Dunu and Otieno Int J Concr Struct Mater ~ (2025) 19:111 International Journal of Concrete
https://doi.org/10.1186/540069-025-00810-3 Structures and Materials

Influence of Fly Ash and Slag on Combined e

Alkali-Silica Reaction and Corrosion of Steel
in RC Structures

Williams Dunu'>"® and Mike Otieno??

Abstract

Supplementary cementitious materials (SCMs) utilized to attenuate steel corrosion or alkali-silica reaction (ASR)
damage in concrete have not yet been investigated in the context of the combined action of the deterioration
processes. This research examines the impact of fly ash and slag on the combined effect of steel corrosion and ASR
on concrete structures. Concrete beams having fine aggregate susceptible to ASR (reactive) and fine aggregate
not susceptible to ASR (non-reactive) with 20 mm concrete cover utilizing 100% PC, 50/50 PC/SL, and 70/30 PC/FA
binders with a constant w/b ratio of 0.60. After 7 days of water curing and 20 days of air curing, beam specimens were
exposed to three-cycle conditions for one week each; the beams were exposed to high humidity of 94+3% in a stor-
age tank at 38+ 2 °C, wetting (with 5% NaCl) and air-drying cycles in the laboratory for 52 weeks. The specimens were
monitored for expansion and corrosion evaluation tests at the completion of each humid exposure and wetting cycle.
The results indicate that slag and fly ash in structures containing reactive aggregate exposed to chloride (combined
effect) resulted in a higher rate of expansion and corrosion than specimens with non-reactive aggregate (aggregate
not susceptible to ASR). Moreover, the 100% PC specimens with reactive aggregate exhibited a higher corrosion rate
and expansion than the SCM specimens with reactive aggregate.
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1 Introduction environmental condition can lead concrete to deterio-
Concrete is the most popular building material in the rate. In addition, several factors, such as reinforcement
world (Williamson & Juenger, 2016). There are many corrosion, alkali-silica reaction (ASR), and carbonation,
reasons why concrete is the most common building can impair the durability of concrete (Saha et al., 2018).
material, including its durability, low relative cost, low  Several studies (Leemann et al, 2014; Liu et al., 2018)
maintenance, and great fire resistance (Parmar et al, have been conducted on minimizing ASR and corrosion
2019). However, prolonged exposure to an aggressive in RC structures. However, most research on the mecha-
nisms of degradation (steel corrosion and ASR) has been
conducted independently. The partial substitution of
Portland cement with supplementary cementitious mate-
rials (SCMs) in concrete substantially reduces alkalinity
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and continue to satisfy the durability and sustainability
requirements of corrosion-affected RC structures beyond
the initiation phase. From an economic and structural
performance standpoint, information on the effect of
SCMs on the alkali-silica reaction and corrosion propa-
gation process is crucial.

Alkali-silica reaction refers to the reaction between
the reactive silica in the aggregate and the alkaline
pore solution of the concrete. Reactive aggregates,
high alkalinity (pH ~ 11) in the pore solution, and
high moisture content (> 80% relative humidity) are
necessary for ASR to occur (Angulo-Ramirez et al,
2018). The reaction product (ASR gel) forms in and
around aggregates, within the concrete’s cracks, and
within the matrix of the concrete paste. Moreover, the
ASR gel is porous. It has a large surface area that can
absorb moisture from the surrounding pore solution
and environment, leading to concrete expansion and
structural deterioration due to the formation of cracks.

Corrosion of steel reinforcement embedded in
concrete has been regarded as the major threat to the
durability of reinforced concrete structures. The entire
lifespan (service life) consists primarily of two phases:
corrosion initiation and corrosion propagation. Steel
corrosion caused by chloride ingress or carbonation
has been identified as the primary cause of durability
failure and shortened service life in RC structures (Fang
et al.,, 2006) For RC structures in marine environments
where de-icing compounds are used, chloride-induced
corrosion has been identified (Torres-Luque et al., 2014)
as the leading cause of durability failure.

