012).

Concrete deterioration is not characterized by expansion brought on by
a significant amount of ettrengite generated as a result of sulfate attack in
structures that are constantly submerged in seawater after a steady condition
of saturation and salt concentration is achieved. Rather, it primarily manifests
as erosion or the removal of solid components from the bulk (Wee et al.,
2000). Both gypsum and ettringite dissolve in the presence of chloride and

can be removed by seawater.
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According to (Thangavel et al., 2000), the ionic radii of sulfate and
chloride ions are 2.30 A and 1.81 A, respectively. Additionally, according to
(Tumidajski et al., 1995), the diffusion coefficients for sulfate and chloride
are 2*10® cm? S and 3*107 cm? S°!, respectively. Chloride ions penetrate
more quickly than sulfate ions because of their larger diffusion coefficient.
However, sulfate's effect on degradation is more hazardous because it contains
two negative ions, whereas chloride just contains one. Therefore, concrete
exposed to a maritime environment may suffer from both sulfate and chloride

penetration.

2.3.1 Chloride Attack

Since chloride attack largely results in the corrosion of concrete
reinforcement, it is one of the most significant factors affecting the durability
of concrete. According to statistics, corrosion of reinforcement accounts for
more than 40% of structural failures. Cement, water, aggregate, admixtures,
and environmental dispersion are the main sources of chloride in concrete.
About 89% of the total dissolved salts in SW are composed of chloride
compounds, which make up the largest amount. It contributes roughly 55%
of the overall concentration of salt ions in terms of ionic composition.
Calcium chloroaluminate and calcium chloride are produced when the
hydrated cement products react with the chloride salts found in seawater (M.
M. Islam et al., 2009). Friedel salts, another name for calcium
chloroaluminate, have a low to medium growth rate. Because calcium
chloride is liquid, it leaches out of concrete, causing material loss and a

decrease in strength.
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Metha (Mehta, 1980) states that MgCl, reacts with the hydrated
cement's Ca(OH), to generate calcium chloride, which is soluble and leaches

away, causing material loss and weakening.

2.3.2 Sulfate Attack

The second most abundant of the anionic components found in SW is
sulfate. Sulfate of calcium, sodium, and magnesium makes up between 3.5
and 3.75 % of the total salts in SW, or roughly 10 to 11 %. According to
Nevile (A. M. Neville, 1995), white look is a property of concrete that has
been damaged by sulfates. The buildings' edges and corners are where the
deterioration is first noticed, and then there is increasing cracking and
spalling.

After reacting with hydrated C;A and Ca(OH),, a hydrated cement
product, the sea salt magnesium sulfate produces calcium aluminate sulfate
hydrate (ettringite) and calcium sulfate (gypsum). Following crystallization,
the volumes of gypsum and ettringite in concrete pores are larger than those
of the compounds they replace. Bogue (Bogue, 1955) believes that gypsum
formation results in a 17.7% increase in volume. The formation of Mg(OH),
causes a volume increase of roughly 20% in the presence of magnesium ions.

The softening form of fracture is caused by the pressure exerted by
expanding etringite crystals. Expansion can also happen from gypsum
formation brought on by cation exchange processes (Bogue, 1955). According
to reports, the process by which gypsum formation deteriorates hardened
Portland cement paste results in a decrease in stiffness and strength, followed
by expansion, cracking, and finally, the materials becoming mushy or
noncohesive. Therefore, a steady loss of structural concrete's mass and

strength is linked to sulfate assault in seawater.
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2.4 The Effect of Sea Water on Reinforced Concrete

For many years, concrete has been regarded as an essential building
element (Mangi et al., 2019). It has had such a compelling effect that no
structure can be put together today without it (Ali et al., 2019). All of this is
due to its qualities, which include strength, durability, moldability,
affordability, and lightweight (Jatoi et al., 2019). By 2050, it is expected that
the yearly demand for concrete for buildings will reach 18 billion tons (Mangi
et al., 2018). Concrete is utilized to build maritime onshore and offshore
constructions because of its wide range of applications and capabilities. The
Romans built the first concrete structure on the Mediterranecan Sea shore,
demonstrating the relationship between seawater and concrete (Mh et al.,
2020). Furthermore, its use has greatly increased because of the tremendous
economic progress that has occurred globally over the past century. Every
building in existence today is either directly or indirectly exposed to seawater.
Examining how seawater affects concrete's qualities is therefore essential for
a number of reasons (M. M. Islam et al., 2009). However, seawater is a
complex mixture of substances that are harsh on structures, especially salts.
The strength and longevity of concrete exposed to marine water can be
compromised by the presence of salts in varying amounts. According to some
estimates, the typical salt content of saltwater is 3.5% (M. S. Islam et al.,
2010). In addition, salts have three different effects on concrete: mechanical,
chemical, and physical (M. S. Islam et al., 2010). The physical effects of
seawater include temperature gradients, ocean currents, tides, sea waves, and
freeze-thaw cycles. While mechanical effects include cyclic drag, abrasions,
strength loss, etc., chemical impacts include corrosion of steel reinforcement

and deterioration of the cement matrix (M. M. Islam et al., 2009).
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Furthermore, it is typical for buildings affected by seawater to
experience alternating wet and dry tides, which hasten the deteriorating
process (M. S. Islam et al., 2005). Additionally, concrete that is in use
develops cracks in the cold sea environment, which could lead to its failure
(Diao et al., 2011). Figure 2-2 shows the degradation of the concrete matrix

exposed to seawater. According to Table 2-2, the salts that primarily harm

concrete are sulfate and chloride, which are found in the sea as ions.

Table 2-2. The main ions are found in natural saltwater (Lindahl, 2009).

Atmospheric Zone

Ions Na Cl SO, Mg Ca K
Quantity (grams) 10,360 29.353 2.712 1.294 0.413 0.387
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The most frequent way that reinforced concrete infrastructure
deteriorates is through corrosion of the steel reinforcement. While carbonation
is the primary cause of corrosion in buildings, chloride is typically what
causes corrosion in bridges, parking lots, and maritime constructions (Jones,
1997). There are two possible issues with reinforcement corrosion: first, the
loss of the reinforcement's cross-section, which reduces the structure's ability
to support loads and, consequently, its safety; and second, the possibility of
cracking or spalling under specific corrosion conditions. In addition to being
unsightly, the latter will hasten the spread of damage because the protective
concrete cover will be gone, and it may even pose a direct safety risk, as in
the event that fragments of spalled concrete fall on oncoming cars. Cracking
and spalling are caused by the corrosion process's reaction products, which
are formed along with a volume expansion. The volume of the corrosion
product is usually 1.5 to 6.5 times that of pure iron, depending on the type of
reaction product (Tuutti, 1982).

Due to chemical reactions that cause iron to decompose and transform
into oxides larger than its initial size, employment is one of the most
detrimental factors that affect the safety of facilities, particularly reinforced
concrete columns. As a result, the area of the armament's cross-section
decreases. Concrete experiences internal pressure as a result of this size
expansion, which leads to surface and deep fissures. These flaws allow more
damaging environmental elements, including moisture and aggressive ions, to
enter the concrete, hastening the rate of degradation. Furthermore, erosion-
induced weakening of the concrete-reinforcement connection lowers the
column's capacity to transfer loads efficiently, which may result in a reduction
in its resistance and deformation capacity and, ultimately, a loss of structural

stability. In hostile settings like coastal regions, where chloride ions combine
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with the armor iron's protective surface layer to speed up the rusting process,
the effect of corrosion is amplified. Long-term erosion issues are made worse
by the fact that facilities that are subjected to frequent episodes of moisture
and dehydration are more susceptible to this kind of degradation because of

variations in temperature and moisture levels (Mehta et al., 2005).

2.5 Corrosion Definition

The general definition of corrosion is the deterioration of materials as a
result of a reaction between the material and its surroundings. The type of
degradation-causing processes varies depending on the material class:
corrosion in metals is an electrochemical process, while merely chemical
dissolution can cause failure in ceramics (Virtanen, 2009). Nonetheless, a
broader definition encompasses the deterioration of a material due to
interaction with its surroundings. Corrosion can encompass non-metallic
materials, including concrete and plastics, as well as mechanisms such as
cracking, in addition to material loss(Virtanen, 2009).

The corrosion of reinforcing steel and other embedded metals is the
primary cause of concrete deterioration. Corrosion of steel results in rust that
occupies a larger volume than the original steel. This expansion induces
tensile stresses in the concrete, potentially leading to cracking, delamination,
and spalling. The alkaline nature of concrete creates a strongly adhering layer
on the reinforcing steel, which typically safeguards it against significant
corrosion. Consequently, the corrosion of reinforcing steel is not a major issue
in the majority of concrete elements or structures (Mehta et al., 2005).
Corrosion of steel may pose an issue if:

a) The concrete is not resistant to the penetration of corrosion-inducing agents.

b) The structure is inadequately designed for the service environment.
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¢) The surroundings do not meet expectations.

d) The structure undergoes modifications over its service life.

2.6 The Mechanisms of Steel Corrosion in Concrete

Durability concerns related to concrete structures are significant
challenges for the global civil engineering community today. A major
durability concern is the corrosion of steel reinforcement, resulting in rust
formation, cracking, spalling, delamination, and structural damage. This is
regarded as the primary element contributing to damage to bridges and other
infrastructure (Michel et al.,, 2016). Atmospheric corrosion, galvanic
corrosion, and stress corrosion cracking can adversely affect the functionality
and aesthetics of concrete structures. Consequently, global research is focused
on devising ways or materials to mitigate the corrosion of steel in concrete.

Generally, when metals and alloys chemically, biochemically, or
electrochemically interact with their environment, surface degradation occurs,
resulting in their transformation into more thermodynamically stable oxides,
hydroxides, or carbonates. This phenomenon is referred to as corrosion
(Popov, 2015).

When there is a difference in electrical potential along the surface of an
embedded steel bar, the concrete functions as an electrochemical cell,
comprising anodic and cathodic regions on the steel, with the pore water in
the hardened cement paste serving as an electrolyte (Razaqpur et al., 2009).
This induces a current flow within the system, resulting in an attack on the
metal with the higher negative electrode potential, namely the anode, while
the cathode stays unscathed(Michel et al., 2016).

Corrosion transpires in the presence of carbonation, chloride ions, or

substandard concrete alongside water and oxygen(Ebell et al., 2016). Upon
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the initiation of cement hydration, steel embedded in concrete forms a
protective passive layer on its surface, comprised of y-Fe,Os (Kurdowski,
2002). This layer inhibits ion transfer between the steel and adjacent concrete,
thereby diminishing the corrosion rate(Berrocal et al., 2016). This oxide
coating protects the steel from harm, as shown in Figure 2-3. It remains stable

solely at elevated pH levels, speciﬁcally between 12 and 14 (Popov, 2015).
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Figure 2-3. Diagrams illustrating the corrosion process in concrete
(Virtanen, 2009).

Hydrated ferric oxide, commonly known as rust, is produced from these
reactions and is characterized by significant porosity, possessing a volume 6—

10 times greater than that of steel, which leads to cracking and spalling

(Broomfield, 2023).

2.7 The factors affecting corrosion
The factors affecting corrosion of steel in concrete may be classified into two

major categories, as follows:

a) External factors;

b) Internal factors.
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2.7.1 Internal Factors Affecting Corrosion of Steel in Concrete

They include mostly the environmental parameters, as follows:

2.7.1.1 Availability of oxygen and moisture at rebar level

The presence of moisture and oxygen supports the corrosion. Moisture
fulfills the electrolytic requirement of the corrosion cell, and moisture and
oxygen together help in the formation of more OH™ thereby producing more
rust components, i.e., Fe(OH),. Oxygen also affects the progress of cathodic
reactions. In the absence of enough oxygen, even in a situation of
depassivation, corrosion will not progress due to cathodic polarization (S.

Ahmad, 2003).

2.7.1.2 Relative humidity and temperature:

The relative humidity mainly affects the carbonation of concrete.
Within 50-100% RH, the increase of environmental relative humidity
decreases the carbonation of concrete. Based on their calculation, Cahyadi and
Uomoto(Cahyadi et al., 1993) have found that, within 50-30% RH, a decrease
in environmental RH may not cause a decrease in the carbonation of concrete
especially in normal concentrations of CO, even after a long period of

exposure. A rise in temperature may result in a twofold effect:

1. The electrode reaction rates are generally increased, and
2. The oxygen solubility is decreased resulting in a reduction in the rate
of corrosion (Mozer et al., 1965).
If the situation is conducive for corrosion to take place, the corrosion

rate is increased by high temperature and high humidity(Uhlig et al., 1985).
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2.7.1.3 Carbonation and entry of acidic gaseous pollutants to rebar level

The effect of carbonation and other acidic gases, such as SO, and NO,,
is due to their tendency to reduce the pH of the concrete. The fall in the pH to
certain levels may cause the commencement of reinforcement corrosion, loss
of passivity of concrete against reinforcement corrosion, and catastrophic

reinforcement corrosion (Berkeley et al., 1990).

2.7.1.4 Aggressive anions
Aggressive anions, mostly chloride ions, reaching to the rebar level,
either through the concrete ingredients or from the external environment:

Chloride in concrete may be present in either of the following forms:

1. Acid-soluble chloride which is equal to the total amount of chloride
present in the concrete or that is soluble in nitric acid (ASTM
C1152/C1152M-20, 2020),

2. Bound chloride which is the sum of chemically bound chloride with
hydration products of the cement, such as the C;A (tricalcium
aluminate) or C4AF (tetracalcium aluminoferrite) phases, and loosely
bound chloride with C—S—H gel, and

3. Free or water-soluble chloride which is the concentration of free
chloride ions (Cl7) within the pore solution of concrete, and is

extractable in water under defined conditions.

It is generally recognized that only the “‘free chloride’’ ions influence
the corrosion process (Arya et al., 1987). It is reported that the resistivity
decreases and corrosion rate increases with an increase in the chloride content.
However, the change in pH is found to be insignificant due to a change in the

chloride content of concrete (Ip & C., 1987).
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2.7.1.5 Stray currents:

Stray currents from the various sources, e.g., building power supply

systems, cathodic protection systems, locomotive power supply systems, etc.

cause the electrolytic corrosion (Revie, 2008).

2.7.1.6 Bacterial action

1.

2.7.2

Bacterial action is found to be effective in three ways:

The bacteria decrease the amount of cover by disintegration of the

cementitious materials.

. The anaerobic bacteria produce iron sulfides in the oxygen deficit

conditions, such as concrete sewers, which enables the corrosion
reaction to proceed even in the absence of oxygen (Berkeley et al,
1990), and

Aerobic bacteria may also aid in the formation of differential aeration

cells, which can lead to corrosion.

Internal Factors Affecting Reinforcement Corrosion

They include concrete and steel quality parameters, as discussed below:

2.7.2.1 Cement composition

The cement in the concrete provides protection to the reinforcing steel

against corrosion in the following ways:

1.

2.

By maintaining a high pH in the order of 12.5—13 owing to the presence
of Ca(OH), and other alkaline materials in the hydration product of
cement, and

By binding a significant amount of total chlorides as a result of
chemical reaction between C;A and C4AF content of cement in

concrete. Thus the threshold chloride value shifts to the higher side with
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an increase in the C;A content of cement (Rasheeduzzafar, 1992). The
use of blended cement, such as microsilica blended high-C;A cement,
is found to be concomitantly resistant to sulfate attack and chloride

corrosion of reinforcement (Dakhil et al., 1990).

2.7.2.2 Impurities in aggregates

Aggregates containing chloride salts cause serious corrosion
problems, particularly those associated with sea-water and those whose
natural sites are in ground water containing high concentration of chloride

ions (Butler et al., 2001).

2.7.2.3 Impurities in mixing and curing water
Mixing and curing water, either contaminated with sufficient quantity
of chloride or being highly acidified due to any undesirable substance present

in water, may prove to be detrimental as for as corrosion of rebar is concerned.

2.7.2.4 Admixtures:

The addition of calcium chloride in concrete, as a common admixture
for accelerating the hydration of cement is perhaps the most significant reason
for the presence of chloride in concrete in the RC structures exposed to normal

weather conditions. Some water reducing admixtures also contain chlorides

(Butler et al., 2001).

2.7.2.5 W/C ratio

The w/c ratio, known to control principally strength, durability and
impermeability of concrete, does not itself control the rate of corrosion of
reinforcement. When RC structures are immersed in some aggressive
solution, it is the permeability of concrete, which is a function of w/c ratio,

affects the corrosion of rebar. The depth of penetration of a particular chloride
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threshold value increases with an increase in the w/c ratio (Jaegermann, 1990).
Carbonation depth has been found to be linearly increasing with an increase
in the w/c ratio (Ho et al., 1987). The oxygen diffusion coefficient is also
found to be increasing with an increase in the w/c ratio (Kobayashi et al.,

1991).

2.7.2.6 Cement content

The cement content in concrete does not only affect the strength but it
also has a significant effect on durability. Due to the inadequate amount of
cement in the mix, the concrete is not consolidated properly leading to the
formation of honeycombs and other surface defects. These honeycombs and
surface defects help in the penetration and diffusion of corrosion-causing
agents, such as CI, H,O, O,, CO,, etc., in concrete. This results in the
initiation of reinforcement corrosion due to the formation of differential cells.
Further, concrete with low cement content has a lack of plastic consistency
due to which it does not form a uniform passive layer on the surface of the

steel bars (S. Ahmad, 2003).

2.7.2.7 Aggregate size and grading

Since the size of aggregates has a bearing upon the consistency of
concrete, it may have an effect upon reinforcement corrosion. Aggregate
grading 1s another factor, which should be considered for high-quality
impermeable concrete. It has been observed that for a given w/c ratio, the
coefficient of permeability of concrete increases considerably with increasing
size of aggregates. Keeping this in view, Cordon and Gillespie (Cordon et al.,
1963) have recommended the maximum size of aggregate as 1!/, in. for 5000
psi concrete, */4 in. for 6000 psi concrete, and /g to !/ in. for concrete with a

compressive strength of more than 6000 psi.
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2.7.2.8 Construction practices
Serious corrosion problems may occur if enough care, such as listed

below, is not taken at the construction stage (Rasheeduzzafar et al., 1989):

1. Aggregate washing for deleterious materials, if any;

2. Control of chloride in almost all ingredients of concrete, i.e., water,
cement, aggregate, and admixtures;

3. Strict enforcement of designed and recommended levels of w/c ratio,
cement content, cover thickness, etc.;

4. Proper consolidation of freshly placed concrete; and

5. Proper curing of concrete.

2.7.2.9 Cover over reinforcing steel

Cover depth has a significant effect in case of corrosion due to
penetration of either chloride or carbonation (Beeby, 1978). This effect of
cover is limited within the time of casting to the time at which the rebar is
depassivated and corrosion is initiated. The rate of corrosion, once it has

started, is independent of the cover thickness (Schiessl, 1975).

2.7.2.10 Chemical composition and structure of the reinforcing steel
The differences in the chemical composition and structure of
reinforcing steel and the presence of stress in the reinforcement, either static
or cyclic, create different potentials at different locations on the surface of
reinforcement, causing the formation of differential corrosion cells, which

leads to its corrosion (Mozer et al., 1965).

