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The durability of RC structures and bridges located in cold regions and marine environments is
adversely affected by reinforcement corrosion, reducing the service lives, load-carrying capacities
and seismic resistance. Several research studies have been undertaken to model the effect of
corrosion on the behaviour of RC structures. However, many uncertainties exist due to problems
in estimating the corrosion of the reinforcement within the concrete. This research thus explores
the use of the X-ray CT scan technique to accurately estimate the volumetric mass loss resulting
from the corrosion of a whole reinforcement cage embedded in RC columns and, at the same
time, identify the location of pitting corrosion on the reinforcement bars. This will aid in the
timely maintenance and retrofitting of degrading RC structures to prevent premature failure and
collapse.

Furthermore, the impact of corrosion and reinforcement confinement on the nonlinear
stress-strain responses of ageing low-strength confined corroded RC columns under axial
monotonic and axial cyclic compressive loading was investigated experimentally. The corrosion of
the RC columns were simulated in the laboratory using the constant current (2A) accelerated
corrosion technique. The time to obtain the desired corrosion was estimated using Faraday’s 2"
law of electrolysis. A total of 60 short RC columns with varying degrees of corrosion and three
different confinement levels were tested during the investigations. Five different degrees of
reinforcement corrosion (i.e., 0%, 5%, 10%, 20% and 30%) with three confinement ratios based on
the transverse reinforcements' spacing are investigated under axial monotonic and axial cyclic
compressive loads. The confinement ratios are assigned through the centre-to-centre spacing of
the transverse reinforcement (L) and the diameter of the longitudinal reinforcement (D), known
as the spacing-diameter, L/D ratio. Hence, for the test, the three confinement ratios are high (L/D
=5), medium (L/D = 8) and low (L/D = 13). The impact of corrosion and confinement on the
inelastic buckling of the longitudinal reinforcements under loading was also investigated.

Corrosion of the reinforcement bars affects the effective confinement of the RC columns
thereby reducing the ultimate strength of the columns. The strength of the highly confined
reduced by about 38% at 30% mass loss while the mediumly and lowly confined reduced by about
39% and 70%, respectively. Hence, the better the confinement the less the impact of corrosion on
the RC column and also the better the mechanical behaviour of the RC columns. Furthermore,
circular columns have better load carrying capacity than the square columns as a result of the



uniform confinement of the transverse bar which provides a constant stress distribution of the
concrete along the cross-section.

Finally, the numerical investigation was conducted on the confined corroded RC columns
using the ABAQUS FEA software to validate the experimental results obtained from both axial and
cyclic compressive loading. The numerical investigation accurately predicted the stress-strain
response of the confined corroded RC columns under axial compressive monotonic loading.
Furthermore, the location of the buckling of the longitudinal bars under load is clearly identified.
This will aid in the parametric studies to develop constitutive models for low-strength concrete
confined corroded RC columns.
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Chapter 1

Chapter 1 Introduction

1.1 Background to the Study

Civil engineering structures primarily comprise a combination of concrete and steel, which may be
in the form of reinforced concrete (RC), prestressed concrete (PC), or composite having one or
more steel components leading to the formation of artefacts such as buildings (residential,
communal, and industrial), bridges (highway, railway, and pedestrian), towers (communication,
power, and water), dams, harbour, oil drilling platforms and others. RC is the most versatile
material used in construction projects worldwide due to its component materials' availability and
suitability for various construction applications Yeomans (2004). It combines concrete (very good
in compression) with steel (strong in tension) to produce a composite material with both

properties.

Ageing is a natural process in any infrastructure, but it has become an urgent and critical problem
in recent years, resulting in the loss of a reliable lifespan of infrastructures. Many infrastructures
all over the world are over 50 years old and suffer from extensive deterioration and degradation
that affects their serviceability. The high costs associated with preserving the ageing structures,
along with the limited funds allocated for their maintenance, pose significant technical and
financial challenges. For example, the United States of America reported needing about $125
billion to repair ageing and existing bridges (ASCE, 2021). Ageing usually begins to appear in
individual elements of the structures, leading to non-uniform or heterogeneous behaviour. The
most well-known and widespread sign of structural ageing is related to the weakening of concrete

mechanical properties

RC is affected by steel corrosion resulting from exposure to chloride ions and carbonation in
marine and dry environments, respectively (Glass, 2003). Corrosion affects the durability of RC
structures leading to a reduction in their service lives, load-carrying capacities and seismic
resistance. Thus, its prevention is crucial in avoiding RC deterioration (Monticelli et al., 2016).
Several methods have been proposed to prevent or reduce the impact of corrosion on RC
structures, some of which include: the production of good quality concrete; design as per
standards during the construction process; addition of pozzolans to RC in marine environments as

these reduce the permeability and chloride ion diffusion within the RC structures (Glass, 2003).