Otieno et al. (2010), Cho and Noh (2012), Kim and Olek
(2016), Rutkauskas et al. (2017), Liaudat et al. (2018),
among others, have looked into how to mitigate ASR and
steel corrosion in concrete. Thomas (1996) examined
a study that looked at what happened to pore solution
pastes when fly ash and slag were added. This study
shows that adding SCMs (like fly ash and slag) lowers the
amount of alkali hydroxide in the pore solution of pastes,
mortars, and concretes as the level of SCM replacement
increases. Adding slag to concrete not only reduces the
damage caused by ASR but also makes it last longer by
making the matrix thicker and less porous. The thicker
microstructure than Portland cement paste is made up
of more capillary holes filled with low-density calcium
silicate hydrate (C-S-H) gel. By binding chlorides,
adding fly ash (FA) to concrete is also thought to be an
effective way to prevent corrosion caused by chlorides
in reinforced concrete structures. The higher chloride
binding capacity of FA concrete can be explained by (i)
the high alumina (Al,O;) content of FA, which makes
more Friedel’s salt, and (ii) the production of more gel
during hydration, which makes it easier for chlorides
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to stick to the concrete physically (Otieno, 2013). In
recent years, it has become standard to add SCMs to
RC structures to make them durable. But a lot of study
has already been done to find out how SCMs affect each
mode of deterioration separately. Also, more study needs
to be done to figure out how much fly ash and slag affect
concrete structures with ASR in corrosive environments.

Concrete containing reactive silica aggregates is
particularly vulnerable to alkali-silica reaction (ASR)
when exposed to high alkaline pore solutions (pH >12),
as noted by Heisig et al. (2016). The resulting expansive
pressure from ASR can cause cracking in the concrete,
potentially allowing chlorides to penetrate. Despite this,
the corrosion mechanism resulting from the combined
effects of chloride attack and ASR on steel reinforcement
in concrete remains poorly understood. This study
investigates the combined impact of chloride-induced
corrosion and ASR on the durability of reinforced
concrete structures in marine environments.

2 Materials and Method

This paper aims to assess the performance of the fly ash
and slag on the combined action of alkali-silica reaction
and chloride-induced steel corrosion in reinforced
concrete structures. Currently, there is no standard test
method available to monitor the combined effect of
alkali-silica reaction and chloride-induced corrosion
of steel on the performance of reinforced concrete
structures. Therefore, this research includes monitoring
specimens designed such that length change due to ASR
and corrosion activity could be assessed. The specimens
were designed based on the general requirements of
(ASTM C1293, 2008).

This study utilized two types of fine aggregates: Sub-
Nigel sand (washed crusher sand) from Nigel, Gauteng,
classified as reactive aggregate, and andesite sand from
Gauteng, considered non-reactive. The Sub-Nigel sand
contains quartzite with a relative density of 2.77, water
absorption of 0.4%, and dry aggregate crushing value
(ACV) of 12.7%. The andesite sand contains granite with
a relative density of 2.94, water absorption of 0.5%, and
dry aggregate crushing value of 5.9% (AfriSam, 2017).
The particle size distribution curves for both fine aggre-
gates are presented in Fig. 1.

Both Nigel aggregate and andesite aggregate from the
particle size distribution graph indicate that the fine
aggregates used in the concrete mix are well graded.

The concretes used in this study were made using
plain Portland cement (PC), fly ash (FA), and ground
granulated blast furnace slag (SL) binders in the
proportion 100 PC, 70/30 PC/FA, and 50/50 PC/SL using
a w/b ratio of 0.60. The primary objective of this study
is to investigate the combined effects of alkali-silica



Dunu and Otieno Int J Concr Struct Mater (2025) 19:111

100

90

80

70

60

50

40

Percent Finer (%)

30
20

10

. e

Page 3 of 15

0.01 0.1

Particle Diameter (mm)

—B— Andesite aggregate

Fig. 1 Particle size distribution curve of fine aggregate

reaction (ASR) and corrosion on reinforced concrete
structures, with a focus on the influence of different
binder types. To achieve this, a w/b ratio of 0.60 was
selected to increase the likelihood of deterioration within
the study period. This approach allows to examine the
interactions between ASR and corrosion under more
aggressive conditions.

While varying w/b ratios would undoubtedly impact
the study’s outcomes, the primary focus remains on
understanding the role of binder types in mitigating or
exacerbating these deterioration mechanisms. Future
studies could indeed explore the effects of different w/b
ratios on the combined deterioration of RC structures.
By using a higher w/b ratio, this may be simulating more
severe exposure conditions or less optimized concrete
mixtures. However, this choice does not undermine the
validity of the findings regarding the influence of binder
types on ASR and corrosion. These results provide
valuable insights into the complex interactions between
these deterioration mechanisms and can inform the
development of more durable concrete mixtures for
marine environments. The 50/50 PC/SL and 70/30 PC/
FA cement blends were used because the replacement
level is the most used in South Africa (SANS920, 2011).

—o—Nigel aggregate

Eighteen (18) concrete beams of size 150 X150 X500
mm were cast (6 beams each cast using concrete made
of PC, PC/FA, and PC/SL binder). Three specimens
contained fine reactive aggregate for each mixture,
and three contained non-reactive fine aggregate. All
specimens contained non-reactive coarse aggregate.
The mixture identifications and proportions and the
binders chemical analysis are shown in Tables 1 and 2,
respectively. Sodium hydroxide (NaOH) was dissolved
in the mixing water to bring the alkali content of the
concrete mixture to 1.25% Na,Oe by mass of cement
as required in (ASTM C227-03, 1994; ASTM C1293,
2008).