2.8 Corrosion Initiated by Chloride
When steel is immersed in a solid layer of concrete, it stays in the

passive state, meaning it is not corroded; however, when the concrete around
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it deteriorates, steel undergoes an active state, where corrosion starts.
Chloride ions can enter the reinforcement by internal mixing or environmental
penetration. The alkalinity close to the reinforcement rises when chloride
seeps into the concrete. The CI™ and OH™ ions diffuse to the contact in order
to preserve electroneutrality. The concentration of chloride ions will
accumulate on the surface due to their increased mobility, saturating the
interface with (Fe**) and (C17). As aresult, less Fe(OH)" will develop, moving
the potential in a more cathodic direction (Popov, 2015).

Critical chloride content is the amount of chloride necessary for steel
de-passivation and corrosion commencement. The passive layer is locally
damaged, and causes localized pitting corrosion if the concentration of
chloride ions rises over this threshold value (Bertolini et al., 2013). According
to A. Neville (A. Neville, 1995), the passivated surface becomes a cathode,
and the steel surface that is attacked by chloride ions becomes an anode.

Concrete chlorides that dissolve in nitric acid, also known as total
chlorides, comprise bonded chlorides, which can be loosely bound with the
C—S—H or chemically bound with cement hydration products like the C;A or
C4AF. Only the residual chlorides, specifically those that are free or soluble
in water, react with steel and cause corrosion (S. Ahmad, 2003).

The amount of chlorine in steel determines its passivity. As the amount
of chloride in steel increases, its pitting potential decreases. If a structure
becomes contaminated with chloride, its pitting potential (Epit) decreases
from 500 to —500 mV. The required total chloride content for a typical
corrosion potential ranges from 0.4 to 1% of the cement's weight (Angst et al.,
2009). The chloride concentration limit for prestressed and reinforced
concrete structures is 0.1% and 0.4, respectively, in accordance with BS 1504-
9:2008 (Ann et al., 2007).
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Even at highly basic pH values, such as about 12, corrosion can occur
in the presence of chlorides. Recent studies, however, have demonstrated that,
depending on exposure and environmental factors, this threshold limit may be
as low as 0.2% or less or even more than 1%. As a result, scientists cannot
agree on a threshold level for corrosion. Therefore, without assuming any
acceptable limitations, the corrosion risk for each structure should be assessed
based on the site's real conditions. According to the author's real-world
experience, the danger of corrosion should not only be determined by half-
cell or chloride values but also by the actual state of the structures. When
evaluating corrosion risk, it is important to take into account how temperature
and humidity affect the transport of chloride ions, the resistivity of concrete,
and the rate of corrosion. Varying sections or components of a building may
have varying threshold levels for chloride ion contamination (Goyal et al.,

2018).

2.9 Performance of Corroded Columns

In maritime environments, it is inevitable that dangerous compounds
like chloride ions may seep into reinforced concrete (RC) structures. This
compromises the safety and durability of marine concrete structures, resulting
in resource waste, economic loss, and even casualties. According to research,
the primary cause of maritime concrete structures' performance degradation
during their entire service life is rebar corrosion (Balestra, et al., 2019). The
yield strength and cross-sectional area of the original rebar are reduced as a
result of rebar corrosion, which consumes original materials and produces
much lighter rust products (Chen, 2018). The rust products from rebar
corrosion continue to spread outward and cause a hoop tensile stress on the

surrounding concrete, which causes the concrete to crack and the bond
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strength between the rebar and the concrete to weaken (K. Zhang et al., 2019).
The concrete cover peels off once cracks link with one another (H. Yu et al.,
2017), thus weakening the rebar bond and reducing the RC constructions'
bearing capacity. In addition to decreasing RC structures' dependability and
safety, reinforcement corrosion also shortens the structures' service life.
Comprehensive studies have been conducted over the past decade on
the impact of reinforcement corrosion on the performance of reinforced
concrete structures (L. Yuetal., 2015). Numerous experimental investigations
were undertaken to evaluate the impact of rebar corrosion on concrete
cracking, revealing that fracture width increases with the advancement of
rebar corrosion (Khan et al., 2014). The phenomenon of corrosion-induced
concrete cracking can be categorized into three stages: crack initiation, crack
propagation, and complete loss of concrete cover (Chen et al., 2013). Research
indicates that the bond strength of rebar may first increase during the early
stages of corrosion, thereafter declining sharply to a low value once fractures
develop on the concrete cover surface (F. Li et al., 2013). The simultaneous
occurrence of rebar corrosion and concrete cracking may lead to a discordance
in the stress-strain connection between the rebar and the adjacent concrete
(Coccia et al., 2016). Furthermore, as the unrestrained length of the corroded
rebar within the reinforced concrete columns rises, the squeezed steel bars are
susceptible to premature buckling(Tapan et al., 2011). To compensate for the
reduction in rebar bearing capacity and the diminution of the concrete cross-
section, the height of the compression zone within the concrete cross-section

may be altered.
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2.10 Accelerated Corrosion Regimes

The detrimental impact of reinforced concrete corrosion on the
longevity of concrete structures is extensively documented. Accelerated
laboratory modeling is typically necessary to enhance comprehension of
reinforcement corrosion and its impacts (Berke, 1990). The methods for
accelerating chloride-induced steel corrosion are mostly founded on the
thermodynamic process of chloride penetration. This process transpires when
chloride ions penetrate the concrete layer to reach the steel surface. The
alkaline conditions of concrete can facilitate the formation of a passive layer
on the reinforcement surface, safeguarding steel against corrosion. This
passive layer is compromised or "depassivated" when chloride content
exceeds a specific threshold or when the underlying concrete undergoes
acidification owing to carbonation (Malumbela et al., 2012). Various
electrochemical reactions may transpire on the surface of steel as a result of
chloride corrosion. In these instances, the concrete pore solution serves as an
electrolyte, while the steel surface functions as an electrode linked by a steel
body (Hansson, 1984). Figure 2-4 depicts the electrochemical mechanism of
steel corrosion within concrete. The techniques for accelerating chloride-
induced corrosion can be classified into three categories: the IC method, the
CID method, and the ACE approach. The specifics of each strategy are

elucidated and examined in the subsequent sub-sections.
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Figure 2-4. Schematic representation of electrochemical reactions occurring
during the corrosion of reinforcing steel (Hansson, 1984).

2.10.1Impressed current (IC) method

The IC approach is extensively employed to expedite corrosion in RC
corrosion studies. Corrosion occurs when an electrochemical potential is
applied between the anode (steel reinforcement) and the cathode. The
potential is adjusted to maintain a consistent current density. The natural
corrosion current density ranges from 0.1 to 10 pA/cm? (Malumbela et al.,
2012). In a conventional IC approach, the applied current may reach up to 100
times more than the natural current flow from a direct current (DC) power
supply, resulting in significant mass loss of the anode throughout the testing
period. This procedure is efficacious when the specimen is submerged in
chloride-containing solutions (S. Ahmad, 2009) as, in these instances, the
corrosion of steel specimens under impressed current adheres to Faraday’s
law, hence optimizing efficiency. Figure 2-5 illustrates the schematic diagram
of the experimental configuration for a standard IC corrosion method, which
comprises a DC power supply, a data logger, a tank filled with NaCl solution,
two stainless steel plates linked to the negative terminal of the DC power

supply, and an RC specimen connected to the positive terminal.
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Electrochemical reactions will occur as long as voltage is applied to the

system. The data logger records the applied current intensity.
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Figure 2-5. Schematic representation of the experimental configuration for
the accelerated corrosion technique (Feng et al., 2021).

In scenarios where an impressed current induces corrosion, the mass
loss correlates with the electrical energy expended when passivity is breached

and can be represented by Faraday’s equation, Equation (2-1):

Mass loss = Mit/zF .. Equation 2-1

Where:

M is the molar mass (55.847 g/mol for iron);
11s the current (A);

t is the time (s);

z 18 the number of electrons transferred;

F is Faraday’s constant (96,487 Coulombs/mole).

2.10.2 Accelerated Chloride ion diffusion (ACID) method
Tuutti's model (Fakhri et al., 2020), posits that the deterioration of

reinforced concrete occurs in two stages: the initiation phase and the corrosion
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propagation phase. Upon the commencement of the initiation phase, the
corrosion propagation phase will occur autonomously. Stanish et al.’s
study(Stanish et al., 2000), identified three transport pathways for chloride ion
penetration::

1. Capillary absorption,

2. Hydrostatic pressure, and

3. Diffusion.

Among the three methods, diffusion is a recognized process in which
chloride ions (CI") migrate in response to the concentration gradient. The CID
approach primarily aims to reduce the migration time of chloride ions from
the concrete surface to the steel surface, as chloride ions are essential in the
start phase. Nonetheless, the migration of chloride ions typically requires time
under standard conditions. An efficient method involves the application of an
electric field to facilitate the accelerated movement of chloride ions toward
the anode. Chunlei et al. (Geng et al., 2008) employed an accelerated chloride
ion diffusion (ACID) device (refer to Fig. 2-6) to expedite the diffusion of
chloride ions in concrete. This gadget may erode steel reinforcement within
a few days, enabling researchers to expedite the evaluation of corrosion
inhibitor efficacy. They asserted that the ACID approach augmented chloride
ingress through concrete cover via electro-osmosis, hence reducing the

corrosion duration.
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Figure 2-6. Schematic representation of the accelerated corrosion test
for steel in concrete utilizing the ACID method (Feng et al., 2021).

2.10.3 Artificial Climate Environment (ACE) method

Enhancing the corrosion process through splashes, saltwater spraying,
and modifying climatic conditions without the use of electricity can likely
replicate the natural ion transport mechanism. The two aforementioned
strategies for expediting the corrosion of reinforcing steel were devised by
electrochemical methods utilizing a DC power source and submerging
reinforced concrete samples in a NaCl solution. The primary elements
influencing the corrosion of reinforced concrete structures in the natural
environment are humidity, temperature, and oxygen availability. The artificial
climate environment (ACE) approach is typically formulated by considering
the influencing factors and aims to establish a conducive condition for
enhancing corrosion rates. The ACE technique is generally executed by
positioning specimens within an environmental chamber equipped with
temperature and relative humidity monitoring capabilities, adjustable spray

nozzles, and loading jigs (Feng et al., 2021).
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2.11 Transportation and Accumulation Process of Chloride Ions and

Major Influential Factors

Chloride ions are transported from the marine atmosphere to bulk
concrete via wind-driven ingress from sea air to the concrete surface. The
chloride ions subsequently infiltrate, distribute, and accumulate within the
concrete mass due to concentration gradients and capillary absorption. (Yang
et al., 2017). The subsequent sections examine the transit method,
accumulation regulations, and variables influencing chloride ions in concrete

within the marine atmospheric environment.

2.11.1Chloride Ion Transport in Marine Atmosphere

Biological, physical, and chemical interactions in the seabed frequently
produce air bubbles that detonate and ascend to the sea surface, resulting in
the formation of marine whitecaps and breaking surf, which create marine
aerosols. The sea wind, which agitates and carries saltwater, is the force
responsible for marine whitecaps and breaking surf in the marine atmospheric
zone. Ascending air currents enable marine aerosols to climb thousands of
meters into the atmosphere and be transported several kilometers inland by
prevailing winds. These particles inherently create a chloride environment
(i.e., a marine aerosol environment) as a result of wind interacting with the
saltwater surface. The marine aerosol generated by breaking surf possesses a
high chloride concentration and larger particles, while the marine aerosol
produced by whitecaps contains a low chloride concentration and smaller
particles. A study (Xu & Zhao, 1994) demonstrated that the concentration of
marine aerosols generated by breaking surf is approximately 40 times more
than that produced by whitecaps. Consequently, the sea spray generated by

breaking waves significantly contributes to the chloride-induced corrosion of
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marine reinforced concrete structures. Nevertheless, marine aerosols
comprising larger particles generated by breaking surf have a limited airborne
travel distance, resulting in a significant decrease in concentration with
increasing distance from the coastline. The distance from the coast
significantly affects both chloride salt deposition and the surface chloride
concentration in concrete (Morcillo et al., 2000). Field data documented in the
literature (Safehian et al., 2013) were gathered to examine the correlation
between the surface chloride concentration of concrete and the proximsity to
the coast. A nonlinear regression analysis (Equation 2-2) indicated that an
exponential function was utilized to characterize the correlation between

surface chloride concentration and distance from the coast:

Cepir(d) = 1.16e~%01¢  Equation 2-2
Where:
C¢ 4ir(d): the apparent surface chloride concentration (% by mass of the

binder) of concrete as a function of the distance from the shore,

d: distance from the coast (m).

2.11.2Transportation Process of Chloride Ions within Concrete

Chloride ions in salt sprays accumulate on the surface layer of
unsaturated concrete in a maritime environment and infiltrate the concrete
through pore water, influenced by parameters such as concentration gradient,
wetting and drying cycles, and capillary action (C. Li et al., 2010). The
aforementioned critical elements indicate that wetting and drying cycles
considerably impact the deposition of chloride salts and the distribution of
chloride ions in concrete. When external conditions are arid, water evaporates
from the exposed extremities of capillary pores that are accessible to the

surrounding air. Consequently, the salinity of the residual water escalates
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adjacent to the concrete surface, as only pure water undergoes evaporation,
leaving the salt behind. If environmental conditions become moist, the dry
concrete absorbs chloride salt water. The concentration gradient caused by
diffusion propels salts in the water adjacent to the concrete surface towards
areas of lower concentration. It is evident that water migrates outward while
salts migrate inward during this process. The subsequent cycle of wetting with
saline solution introduces additional salt solution into the capillary pores. The
concentration gradient now diminishes outward from a maximum value at a
specific depth beneath the surface. Internal chloride ions penetrate more as
additional external chloride ions are introduced into the concrete via pore
water. As wetting and drying occur, chloride ions from external sources are
continually transported and deposited on the surface layer of concrete, leading
to an increased concentration within the bulk concrete. It is important to
recognize that there are two types of chloride ions in concrete: binding
chloride ions, which are absorbed by the solid matrix, and free chloride ions,
which exist in the pore solution of the concrete (A. Neville, 1995).

The concentration of surface chlorides in concrete depends on
environmental conditions, exposure time, and the water-to-binder ratio. As the
hydration process continues, the porosity and pore structure of the concrete
improve, slowing the rate of increase in surface chloride concentration over
time until it reaches a plateau.

An exponential mathematical relationship has been formulated to

describe the evolution of surface chloride concentration over time:

Cgair(t) = 2.30(1 — &)~ %97t Equation 2-3

Where:
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C53’ q«ir (t): the apparent surface concentration of chlorides (%) in the concrete
according to exposure time.
t: denotes the exposure duration (in years).

The water-to-binder ratio also significantly affects concrete density,
pore structure, and the concrete's ability to bind chloride ions. Studies have
shown a linear relationship between surface chloride concentration and the

water-to-binder ratio, represented by the following equation:

Cs‘fair(RW/B) = 3.01Ry g ... Equation 2-4

Where:
C;air(RW/B): the ratio of water to the total mass of cement and mineral
additives, and expresses the apparent surface concentration of chlorides (%)
accordingly.
Ry, /g 1s the water-to-binder ratio,

These results indicate that increasing the water-to-binder ratio leads to a
linear increase in surface chloride concentration, which enhances the potential

for reinforcement corrosion in concrete exposed to the marine atmosphere

(Wang et al., 2015).

2.12 Pozzolanic Materials

Pozzolan is characterized as a siliceous or siliceous-aluminous
substance that, on its own, exhibits minimal or negligible cementitious value;
however, when finely divided and in the presence of water, it can react with
calcium hydroxide at ambient temperature to produce compounds with
cementitious properties (Sanchez de et al., 2013). The definition of pozzolan
is determined by its capacity to react with lime and water rather than its source
material. When pozzolan interacts with lime in aqueous conditions, hydroxide

ions are liberated, resulting in an elevation in the pH level (about 12.4). At
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that juncture, pozzolanic processes transpire, wherein silicon and aluminum
amalgamate with the available calcium, producing cementitious compounds
known as calcium silicate hydrates (CSH) and calcium aluminate hydrates
(CAH). One benefit of these chemicals is their enha ncement of the mixture's
mechanical characteristics through the ongoing progression of pozzolanic

reactions (Pourakbar et al., 2016).

2.12.1Effect of Pozzolanic Materials on Concrete
The majority of concrete manufactured today is ordinary concrete,
exhibiting suboptimal corrosion resistance indices. Concrete corrosion refers
to the deterioration of the concrete matrix resulting from the impact of
environmental physical-chemical processes(Aitcin, 2007). The degradation of
concrete structural elements subjected to soils and groundwater tainted with
sulfate salts poses a significant challenge to concrete durability. Sulfate ions
interact with the hydration products of cement, specifically CsA and Ca(OH),,
resulting in expansive and softening forms of degradation (Z. Ahmad, 2006).
Today, supplementary cementitious materials (SCMs) are commonly
employed in concrete, either in blended cement or added individually in the
concrete mixer. The use of SCMs such as blast-furnace slag, a byproduct
from pig iron production, or fly ash from coal combustion, is a possible
method to partially substitute Portland cement (PC). The use of such
materials, where no additional clinkering process is involved, leads to a
significant reduction in CO, emissions per ton of cementitious materials
(grinding, mixing, and transportation of concrete use very little energy
compared to the clinkering process) and is also a means to utilize by-products

of industrial manufacturing processes.

42



Chapter Two

The development of hydration products and the subsequent
microstructural evolution are influenced by various parameters, including the
characteristics of the Portland cement and pozzolanic material, the materials'
fineness, the water-to-cement ratio, and temperature. Consequently, it is
infeasible to accurately delineate the processes of clinker hydration and
pozzolanic reaction. Nonetheless, the hydration of cement using pozzolanic
elements exhibits a consistent pattern that allows for the identification of
general behavior.

Pozzolanic activity dictates the velocity of the pozzolanic reaction,
facilitating the production and augmentation of bond strength with calcium
hydroxide (CH) in the presence of moisture. This activity encompasses all
reactions between the active constituents of pozzolans and lime (Zeyad et al.,
2017). Consequently, pozzolanic activity denotes the capacity of calcium ions
(Ca?") from calcium hydroxide (CH) to interact with siliceous or aluminous
substances, resulting in the formation of stable compounds possessing
cementitious characteristics.

The incorporation of pozzolanic mineral additives in blended cement
enhances the quality of concrete paste. Both physical aspects, including tiny
particle size and chemical effects related to the pozzolanic reaction are
essential.

Physical effects largely influence the composition of the mixture, its
fluidity, and the extent of hydration. The primary advantages of pozzolanic
activity encompass enhanced resistance to thermal cracking, diminished
alkali-aggregate expansion, and decreased permeability to deleterious fluids,
hence augmenting the strength and durability of cement (Jokhio et al., 2020).

The short-term pozzolanic activity is contingent upon specific surface

area, whereas the long-term activity is influenced by chemical and mineral
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composition (Aprianti et al., 2015). Active pozzolans facilitate the forward
chemical reaction by engaging with CH in the hydrated concrete. The
pozzolanic reaction serves as a secondary catalyst for the primary reaction
between cement and water.