A single high yield steel bar of 12 mm diameter and
498 mm long conforming to South African standard
SANS 920 was embedded in each beam specimen. The
reinforcement bars were covered with black insulation
tape and epoxy coated (sikadur—31 DW epoxy sealant)
on both ends to provide an effective exposed surface
area of approximately 75 cm? While maintaining the
cover depth (20 mm), the steel bars were placed in the
cross-section centre (at a cover depth of 20 mm from
each exposed face) of the beams exposed to chloride
ingress (see Fig. 2b). In-built reservoirs are cast into
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Table 1 Summary of concrete mix proportion

Mixture ID PC FA SL w/c Water (kg/m®) Coarse aggregate Fine aggregate NaOH (kg.m3)
PC (100) 375 - - 0.6 225 994.12 77837 4.59

RS

PC (100) 375 - - 0.6 225 976.98 843.78 4.59

NRS

PC (70)/FA (30) 2625 1125 - 0.6 225 994.12 77837 1.06

RS

PC (70)/FA (30) NRS 262.5 1125 - 0.6 225 976.98 843.78 1.06

PC (50)/SL (50) 187.5 - 187.5 0.6 225 994.12 764.52 0.29

RS

PC (50)/SL (50) NRS 187.5 - 187.5 0.6 225 976.98 829.08 0.29

Table 2 Measured oxide composition of binders used

Oxide composition (%) Portland cement Slag Fly ash
SiO, 19.57 33.69 54.92
AlLO; 493 17.06 31.76
Fe,05 264 0.65 341
MnO 037 097 0.04
MgO 2.06 9.79 1.18
SO, 333 339 046
Cao 62.57 31.31 414
Na,O 0.00 0.25 0.22
K,0 045 0.98 0.78
TiO, 035 084 1.61
P,Os 0.10 0.02 0.54
Cr,03 0.03 0.01 0.05
NiO 0.00 0.00 0.01
LOI 3.60 135 0.81
Na,Oe (Na,O +0.658K,0) 0.2961 0.6943 0.5167

Oxide composition by XRF method

the beam specimens top (exposed face) for ponding the
specimens with sodium chloride solution.

2.1 Concrete Specimens Curing and DEMEC Target
Installation

All the specimens were cured in water at 23 +2 °C for
7 days and air-drying in the laboratory to simulate cases
where concretes achieve their potential quality to pen-
etrability (durability). This choice was informed by pre-
vious research (Khanzadeh-Moradllo et al., 2015), which
suggests that prolonged curing can create a denser sur-
face layer, potentially hindering chloride ion penetration
and moisture ingress. By limiting the water curing dura-
tion to 7 days, the study aimed to increase the suscepti-
bility of the specimens to chloride-induced corrosion and
ASR. This approach allows to investigate the combined
effects of these deterioration mechanisms under more

aggressive conditions, which is relevant to real-world
exposure scenarios.

The chosen curing regime may influence ASR
and corrosion kinetics by facilitating the ingress of
moisture and chloride ions, potentially accelerating
the deterioration processes. This, in turn, enables us
to study the interactions between ASR and corrosion
within a relatively shorter timeframe. While standard
28-day water curing might have yielded different results,
the curing regime is designed to simulate scenarios
where concrete structures are exposed to environmental
conditions that promote deterioration.

During the air-drying of the beam specimens, the
DEMEC targets were fixed longitudinally on both
sides of the beams at 50 mm intervals. In addition, the
targets were also transversely arranged at 50 mm on the
exposed face of the beam specimens (see Fig. 2a and
c). This arrangement of the DEMEC targets monitors
the expansion of the specimens in both directions. The
beam specimens were not coated with epoxy to ensure
sufficient moisture to cause ASR and corrosion (Mazarei
etal, 2017; Trejo et al., 2017).

2.2 Exposure Regimes for Accelerated Corrosion and ASR
Testing

After curing for 28 days, the beam specimens were
exposed to three-cycle conditions for a 1-week each;
specimens were subjected to 38 +2 °C temperature and
94 +3% relative humidity (ASTM C227-03, 1994; ASTM
C1293, 2008) in a covered plastic container (water bath).
The specimens were placed on the perforated plastic
crates (supporting rack). The supporting rack did not
act as a vapour barrier but provided the free movement
of vapour within the container. The supporting rack was
fixed at the height of 25 mm +5 mm above the surface
of the water in the storing container to prevent the
specimens from losing moisture, which is an essential
component for ASR to occur, and to ensure that the
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specimens did not have contact with the water in the
storing container. After this exposure condition, the
beams were exposed to cyclic 1-week wetting (in 5%
NaCl solution). The 5% NaCl concentration used in
this study is intended to accelerate the deterioration
process, allowing to investigate the combined effects
of alkali-silica reaction (ASR) and corrosion within a
reasonable timeframe. This approach enables the study to
evaluate the performance of different binder types under
aggressive conditions.

Regarding real-world exposure conditions, the selected
concentration is more representative of harsh marine
environments. For de-icing salts, the concentration can
vary widely depending on the application and location.
However, the chosen concentration is within the range
of reported values for certain de-icing salt exposures.
Data from various studies support the representativeness
of the chosen concentration. For example, research
has shown that chloride concentrations in marine
environments can range from 3.5% to over 6% in certain
areas (Yilmaz et al., 2024; Otieno, 2013). By using a 5%
NaCl concentration, the study aim to simulate the more
aggressive end of this exposure spectrum.

This was done by ponding one face (the top face) on the
specified cover depth with a chloride solution, typically
using an in-built reservoir and 1-week air-drying (in an
ambient laboratory environment). The reservoirs were
created during the beams formwork by recessing the top

exposed face of the beam specimens by 20 mm in depth,
spanning the entire length of 400 mm and 100 mm width
of the beam as shown in the beam sketches in Figs. 2a—c,
3. This design ensures a consistent and controlled area
for chloride solution ponding.

The primary purpose of the reservoir is to prevent
chloride solution leakage and ensure that chloride ions
ingress only through the top exposed surface of the
beam. By containing the solution within the recessed
area, this minimizes potential variability in chloride
ingress due to solution spillage or uneven distribution.
The reservoir design does not introduce variability, as
the chloride solution is evenly distributed across the
exposed surface. Fig. 3 shows the sketch and photograph
of the beam specimen. At the end of humid exposure,
the specimens were monitored for expansion due
to ASR. At the same time, the corrosion assessment
tests (corrosion rate, concrete resistivity, and half-cell
potential) were measured after each wetting cycle using
the coulostatic technique. During the ASR and corrosion
assessment tests, the laboratory was maintained at
a relatively stable temperature and humidity level,
typical of standard indoor conditions, and monitored
using a temperature—humidity device (HT-305 m).The
expansion and corrosion activity were measured for a
total experimental duration of 52 weeks. The choice of
a 1-year (52 weeks) exposure period also acknowledges
the potential impact of seasonal variations on the
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durability of concrete structures, even in a laboratory
setting, the prolonged duration ensures that any potential
effects of minor temperature or humidity fluctuations
over time are captured. This approach enables a more
robust evaluation of the specimens’ performance under
conditions that might simulate real-world exposure
scenarios. Furthermore, the 52-week duration correlates
well with the progression of corrosion and expansion
in the specimens. Corrosion initiation and propagation
are time-dependent processes that can be influenced
by various factors, including chloride ingress, moisture
availability, and temperature fluctuations. By exposing
the specimens to the controlled laboratory conditions
for an extended period, this study was able to monitor
the gradual development of corrosion and expansion,
providing valuable insights into the underlying
mechanisms.

2.3 Monitoring and Assessment of Corrosion
and ASR-Induced Expansion

The corrosion rate was measured using a coulostatic
device based on the linear polarization resistance
method. This technique involves applying a known
potential for a few milliseconds and monitoring the
potential transient (relaxation) for approximately 50 s.
The device consists of a working electrode (reinforcing
steel), a reference electrode (silver—silver chloride half-
cell), and a counter electrode (stainless steel).

To facilitate measurements, an electrical connection
was established by attaching a wire to the steel
reinforcement before casting it into the concrete. The
wire was extended to the outside face of the concrete
beam, allowing connection to the coulostat device.

During measurements, the concrete surface was
moistened, and a damp fabric was placed over the area
to ensure electrical conduction. The coulostat device was
then placed over the concrete specimen, and potential
measurements were taken at the end of the wetting cycle
using a computer-connected setup. The corrosion rate
was logged and calculated in pA/cm?

To quantify the expansion of concrete beam specimens
due to alkali-silica reaction (ASR), DEMEC gauge studs
were installed on the surface of the specimens at 50 mm
intervals along the longitudinal direction and on the
face of the beam specimens in the transverse direction.
The DEMEC gauge was then used to measure expansion
readings after exposure to humid conditions. These
measurements, along with corrosion assessments, were
conducted repeatedly throughout the exposure cycles to
monitor the progression of ASR-induced expansion and
corrosion.