Research indicates that amorphous silicon dioxide (SiO:) and
aluminum oxide (Al20s) found in pozzolanic materials undergo a chemical
reaction with calcium hydroxide (CH) generated by the hydration of ordinary
Portland cement (OPC), leading to the synthesis of calcium silicate hydrate
(CSH) and calcium aluminate hydrate (CAH), recognized as cement
hardening products. This process is referred to as the pozzolanic reaction (A.
M. Neville, 1995).

The combination of lime and pozzolan with water results in the
decomposition of calcium hydroxide, elevating the pH to 12.5. At this
elevated pH, calcium (Ca™"), potassium (K*), and sodium (Na*) ions solubilize,
thereby commencing the pozzolanic reaction.

Calcium hydroxide (CH) generated from cement hydration serves as
the principal source of lime that interacts with pozzolans. This is contingent
upon the ratio of CsS and C:S that interact with water to produce CSH and
CH. Research demonstrates that about 25% of calcium hydroxide (CH)
interacts with pozzolans, but the remaining 75% has a role in enhancing the

strength and durability of concrete (Ayub et al., 2021).

2.12.2 Effect of Filler Materials on Concrete

The incorporation of fillers is an effective method to enhance the
microstructural and mechanical scharacteristics of concrete, as evidenced by
certain research (Awoyera et al., 2019). Fillers are often finely pulverized

substances employed to occupy spaces in concrete, hence achieving a more
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compact microstructure that enhances mechanical qualities. The advantage of
utilizing fillers lies in their diminutive size and form, which allows them to
effectively occupy the pores in concrete and aggregates. The inclusion of
fillers enhances the compactness and parking density of the cemented paste
(Awoyera, et al., 2017). During the mixing stage, fillers help reduce the
friction between aggregate particles, thereby enhancing the packing density
of the fresh concrete mixture(Awoyera, et al., 2017). Fillers can enhance both
the hardened and fresh characteristics of concrete. Fillers may be naturally
occurring, synthetically produced, or byproducts of various industrial
processes. Although fillers are typically chemically stable, they may interact
with hydrated cement paste and, in certain instances, display hydraulic
qualities. Nonetheless, these features do not adversely affect the concrete but
rather improve the characteristics of the cement paste.

The incorporation of fillers in concrete enhances its qualities and
provides environmental advantages, as many fillers are byproducts of other
industrial processes, and their utilization mitigates environmental deposition.
Fillers diminish the quantity of cement needed, hence decreasing the total
embodied energy and carbon footprint of the concrete. Microstructural
studies indicate that the use of fillers results in a more homogeneous structure
and enhances the particle packing of aggregates in concrete (Moosberg-

Bustnes et al., 2004).

2.13 Sustainable aspects of the use of wastes in concrete

Due to exponential population expansion, nations worldwide are
confronted with the persistent increase of various types of trash. In 2016/17,
developed nations such as Australia produced approximately 67 million tons

of garbage, of which only 37 million tons (55%) were recycled (Sandanayake,
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et al., 2020). Conversely, it has been stated that Beijing, one of China's largest
cities, processes 25,000 tons of waste daily (Guo et al., 2020). The waste
materials primarily originate from residential garbage, commercial and
industrial waste, as well as construction and demolition waste (Sandanayake,
et al., 2020). Although these waste products might be repurposed, most are
disposed of in landfills, resulting in detrimental environmental effects as well
as social and economic consequences. Effective management, disposal, and
reutilization are essential for tackling the principal challenge of waste
generation. Despite the implementation of various ways to manage, reuse, or
dispose of waste effectively, a modern solution that can complete the loop and
foster a circular economy has yet to be realized. The building sector is a
primary contributor to environmental degradation and a significant user of
resources. built structure is accountable for considerable energy consumption
and carbon emissions over its whole life cycle, from material acquisition to
end-of-life (Luo et al., 2019). A significant portion of these results from the
utilization of virgin resources in building. Research indicates that around 15%
of a building's energy usage and carbon emissions derive from materials
(Sandanayake, et al., 2020). The excessive utilization of virgin materials in
construction leads to the consumption of natural resources and imposes
further environmental difficulties (Sandanayake, et al., 2020). Consequently,
substituting virgin resources with waste products tackles both critical
concerns: the overproduction of trash and the consumption of virgin materials.

Numerous research investigations have concentrated on utilizing waste
products to produce diverse construction materials(Lu et al., 2019). Concrete
is unequivocally recognized as the primary construction material, utilizing the
majority of raw resources and contributing to substantial energy usage

(Sandanayake et al., 2019). In the last ten years, several studies have focused
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on minimizing energy consumption and carbon emissions while lowering
reliance on virgin materials in concrete (Callejas et al., 2017). The principal
objective of most of these studies is to mitigate environmental impacts by
substituting virgin resources with waste materials (Akadiri et al., 2013).
Consequently, the utilization of waste in construction materials, such as
concrete, as a sustainable resource that can promote environmental
advantages has been thoroughly investigated. Before designating these as
sustainable materials, it is essential to meticulously evaluate several more
characteristics, including social benefits, practical implementation,
appropriateness, and availability (Sandanayake, et al., 2020). The primary
objective of prior research on incorporating waste materials into concrete was
to substitute cement and thereby diminish the use of virgin resources (Ghahari
et al.,, 2017). Furthermore, this also tackles the problem of producing
substantial waste quantities in landfills. Nevertheless, numerous studies
emphasize the challenges of utilizing waste materials in concrete, particularly
regarding the substantial costs and energy expenditure required for converting

these resources into a usable form (Sargam et al., 2020).

2.14 Effect of ceramic powder on concrete

Substituting cement in concrete with trash yields significant energy
savings and offers substantial environmental advantages. Furthermore, it will
significantly reduce concrete expenses, as cement constitutes about 45% of
the total concrete expense. Some writers assert that the optimal approach for
enhancing sustainability in the construction industry is to utilize trash from
other industries as building materials (Meyer, 2009). Ceramic waste,
characterized by its durability, hardness, and exceptional resistance to

biological, chemical, and physical deterioration, is not amenable to recycling
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through any current processes. The incorporation of inorganic industrial
byproducts in concrete production will promote sustainable concrete design
and an environmentally friendly approach (Hooton et al., 1995).

The utilization of ceramic waste in concrete production has garnered
significant interest from scholars and practitioners over the past decade as a
substitute for cement (Raval et al., 2013). The pozzolanic activity of the waste
has been validated, resulting in the establishment of upper limits on the
ceramic-to-cement replacement ratios (35%) to mitigate adverse impacts on
strength development (Puertas et al., 2008). This results from the delayed
hydration of the pozzolana and the diminished availability of calcium
hydroxide required to initiate the pozzolanic process. The integration of
ceramic waste into cement and concrete effectively reduced the leaching of
harmful chemicals, including zinc, boron, and zirconium, typically used for
surface glazing of tiles and ceramic artifacts. Furthermore, as both waste
ceramic powder and fine aggregates often exhibit a broader grain-size
distribution compared to cement and river sand, enhanced matrix compaction
can be attained, resulting in diminished pore diameters(Gonzalez-Corominas
et al., 2014). The reduced pore size also led to enhanced penetration resistance

against chloride assault (Higashiyama et al., 2012).

2.15 Effect of glass powder on concrete

Utilizing solid waste materials or industrial by-products as a partial
substitute for cement in concrete is an effective approach to diminish the
reliance on Portland cement, hence mitigating the environmental and energy
repercussions of concrete manufacturing (Gopalakrishnan et al., 2011).
Federico and Chidiac, along with Jin et al (Federico et al., 2009), assert that

mixed-color waste glass provides the requisite chemical composition and
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reactivity for application as a supplemental cementitious material, enhancing
the chemical stability, moisture resistance, and durability of concrete. To
actualize this potential, waste glass must be pulverized to a micro-scale
particle size to expedite its advantageous chemical interactions with concrete.

There are variations in the impact of glass powder on the compressive
strength of cured concrete, specifically regarding the optimal glass powder
content. Kumarappan and Khatib (Kumarappan, 2013) concluded that an
enhancement in concrete compressive strength is observed with up to 10.0%
glass powder cement substitution. Vandhiyan, Ramkumar, and Ramya
(Vandhiyan et al., 2013) investigated the substitution of cement with waste
glass powder and determined that a significant enhancement in early strength
was observed, especially in specimens containing 15% glass powder, which
exhibited a 29% increase in strength at 7 days compared to the control
specimen. At 28 days, this disparity in strength diminishes to 23%. The
optimal strength increase occurs at a 10% replacement level. Dali (Dali et al.,
2012) examined the impact of glass powder filtered through a 600 pm screen
and found that the compressive strength increased with up to 25% cement
replacement, with the maximum enhancement occurring at 20% replacement.
Patil (Patil et al., 2013) conducted experimental work utilizing glass powder
with a particle size of less than 90 pum and determined that concrete
compressive strength improves with up to 10.0% replacement of cement with
glass powder. The test results of Vasudevan (Vasudevan et al., 2013)
indicated that including glass powder up to 20.0% improved the compressive
strength of concrete. Chikhalikar (Chikhalikar et al., 2012) noted that
concrete compressive strength improves with glass powder cement
replacement up to 20.0%, while Vijayakumar (Vijayakumar, 2013)
determined that incorporating 75 pum sieved glass powder up to 40.0%
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increases concrete compressive strength. The prior behavior of concrete
compressive strength, when modified using glass powder as a cement

substitute, was similarly noted in tensile and flexural strengths.

2.16 Effect of marble powder on concrete

The manufacturing of cement can be diminished by substituting a
portion of the cement with waste elements that may enhance the properties of
both fresh and hardened concrete. This would diminish the quantity of
industrial operations, enhance cost and time efficiency while mitigate
environmental contamination. Consequently, given the global demand for
substantial quantities of cement, substituting cement with industrial and
agricultural byproducts can yield economic and environmental advantages
worldwide (Nagarajan et al., 2014). One ton of cement necessitates 1.5 tons
of raw materials, 0.3 tons of air, and 6 gigajoules of fuel, resulting in the
emission of 0.94 tons of CO; into the atmosphere (Sahan Arel, 2016). The
incorporation of recycled industrial waste in concrete manufacturing can
enhance economic efficiency and mitigate environmental impact (Topgu et
al., 2007). Mining wastes, typically non-biodegradable and enduring in
natural ecosystems, have been extensively utilized in concrete manufacturing
(Levy et al., 2004). Marble dust is one of these byproducts. The incorporation
of leftover marble in concrete manufacturing could be a significant
advancement in sustainable development (Baboo et al., 2011).

Marble has been a highly favored material for construction and
decoration since antiquity. It is employed for both structural and aesthetic
purposes (Basaran et al., 2023). The utilization of waste materials to improve
the characteristics of other substances, such as soil, has been documented in

the literature (Arbili et al., 2022). The substantial energy consumption
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involved in processing marble rocks is identified as a detrimental factor
contributing to environmental contamination from waste marble powder
(WMP) (Tugrul Tunc, 2019). A significant proportion of WMP is generated
during the cutting and shaping of marble in various applications (Bostanci,
2020). This trash is projected to weigh 200 million tons worldwide (Ericsson,
2019).

Aliabdo et al. (Aliabdo et al.,, 2014b) examined the likelihood of
employing WMP in the production of cement and concrete. The study
initially assessed the properties of cement modified with WMP (cement with
WMP additive), followed by an analysis of concrete, including WMP as a
substitute for both cement and sand. The incorporation of WMP in concrete
as a substitute for cement or sand enhanced both the mechanical and physical
qualities of the concrete, especially with a reduced water-cement ratio. Ashish
(Ashish, 2018) assessed the likelihood of WMP serving as a partial substitute
for sand and cement. Concrete was mixed with WMP at weight proportions
of 0%, 10%, and 15% for this purpose. The mechanical and durability
properties may be achieved by utilizing 20% WMP. Seghir et al. (Toubal
Seghir et al., 2019) also examined the feasibility of employing WMP as a
partial replacement for cement in air-cured mortar. Three modified levels of
cement substitution were evaluated: 5%, 10%, and 15% of the cement's
weight. The findings indicated that substituting cement with WMP affected

the physical and mechanical properties of air-cured mortar.

2.17 Effect of graphite powder on concrete
Enhancements in the mechanical performance of concrete are ascribed,
though not only, to the incorporation of micro-level additional cementitious

elements, including silica fume and fly ash. Alterations in the mechanical,
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physical, and chemical qualities of concrete can be effectively attained and
controlled by varying the quantities of its constituent components. The pore
microstructure of concrete, including pore size, distribution, and
interconnections, is crucial in influencing several properties of concrete,
particularly conductivity (Medeiros-Junior et al., 2016).

Cement-based composites have been combined with various additives
and admixtures to create a multifunctional material and enhance its
mechanical, chemical, acoustical, thermal, and other qualities. Certain
additions may originate from waste materials, thereby being revalorized as
components of new composites, commonly referred to as eco-friendly
composites. In recent years, numerous research studies have concentrated on
the potential of carbon-derived additives in cement composites, including
carbon black (Mingqing et al., 2008), natural graphite (Ahmed Sbia et al.,
2015b), graphene nano-platelets(Du et al., 2016), Colloidal graphite(Chung,
2001), graphene nanotubes (Konsta-Gdoutos et al., 2010), Carbon nanofibers
(Peyvandi et al., 2013), graphene oxide (X. Li et al., 2016), among others.

Graphite is a material frequently utilized by numerous industrial
enterprises. It can be sourced from quarries or produced synthetically, and it
serves as an excellent conductor of electricity and heat, particularly when high
purity is attained (Rodrigues et al., 2013). The incorporation of graphite in
cement-based composites is becoming increasingly important due to its
enhancement of heat conductivity and piezo resistivity (He et al., 2014).

Ground expanded graphite (GEG) enhances the volumetric heat
capacity and thermal conductivity of cement composites; nevertheless, with a
GEG concentration of even 1%, thermal conductivity exhibits minimal

variation while compressive strength increases by up to 16%. Conversely, an
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increase in GEG by 15% resulted in a reduction of compressive strength by

30% (Yuan et al., 2012).

2.18 Effect of carbon black on concrete

Carbon black (CB) is a conductive material with a high surface area and
low cost, making it a suitable option for enhancing the piezoresistive effect in
smart cementitious composites (Monteiro et al., 2017). When subjected to
compressive loads, CB contributes to the formation of a conductive network
within the matrix, improving the ability to sense quasi-static and dynamic
loads (Wen et al., 2007). However, its effect on mechanical properties is
limited. Studies have shown that its addition to polymer-enhanced
cementitious composites (ECCs) may improve sensing performance to a
certain extent, but this depends on the loading conditions and curing age
(Yildirim et al., 2020) Regarding compressive and flexural strength(Ding et
al., 2013) found that the addition of nanocarbon black (NCB) may result in a
slight improvement in compressive strength due to an improved micro-filling
effect, while its effect on flexural strength was negligible. Therefore, CB is an

effective and low-cost conductive filler.

2.19 Concluding Remarks

A review of prior literature confirms that partially replacing cement
with environmentally friendly alternative materials can significantly improve
the mechanical and durability performance of concrete. However, while
numerous studies have explored conventional pozzolanic materials such as fly
ash, silica fume, and slag, limited research has focused on unconventional and
sustainable materials derived from waste, such as ceramic, glass, marble,
graphite, and carbon black—especially in the context of reinforced concrete

structural elements exposed to aggressive environments.
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Ceramic powder, typically originating from construction and
demolition waste, possesses pozzolanic activity that allows it to react with
calcium hydroxide, leading to the formation of additional calcium silicate
hydrate (C-S-H). This reduces permeability and improves both strength and
durability. Yet, studies on its optimal dosage and long-term behavior in
structural elements remain scarce. Similarly, glass powder has shown
potential to enhance later-age strength due to its amorphous silica content;
however, its high alkali content raises the risk of alkali-silica reaction (ASR),
particularly at elevated replacement levels. Comprehensive studies on its safe
incorporation in structural concrete mixtures are still lacking.

Marble powder, another construction waste product, acts primarily as
an inert filler that enhances particle packing and reduces the water demand.
Despite its wide availability, few studies have evaluated its effectiveness as a
sustainable additive in reinforced concrete exposed to chloride-laden
environments. Likewise, graphite and carbon black, which are industrial by-
products, contribute not only to filler effects but also introduce electrical
conductivity within the cementitious matrix. However, their integration in
conventional concrete systems—and their impact on both mechanical
performance and corrosion resistance—remains an emerging area with
insufficient experimental validation, particularly under accelerated corrosion
conditions.

In addition, most previous investigations have been limited to small-
scale specimens such as cubes or cylinders, without extending the evaluation
to full-scale reinforced concrete columns subjected to realistic loading and
deterioration scenarios. The interaction between these waste-derived

materials and steel reinforcement under long-term environmental exposure,
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including electrochemical corrosion, has not been comprehensively
addressed.

Therefore, a significant research gap exists in experimentally and
numerically assessing the individual effects of ceramic, glass, marble,
graphite, and carbon black powders as cementitious replacements or filler
additives in reinforced concrete. This includes investigating their influence on
key mechanical properties such as compressive strength, splitting tensile
strength, and density, as well as evaluating their impact on critical durability
parameters including half-cell potential, chloride ion penetration, and
pressurized water permeability. Moreover, the structural behavior of
reinforced concrete columns incorporating these materials has not been
sufficiently examined. In addition, the study includes the development of
numerical models using advanced finite element software such as ABAQUS
to simulate the mechanical behavior and deterioration of the tested concrete
columns before and after corrosion. Addressing these gaps is essential for
advancing sustainable concrete technology that combines durability,

structural performance, and resilience in harsh environmental conditions.
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3.1 General

This chapter aims to identify and clarify the practical steps that will be
followed to implement research based on replacing a portion of cement with
alternative materials to improve the mechanical properties and durability of
reinforced concrete columns. Based on a review of previous studies, it has
been shown that the use of alternative materials such as ceramic powder,
marble powder, glass powder, graphite, and carbon black can improve the
properties of concrete columns and enhance their resistance to corrosion.

This chapter will detail the test program for conducting laboratory
experiments aimed at studying the effect of these materials on concrete.
Cement will be partially replaced by ceramic powder and glass powder at
replacement levels of 5%, 10%, and 15% by weight of cement. In addition,
marble powder will be incorporated at similar proportions of 5%, 10%, and
15%. Furthermore, graphite powder and carbon black will be introduced as
additives at lower ratios of 0.5%, 1%, and 1.5% by weight of cement. The
experiments will include testing the concrete's compressive strength, splitting
strength, and density, as well as corrosion tests such as half-cell potential and
chloride ion penetration, as shown in Figure 3-1.

These effects will be studied by comparing the performance of
reinforced concrete columns replaced with these materials with conventional
concrete without replacement, with a focus on improving their resistance to
severe environmental influences such as corrosion resulting from the
interaction of reinforcing steel with chloride ions.