3 Results and Discussion

The corrosion rate, half-cell potential, and ASR expansion
data shown in this part came from beam specimens that
were exposed to ASR and corrosion conditions for up to
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3.1 Effect of Slag and Fly Ash on the Corrosion Rate,

Corrosion Potential, and Expansion due to ASR

of Concrete Made with Reactive and Non-Reactive

Aggregate
3.1.1 Corrosion Rate Results
Fig. 4 shows the general trends of the corrosion rates that
were measured for different binders made up of reactive
and non-reactive aggregates, and Fig. 5 depicts the aver-
age corrosion rate of the different concrete specimens.
The words “average corrosion rate’, “average half-cell
potential’, and “average expansion” in this study refer to
the average of the corrosion rates, expansions, and half-
cell potentials that were seen between weeks 25 and 40.
This time frame was chosen because the relevant param-
eter time—development trends, especially the corrosion
rate of the concrete specimens, were in a reasonably
stable phase. The selection of weeks 25-40 for calculat-
ing the average corrosion rate was based on a deliberate
consideration of the corrosion process dynamics. By this
period, the corrosion process had likely transitioned from
the initiation stage, characterized by passive film break-
down and initial corrosion product formation, to the
propagation stage, where corrosion rates tend to stabilize.
By this stage, the corrosion process is likely dominated by
the propagation stage, where the corrosion rate is more
consistent and representative of the material’s long-term
behaviour. This approach is consistent with existing liter-
ature, which often focuses on steady-state corrosion rates
to evaluate material performance (Zakka, 2020).

Compared to the SCMs specimens (PC/SL and PC/
FA) containing fine reactive aggregate and coarse non-
reactive aggregate, the control specimen (100% PC)
containing fine reactive aggregate and coarse non-
reactive aggregate exhibited a high corrosion rate. Even
though it is anticipated that the corrosion rate for PC
specimens will be higher than that of SCMs specimens,
the significantly higher corrosion rate in PC specimens
with reactive aggregate compared to SCMs specimens
with reactive aggregate may be due to the mitigating
effect of fly ash and slag on the alkali-silica reaction in
the concrete. The alkali-silica reaction generates cracks
and detachment at the cement paste—aggregate interface,
thereby increasing the porosity of concrete (Marinoni
et al,, 2015). The voids and cracks formed in the concrete
as a result of ASR will allow corrosive agents (Cl~, H,O,
and O,) to reach the surface of the steel reinforcement
and maintain corrosion activity.

Even though all SCMs contain some alkali, and some
may have a lot more alkali than the Portland cement
they partially replace, the method by which SCMs
reduce the negative effect (expansion, crack) of ASR in
concrete is by reducing the alkalis that are available to the
concrete pore solution. Once the alkalis in the Portland
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cement + SCM binding phase of concrete are “released”
by hydration, they can be found in one of three ways:
dissolved in the pore solution, bound by the hydration
products, or mixed into alkali-silica gel. Alkalis will not
be used up by ASR if there is not any reactive aggregate
in the concrete (Thomas, 2011). When SCMs are used
to replace Portland cement, the alkalis in the clinker are
partially diluted, the rate of alkali release reduces, and
the pH of the pore solution decreases. This is because
Ca(OH), has been reduced, so water cannot get into
the concrete as easily, increasing the concrete’s strength
and making it less likely to crack (Lindgard et al., 2012).
The reduced permeability will also make it harder for
ions to move around, which could slow down ASR.
Adding SCMs could also increase self-desiccation of the
concrete, which would lead to a lower relative humidity
(RH) inside the test specimens (Lindgard et al., 2012).
However, monitoring the internal relative humidity of the
concrete specimens was not done in this study.

The observed decline in corrosion rates across all
concrete specimens as shown in Fig. 3, regardless of
aggregate reactivity, can be attributed to their exposure to
high humidity 94 +3% in a water bath. As the specimens
became saturated, oxygen diffusion to the steel surface
was likely hindered due to the limited solubility of oxygen
in water. Although moisture content of the concrete
specimens was not directly measured, the decrease
in corrosion rates over time suggests that saturation
occurred, potentially limiting oxygen availability and
contributing to the reduced corrosion rates.

T-test analyses on the corrosion test indicate the
difference in the corrosion rate of the PC concrete
containing reactive aggregate to SCMs concrete
containing reactive is significant—PC concrete made
with reactive aggregate has a higher corrosion rate than
that of the SCMs concrete containing reactive aggregate.