These tests will be conducted according to established engineering
standards to ensure the accuracy of the results. This chapter includes a detailed
description of the procedures and methodology used to conduct these

experiments.
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The characteristics of the sustainable R.C columns exposed to sea

water
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Figure 3-1. Detailed outline of the practical program followed in the study.
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3.2 Materials

Concrete is a fundamental material in contemporary buildings owing to
its versatility, durability, and structural integrity. Cement, aggregates, water,
and often chemical and mineral admixtures are essential constituents for
concrete to possess the requisite properties in both its fresh and hardened
states. The meticulous selection and proportioning of these materials are
crucial, since each component contributes uniquely to the combination, so
enhancing the overall durability and performance of concrete.

Concrete mixtures must possess suitable mechanical strength,
durability, and workability; thus, the materials must be meticulously selected
and balanced. High-quality cement, aggregates, and water ensure robust
structural performance, while the incorporation of chemical and mineral
admixtures enhances specific properties according to the requirements of the
mix. Consequently, it will review the fundamental materials utilized in the

formulation of concrete mixtures.

3.2.1 Cement

Cement functions as the primary binding agent in concrete, bonding the
other components and providing the necessary stability for many applications.
The hydration process involves the combination of cement with water,
resulting in a solid matrix that imparts strength and durability to concrete.

The quality of the cement significantly influences concrete's
compressive strength, setting time, and long-term durability. Moreover,
achieving the optimal water-to-cement ratio (w/c ratio), which affects both
workability and strength, is fundamentally contingent upon the quantity of
cement in the mixture relative to other components. Optimal cement selection

and proportioning are essential for concrete to perform effectively and meet
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the demands of both conventional and high-performance construction
projects.

Iraqi sulfate-resisting Portland cement from the Karbala cement plant
in Iraq was utilized in this study. This type adheres to IQS 5-2019 standards.
The chemical and physical parameters of the utilized cement were conducted
in the construction materials laboratory of Kerbala and are presented in Tables
3-1 and 3-2, respectively.

Table 3-1. Chemical composition and main compounds of sulfate-resisting
Portland cement.

Properties Chemical analysis of compounds
Oxide Chemical Percentgge % I.Q.S.. 5': 2019
formula by weight limits
Lime CaO 57.5 /
Silica Si0, 18.9 /
Alumina ALO; 3.47 /
Iron oxide Fe,O; 3.6 /
Sulfate SO3 2.75 2.5 (max)
Magnesia MgO 3.72 5.0 (max)
Sodium oxide Na,O 0.25 /
Potassium oxide K,O 0.67 /
Insoluble residue LR 0.82 1.5 (max)
Loss on ignition L.O.I 3.5 4.0 (max)
Lime saturation factor L.S.F 0.95 0.66 —1.02
Bogue potential compound composition = Percent by weight of cement
Tricalcium silicate (C3S) 61.98 /
Diacalcium silicate (C2S) 7.45 /
Tricalcium aluminate (C3A) 3.1 3.5 (max)
Tetra calcium aluminoferrite (C4AE) 10.95 /
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Table 3-2. Physical properties of cement.

Physical properties Value 1.Q.S.5:2019 limits

Fineness (Blaine specific surface (m*/Kg)) = 285 230 (minimum)

Time of setting (Vicat test)
Initial set (hrs.: min) 1:35  00:45 (minimum)
Final set (hrs.: min) 4:35  10:00 (maximum)

Compressive strength (MPa)
2 days 18.9 10.00 (minimum)
28 days 33.5  32.50 (minimum)

3.2.2 Fine Aggregate

Sand is an essential component in concrete formulations, serving as a
fine aggregate to equilibrate the proportions of cementitious materials and
coarse aggregate. It is crucial to enhance the cohesion, stability, and density
of the mixture during the processes of mixing and pouring. Sand contributes
to minimizing voids in concrete, hence improving its compressive strength
and resistance to external factors.

Sand selection must adhere to established criteria to ensure its purity
and the absence of hazardous pollutants such as salts, clay, and organic matter.
To enhance physical attributes such as workability and crack resistance, a
uniform particle distribution within the mixture is attained by utilizing
appropriately graded sand.

The properties of both fresh and cured concrete are directly influenced
by the quality and particle size distribution of the sand. The particle size
distribution and fineness modulus of the aggregates were determined

according to the test methods outlined in IQS No. 45/1984. Table 3-3 shows
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the physical properties of fine aggregate. Figure 3-2 illustrates the particle

size distribution of the fine aggregate.

Table 3-3 Fine aggregate properties.

Fine aggregate properties Value Limits
Sulfates content 0.065 % Max: 0.5%
The passing ratio of sieve No. 200 0.3 % Max: 5%
Fineness modulus 2.34 23-3.1
Specific gravity 2.60 /

Sieve size analysis of fine aggregate

—e—The Upper Limits
Sand Used (Zone 4)
The Lower Limits

Passing %
D
S
1 1 1 1 1 1 1 1 1 1 J

Cumulative Percentage of

0 T T T T T T
0 05 1 15 2 25 3 35 4 45 5

Sive Size (mm)

Figure 3-2. The particle size distribution of fine aggregate.

3.2.3 Coarse Aggregate

Coarse aggregate, or gravel, is a primary component of concrete
mixtures, constituting the bulk of the concrete volume and being crucial for
its strength and longevity.  Gravel enhances the structural properties of
concrete by providing internal support and reducing shrinkage and
deformation caused by loads or environmental influences.

The performance of concrete is significantly influenced by the size,
shape, and quality of the coarse aggregate. Well-graded aggregates are sought
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to attain uniform particle distribution and minimize voids between particles.
This enhances the compressive strength of the concrete.

It is essential to ensure that the aggregate is devoid of hazardous
impurities such as sulfates, clay, and organic matter, as they may hinder
chemical reactions or diminish the concrete's durability. The particle size
distribution and nominal maximum size of the aggregates were determined in
accordance with the test methods outlined in IQS No. 45/1984. Table 3-4
shows the physical properties of fine aggregate. Figure 3-3 illustrates the

particle size distribution of coarse aggregate.

Table 3-4. Coarse aggregate properties.

Coarse aggregate properties Value Limits
Sulfates content 0.053% Max: 0.1%
The passing ratio of sieve No. 200 0.06% Max: 3%
Nominal maximum size 14 /
Specific gravity 2.65 /

Sieve size analysis of coarse aggregate

—o—The Upper Limits
Gravel Used (5-14) mm

The Lower Limits

4.76 14.76 24.76 34.76 44.76
Sive Size (mm)

Cumulative Percentage of
Passing %

Figure 3-3. The particle size distribution of coarse aggregate.
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3.2.4 Chemical Admixture (KUT PLAST SP 400)

In this study, KUT PLAST SP 400 complies with BS 5075, and ASTM
C494 Type F is used for the purpose of improving the workability of concrete.
KUT PLAST SP 400 is designed to improve the qualities of both fresh and
hardened concrete. It is a high-performance concrete admixture that falls
under the superplasticizer category. By reducing the mix's water-to-cement
ratio, this ingredient increases the concrete's mechanical strength and density.
Additionally, it improves fresh concrete's workability without adding more
water.

Furthermore, KUT PLAST SP 400 increases the concrete's resistance
to harsh environmental factors, including freeze-thaw cycles and exposure to
sulfates and chlorides, while reducing the likelihood of cracks brought on by
thermal shrinkage or drying.

Table 3-5 shows the physical properties and working requirements of
superplasticizers KUT PLAST SP 400. According to the manufacturer's
details listed in the data sheet.

Table 3-5. Physical properties and working requirements of superplasticizers
KUT PLAST SP 400.

Properties Values by manufacturer data sheet
Calcium chloride content Nil
Specific gravity 1.24 -1.26 @ 20°C
Air entrainment Less than 1% additional air is entrained
Setting Time 3 —4 hours
Dosage 2.5 liters / 100 kg cement
Chloride content Nil to BS 5075
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3.2.5 Water

The quality of water utilized in the mixtures significantly impacts the
properties and longevity of concrete. The hydration process between cement
and water, a chemical reaction that produces the binding agent responsible for
concrete's strength and longevity, is significantly dependent on pure water.
Organic substances, oils, acids, and alkalis are examples of contaminants that
may disrupt this process or lead to the degradation of the concrete's chemical
and physical properties over time. To ensure enough mechanical strength and
minimize the risk of cracks or undesired reactions in the concrete construction,
ACI 318 and ASTM C1602 recommend the use of clean, potable water during
the mixing and curing procedures. Great attention was taken during the

process of pouring the concrete mixtures utilized in the investigation.

3.2.6 Steel Bars Reinforcement

To enhance the mechanical properties of concrete, particularly its
tensile strength and resistance to deformations caused by static or dynamic
loads, the incorporation of reinforcement steel, or rebar, is crucial.

The selection of reinforcing steel is determined by attributes such as
diameter, mechanical strength, and surface texture that enhance the steel-
concrete bond.

The steel bars must conform with ASTM — A1064 specifications. The
geometrical and mechanical properties were tested in the laboratory of
Kerbala University. The properties of the steel bar used in reinforcement are

shown in Table 3-6.
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Table 3-6. Reinforcement steel properties.

Property Nominal diameter (mm)
Nominal diameter (mm) 8 6 4
Actual diameter (mm) 7.9 5.81 4
Cross-section area (mm?2) 49 26.4 12.6
Yield stress (MPa) 373.5 405.3 475
Ultimate stress (MPa) 525.05 605.6 728.0
Elongation (%) 35 17.0 5.4
Nominal weight (Kg/m) 0.376 0.208 0.103
Grade G 40 G 40 G 60

3.2.7 Materials Used in The Study

Cementitious, pozzolanic, and filler components are crucial for
enhancing the mechanical and durability properties of concrete.
Consequently, this study employed various materials to illustrate their impact
on the mechanical, durability, and structural characteristics of concrete. These

materials will be shown.

3.2.7.1 Silica Fume

Silica fume, a byproduct of the silicon and ferrosilicon alloy industry,
is extensively utilized in concrete for its remarkable capacity to improve
strength, durability, and performance. Silica fume primarily consists of
exceedingly small particles that, when incorporated into concrete, occupy the
voids between cement particles and reduce the overall porosity of the material.
It reacts to generate more calcium silicate hydrate (C-S-H), so enhancing the

concrete's density and microstructure and exhibits significant reactivity with
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calcium hydroxide, a byproduct of cement hydration. The compressive
strength, flexural strength, and resistance to severe environmental factors such
as sulfate attack and chloride ingress all markedly improve as a consequence.

Silica fume used in the mixes is MegaAdd MS (D) densified micro-
silica. The properties of the silica fume are presented in Table 3-7 at 25°C

according to the manufacturer.

Table 3-7. Silica fume properties.

Property Values by manufacturer data sheet
State Sub-micron powder
Color Grey to medium grey powder
Specific gravity 2.10t0 2.40
Bulk density 500 to 700 kg/m?

3.2.7.2 Local Waste Materials
3.2.7.2.1 Ceramic Powder

The preparation of ceramic materials as a pozzolanic cement substitute
via grinding is an innovative strategy for enhancing the sustainability of the
construction industry. This technology seeks to utilize ceramic waste tiles by
converting them into finely ground materials with pozzolanic activity.
Utilizing advanced grinding apparatus such as ball mills or jet mills, ceramics
are pulverized into fine particles, therefore augmenting the material's surface
area and enhancing its chemical reactivity with calcium hydroxide produced
during cement hydration. Ground ceramic materials enhance concrete
performance through superior mechanical and chemical properties, such as
increased compressive strength and reduced permeability, while

simultaneously mitigating environmental effects by decreasing cement usage,
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a significant contributor to carbon emissions. Thus, the construction sector's
utilization of ground ceramic materials as a pozzolanic additive contributes to

sustainability goals and minimizes waste.

Figure 3-4. Ceramic powder.

The local ceramics were refined using an industrial iron mill to obtain
a powder with a sieve size of 200, 1.e., smaller than 75 microns as shown in

figure 3-4. Table 3-8 shows the chemical composition of ceramic powder.

Table 3-8. Chemical Composition of Ceramic Powder.

Constituents % by Mass
Silicon dioxide (S105) 66.57
Aluminum Oxide (Al,O3) 21.60
Iron Oxide (Fe,05) 1.41
Calcium Oxide (CaO) 2.41
Sodium Oxide (Na,O) 1.41
Potassium Oxide (K;0) 2.79
Zirconium Oxide (ZrO,) 1.49
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3.2.7.2.2 Glass Powder

To mitigate the environmental effects of conventional cement
production and enhance sustainability in the building sector, ground glass is
regarded as a viable pozzolanic material that can serve as a partial substitute
for cement in concrete manufacturing. The elevated amorphous silica content
in ground glass imparts pozzolanic activity, enhancing the strength and
durability of concrete by reacting with calcium hydroxide produced during the
hydration of cementitious mixtures to generate supplementary cementitious
compounds such as calcium silicate hydrate (C-S-H).

Moreover, the incorporation of ground glass improves concrete
performance by reducing permeability and increasing resistance to chemical
assaults, particularly from sulfates. Glass recycling reduces carbon emissions
associated with cement production and diminishes the volume of waste

directed to landfills.

= pr—— -

Figure 3-5. Glass powder.
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The waste glass was refined using an industrial iron mill to obtain a
powder with a sieve size of 200, i.e., smaller than 75 microns as shown in

figure 3-5. Table 3-9 shows the chemical composition of glass powder.

Table 3-9. Chemical Composition of Glass Powder.

Constituents % by Mass
Silicon dioxide (SiO,) 71.09
Aluminum Oxide (AL, O3) 3.52
Iron Oxide (Fe,03) 1.77
Calcium Oxide (CaO) 10.59
Sodium Oxide (Na,0) 10.46
Potassium Oxide (K,0) 0.89
Magnesium Oxide (MgO) 1.56

3.2.7.2.3Marble Powder

In concrete production, ground marble serves as a viable material that
can partially substitute cement, reducing the reliance on conventional cement,
which has a significant carbon impact, and fostering environmental
sustainability. Calcium hydroxide generated during cement hydration can
react with marble, mostly consisting of calcium carbonate along with varying
amounts of silica and alumina, to form additional compounds that enhance the
internal structure of concrete.

The utilization of ground marble has numerous benefits, such as
enhancing the workability of concrete mixtures and increasing concrete
density, hence reducing water permeability and augmenting resistance to
external chemicals. Moreover, recycling marble trash conserves production

expenses and natural resource use while also diminishing landfill waste.
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N \

Figure 3-6. Mable powder.

The waste marble was refined using an industrial iron mill to obtain a
powder with a sieve size of 200, i.e., smaller than 75 microns as shown in

figure 3-6. Table 3-10 shows the chemical composition of marble powder.

Table 3-10. Chemical Composition of Marble Powder.

Constituents % by Mass
Silicon dioxide (SiO5) 1.28
Aluminum Oxide (ALO3) 1.38
Iron Oxide (Fe,03) 0.54
Calctum Oxide (CaO) 50.10
Sodium Oxide (Na,0) 0.29
Magnesium Oxide (MgO) 1.72

3.2.7.3 By-Product Materials
3.2.7.3.1 Black Carbon

The incorporation of carbon ash enhances concrete performance by

augmenting both early and late compressive strength, diminishing
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permeability, and bolstering concrete durability against environmental

threats, including chemical corrosion and sulfate attacks.

Figure 3-7. Black carbon

The utilization of carbon ash is crucial in attaining sustainability
objectives by diminishing the volume of solid waste directed to landfills, so
alleviating the environmental impact linked to this waste. This procedure also
aids in reducing greenhouse gas emissions associated with conventional
cement production methods, hence supporting the attainment of carbon
footprint reduction objectives in the building industry. The black carbon used

in this study was nano-sized as shown in Figure 3-7.

3.2.7.3.2 Graphite Powder

Graphite powder is an advantageous filler element that can enhance
concrete characteristics and promote environmental sustainability. This
powder is generated as a byproduct of graphite production or the incineration
of graphite in diverse sectors, with a distinctive chemical makeup with
substantial carbon content, rendering it a useful additive in cementitious

compositions.
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Figure 3-8. Graphite powder.

Furthermore, the utilization of graphite powder diminishes the
depletion of natural resources by repurposing industrial waste into a value-
added material within the construction industry. Given these advantages,
utilizing graphite powder as a filler in cement is a promising approach to
enhance the environmental and mechanical properties of concrete in
sustainable construction applications. The graphite powder used in this study

was smaller than 75 microns as shown in Figure 3-8.

3.3 Strength activity index

The Strength Activity Index (SAI) is one of the primary indicators used
to evaluate the effectiveness of cementitious additives, such as fly ash, silica
fume, or natural pozzolanic materials. It measures their contribution to
compressive strength when used as a partial replacement for Portland cement.
According to ASTM C311, this index is calculated by comparing the
compressive strength of a cement paste containing the additive at a specified
replacement ratio (usually 20% by mass) with that of a reference mix

containing no additives. The result is expressed as a percentage.
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The reference mix is prepared using 500 grams of Portland cement,
1375 grams of standard sand, and 242 ml of water. The test mix consists of
400 grams of Portland cement, 100 grams of the material under evaluation,
and 1375 grams of standard sand, with sufficient water to achieve workability
(flow) that does not differ by more than £5% from the reference mix. The test
can be performed at 7 or 28 days, and the strength is determined based on the
average of three 50 x 50 x 50 mm cubic samples. The admixture is considered
effective if the index exceeds 75% of the reference mix strength at 7 or 28
days, as specified in ASTM C618.

This index i1s widely used in the areas of quality control and
classification of pozzolanic materials. It is used to determine their suitability
for use in high-performance concrete mixes and various construction
environments.

Figure 3-9 represents an image of tested samples of the strength activity
index models. The strength of the study materials was made and gave the
results shown in Figure 3-10 at the age of 7 days. The Strength Activity Index
with Portland cement is calculated using the ratio of the average compressive
strength of the test mixture (A) to that of the control mixture (B), multiplied
by 100. The strength activity index of glass powder, marble powder, ceramic
powder and carbon black are 106.56 %, 129.17%, 128.66 % and 126.06

respectively.

Figure 3-9. Mortar samples used in testing.
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Strength Activity Index

1771 17.64 17.42

1371 14.61
B Reference
Glass Powder
® Marble Powder
® Ceramic Powder
m Black Carbon

Type of Mix

Compressive strength (MPa)

L 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 J

Figure 3-10. Strength activity index.
The results show that all samples achieved values higher than the
reference sample, demonstrating the effectiveness of these materials in

improving the properties of mixtures.

3.4 Concrete Mix Proportion

Determining the optimal ratio of cement, water, admixtures, and
aggregates (both coarse and fine) to achieve the desired performance
characteristics is an essential phase in the civil engineering procedure of
concrete mix proportioning. The project's specific requirements—namely
compressive strength, workability, durability, and climatic conditions—guide
this process. Accurate proportioning is essential to ensure the concrete's long-
term performance in its intended application, hence preventing issues such as
excessive cracking, diminished strength, or inadequate durability. Table 3-11

presents the ratios of the essential components in the concrete mix design
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employed in the investigation. The concrete mixture used in this study was
designed based on the recommendations provided in ACI 211.4R-08, which
offers guidelines for selecting proportions for high-strength concrete
mixtures.

Table 3-11. Proportions of the concrete mixes.

(gw/3y) pues
(gw/3)) [9ARID
(3 001/7) dS
10 SIANIPPY
(gw/8y) 1M

(guy/3y]) Juswa)
O1jel JIOpUIg/IdJe M\

(gw/8y) wowooedoy

1u9013d Juawddedar uo
paseq suonaodoad X1z
(gu/8y]) dwny edI[Ig

Reference Mix
0% 450 5 700 950 2.5 0.3 0 150
Carbon black and Graphite Powder (Additives)
0.5% = 448 50 700 950 2.5 0.3 2 149

1% 446 50 700 950 2.5 0.3 5 148
1.5% 443 50 700 950 2.5 0.3 7 147
Marble Powder (Replacement)
5% 428 50 700 950 2.5 0.3 22 143
10% 405 50 700 950 2.5 0.3 45 136
15% 383 50 700 950 2.5 0.3 68 129
Ceramic Powder and Glass Powder (Replacement)
5% 428 50 700 950 2.5 0.3 22 150
10% 405 50 700 950 2.5 0.3 45 150
15% 383 50 700 950 2.5 0.3 68 150

o

3.5 Trial Mixes
Two sets of experimental mixes were prepared. The first set contained
the studied materials (ceramic powder, glass powder, marble powder, and
carbon black) at ratios of 10%, 20%, 30%, and 40%, with silica fume being
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used in the mix. The second set contained the studied materials (ceramic
powder, glass powder, marble powder, and carbon black) at ratios of 1%, 3%,

5%, and 7%, with silica fume being used in the mix at the age of 28 days.

Glass Powder Ceramic Powder
61.95

65 1 65 1 58.97 5893 59.07
5 60 1 56.72 S8.01 3860 o\ o 2 60 A
S 55 149.62 S 55 149.62
; 50 4 ; 50 A

45 £ 45
240 - 240 1
% 35 4 % 35 A1
230 - 230 -
2 25 1 2 25 1
220 A % 20 A
[0} o
3P 215 ]
S 5 S 5

0 R 10GL 20GL 30GL 40GL 01 R 10CE 20CE 30CE 40CE
Mix 49.62 5672 5801 58.66 54.83 EMix 49.62 6195 5897 5893 59.07
Concrete Mixes Concrete Mixes
Marble Powder Carbon Black

65 7 65 1
E 60 - 5522 54.60 57.66 57.73 § 60

55 A 55 1
\2-/50 ] 49.62 \2_/50 ] 49.62 46.48
< 45 < 45 40.55
%"40 . %‘)40 . 35.94
% 35 4 % 35 A
2 55 | 2 55 |
%0 %0 17.71
a 15 2. 15 A
£10 £ 10 -
O 5 A O S -

0= R 10MA 20AM 30MA 40MA O~ R 10CcA 20CA 30CA 40CA
EMix 49.62 5522 5460 57.66 57.73 EMix 49.62 4648  40.55 3594 17.71
Concrete Mixes Concrete Mixes

Figure 3-11. Compressive strength results from mixes of materials with
different proportions and silica fume.

Several experimental mixtures were conducted to determine the
optimum proportions to be used later in the study. Experimental mixtures of
ceramic powder, glass powder, marble powder, and carbon black were

prepared at ratios of 10%, 20%, 30%, and 40% in the presence of silica fume,
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as shown in Figure 3-11 at the age of 28 days. It was concluded that, in

general, as the replacement ratio increases, compressive strength decreases

significantly.
Glass Powder Ceramic Powder
45.00 141.08 3996 __45.00 741.08
5 40.00 - 36.92  37.00 £ 40.00 A 13.93 34.01
S 35.00 - 2 35.00 - : : 20,00
E, 30.00 §1)30.00 - .
b 25.00 - 23.09 £ 25.00 21.03
g 20.00 - © 20.00
% 15.00 ‘2 15.00 -
= ()
£ 10.00 - ‘%10.00 1
S 500 1 S 5.00 A
000 = R 1GL 3GL 5GL 7GL 0.00 = R ICE 3CE SCE 7CE
mMixes 41.08 39.96 3692 37.00 23.09 mMixes 41.08 33.93 34.01 29.00 21.03
Concrete Mixes Concrete Mixes
Marble Powder Carbon Black
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wn 1 wn
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220,00 - = 1500 4
3 15.00 - 3
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S 5.00 - S 001
0.00 - 0.00 -
1IMA 3MA 5MA 7MA 1CA 3CA 5CA 7CA
EMixes 41.08 4238 44.81 45.03 46.38 mMixes 41.08 41.52 38.52 36.82 36.02
Concrete Mixes Concrete Mixes

Figure 3-12. Compressive strength results of mixes of materials with
different proportions and fly ash.

Experimental mixtures of ceramic powder, glass powder, marble
powder, and carbon black were prepared at ratios of 1%, 3%, 5%, and 7% in
the presence of fly ash, as shown in Figure 3-12. The results showed that when

fly ash is used, the effectiveness of the mixtures is generally reduced.
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Based on the above and after reviewing previous research, the
percentages shown in Table 3-11 were adopted.

The selection of the replacement ratios for the various powder
additives was based on preliminary experimental trials conducted prior to the
main study. For graphite and carbon black powders, the additive levels of
0.5%, 1.0%, and 1.5% by weight of cement were adopted, as these percentages
were found to be the most effective in enhancing the mechanical performance
of the concrete. In contrast, ceramic, marble, and glass powders were used at
5%, 10%, and 15%, since the test results indicated that the most noticeable
changes either slight improvement or decline tended to occur around the 10%
level.

Additionally, silica fume was selected over fly ash as a supplementary
cementitious material due to its superior performance during the preliminary
testing stage. These adopted ratios were not only supported by the outcomes
of the trial mixes but were also consistent with the findings and
recommendations reported in previous research studies by other scholars.

3.6 Casting and Curing of Specimens
The method of preparing the concrete models studied was through the

following steps:

1. Prepare the reinforcing steel according to the required measurements
that were previously found in the design and then connect them together
to form the required reinforcement network.

2. Prepare the plastic molds with the required dimensions (5 x 10 cm
cylinders, 10 x 10 x 10 cm cubes, 15 x 15 %X 15 cm cubes, 10 < 30 cm

small column molds, and 15 x 70 cm large column molds) with
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lubrication and cleaning for the purpose of pouring concrete as it shown
in Figure 3-13.

3. Place the reinforcing steel in their molds and secure them well by using
spacers to adjust the cover evenly on all sides.

4. Prepare the weights of the materials included in the mixture (sand,
gravel, and cement etc.) according to the previously specified
proportions.

5. Add the weighed materials to a 180-liter mixer and then mix them for
3 to 5 minutes, and finally, empty them into a handcart for the purpose
of pouring them into the molds.

6. Pouring concrete into the previously prepared molds with continuous
use of an electric vibrator to ensure good compaction and get rid of
voids, then polishing the final surface of the molds.

7. After completing the pouring, the concrete molds were covered with a
plastic cover to preserve the mixing water, and then all the models were

matured by immersion for 28 days.

3 Reinforced el
Concrete Columns .

D =150 mm === 12 Cylinders

L =700 mm D =100 mm

LI L =200 mm

3 Cubes 3 Cubes
100x100x 100 mm 150 x 150 x 150 mm 3 R.C. Columns

D =100 mm
@@@ L =300 mm

Figure 3-13. Samples were prepared in the study for each concrete mix.
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3.7 Concrete Testing

Mechanical tests of concrete are among the most important tools used
to evaluate the quality and performance of concrete in engineering
applications. These tests include measuring compressive strength, splitting
strength, and density. These tests play a crucial role in ensuring that concrete

conforms to design standards and engineering specifications.

3.7.1 Compressive Strength

The compressive strength test was performed using concrete cubes with
dimensions of 100mmx>100mmx100mm, according to Iraqi specification IQS
No.52/1984. All cubes were immersed in water for 28 days before testing. The
test was performed using a digital hydraulic compression machine of ELE
type with a capacity of 2000kN, as shown in Figure 3-14. The compressive
strength for each test was calculated based on the average value of three cubes,

and all tests were performed at the age of 28 days.

Figure 3-14. Compressive strength test.
3.7.2 Splitting Tensile Strength
The split tensile strength test was performed according to ASTM C496-
04 using cylindrical concrete specimens with dimensions of 100 mm x 200
mm. During the test, two thin plywood strips were placed between the

specimen on the top and bottom sides of the testing machine to ensure even
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load distribution. The test was performed using a 2000 kN ELE digital
hydraulic press, as shown in Figure 3-15. The load was applied at an average
rate of 1.4 MPa/min until the specimen failed, and the final result was based

on the arithmetic mean of the tensile strength of three specimens for each test

group.

Figure 3-15. Splitting tensile strength test.
3.7.3 Density

Concrete cubes of dimensions 100mmx100mmx>100mm were used to
determine the density. The samples were immersed in tap water for 24 hours,
and their immersed and saturated masses were measured. After that, the
samples were dried in an oven at a temperature of 100—110°C for 24 h, and

the dried mass was measured. This test was carried out according to the

standard specification ASTM C138-01.

3.7.4 Structural Behavior

To study the behavior of concrete columns exposed to corrosion,
concrete columns not exposed to corrosion and those exposed to corrosion
were examined under the influence of axial load as shown in Figure 3-16. The
concrete column was placed between two thick steel plates at the top and
bottom to ensure uniform load distribution and to simulate simple support

conditions. The slenderness ratio of the tested column was approximately
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18.67, which is relatively less than the limiting value of 22 commonly defined
in structural design codes such as ACI for classifying slender columns. The
concrete columns not exposed to corrosion were first tested using an electrical
loading device to study the structural behavior of sustainable concrete
columns. Then, the concrete columns exposed to accelerated corrosion were
tested using electric current. One of the most important outputs of this test
was the load-deflection curves. These curves were adopted to extract the

values of ultimate load, ductility, and toughness to be compared later.

Loading

" |Reinforced
. |concrete
column

| I

Support

Figure 3-16. Reinforced concrete column test mechanism diagram.

Toughness was calculated by calculating the area under the load-
displacement curve resulting from experimental testing of concrete elements.
This numerical integration represents the amount of energy absorbed by the
structural element up to the moment of failure and is a direct indicator of the
element's ability to resist progressive failure. The calculation method was
adopted using numerical integration by dividing the curve into small segments
and summing the areas between successive load and displacement points.
Thus, the strength was estimated in kN/mm. This method is approved in ACI

544.2R for evaluating the performance of reinforced concrete elements.
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The ductility of the tested elements was calculated using the ratio of
the ultimate displacement at maximum load to the displacement
corresponding to a loading point representing 60% of the maximum load. This
method is used as a practical alternative to assess the element's ability to
withstand deformations after passing the yield stage, particularly in tests that
rely on load-displacement curves. This ratio is an accepted indicator of ductile
behavior and reflects the extent to which the element retains its load-bearing
capacity. This method has been used in a number of studies related to the

behavior of reinforced concrete elements(Kim et al., 2022).

3.7.5 Half-Cell Potential Test

This test method addresses the assessment of the electrical corrosion
potential of uncoated reinforcing steel in both field and laboratory concrete,
aimed at evaluating the corrosion activity of the reinforcing steel. This testing
methodology is constrained by electrical circuitry. Concrete surfaces in
building interiors and arid conditions lose moisture to the extent that their
resistivity increases significantly, necessitating specialized testing techniques.
Concrete surfaces that have been coated or treated with sealers may not
establish a satisfactory electrical circuit as shown in Figure 3-17.

This testing method is appropriate for both in-service assessment and
research and development activities. This testing procedure applies to
members irrespective of their dimensions or the thickness of the concrete
cover over the reinforcing steel. Concrete cover exceeding 3 inches (75 mm)
may lead to an average of neighboring reinforcement corrosion potentials,
resulting in diminished capacity to discern variations in relative corrosion
activity. This testing approach can be employed at any point throughout the

lifespan of a concrete element.
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Figure 3-17. Half-cell potential test.

The Standard Test Method for Half-Cell Corrosion Potentials of
Uncoated Reinforcing Steel in Concrete (ASTM C876) provides guidelines
for interpreting the half-cell potential measurements. The potential values
indicate the likelihood of corrosion of reinforcing steel in concrete. Below is
the typical table of values used for interpreting the results:

Table 3-12. The potential values of corrosion of reinforcing steel in concrete.

Measured Half-Cell Potential
(versus Cu/CuSOs4 Electrode)

Corrosion Likelihood

Less than -200 mV 90% probability of no corrosion
Between -200 mV and -350 mV Uncertain likelihood of corrosion
Greater than -350 mV 90% probability of active corrosion

3.7.6 Iron Chloride Penetration Test
This test method covers the determination of the electrical conductance
of concrete to provide a rapid indication of its resistance to the penetration of
chloride ions according to ASTM C1202 — 17.
This testing method involves measuring the electrical current flowing
through 50-mm-thick slices of 100-mm nominal-diameter cores or cylinders

over a duration of 6 hours. A direct current potential difference of 60 V is

84



Chapter Three

sustained between the specimen's ends, with one end submerged in a sodium
chloride solution and the other in a sodium hydroxide solution. The total
charge transferred, measured in Coulombs, has been determined to correlate
with the specimen's resistance to chloride ion ingress Figure 3-18.
Qualitative indications of the chloride ion penetrability based on the

measured values from this test method are provided in Table 3-13.

Table 3-13. Chloride Ion Penetrability Based on Charge Passed.

Charge Passed (Coulombs) Chloride Ion Penetrability
>4,000 High
2,000—4,000 Moderate
1,000-2,000 Low
100-1,000 Very Low
<100 Negligible

Filling with

Filling with
solution

Melaliic electrode il 2 A 7 “~_ Cemenlilious
( Stainless Steel ) . specimen

4

== Anode cell
X (depth ) ( Anolyte )

Cathode cell
{ Catholyte )

Figure 3-18. Chloride ion penetration test for concrete.
3.7.7 Permeability Under Pressure Test
The water permeability test of concrete under pressure is one of the
key experiments used to assess the durability of concrete and its resistance to
water penetration. This method involves measuring the depth of water ingress

into a concrete specimen after exposing one surface to constant water pressure
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for a specified period, in accordance with the British/European standard BS
EN 12390-8: Testing hardened concrete — Part 8: Depth of penetration of
water under pressure. The test is typically performed on cubic concrete
specimens 150*150*150 mm that have been cured for 28 days. Constant water
pressure usually 7 bar is applied to one face of the specimen for 72 hours while
the remaining sides are sealed to prevent lateral leakage as shown in Figure
3-19. After the test duration, the specimen is split vertically, and the maximum
depth of water penetration is measured either visually or by using a colored
dye. The result indicates the quality and compactness of the concrete; lower
penetration depth reflects higher density and greater resistance to water
ingress, which translates to improved durability in wet or aggressive
environments. The permeability under pressure for each test was calculated
based on the average value of two cubes, and all tests were performed at the
age of 28 days. According to common practice, the permeability rating is

typically classified as follows:

1. Low permeability: penetration depth <20 mm
2. Moderate permeability: 20 mm < depth <50 mm
3. High permeability: penetration depth > 50 mm

i ——— breaking the
specimen in half

Concrete specimen
P ~—

Gasket —_ )

Pressurized water
m contact with the - A/ A

Lower face of specimen

— Concrete specimen

°
& . A Fracture surface (middle length of specimen)
] o |

/’4 :[ Permeability = average water penetration depth

Figure 3-19. Schematic view of permeability under pressure test.
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This test is particularly useful in the design of durable concrete mixes

for structures exposed to moisture, salts, or chemical attack.

3.8 Reinforced Concrete Columns Construction
The concrete column was designed as per ACI Code 318-19

requirements, as shown in the details below.

3.8.1 Details of Columns

The final design was made using 8 steel bars of 8 mm diameter in the
vertical direction with a 4 mm diameter bar in a spiral shape with a spacing
between each ring of 4 cm. The diameter of the column was 150 mm, and the
total length was 700 mm as shown in Figure 3-20. The casting was done with
15 mm plastic spacers on all sides to ensure the concrete cover, as shown in

the attached picture.

Cover 10mm
Steel Bar 4mm

Steel Bar Smm

Concrete Column 150mm

[NULRARARAARRANAAY

Figure 3-20. Reinforced concrete column diagram used in the study.
3.8.2 Columns Molding
The concrete column was poured according to the dimensions and
reinforcement previously specified in the structural design. The molds were

oiled, and then the reinforcement steel was placed, surrounded by plastic
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spacers to ensure that the cover was evenly distributed from all sides. The
concrete was poured in layers with continuous use of an electric vibrator to
ensure complete compaction. The concrete was placed in the mold for 24

hours, then it was opened and placed for curing until the required time.

3.9 Accelerated Corrosion Regime

After the columns were treated for 28 days, the columns were placed in
a corrosion acceleration system. Corrosion acceleration, which is mainly
based on an electrochemical process, is a process that involves three main
components: anode, cathode, and electrolyte solution. In this experiment,
stainless steel plates were used as the cathode, while a solution containing
3.5% sodium chloride (NaCl) was used as the electrolyte solution as shown in
Figure 3-21. To ensure the successive and good wetting and drying process, a
1000-liter plastic water tank was used to place the samples, and then all the
samples were connected to tubes connected to the electrolyte solution pumps
(NaCl). It is worth noting that when applying a constant direct current (DC)
with a current intensity i for a specific period of time t, the mass loss is
calculated according to Faraday's law as stated in paragraph 2.10.1. After
applying the equation, the following values were reached, which were adopted
in the practical program:
Percentage of Corrosion = 1%
I/cm? =200 mA/cm?
Total time =2.5 days
Number of cycles days = 7 days (each day 8 hrs. wet, 16 hrs. dry)

The selected values were determined based on an extensive set of
experimental trials, supported by findings from previous studies. Ultimately,

these values were adopted to ensure that the column specimens experienced a
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moderate level of corrosion sufficient to reflect the deterioration effects—
without leading to excessive swelling or spalling that could cause premature
failure. This approach was essential to preserve the structural integrity of the
specimens and allow for a meaningful evaluation of the performance

improvements achieved by the modified concrete mixtures.

Figure 3-21. The mechanism of accelerating corrosion using electric current
for the studied columns.

3.10 Concrete mix coding
A unified coding system was adopted to name the concrete mixes used
in this study, based on the type of additive and its percentage of cement

replacement sustained materials. Carbon black powder was designated by the
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letter (CA), graphite powder by the letter (GA), marble powder by the letter
(MA), ceramic powder by the letter (CE), and glass powder by the letter (GL).

The percentage of replacement was attached to each symbol to directly
form the mix name. For example, mix (CA0.5) indicates the use of 0.5%
carbon black powder, while (GL10) indicates a mix containing 10% glass
powder.

Substitution percentages of 0.5%, 1.0%, and 1.5% were used for
carbon black and graphite, while percentages of 5%, 10%, and 15% were used

for marble, ceramic, and glass.

Table 3-14. Column concrete coding.