There was a significant difference in the corrosion rates
of PC specimens compared to blended concrete (PC/SL
and PC/FA) containing reactive (p =2.8 X107 and 2.11
%x1077) and non-reactive aggregate (p =2.67 x107° and
1.83 x1077) <0.05, respectively. This indicated that incor-
porating SCMs in concrete reduces the damage caused
by chloride-induced steel corrosion in RC structures
exhibiting an alkali-silica reaction. The higher corrosion
rate in the PC-R specimen compared to the blended con-
cretes (PC/SL-R and PC/FA-R) can be attributed to the
beneficial effects of supplementary cementitious mate-
rials (SCMs) such as slag (SL) and fly ash (FA). These
SCMs enhance concrete durability by creating a denser
and less permeable matrix, thereby extending the service
life of reinforced concrete (RC) structures. The improved
microstructure of SCM-blended concrete is character-
ized by: (i) Denser matrix: The formation of low-density
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C-S—H gel fills capillary pores, reducing porosity and
increasing density (Arya & Xu, 1995; Song & Saraswathy,
2006). (ii) Reduced permeability: The refined pore struc-
ture and decreased porosity limit the ingress of corrosive
agents, contributing to improved durability.

When the SCMs used in the concrete were taken into
account, the PC/FA specimens had the lowest corrosion
rates. Fig. 4 shows the order of the average corrosion
rates of the concrete samples from week 25 to week
40: PC/FA-NR <PC/SL-NR <PC-NR <PC/FA-R <PC/
SL-R <PC-R. Among the supplementary cementitious
materials (SCMs) used, fly ash (FA) outperformed ground
granulated blast furnace slag (SL) in reducing corrosion
rates, with PC/FA specimens exhibiting the lowest rates.
The presence of sulphide (3.39%, Table 2) in SL, which has
oxygen-reducing properties, may have contributed to the
higher corrosion rates in PC/SL specimens. The superior
performance of FA concrete can also be attributed to
its ability to bind chlorides, thereby reducing chloride-
induced corrosion. This enhanced chloride binding
capacity is likely due to the following: (i) High alumina
content: Fly ash’s high Al,O; content (Table 2) promotes
Friedel salt formation, increasing chloride binding (Arya
et al., 1990). (ii) Increased gel production: Hydration-
induced gel production in FA concrete enhances physical
adsorption of chlorides, further improving chloride
binding capacity (Rajkumar, 2014).

3.2 Corrosion Potential Results

Fig. 6 shows how the recorded corrosion potentials of
different binders with reactive and non-reactive aggre-
gate change over time, while Fig. 7 shows the average
corrosion potential of the different concrete samples.
According to (ASTM C876-09, 1999) guidelines and
some studies (Alonso et al., 2002; Buchanan & Stansbury,

Corrosion potential (mV)
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2000), values equal to or more negative than — 256 mV
(Ag/AgCl) are interpreted to mean a high (" 90%) prob-
ability of active corrosion, which is conventionally
depicted by i, > 0.1 pA/cm? while those less negative
than — 256 mV (Ag/AgCl) are generally interpreted as
intermediate corrosion risk.

Half-cell potential as a function of time over the
whole testing period shows that the HCP values for
reactive specimens got more negative than those for
non-reactive specimens, which was expected. Notably,
the corrosion rate trends for reactive specimens had
a higher (more negative) HCP over time than those
for non-reactive specimens. This finding matched the
results of a study (Attar et al., 2020) on the properties
of concrete exposed to corrosive conditions (chloride-
induced steel corrosion) and showing an alkali-silica
reaction. The higher (more negative) HCP found in the
concrete samples with reactive aggregate may be due
to how easy it was for corrosion agents to get to the
reinforcing steel through the microcracks that formed
when alkali and silica reacted. The chloride conductivity
index (CCI) used in this study shows that concrete with
reactive aggregate has higher CCI values than concrete
without reactive aggregate. This means that the concrete
with reactive aggregate is more porous. The findings of
the CCI are shown in Table 3. This study utilized non-
reactive andesite aggregate (specific gravity: 2.90) and
reactive Sub-Nigel aggregate (specific gravity: 2.72). The
lower specific gravity of the reactive aggregate suggests
higher porosity, potentially compromising durability
(Martinez-Garcfa et al., 2022). Consequently, concrete
containing reactive aggregate was expected to exhibit
lower resistance to chloride conductivity index (CCI).

The reactive aggregate, composed of quartz, is
prone to alkali-silica reaction (ASR), which can lead

39 42 45 48 51 54

—&—PC-NR —§—PCR —e—PC/SL-NR —&—PC/SLR

Fig. 6 Corrosion potential of all the binder types
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Table 3 CCltest results for all specimen types
Test PC-NR PC-R PC/SL-NR PC/SL-R PC/FA-NR PC/FA-R
CCl (mS/cm) 191 2.28 0.50 0.77 140 2.03
Porosity (%) 6.12 7.85 4.90 497 5.02 6.09

to void formation and increased porosity (Cruz Car-
los et al.,2004; Marinoni et al, 2015). Notably, speci-
mens with supplementary cementitious materials
(SCMs) like fly ash and slag demonstrated higher resist-
ance to chloride penetration compared to the 100% PC
specimen. This suggests that the SCMs mitigated ASR’s
adverse effects, reducing void formation and enhancing
durability.