Groups Materials Percentage Case Coding
R - 0% Non-Corroded R
Ceramic 5% Non-Corroded  5CE
Gl Ceramic 10% Non-Corroded 10CE
Ceramic 15% Non-Corroded  15CE
Marble 5% Non-Corroded  SMA
QG2 Marble 10% Non-Corroded 10MA
Marble 15% Non-Corroded 15MA
Glass 5% Non-Corroded  5GL
G3 Glass 10% Non-Corroded  10GL
Glass 15% Non-Corroded  15GL
Carbon 0.5% Non-Corroded 0.5CA
G4 Carbon 1% Non-Corroded  1CA
Carbon 1.5% Non-Corroded 1.5CA
G5 Graphite 0.5% Non-Corroded 0.5GR
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Graphite 1% Non-Corroded  1GR
Graphite 1.5% Non-Corroded  1.5GR
CR - 0% Corroded CR
Ceramic 5% Corroded C5CE
G6 Ceramic 10% Corroded C10CE
Ceramic 15% Corroded C15CE
Marble 5% Corroded C5MA
G7 Marble 10% Corroded CIOMA
Marble 15% Corroded CISMA
Glass 5% Corroded C5GL
G8 Glass 10% Corroded C10GL
Glass 15% Corroded C15GL
Carbon 0.5% Corroded C0.5CA
G9 Carbon 1% Corroded CI1CA
Carbon 1.5% Corroded C1.5CA
Graphite 0.5% Corroded C0.5GR
G10 Graphite 1% Corroded CI1GR
Graphite 1.5% Corroded C1.5GR

For concrete columns, corroded specimens were distinguished from
uncorroded specimens by adding the letter "C" at the beginning of the
specimen code. For example, the code "C1.5GA" indicates a column
containing 1.5% graphite powder that underwent accelerated corrosion, while
the code "F1.5" indicates a similar column that was not corroded. This system
helped organize test results and accurately compare them across different

Casces.
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Chapter Four

4.1 General

In this chapter, the results obtained through the practical program will be
presented, which are represented by different samples of 16 different
mixtures. The 16 mixtures consisted of 15 different concrete mixtures
containing materials in different proportions, replacing cement, in addition to
a reference mixture that did not contain any cement substitute. The substitutes
used included carbon, graphite, ceramic, marble, and glass in different
proportions of replacement, where all materials were ground before
replacement to a size less than 75 microns, as follows:
Mix 1: Reference mix without cement replacement sustained materials.
Mixes 2 to 7: Contain carbon and graphite powder replaced by (0.5%, 1%,
1.5%).
Mixes 8 to 16: contain ceramic, marble and glass powders substitutes (5%,
10%, 15%).

Many samples were cast such as reinforced concrete columns, cubes and
concrete cylinders. In this chapter, the results of these samples will be
reviewed and analyzed, which are represented by the structural behavior of
concrete columns, in addition to the mechanical properties and durability
properties of the mixtures. To facilitate the analysis of the results, the
following symbols were used to indicate the substituted materials: CA for
carbon, GR for graphite, CE for ceramic, MA for marble, and GL for glass.

The study included two groups of columns, each containing 16
columns. The first group was examined directly to demonstrate the effect of
using sustainable materials as an alternative to cement. The second group was
examined after being subjected to an accelerated corrosion process using an
electric current of 200 mA/cm?, a salt concentration in the water of 3.5%, and

seven cycles of wetting and drying at a ratio of 1/3 for each cycle.
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4.2 Mechanical properties
The results shown in Figures 4-1, 4-2, and 4-3 show the mechanical
properties (compressive strength, splitting tensile strength, and density) of all

the concrete mixtures studied.

Compressive Strength (MPa)
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Figure 4-1. Compressive strength for all concrete mixes.

Compressive strength results show a significant increase when using
carbon black at a rate of 0.5%. Figure 4-1 shows a 9% increase compared to
the reference mix. This demonstrates the effectiveness of carbon black in
improving the behavior of concrete mixes at low percentages. When using
carbon black at rates of 1% and 1.5%, a slight decrease in strength is evident
due to the increased quantity.

When using graphite powder and marble powder, a slight decrease is
shown, but this decrease increases with the increase in the percentage of use,
as shown in Figure 4-1.

When using ceramic powder, compressive strength increases
gradually with increasing application rate. Using 5%, 10%, and 15% ceramic
powder resulted in an increase in compressive strength of 0.4%, 5%, and 24%,

respectively, compared to the reference mixture, as shown in Figure 4-1.
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When using glass powder, the results shown in Figure 4-1 show that
using a 5% ratio did not show any effect, while using 10% showed a 16.7%
increase, while using a 15% ratio showed an 8.7% increase, a lower value than

the previous one.
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Figure 4-2. Splitting tensile strength for all concrete mixes.

Figure 4-2 shows the splitting tensile strength results for all the
mixtures studied. The use of carbon black showed a significant improvement
with increasing substitution percentage. Graphite powder showed a decrease
with increasing substitution percentage, with behavior similar to that of
compressive strength. Conversely, only the use of marble powder showed
improvement at 15% substitution. The use of ceramic powder and glass
powder showed an initial improvement, followed by a decrease with
increasing substitution percentage.

The density shown in Figure 4-3 shows a significant increase when
using high-fine materials as a substitute for cement in most mixes. This is due
to the effective role of these materials in improving the behavior of concrete

mixtures.
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Figure 4-3. Density for all concrete mixes.
4.3 Durability properties
The durability of concrete mixes containing eco-friendly materials as
an alternative to cement will be discussed and compared with mixes without

additives.

4.3.1 Ion Chloride Penetration
Figure 4-4 shows the results of the chloride ion penetration test for all

the concrete mixtures studied.

Chloride Ion Penetration
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Figure 4-4. lTon chloride penetration for all concrete mixes.
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The results show that using 0.5% of carbon black reduces the
penetration of chloride ions by 48% compared to the reference mixture value.

The results also show that using graphite at a rate of 0.5%, 1%, and
1.5% reduces the penetration of chloride ions by 76%, 31%, and 90%,
respectively, compared to the reference mixture value.

Using marble powder at a rate of 5%, 10%, and 15%, reduces the
penetration of chloride ions by 44%, 33%, and 36%, respectively compared
to the reference mixture value.

The results also show that using ceramic powder at a rate of 15%
reduces the penetration of chloride ions by 35% compared to the reference
mixture value.

As for using glass powder at a rate of 10% and 15%, it reduces the
penetration of chloride ions by 31% and 18%, respectively, compared to the
reference mixture value.

The results of the chloride ion penetration test showed significant
variations in the performance of mixes containing different additives. It was
observed that the use of graphite powder significantly improved concrete
permeability. The mix containing 1.5% graphite recorded the lowest chloride
penetration value, at 59. This can be attributed to its structural regularity and
lamellar shape, which enables it to efficiently fill the micropores between
cement paste particles, as well as its properties in reducing electrochemical
conductivity. Conversely, mixes containing carbon black performed well at
lower percentages (0.5% and 1%). However, increasing the percentage to
1.5% resulted in a significant deterioration in performance, with chloride
penetration reaching 1975. This is due to the possibility of the irregular
agglomeration of chloride particles within the mix, which increases

permeability rather than decreasing it. Marble powder demonstrated
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consistent and acceptable performance at all concentrations (5%, 10%, and
15%), with values ranging from 330 to 395, indicating its effectiveness as a
filler that contributes to improving concrete density. Mixtures containing
ceramic powder exhibited fluctuating behavior, with the highest chloride
penetration value reaching 1265 at 10%, which may indicate poor particle
distribution or inhomogeneous interaction with the cement paste, despite a
significant improvement at 15%. Glass powder performed well at 10%, with
penetration reaching 410. This improvement is attributed to the fine glass
containing amorphous silica capable of reacting pozzolanically to a limited
degree. Based on the above, materials can be ranked according to their
efficiency in reducing chloride ion penetration as follows: graphite powder,

marble powder, glass powder, carbon black, and ceramic powder.

4.3.2 Half Cell Potential
Figure 4-5 shows the results of the half-cell potential test for all the

concrete mixtures studied.

Half Cell Potential
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Figure 4-5. Half-cell potential for all concrete mixes.
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Half-cell potential test results showed significant variation in the
performance of mixes containing different additives in terms of the potential
for reinforcing steel corrosion. The mix containing 1.5% graphite powder
performed best among all mixes, reaching a potential value of 183 mV,
indicating an internal environment with low electrochemical conductivity and
reduced potential for corrosion cell formation. This improvement is attributed
to graphite's ability to reduce internal moisture and seal micropores.

Carbon black demonstrated good performance at the low percentage
(0.5%), reaching a potential value of 236 mV, which is lower than the
reference mix, indicating improved corrosion resistance. In contrast, the
corrosion potential increased significantly with the use of 1.5% carbon black,
reaching a potential value of 452 mV. This is attributed to particle
agglomeration and increased local conductivity, which may accelerate the
formation of internal corrosion cells.

Mixtures containing ceramic powder also exhibited oscillatory
behavior. The 5% ceramic mixture performed well (239 mV), while the
potential value increased significantly at 10% and 15% (424 mV and 606 mV,
respectively). This indicates that the positive effect of ceramics depends
largely on the addition ratio and the nature of the particle distribution.

As for the marble powder, it recorded relatively high values, especially
at 5% (459 mV), indicating a high corrosion potential. However, performance
improved at 15% (305 mV), reflecting irregular behavior that may be related
to the material's weak pozzolanic activity and its reliance solely on the filler
effect.

Meanwhile, the glass powder-containing mixtures showed similar

performance at all ratios (378-395 mV), indicating a moderate effect in
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reducing corrosion potential, possibly due to the partial pozzolanic reaction of

the amorphous silica present in the fine glass.

4.3.3 Permeability Under Pressure
Figure 4-6 shows the results of the permeability under pressure test for

all the concrete mixtures studied.
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Figure 4-6. Permeability under pressure for all concrete mixes.

The results of the permeability under pressure test showed a
significant variation in the behaviour of admixtures in terms of the concrete's
resistance to water penetration under pressure. This is a direct indicator of the
concrete's density and its ability to resist harmful penetrations.

The 10% glass admixture performed best among all admixtures, with
a penetration depth of only 3.0 mm, followed by the 15% ceramic admixture,
with a depth of 4.1 mm. This indicates the effectiveness of both materials in
enhancing the microstructure of the cement matrix by filling capillary pores
and improving density. The superior performance is attributed to the
pozzolanic reactivity of the amorphous silica in the glass powder and to the

efficient filling and activity effect provided by the ceramic powder.
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On the other hand, the alabaster powder admixtures demonstrated
stable and acceptable performance at various ratios, with penetration depths
ranging from 8.7 to 9.9 mm, indicating the admixture's role as a filler but
contributing to improved internal cohesion. As for the carbon black blends,
they showed slight improvement at lower ratios (0.5%), while increasing the
ratio did not lead to a significant further improvement. At 1.5%, the
penetration depth was approximately 11.6 mm, likely due to the
agglomeration of fine particles and their poor distribution within the paste.

In contrast, the graphite powder blends showed unexpected behavior.
The 0.5% and 1% blends performed well, while the 1.5% blends showed the
highest penetration value (22.0 mm). This ratio, however, performed

excellently in the chloride penetration and half-cell potential tests.

4.4 General Behavior for Corroded and Non-corroded Concrete

Columns

Two groups of reinforced concrete columns were tested; the first group
was subjected to natural conditions without exposure to corrosion, while the
second group was exposed to a corrosion-inducing environment to evaluate
its effect on the structural performance of the columns.

Each group consisted of 16 columns classified into 15 different concrete
mixes, in addition to a reference mix that did not contain any cement
replacement sustainable materials. The substitutes used included carbon,
graphite, ceramic, marble, and glass in different replacement or add ratios.

Concrete columns were tested by applying a concentric axial load to the
column and then reading the vertical deflection that occurred as the loading
progressed. Figure 4-7 shows images of the tested concrete columns not

exposed to corrosion during their structural test.
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Non-corroded concrete column containing ceramic powder (G1)
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Non-corroded concrete column containing glass powder (G3)
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Non-corroded concrete column containing carbon black (G4)
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Non-corroded concrete column containing graphite powder (G5)

Figure 4-7. Non-Corroded Concrete Columns Studied During.
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The results will be analyzed based on the behavior of the model under
loading. The performance of the columns will be compared under different
conditions to determine the effectiveness of the substituted materials in
improving the resistance of concrete and its effect on its structural properties,
especially under the effect of corrosion.

The results of the non-corroded columns shown in Table 4-1. This table
show that there is a different improvement depending on the materials used
and according to the different proportions.

Figures 4-8, 4-9, and 4-10 show the ultimate load, toughness, and

ductility index results, respectively, for all columns not subjected to corrosion.

Table 4-1. Results of non-corroded concrete columns.

Mix Axial Displacement Load Toughness Ductility
(mm) (kN) (kN.mm) Index
R 7.95 616 2446 1.709
0.5 CA 10.37 671 3515 1.572
1 CA 8.62 648 2719 1.699
1.5CA 7.92 642 2236 1.457
0.5 GR 5.93 688 2252 1.840
1 GR 9.25 646 2362 1.436
1.5 GR 6.37 478 1714 2.130
S MA 6.76 689 1978 1.440
10 MA 7.76 686 2696 1.686
15 MA 4.24 670 1512 1.708
S CE 10.40 617 3544 2.058
10 CE 6.23 646 1673 1.323
15 CE 8.66 762 3091 1.134
5 GL 9.27 622 2288 1.403
10 GL 8.72 779 2960 1.470
15 GL 11.65 725 3773 1.638
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Figure 4-8 shows the results of the ultimate load for all non-corroded

concrete columns. Figure 4-9 show toughness and Figure 4-10 show ductility

index for all columns without corrosion. It is clear from the values obtained

from the test that the use of carbon and also the use of graphite improves the

ultimate load value when used by 0.5%, but this effect decreases with

increasing the use percentage. As for the use of marble, it shows a clear

improvement, but this effect also decreases with increasing the replacement

percentage, but at a lower rate than the previous ones, and it is similar to the

behavior of glass, except that the latter shows a slight increase, then a high

increase, and then an increase, but less than the previous ones. Finally,

ceramics show an improvement with increasing the replacement percentage,

as the improvement is gradual with increasing the replacement percentage.
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Figure 4-8. Ultimate load for all columns without corrosion.
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Figure 4-9. Toughness for all columns without corrosion.
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Ductility Index
2.250 2.130 2.058 =R
2.000 A 0 1,699 1.840 m(0.5CA
1.7 .
1750 1.686 1.708 1.638 m]1CA
' 1572 g s 1.436 1.440 1.403 1.470 mlaca
1.500 A : - : 1.323 : m(0.5 GR
> m1GR
B 4 1.134
% 1.250 m1.5GR
S 1.000 A u5MA
m10 MA
0.750 m15MA
0.500 A m5CE
0.250 - m10CE
m15CE
0.000 A 5GL
0.5 1.5 0.5 15 s 1] 15 0] 15 0] 15
R ca |14 ca Gr |' O] Gr Ma [ MA | MA SCEl g | ce SGL 6L | 6L 10 GL
[=Ductitity [1.709 1.572|1.699|1.457 1.840|1.436]2.130 1.440[1.686| 1.708 2.058]1.323[1.134 1.403|1.470| 1.638 15GL

Figure 4-10. Ductility index for all columns without corrosion.

Figure 4-11 shows images of the tested concrete columns exposed to

corrosion during their structural test.

Corroded reference concrete column
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Corroded concrete column containing ceramic powder (G6)
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Corroded concrete column containing marble powder (G7)
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Corroded concrete column containing glass powder (G8)
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Corroded concrete column containing carbon black (G9)
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Corroded concrete column containing graphite powder (G10)

Figure 4-11. Pictures of concrete columns studied during testing subjected to

corrosion.

Table 4-2. Results of concrete columns exposed to corrosion.

Mix Axial Displacement Load (kN) Toughness Ductility
(mm) (kKN.mm) Index
CR 7.39 495 1.547 1679
Co05CA 7.26 646 1.578 2179
C1CA 11.42 584 2.240 3986
C15CA 6.88 575 1.459 1422
C05GR 9.13 663 1.463 2480
C1GR 6.88 630 1.530 1560
C15GR 8.86 470 1.391 1290
CS5MA 3.34 402 1.560 622
C10 MA 8.61 601 2.146 3042
C15S MA 5.87 642 1.565 1698
CSCE 8.70 600 1.350 1894
C10 CE 8.84 627 1.513 2529
C15CE 9.44 620 1.608 2698
CSGL 8.73 697 1.403 1770
C10GL 7.19 600 1.554 1994
C15GL 9.69 604 1.707 2931
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Figures 4-12, 4-13 and 4-14 show the ultimate load, toughness, and
ductility index results, respectively, for all columns subjected to corrosion.

The results shown in Figure 4-12 show that the corrosion effect was
significantly less in columns containing cement replacement sustained
materials compared to the reference mixture. The effect of these materials
shown in the previous paragraph became clear when these columns were
exposed to corrosion. When using carbon and graphite, it is clear that the
corrosion effect is less than the reference mixture, but this effect decreases
with increasing the replacement ratio. As for using marble, it reduces the
effect with increasing the replacement ratio. Also, using ceramics and glass
reduces the corrosion effect, as this effect decreases with increasing the

replacement ratio.

Ultimate Load
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IlLoad 495 646|584 1575 6631630470 4021601 ] 642 600|627 620 600]610 | 604

Figure 4-12. Ultimate load for all columns with corrosion.
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Toughness
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Figure 4-13. Toughness for all columns with corrosion.
Ductility Index
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Figure 4-14. Ductility index for all columns with corrosion.

4.5 Non-corroded concrete columns
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In this paragraph, the results of concrete columns not exposed to the

process of accelerated corrosion, obtained through laboratory tests, will be

analyzed.
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4.5.1 Effect of using ceramic powder on concrete

The results showed a significant improvement in the ultimate load of
the studied concrete columns when using ceramic powder. As the percentage
of cement replacement sustained materials increased, this effect appeared

clearly, as shown in Figures 4-15 and 4-16.
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Figure 4-15. Load deflection curves for non-corroded columns containing
ceramic powder (G1).

122



Chapter Four

] Percentage Change
Ultimate Load
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Figure 4-16. Ultimate load for columns containing ceramic powder.

When replacing part of the cement with ceramic by 5%, the ultimate
load slight improvement of 0.28% was shown, but this improvement increased
when replacing by 10% to be 4.94%, and then the percentage of replacement
by 15% had the highest increase of 23.67%.

Previous literature supports these results, as the behavior of the material
is similar to what has been achieved, as shown by the results of a study
conducted by (Heidari et al., 2013). The compressive strength of the samples
containing ceramic powder developed more at each replacement ratio
compared to the control concrete sample. The difference in strength
development between the samples can be attributed to the pozzolanic reaction.

Toughness
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Figure 4-17. Toughness for columns containing ceramic powder.
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In conjunction with the results for the ultimate load of the columns, the
toughness results shown in Figure 4-17 show a good improvement when using
a percentage of 5% and 15% ceramics, as it increased by 45% and 26%, with
a noticeable decrease when using a rate of 10% by 32%. The general behavior

shows a reduction with increasing replacement percentage.

Ductility Index
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Figure 4-18. Ductility index for columns containing ceramic powder.

In addition to the above, Figure 4-18 shows the ductility index results
of reinforced concrete columns containing different percentages of ceramics.
The results showed that using a small percentage of ceramics improves
ductility index while increasing it reduces the amount of ductility index.
Replacing 5% of ceramics improves plasticity by 20%, but using 10% and
15% reduces ductility index by 22% and 33%, respectively.

As previous studies have shown that the ceramic tile waste powder may
react with calcium hydroxide to produce more C-S-H gel, it has no
cementitious effect like cement, and secondary hydration depends on the
hydration of cement (Donatello et al., 2010). Therefore, higher ceramic
powder content may mean that less cement can participate in the hydration

reaction with water and less C-S-H gel was produced, which resulted in the
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higher porosity and lower compressive strength of concrete, especially at an

early age (Kannan et al., 2017).

4.5.2 Effect of using marble powder on concrete

The results of using marble as a partial substitute for cement, the values

of which are shown in Figures 13 and 14, showed a clear improvement in the

ultimate load of the concrete column when using marble.
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Figure 4-19. Load deflection curves for non-corroded columns containing
marble powder (G2).
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Ultimate Load Percentage Change
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Figure 4-20. Ultimate load for columns containing marble powder.

Figure 4-20 shows that the percentage of increase in the ultimate load

for column 5 A is 11.85%, while column 10 A shows an increase of 11.36%,

and column 15 A has a rise of 8.76%.
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Figure 4-21. Toughness for columns containing marble powder.

The results shown in Figure 4-21 show that adding 10% marble leads
to a good improvement in toughness. Adding 10% marble led to a 10%
improvement, while using 5% and 15% led to a decrease in the toughness

value by 19% and 38%, respectively.
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Ductility index
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Figure 4-22. Ductility index for columns containing marble powder.

The ductility index results shown in Figure 4-22 show that adding
marble in different proportions led to a significant decrease. Using 5%, 10%,
and 15% led to a decrease of 16%, 1.3%, and 0.06%, respectively, in the
ductility index values.

Previous literature shows that the increase can be explained by the pore-
filling effect of fine limestone powder, which provides suitable nuclei for
hydration and stimulates the hydration process as a result. The use of WMP
in concrete has shown an effect as a filler, where this addition is inert and is
treated as a very fine aggregate that fills the voids in the concrete. The use of
WMP reduced the porosity in the concrete matrix physically, and had
important binding properties developed due to the chemical hydration of
calcite and C;A (Ergiin, 2011).

Previous studies have also shown that when marble dust was used as a
substitute for cement, the results showed that increasing the amount of marble
dust led to a decrease in compressive strength. This decrease was due to the
dilution of C,S and C;S components, which are the main elements of cement

and responsible for providing strength when marble dust was added (Demirel,

2010).
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4.5.3 Effect of using glass powder on concrete

The results shown in Figure 4-23 and Figure 4-24 showed that there

was an improvement in the ultimate load of the columns containing glass

waste powder.
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Figure 4-23. Load deflection curves for non-corroded columns containing
glass powder (G3).
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Figure 4-24. Ultimate load for columns containing glass powder.

The test results showed that the column containing 5% glass powder

increased by 1%, the column containing 10% glass powder increased by

26.46%, and the column containing 15% glass powder increased by 17.69%.
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Figure 4-25. Toughness for columns containing glass powder.

The toughness results shown in Figure 4-25 show that adding marble in

different proportions led to an increase except for the 5% proportion, where

using proportions of 10% and 15% led to an increase in toughness values by
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21% and 54%, respectively, with a decrease when using the 5% proportion by
6.5%.

Ductility Index
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Figure 4-26. Ductility index for columns containing glass powder.

As for ductility index, Figure 4-26 shows that adding glass to the
concrete mixture reduces ductility index. When using a ratio of 5%, 10%, and
15%, it reduces ductility index by 18%, 14%, and 4%, respectively.

Previous literature explains this behavior, as it shows that the
compressive strength is higher for specimens containing very fine glass (<100
um), and the strength shows a tendency to decline as particle size increases
(Shi et al., 2005). The results showed that cement replacement sustained
materials between 10% and 20% yielded the highest strength (Federico et al.,
2009). When waste glass powder is used, the calcium ions will favor the
pozzolanic reaction in combination with a relatively high rate of C-S-H
formation, and over time, any alkali-silica reaction product will take on the
texture of C-S-H. The pozzolanic reaction of glass powder will produce a type
of calcium silicate hydrate. This product may be a lithium silicate or perhaps
a pozzolanic formation of C-S-H, which has the potential to contribute to

additional strength(Madandoust et al., 2013).
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4.5.4 Effect of using carbon black on concrete

The results showed that there is a slight improvement in the ultimate

load of concrete columns that were tested using carbon, as shown in Figure 4-

27 and Figure 4-28.
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Figure 4-27. Load deflection curves for non-corroded columns containing
carbon black powder (G4).
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Figure 4-28. Ultimate load for columns containing carbon black powder.

The use of carbon in the concrete column at a rate of 0.5% had the

highest improvement of 8.93%, which is the highest result among the other

columns. As for the column that contains 1% carbon, it had an improvement

of 5.19%, and the column that contains 1.5% carbon had an improvement of

4.22%.
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Figure 4-29. Toughness for columns containing carbon black powder.

The use of carbon black in small proportions as a substitute for cement

showed a good improvement in the toughness results, as shown in Figure 4-
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29, but this improvement begins to gradually decrease with increasing the
replacement ratio. The results show that using a ratio of 0.5% and 1%
increases the amount of toughness by 44% and 11%, respectively, while

replacing 1.5% of cement reduces toughness by 9%.

Ductility Index

2.250 -
2.000 -

ool I L7 1.699 s
1.500 A
1250
1.000
0.750
0.500
0.250 -
0.000

Ductility Index

R 0.5 CA 1 CA 1.5 CA
| = Ductility 1.709 1.572 1.699 1.457

Figure 4-30. Ductility index for columns containing carbon black powder.

Ductility index only showed a decrease as illustrated in Figure 4-30
when using carbon black. When using 0.5%, 1%, and 1.5%, the ductility index
values were 8%, 0.6%, and 15%, respectively, compared to the reference
mixture. The results show that ductility index decreases with increasing
replacement ratio.

Previous studies show that the use of carbon black as a partial cement
substitute in concrete significantly affects its properties. When added in low
proportions, carbon black can enhance compressive strength due to its ability
to fill the micropores between cement particles, which improves density and
reduces the permeability of concrete. It also acts as a water-repellent for
cement particles, which speeds up the reaction process in the concrete mix. In
addition, carbon black acts as an effective material in reducing carbon dioxide
emissions by reducing the cement content in the concrete mix, making it a

sustainable option. However, excessive proportions of carbon black may lead
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to negative effects, such as reduced tensile and flexural strength and increased

brittleness, due to the agglomeration of fine particles (Fayaz et al., 2018).

4.5.5 Effect of using graphite powder on concrete

The use of graphite in reinforced concrete columns shows a significant

improvement in ultimate load, as shown in Figure 4-31 and Figure 4-32.
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Figure 4-31. Load deflection curves for non-corroded columns containing
graphite powder (G5).
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Figure 4-32. Ultimate load for columns containing graphite powder.

The ultimate load of the column containing 0.5% graphite shows an

improvement of 11.69%. The use of 1% graphite shows a 4.87% improvement

in the ultimate load of the column. As for the column with a concrete mix

containing 1.5% graphite, it showed a decrease of 22.4%.
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Figure 4-33. Toughness for columns containing graphite powder.

The results shown in Figure 4-33 show that using graphite as a

substitute for cement in small proportions leads to a slight decrease in
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toughness, especially in small proportions. The results showed that using
0.5%, 1%, and 1.5% led to a decrease of 8%, 3.5%, and 30%, respectively, in

toughness values compared to the reference mixture.
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Figure 4-34. Ductility index for columns containing graphite powder.

Figure 4-34 shows the results obtained for ductility index. In general,
ductility index improves when using graphite. At 0.5% and 5.1%, there is an
improvement in ductility index by 7.7% and 25%, respectively, except for the
1% ratio, where there was a decrease of 16% compared to the reference
mixture.

Previous studies show that compared with concrete without graphite
waste, adding a certain amount of graphite waste can increase the cohesion of
cementitious materials. However, adding a large amount of graphite waste
will increase the crack density between cementitious materials, which will
increase the possibility of penetrating cracks or large-scale pores(Liu et al.,
2022). Graphite content exceeding 1% has been shown to be detrimental to

the electrical and physical properties of concrete (Al-Bayati et al., 2020).

4.6 Corroded Concrete Columns
In this paragraph, the results of concrete columns exposed to the process

of accelerated corrosion obtained through laboratory tests will be analyzed.
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4.6.1 Effect of using ceramic powder on concrete

The results shown in Figures (35 and 36) show the results of reinforced
concrete columns after being exposed to the process of accelerated corrosion
by electric current, in which 5%, 10%, and 15% of the cement were replaced

with ceramic powder.
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Figure 4-35. Load deflection curves for corroded columns containing
ceramic powder (GO6).
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Figure 4-36. Ultimate load for columns containing ceramic powder.

The concrete columns containing ceramic powder after exposure to the

process of accelerating corrosion by electric current showed a slight increase

in the ultimate load compared to the concrete column of the reference mixture,

as shown in Figure 4-36. The results showed that the concrete columns

containing 5%, 10%, and 15% ceramic powder were higher by 21%, 27%, and

25% compared to the column with the reference mixture.
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Figure 4-37. Toughness for columns containing ceramic powder.

The toughness results shown in Figure 4-37 showed that the reference

mixture was lower than the other mixtures containing ceramic powder. The
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results showed that the mixtures containing 5%, 10%, and 15% ceramic
powder had higher toughness by 13%, 51%, and 61% than the reference

mixture.
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Figure 4-38. Ductility index for columns containing ceramic powder.
The ductility index results in Figure 4-38 show that the effect of
concrete columns containing ceramic powder exposed to accelerated cycles
on electric current corrosion is less than the concrete column of the reference
mixture. The ductility index of the mixtures containing 5% and 10% is lower
by 13% and 2%, respectively, while 15% is higher by 4% compared to the

column with the reference mixture.

4.6.2 Effect of using marble powder on concrete

The results shown in Figure 4-39 and Figure 4-40 show the results of
reinforced concrete columns after being exposed to the process of accelerated
corrosion by electric current, in which 5%, 10%, and 15% of the cement were

replaced with marble powder.
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Figure 4-39. Load deflection curves for corroded columns containing marble

powder (G7).
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Figure 4-40. Ultimate load for columns containing marble powder.
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Figure 4-40 shows the results of the ultimate load of reinforced concrete

columns containing marble when subjected to the process of accelerating

corrosion by electric current. The results showed that the column containing

5% marble decreased by 19%, while the columns containing 10% and 15%

were higher by 21% and 30% respectively compared to the column with the

reference mixture.
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Figure 4-41. Toughness for columns containing marble powder.

Figure 4-41 shows the toughness results of concrete mixtures

containing marble. The results showed that the mixtures containing 5%

decreased by 63%, while the mixtures containing 10% and 15% increased by

81% and 1% respectively.
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Figure 4-42. Ductility index for columns containing marble powder.
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Regarding Figure 4-42, it shows the ductility index results of concrete
mixtures containing marble. The results showed that the mixtures containing

5%, 10% and 15% were higher by 1%, 39%, and 1% respectively.

4.6.3 Effect of using glass powder on concrete

The results shown in Figure 4-43 and Figure 4-44 show the results of
reinforced concrete columns after being exposed to the process of accelerated
corrosion by electric current, in which 5%, 10%, and 15% of the cement were

replaced with glass powder.
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Figure 4-43. Load deflection curves for corroded columns containing glass
powder (G8).
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Ultimate Load Percentage Change
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Figure 4-44. Ultimate load for columns containing glass powder.

The ultimate load results shown in Figure 4-44 show that concrete
columns containing glass powder are less affected than the column with the
reference mixture. The results show that the mixtures containing 5%, 10% and
15% glass are higher than the column with the reference mixture by 21.21%,

23.23% and 22% respectively.
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Figure 4-45. Toughness for columns containing glass powder.

The toughness results shown in Figure 4-45 show that the columns

containing glass powder are less affected than the columns with the reference
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mixture. The results show that the toughness in the columns containing 5%,

10%, and 15% is higher by 5%, 19%, and 75%, respectively.
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Figure 4-46. Ductility index for columns containing glass powder.

As for the results shown in Figure 4-46, the ductility index of the
column with the reference mixture was higher than the ductility index values
of the concrete columns containing glass powder. As shown in the Figure
above, the reinforced concrete columns containing 5% and 10% glass powder
were lower by 9% and 1%, respectively. In comparison, the column with the
concrete mixture containing 15% glass powder was higher by 10% compared

to the column with the reference mixture.

4.6.4 Effect of using carbon black on concrete

The results shown in Figures (51 and 52) show the results of reinforced
concrete columns after being exposed to the process of accelerated corrosion
by electric current, in which 0.5%, 1%, and 1.5% of the cement were replaced

with carbon black.
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Figure 4-47. Load deflection curves for corroded columns containing carbon
black powder (G9).
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Figure 4-48. Ultimate load for columns containing carbon black powder.
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Figure 4-48 shows the results of the ultimate load for concrete

columns containing carbon, which shows that they are less affected by the

process of accelerating corrosion by electric current. The results show that

concrete columns containing carbon black at a rate of 0.5%, 1%, and 1.5% are

higher by 31%, 18% and 16% respectively.
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Figure 4-49. Toughness for columns containing carbon black powder.

As for the toughness, its results were fluctuating, as shown in Figure 4-

49. It appears that the mixtures containing carbon black at a rate of 0.5% and

1% are higher by 30% and 137%, while the mixture containing 1.5% is lower

by 15% compared to the column with the reference mixture.
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Figure 4-50. Ductility index for columns containing carbon black powder.
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As for ductility index, it showed a behavior similar to that of toughness,
as shown in Figure 4-50. The results shown in Figure 4-50 show that the
mixtures with ratios of 0.5% and 1% are higher by 2% and 45%, respectively,
while the column containing 1.5% is lower by 6% compared to the column

with the reference mixture.

4.6.5 Effect of using graphite powder on concrete
The results shown in Figure 4-51 and Figure 4-52 show the results of
reinforced concrete columns after being exposed to the process of accelerated

corrosion by electric current, in which 0.5%, 1%, and 1.5% of the cement were

replaced with graphite.
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Figure 4-51. Load deflection curves for corroded columns containing
graphite powder (G10).
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Figure 4-52. Ultimate load for columns containing graphite powder.

The ultimate load results shown in Figure 4-52 show that the columns

with lower ratios are less affected by the process of accelerating corrosion by

electric current than the column with the reference mixture. The columns with

0.5% and 1% ratios are 34% and 27% higher, respectively, while the column

with 1.5% ratio is 5% lower compared to the column with the reference

mixture.
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Figure 4-53. Toughness for columns containing graphite powder.

As for the toughness, the results shown in Figure 4-53 show that the lowest

value 1s higher than the reference value, unlike the other values. The 0.5%
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ratio is 48% higher, while the 1% and 1.5% ratios showed a decrease of 7%

and 23%, respectively, compared to the column with the reference mixture.
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Figure 4-54. Ductility index for columns containing graphite powder.
Figure 4-54 shows the results of the ductility index, which show that
there was a decrease in all columns. The results show that the columns
containing graphite at a rate of 0.5%, 1%, and 1.5% had their ductility index
values decreased by 5%, 1%, and 10%, respectively, compared to the column

with the reference mixture.

4.7 Comparison between corroded and non-corroded concrete columns

In this paragraph, a comparison will be made between the results
obtained for concrete columns that were subjected to the process of
accelerating corrosion using electric current and concrete columns that were

not subjected to the process of accelerating corrosion using electric current.

4.7.1 Effect of using ceramic powder on concrete

The Figures below show a comparison between the results of columns
containing 5%, 10%, and 15% ceramic powder in the normal condition and
the condition that was exposed to the electric current acceleration corrosion

Process.
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Figure 4-55. Ultimate load results of columns exposed and non-exposed to
corrosion containing ceramic powder.

The results shown in Figure 4-55 show the ultimate load results for
concrete columns. The results show that the mixtures containing ceramic
powder at a rate of 0%, 5%, 10%, and 15% before corrosion decreased by
19.6%, 2.7%, 3.4%, and 18.6%, respectively, compared to the columns that
were exposed to the process of accelerating corrosion by electric current. It is
noted that the mixture that does not contain ceramic powder is the mixture

with the least decrease compared to the other mixtures.
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Figure 4-56. Toughness results of columns exposed and non-exposed to
corrosion containing ceramic powder.

As for toughness, the results of which are shown in Figure 4-56, the
mixtures containing ceramic powder are less affected than the mixture that

does not contain ceramic powder, except for the mixture with a ratio of 5%.
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Figure 4-57. Ductility index results of columns exposed and non-exposed to

corrosion containing ceramic powder.

Ductility index shows a similar behavior to that of toughness, the results

of which are shown in Figure 4-57. Mixtures containing ceramic powder are

less affected than mixes not containing ceramic powder, except for the mix

with a ratio of 5%.

4.7.2 Effect of using marble powder on concrete

The Figures below show a comparison between the results of columns

containing 5%, 10%, and 15% marble powder in the normal condition and the

condition that was exposed to the electric current acceleration corrosion

process.
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Figure 4-58. Ultimate load results of columns exposed and non-exposed to

corrosion containing marble powder.
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Figure 4-58 shows the results of the ultimate load for concrete mixes
containing marble powder. Comparing concrete columns subjected to
corrosion age and normal concrete columns, it is clear that the mixes with
ratios of 0%, 5%, 10%, and 15% decreased by 19.6%, 41.6%, 12.4% and 4%.

It is clear that the use of marble powder reduced the effect of the corrosion

process.
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Figure 4-59. Toughness results of columns exposed and non-exposed to
corrosion containing marble powder.

Figure 4-59 shows a comparison of the toughness results between
concrete columns exposed to corrosion and concrete columns not exposed to
corrosion. It is clear that increasing the percentage of marble powder addition
reduced the effect of corrosion in general, except for the mixture containing

5% marble powder.

Marble Powder
295 - 2.146
2 -
5175 1 L7109 547 Laq 156 1686 1708 ) 565
s L5
2 7
g 0.75 A
0.5
a 0.25 A
O Tk CR SMA | C5MA 10 MA [C10 MA 15 MA [C15MA
[wDuctility| 1709 | 1.547 144 | 156 1686 | 2.146 1.708 | 1.565

Figure 4-60. Ductility index results of columns exposed and non-exposed to
corrosion containing marble powder.
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Also, adding marble powder reduced the impact of concrete columns

and maintained their ductility index, as shown in the results presented in
Figure 4-60.