The findings imply that the SCMs’ mitigating effect on
ASR-induced void formation contributed to the improved
durability of concrete containing reactive aggregate. By
reducing porosity, SCMs limited the ingress of corrosive
agents, thereby enhancing the concrete’s resistance to
chloride penetration.

Compared to the PC/FA specimens, the corrosion
potential of the PC/SL specimens are more negative.
The reason for this trend in this study may be that con-
cretes made with different supplementary cementitious
materials (like FA and GGBS) have different effects

on the corrosion activity of steel embedded in con-
crete because of how well they bind chlorides (Arya
et al., 1990; Mackechnie, 1995). For both the reactive
and non-reactive specimens, the average HCP became
more negative in the following order: PC/FA-NR >PC/
SL-NR >PC-NR >PC/FA-R >PC/SL-R >PC-R. This
trend is similar to the average corrosion rate discussed
previously.

A comparison of the average porosity values between
non-reactive (NR) and reactive (R) concrete specimens
reveals that the R specimens have a higher average
porosity (6.30%) than the NR specimens (5.35%), with
a percentage difference of 17.76%. Consistently, across
all three binder types, the NR aggregate concretes
exhibited lower chloride conductivity index (CCI)
values than their R aggregate counterparts. This can
be attributed to the reduced capillary porosity in the
NR concretes, which limits ion diffusion (Sutter et al.,
2008). The incorporation of supplementary binders,
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such as fly ash (FA) and slag (SL), significantly reduced
CCI values compared to plain Portland cement (PC)
concretes. The refined pore structure and low electri-
cal conductivity of SL concretes likely contributed to
the observed trend of lower CCI values. These findings
align with existing literature, which suggests that sup-
plementary binders decrease CCI values (Mackechnie,
1995). Furthermore, FA concretes showed improved
CCI values over PC concretes, likely due to pore
refinement in the paste, which reduces the diffusion
rate of species into the concrete (Nikam & Tambvekar,
2003).

Longitudinal expansion (%)
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3.3 Expansion of the Concrete Specimen due

to Alkali-Silica Reaction
Figs. 8 and 9 depict the longitudinal and transverse
expansion of all utilized binder varieties. All results for
longitudinal and transverse expansion were presented in
microstrain.

In  longitudinal and  transverse  expansion
measurements, the results showed that specimens
including reactive aggregate (combined scenario)

expanded significantly more than specimens containing
non-reactive aggregate. This is because the reaction
product (ASR gel) swells due to its attraction to absorb
moisture within the concrete, resulting in concrete
expansion and structural damage. There was no
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Fig. 8 Longitudinal expansion of all binder types
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longitudinal expansion in the concrete sample that did
not contain reactive aggregate. However, expansion
was observed near the end of the experiment (week
46), exhibiting an unexplainable trend; the specimen
exhibits the lowest (least) expansion when compared to
other specimens prone to ASR in the same direction.
This is due to the material hygroexpansion phenomena;
moisture absorption causes a rise in the moisture content
of the material as well as dimensional changes (swelling),
which are thought to be proportionate to the change in
moisture content. The moisture content of the specimens
was not examined in this study, although it was assumed
that exposure to highly humid (93.3%) conditions
(storage tank) would increase the moisture content.

T-test analysis shows a significant expansion in the
PC specimens containing reactive aggregate compared
to the SCMs (PC/SL and PC/FA) specimens made with
reactive aggregate. The results of PC-R vs SL-R and PC-R
vs FA-R are (p =2.79 x 10~* and p= 1.198 x107%) <0.05,
respectively. This result indicates that including SCMs
(slag and fly ash) in concrete can effectively mitigate
the expansion from ASR in specimens containing fine
reactive aggregate exposed to corrosive conditions. The
longitudinal and transverse expansion measurements in
the concrete specimen, including reactive aggregate, were
not identical for the blended concretes utilized in this
investigation (PC/SL and PC/FA). The PC/FA specimens
expand less than the PC/SL specimens, suggesting that
the FA is more effective than the GGBS in reducing the
detrimental effect of the alkali-silica reaction in concrete
structures. This tendency was consistent with (Parmar
et al,, 2019; Shi et al., 2018), and earlier research linked
it to the optimal amount of fly ash required as SCM to
decrease alkali-silica reaction (ASR). In comparison
to other SCMs, the optimal amount of fly ash was
determined to be 30%.