4.7.3 Effect of using glass powder on concrete
The Figures below show a comparison between the results of columns
containing 5%, 10%, and 15% glass powder in the normal condition and the

condition that was exposed to the electric current acceleration corrosion

pI'OCGSS.
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Figure 4-61. Ultimate load results of columns exposed and non-exposed to
corrosion containing glass powder.

Figure 4-61 shows the ultimate load results of concrete mixtures
containing glass powder. Comparing concrete columns subjected to corrosion
with normal concrete columns, it is clear that the mixtures with ratios of 0%,
5%, 10%, and 15% decreased by 19.6%, 3.5%, 21.7%, and 16.7%,

respectively. It is clear that the use of glass powder reduced the effect of the

corrosion process.
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Figure 4-62. Toughness results of columns exposed and non-
exposed to corrosion containing glass powder.

Figure 4-62 shows a comparison of the toughness results between
concrete columns exposed to corrosion and concrete columns not exposed to
corrosion. It is clear that increasing the percentage of glass powder addition
reduced the effect of corrosion in general.
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Figure 4-63. Ductility index results of columns exposed and non-exposed to
corrosion containing glass powder.

Also, adding glass powder reduced the impact of concrete columns and
maintained their ductility index, as shown in the results presented in Figure 4-

63.

154



Chapter Four

4.7.4 Effect of using carbon black on concrete

The Figures below show a comparison between the results of columns

containing 0.5%, 1%, and 1.5% carbon black powder in the normal condition

and the condition that was exposed to the electric current acceleration

corrosion process.
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Figure 4-64. Ultimate load results of columns exposed and non-exposed to

corrosion containing carbon black powder.

Figure 4-64 shows the results of the ultimate load for concrete mixes

containing carbon black powder. Comparing concrete columns subjected to

corrosion age and normal concrete columns, it is clear that the mixes with

ratios of 0%, 0.5%, 1%, and 1.5% decreased by 19.6%, 3.7%, 9.9%, and

10.4%. It is clear that the use of carbon black powder reduced the effect of the

corrosion Pprocess.
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Figure 4-65. Toughness results of columns exposed and non-exposed to

corrosion containing carbon black powder.

155



Chapter Four

Figure 4-65 shows the results of the toughness of concrete columns

containing black carbon powder. It shows that the use of carbon has preserved

the toughness from being significantly affected, especially in the mixture

containing 1% black carbon powder.
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Figure 4-66. Ductility index results of columns exposed and non-exposed to

corrosion containing carbon black powder.

Also, adding carbon black powder reduced the impact of concrete

columns and maintained their ductility index, as shown in the results

presented in Figure 4-66.

4.7.5 Effect of using graphite powder on concrete

The Figures below show a comparison between the results of columns

containing 0.5%, 1%, and 1.5% graphite powder in the normal condition and

the condition that was exposed to the electric current acceleration corrosion

Process.
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Figure 4-67. Ultimate load results of columns exposed and non-exposed to
corrosion containing graphite powder.

Figure 4-67 shows the ultimate load results for concrete mixes
containing graphite powder. Comparing concrete columns subjected to
corrosion age and normal concrete columns, the mixes with ratios of 0%,
0.5%, 1%, and 1.5% decreased by 19.6%, 3.6%, 2.5%, and 2.1%, respectively.

The use of graphite powder reduced the effect of the corrosion process.

Graphite Powder
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| EToughness | 2446 1679 2252 2480 2362 1560 1714 1290

Figure 4-68. Toughness results of columns exposed and non-exposed to
corrosion containing graphite powder.

Figure 4-68 shows the toughness results of concrete columns

containing graphite powder. It shows that the use of carbon has preserved the

157



Chapter Four

toughness from being significantly affected, especially in the mixture

containing 0.5% graphite powder.
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Figure 4-69. Ductility index results of columns exposed and non-exposed to
corrosion containing graphite powder.

The addition of graphite powder also reduced the impact of concrete columns
and maintained their ductility index slightly, especially in the mixture

containing 1% graphite, as shown in the results in Figure 4-69.
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5.1 General

This chapter aims to develop a model based on experimental results
using nonlinear finite elements to verify the suitability of material properties,
element shapes, and convergence requirements. It also aims to study the
response of short circular section columns made of non-corroded and
corroded concrete. In addition, new parameters are analyzed in terms of their

structural behavior based on a model achieved using the nonlinear finite

element method (ABAQUS 2019).

5.2 Description of Finite Element Modeling
This section reviews the assembly process of the tested columns, along

with the loading methodology and boundary conditions adopted.

5.2.1 Modeling of the Used Material

The identical geometry, material properties, loading conditions, and
boundary constraints employed in the experimental work were replicated in
finite-element modeling to simulate the tested columns. The modeling of the
control column comprises four components: concrete, primary reinforcement,
spiral, and steel plates, as depicted in Figure (5-1). The components are
created individually for subsequent assembly into the control model. During
the contraction phase, all components, including the primary reinforcement
and the stirrups embedded inside the concrete, were interconnected by the
embedded region constraint. Conversely, the tie limitations were employed to

secure the steel plate to the concrete.
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l‘ tB) I }
(A) i

Figure 5-1. The assembled parts (A) steel reinforcement (B) the concrete
model.

5.2.1.1 Concrete

All specimens were fabricated with uniform dimensions of a circle
cross-section (150 mm diameter) and an overall length of 700 mm. In 3D
finite element analysis, concrete is modeled as a linear solid brick element.
Table 5-1 presents the fundamental features assumed in the modeling of

concrete.
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Table 5-1. General properties used in the model for the damaged concrete.

Dilation angle (Degree) 30
Eccentricity (mm) 0
Fb0/fcO 1.16
k 0.667
Viscosity parameter 0
Poisson Ratio 0.2

5.2.1.2 Steel reinforcement

The vertical reinforcement of the column was represented by an 8 mm
diameter rebar with the number 8 as used in the experimental model. The
stirrup reinforcement was represented by a 4 mm diameter rebar in a spiral
shape with a 4 cm spacing, as used in the experimental model. The elastic
modulus and Poisson ratio of the used rebar were assumed 200 GPa and 0.3,

respectively.

5.2.1.3 Steel plates

A piece of iron measuring 200 x 200 x 40 mm was used at the top of
the column, with an iron cylinder with a diameter of 200 mm and a height of
200 mm at the bottom of the column. The steel cylinder is supported from
below by a 20 mm thick iron plate. This iron plate was supported by two other
20 mm thick iron plates, each to represent the practical test accurately.
Everything described in the program was identical to what was present in the
practical test. The elastic modulus and Poisson ratio of the used rebar were

assumed 200 GPa and 0.3, respectively.

5.2.2 Mesh Sensitivity Analysis in ABAQUS
In the finite element analysis conducted using ABAQUS, a mesh size

sensitivity study was performed to evaluate the influence of element size on
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the accuracy and stability of the results. Several mesh sizes were tested, and
after analyzing the convergence behaviour and the variation in key output
parameters, a uniform mesh size of 10 mm was selected for all parts of the
model. This mesh size provided a good balance between computational
efficiency and result accuracy, ensuring reliable simulation of the structural

behaviour.

5.2.3 Loading stage and boundary condition

Loads were applied to the steel plates of each specimen like the
experimental work. Loads were applied to a 200x200x40 mm steel plate
under a uniformly distributed load of 20 N. Simultaneously, the steel plates
were evaluated statically for the steel plates beneath the columns for all

specimens, as shown in Figure 5-2.

Figure 5-2. Loading and boundary conditions for the models.

5.3 Comparative study between FEM and experimental results
This section presents a comparative analysis of the experimental results and
finite element outcomes for the ultimate capacity and vertical load

displacement of all examined columns.
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5.3.1 Load-displacement behavior

Figures (5-3) to (5-7) depict a comparison between the experimental
and FEM load versus vertical deflection curves. Vertical deflections were
recorded at the upper edge of the steel plate for all examined columns in a
manner analogous to the experimental tests. The comparison demonstrated
the validity of the ABAQUS numerical analysis about the experimental data
presented in Chapter Four.

Figures (5-3) to (5-7) show the results of concrete columns before being

exposed to the effect of corrosion.

Reference Column Column with 0.5% carbon black
900 A 900 ~
800 A 800 -
700 ~ 700 1
Z 600 - Z 600 -
¥ 500 A /‘ ¥ 500 A
3 400 A 3 400 A
< <
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Figure 5-3. Experimental and numerical results for columns containing
carbon black in different proportions.
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Figure 5
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-4. Experimental and numerical results for columns containing

graphite powder in different proportions.
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Column with 10% marble powder Column with 15% marble powder
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Figure 5-5. Experimental and numerical results for columns containing
marble powder in different proportions.
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Figure 5-6. Experimental and numerical results for columns containing
ceramic powder in different proportions.
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Reference Column Column with 5% glass powder
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Figure 5-7. Experimental and numerical results for columns containing glass
powder in different proportions.

Figures (5-8) to (5-12) show the results of concrete columns before they
were exposed to the effect of corrosion.

Table 5-2 shows the percentage difference between the ultimate load
value of the model obtained from the Abacus and the ultimate load value
obtained from the experimental test of non-corroded concrete columns. The
results show that the difference is small, with the highest difference not
exceeding 6.5%. Therefore, the values are considered acceptable for the study

purposes.

166



Chapter Five

Table 5-2. Percentage difference between the ultimate load obtained from
ABAQUS and experimental results for columns not subjected to corrosion.

o ") ") ")
A a ® o ® a A o
s g 2 g £ g = g
£ = £ S £ S £ S
3 S = s 3 s 3 S
= (1)} = ()] = ()] = ()]
(¢} (¢} (¢} (¢}
R 4.61% 0.5GR 5.72% 10MA 5.71% 15CE 6.20%
0.5CA 545% 1GR 5.02% 15MA 5.46% S5GL 4.70%
1CA 5.17% 1.5GR 1.10% S5CE 4.53% 10GL 6.45%
1.5CA 5.02% SMA 571% 10CE 5.12% 15GL 5.92%
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Figure 5-8. Experimental and numerical results for columns containing
carbon black in different proportions and subjected to corrosion.
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Figure 5-9. Experimental and numerical results for columns containing
graphite powder in different proportions and subjected to corrosion.
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Column with 10% marble powder

Column with 15% marble powder
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Figure 5-10. Experimental and numerical results for columns containing

marble powder in different proportions and subjected to corrosion.
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Figure 5-11. Experimental and numerical results for columns containing
ceramic powder in different proportions and subjected to corrosion.
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Figure 5-12. Experimental and numerical results for columns containing
glass powder in different proportions and subjected to corrosion.

Table 5-3 shows the percentage difference between the ultimate load
value of the model obtained from the Abacus and the ultimate load value
obtained from the experimental test of corroded concrete columns. The results
show that the difference is small, with the highest difference not exceeding

7.25%. Therefore, the values are considered acceptable for the study purposes.
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Table 5-3. Percentage difference between the ultimate load obtained from
ABAQUS and experimental results for columns subjected to corrosion.
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2rizili e e |
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CR  435% CO0.5GR 7.25% CI10MA 6.14% CI15CE 6.69%
C05CA 7.07% CIGR 6.84% CI1SMA 6.98% CSGL 6.16%
C1CA 6.15% C1.5GR 3.30% CSCE 6.16% C10GL 6.55%
C1.5CA 6.06% CSMA 1.13% CI10CE 6.77% CI1SGL 6.15%

5.4 A study on the impact of using ties instead of spiral bindings
The effect of using ties instead of spiral reinforcement was studied by

modeling them in the Abaqus program, as illustrated in Figure 5-13.

Figure 5-13. Reinforcement of the concrete column using ties in ABAQUS
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A number of columns were studied using ties instead of spiral, with
the same specific properties studied previously. After completing the analysis,
the results concluded that using ties instead of spiral showed a significant

decrease, as shown in Table 5-4.

Table 5-4. Results of the ultimate load for concrete columns with spiral

reinforcement and ties, with the percentage decrease between the two values.

Column Ultimate load of  Ultimate load of Percentage of
Symbol the spiral column  the ties column Decrease
R 672 639 491 %
0.5CA 707 704 0.43 %
0.5GR 727 725 0.28 %
SMA 728 727 0.14 %
15CE 845 814 3.67 %
10GL 834 829 0.6 %
Reference Column 0.5 % Carbon Black Column
900 1 900 -
800 - 800 -
700 700
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Sy~ fw]
200 A ——— Spiral 2004 7~ —— Spiral
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Figure 5-14. Load-deflection curve for concrete columns modeled using the
Abacus program showing the difference between using ties instead of spiral.

The results shown in Table 5-4 show that all columns showed a
decrease when using tie reinforcement instead of spiral reinforcement. "The
reduction in the ultimate load observed in the column reinforced with ties
instead of spiral reinforcement can be attributed to the difference in
confinement efficiency provided by the two configurations. Spiral
reinforcement offers continuous and uniform confinement to the concrete
core, which enhances ductility, delays spalling, and improves load-carrying
capacity. In contrast, ties provide discrete confinement, with potential stress
concentrations at corners and reduced confinement effectiveness between ties.
As a result, the concrete core in the tied column experiences earlier cracking
and spalling under axial loading, leading to a lower ultimate load compared
to the spirally confined counterpart.
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6.1 General

Based on the results of laboratory tests and structural analysis of
concrete columns reinforced with micro-admixtures, a set of conclusions was
reached that illustrates the impact of these materials on concrete performance
in a corrosion marine environment. These evaluations included the materials'
effectiveness in improving mechanical properties, reducing permeability, and
limiting reinforcing steel corrosion. This chapter presents the most important
conclusions, followed by practical recommendations aimed at improving the
design and implementation of sustainable concrete in aggressive

environments.

6.2 Conclusions
After careful analysis of the results and comparison of the performance of
different concrete mixes in terms of mechanical and durability properties, the

following important conclusions were reached:

1. Fine admixtures have proven effective in enhancing the properties of
concrete exposed to harsh marine environments. They have
demonstrated their ability to improve density and reduce internal
porosity, positively impacting both structural performance and
resistance to environmental factors.

2. The mixture containing 0.5% graphite powder exhibited outstanding
structural performance, as the ultimate load of the corresponding
column increased by 11.69% compared to the reference mix. Upon
exposure to corrosion, the load dropped by only 3.6%, while the
reference column experienced a reduction of 19.6%, indicating
excellent retention of load-bearing capacity after degradation. This mix

also showed the lowest pressure permeability, decreasing by 33%, and
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the lowest chloride penetration, with a reduction of 76.27% compared
to the reference, reflecting strong resistance to aggressive agents
causing corrosion.

3. The mix with 0.5% carbon black powder demonstrated significant
enhancement in structural performance, achieving an 8.93% increase in
ultimate load relative to the reference mix. After corrosion exposure,
the load decreased by only 3.73%, compared to 19.6% in the reference
mix, confirming its durability against degradation. Additionally, the
pressure permeability decreased by 24.62%, and chloride penetration
was reduced by 45.76%, indicating improved protection against
corrosive environments.

4. The mix containing 15% ceramic powder achieved the highest
improvement in ultimate load, with a 19.16% increase over the
reference mix. After corrosion, the load dropped by 18.64%, which is
slightly better than the 19.6% reduction in the reference mix, indicating
a reasonable retention of structural capacity. Furthermore, pressure
permeability was reduced by 68.46%, and chloride penetration
decreased by 34.58%, showing significant improvement in resistance
to environmental deterioration.

5. The mix incorporating 10% marble powder showed an 11.36% increase
in ultimate load compared to the reference column. Post-corrosion, the
load decreased by 12.39%, which is noticeably lower than the 19.6%
drop recorded in the reference. Moreover, pressure permeability
dropped by 31.54%, and chloride penetration by 33.05%, suggesting a
considerable enhancement in durability against aggressive agents.

6. The concrete mix containing 10% glass powder achieved a 17.69%
increase in ultimate load relative to the reference mix. After exposure
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to corrosion, the load was reduced by 16.69%, still performing better
than the reference mix. The mix also recorded the greatest reduction in
pressure permeability at 76.92%, and a 30.51% decrease in chloride
penetration, reflecting effective resistance against environmental
factors that promote steel corrosion.

7. The 10% of glass and 15% of ceramic blends demonstrated the highest
combined performance, showing the highest ultimate load values, the
lowest chloride ion penetration depths, and the lowest permeability
levels under pressure, in addition to significantly lower half-cell
potential values, demonstrating high corrosion resistance and excellent
durability in marine environments.

8. The 1.5% of graphite and carbon black mixtures showed a significant
decrease in structural performance due to the agglomeration of fine
particles, which led to increased permeability and ion penetration,
increasing the potential for reinforcing steel corrosion.

9. The marble powder demonstrated relatively stable behavior, with
moderate improvements in compressive strength and chloride
penetration. However, its effect was limited due to the weak of
pozzolanic interaction, making it more of a filler than a chemical
strength enhancer.

10.The results of the half-cell stress test were consistent with the
permeability and chloride penetration tests, enhancing the reliability of
this test as an indicator for assessing the potential for reinforcing steel
corrosion in chloride-saturated environments.

11.Structural tests of columns after corrosion showed a relative decrease
in load-bearing capacity, which varied depending on the type of
admixture. Admixtures with low chloride penetration and lower
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porosity were better able to retain their structural efficiency after
corrosion.

12.After modelling the studied reinforced concrete columns in Abaqus, a
comparative analysis was conducted to evaluate the effect of replacing
spiral reinforcement with conventional tie reinforcement on the
structural behavior of the columns. The simulation results showed that
this replacement led to a reduction in the ultimate load capacity of the
columns; however, the reduction was minor and did not exceed 5% in
all cases. This slight decrease is attributed to the higher confinement
efficiency provided by spiral reinforcement compared to closed ties,
which enhances the axial load capacity and post-cracking behavior of

the concrete, particularly under deteriorating conditions.

6.3 Recommendations

Based on the results obtained from the experimental and structural
analysis of concrete mixes and considering the performance of admixtures and
their effect on chloride resistance, corrosion resistance, and load-bearing
capacity, the following recommendations are made to ensure the design of

more sustainable and efficient concrete mixes in harsh marine environments:

1. It is recommended to use 10% of glass powder or 15% of ceramic
as partial cement replacement sustained materials in coastal
constructions due to their positive impact on chloride resistance and
improved structural performance.

2. Care should be exercised when using carbon black or graphite at
concentrations exceeding 1% unless uniform particle distribution is
ensured to avoid deterioration in permeability and increased

corrosion potential.
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3. Marble powder can be used as a partial cement replacement
sustained materials at 5—10% in applications that do not require high
penetration or corrosion resistance due to its good filler effect while
maintaining stable mechanical properties.

4. A durability-based design approach is recommended, taking into
account the physical, electrical, and chemical properties of the
concrete mix, along with mechanical properties, to ensure long-term
performance in aggressive environments.

5. The study recommends expanding the scope of research to include
the long-term interaction of additives with hydration products
through microscopic analysis and absorption and permeability tests
after repeated cycles of wetting and drying or exposure to sulfates.

6. Eco-economic studies should be conducted on the use of these
secondary materials to determine the overall feasibility of their use
as sustainable alternatives to cement, enhancing environmental
sustainability and reducing the carbon footprint in the construction

sector.
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