These results (Figs. 7 and 8) clearly demonstrate that
transverse expansion increased more than longitudinal
expansion. Using this analogy, we can explain why a
smaller cross-sectional area is subjected to greater stress
for the same force as a larger one. As an illustration, axial
stress appears as follows: If there are two areas, Al and
A2, and if A1 is transverse (small) and A2 is longitudinal
(large), then Al is smaller than A2 and the force (F) is
the same for both areas. This formula computes the total
axial stress (S) (see Eq. 1) acting on the following regions:

S=—. 1
- M

Due to the fact that A2 is greater than Al, the larger
(longitudinal) area experiences less tension and less
expansion than the smaller (transverse) area, which
experiences greater expansion.
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The results reveal a notable difference in expansion
between plain cement (PC) specimens and those
incorporating supplementary cementitious materials
(SCMs), specifically PC/SL and PC/FA, when reactive
aggregate is used (Figs. 7 and 8). The SCMs effectively
suppress alkali-silica reaction (ASR) expansion by
reducing the pore solution’s alkalinity through alkali
binding in hydration products (Cak, 2011; Lindgérd et al.,
2012).

However, exposure to NaCl solution leads to a decline
in ASR-induced expansion, a trend observed around the
16th week of the experiment. This reduction is attributed
to a decrease in hydroxyl ion (OH™) concentration in
the pore solution. Similar findings have been reported
in previous studies (Bérubé et al., 2003; Desai, 2010;
Kawamura & Ichise, 1990; Mitsunori et al., 1989), where
the decrease in expansion was linked to the reduction
of OH™ ions due to alkali consumption during ASR and
alkali leaching from the concrete, accompanied by an
increase in Cl™ ion concentration in the pore solution
relative to the alkali cations.

The analysis of water samples from the specimen’s
storage tank, taken before the beginning of the
experiment and another sample after the conclusion of
the experiment, confirms alkali leaching. The hydroxyl
concentration, measured using the spectrophotometer
method, increased from 0.40 mmol/l to 10.2 mmol/],
indicating significant alkali leaching from the concrete
specimens. This leaching reduces the hydroxyl ion
concentration in the pore solution, contributing to the
decreased ASR expansion.

4 Summary and Conclusion

This study examined the impact of fly ash and slag on
the combined effects of alkali-silica reaction and steel
corrosion in reinforced concrete structures. Cast and
evaluated were eighteen (18) concrete beam specimens
containing reactive and non-reactive aggregates of
various binder types (100% PC, 50/50 PC/SL, and
70/30 PC/FA). This 52-week study measured corrosion
assessment tests (corrosion rate and corrosion potential)
and expansion at the conclusion of the wetting period
and under humid conditions.

The results indicate that adding 50% and 30% SCMs
(slag and fly ash) to PC in specimens with non-reactive
and reactive aggregates reduces corrosion risk compared
to PC specimens. In this study, Portland cement (PC)
was blended with either fly ash (FA) or slag (SL) at
replacement ratios commonly used in South Africa’s
marine concrete construction. The specific binder blends
used, namely, 70/30 PC/FA and 50/50 PC/SL, have
been shown in previous research to enhance protection
against alkali-silica reaction (ASR) and steel corrosion
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in concrete structures (Al-Saadoun et al., 1993; Otieno,
2013; Mazarei et al., 2017). To extend the service life of
RC structures containing reactive aggregate in marine
environments, a lower corrosion rate is advantageous.
The effect of the SCMs was evident in the corrosion
potential measurement, where the corrosion potential
recorded for PC specimens was higher (more negative)
than for SCMs specimens made with reactive and non-
reactive aggregate.

The expansion measurements indicate that the addition
of SCMs to the concrete mitigates the expansion caused
by ASR in comparison to the specimens made with PC
alone. Both specimens with reactive and non-reactive
aggregate exhibited a similar pattern of outcomes.
This research indicates that the percentage of PC
replacement with SCMs may be optimal for slag and fly
ash replacement levels to minimize corrosion rate and
concrete expansion when exposed to corrosive conditions
and containing reactive aggregate. Reinforced concrete
(RC) structures exposed to the synergistic effects of
alkali-silica reaction (ASR) and corrosion, particularly
in marine environments, exhibit accelerated degradation
and reduced service life compared to those subjected to
either mechanism in isolation. This study investigates
the coupled deterioration processes and demonstrates
that strategic replacement of Portland cement (PC)
with supplementary cementitious materials (SCMs)
such as slag (SL) and fly ash (FA) can effectively mitigate
the detrimental effects of both ASR and corrosion. The
judicious selection of binder types is thus paramount
in enhancing the durability of RC structures exposed to
corrosive environments and susceptible to ASR-induced
degradation.
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