Corrosion of RC bridge piers in marine environments and cold regions, where de-icing salts are
often used on RC structures, is primarily non-uniform along the length of the piers/column, with

the splash and tidal zone being more severe than the other parts. This is due to the combination
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of effects such as chloride concentration, the abundance of oxygen and the wet-dry cycles of the

surrounding water (Zhou et al., 2020).

Reinforcing steel embedded in concrete corrodes when the passivating film surrounding the steel
becomes unstable and broken. This happens when the concentration of chloride ions on the
reinforcing bars has reached a threshold value. This process becomes more evident in ageing
structures with low-strength concrete and inadequate reinforcements. The rust products formed
grow and exert pressure on the concrete cover causing it to crack and break (Figure 1.1). The
cracks eventually extend to the surface of the concrete and allow further ingress of the chloride
ions to the reinforcement surface, leading to pitting and generalised corrosion and reduction in

the cross-section of the reinforcement bars.

/ Top of concrete

Corrosion by-products

Figure 1.1: Cracking and spalling of concrete cover induced by corrosion (Elbusaefi, 2014)

The corrosion process makes the reinforcing steel thermodynamically unstable by depassivating
the protective film surrounding the reinforcing steel. This depassivation leads to the formation of
rust, which keeps growing volumetrically (approximately 3.5 times the size of the steel) in the
space between the reinforcement and the concrete producing radial stresses on the concrete
(Biswas et al., 2020). When these internal radial stresses exceed the tensile strength of concrete,
cracks are formed between the corroded bars and the exterior surface of the concrete (Aboutaha
et al.,, 2013). Generally, the degradation of RC structures may be divided into chemical and
physical degradation as it concerns either the reinforcement or concrete. Figure 1.2 gives an

overview of the mechanisms involved in the deterioration process.

Reinforcement corrosion Concrete corrosion
) ) ) ) Internal Dissolufi Internal Abrasion
Corrosion owing to || Corrosion owing to expansion owing éﬁﬂ; t'(‘)’” expansion, owing to
carbonation chloride ingress to sulfate attack acid attack scaling owing mechanical
and alkali reaction to thermal attack attack
Electrochemical attack Chemical attack Physical attack

Figure 1.2: Overview of the basic mechanisms that lead to degradation (Gehlen et al., 2010)
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The deterioration process described above is significantly pronounced in marine and highly
seismic environments. Corrosion of reinforcing bars in RC structures reduces their load-carrying

capacities and ductility, leading to a loss in serviceability, functionality and structural safety.

1.2 Corrosion of RC Structures

RC structures in cold regions are exposed to de-icing salts, which cause the reinforcement to
corrode, leading to the degradation and collapse of the structure, resulting from a loss in its
durability and structural capacity. This deterioration leads to the catastrophic failure of the
structure by limiting its efficiency if uncontrolled (Broomfield, 2007). Steel corrosion in RC
structures has resulted in massive economic loss due to the failure and degradation of such

structures worldwide (Jia et al., 2020).

Repairing or replacing structures damaged by corrosion usually leads to a high cost. It is
estimated, for example, that structurally damaged RC bridges in the United States will likely cost
about $40 billion to repair or replace in 2018. In contrast, in Western Europe, such corrosion-
damaged structures are estimated to cost approximately 5 billion Euros annually to repair
(Markeset et al., 2006). In the UK, this cost is estimated to be about £1 billion per year in England
and Wales alone, accounting for about 10% of the total corroded highway bridges (Wallbank,
1989). Generally, corrosion of ageing RC structures leads to the following broad damage types (Vu

et al., 2016):

a) Spalling of the cover concrete
b) General or pitting loss of the steel rebar section
c) reduction in the compressive strength of the concrete

d) decreased bond strength between the reinforcement and the concrete

In addition to the broad classification of damages above, RC corrosion also changes the
mechanical properties and ductility of the reinforcement, thereby leading to the collapse/failure

of the structure (Vu et al., 2016).

The mechanism of RC corrosion may be described thus: degradation of RC structures occurs either
through carbonation or chloride contamination individually or the combination of both processes.
Many bridges in the cold region and marine environment suffer from the combination of both
processes, with chloride-induced corrosion being the most significant. This degradation, once
started, is sustained by the chemical action of chlorides in de-icing salts used during the winter
(Fig. 1.3a) and exposure to chlorides in the water in the marine/aggressive environments (Fig.

1.3b). This corrosion results in the loss of both the longitudinal and transverse reinforcement (Fig.
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1.4(a) and 1.4(b)). Loss of transverse reinforcement leaves the bridge column with little or no
confinement and thus increases the tendency of buckling and failure of the bridge, especially in

bridges with long columns/piers.

(b)
Figure 1.3: Bridge columns damaged by corrosion of reinforcing steel (a) due to de-icing chemical

exposure and (b) in the marine environment (Mohammed, 2015)

Figure 1.4: Corrosion of longitudinal and transverse reinforcement (a) bridge pier columns (b)

circular columns (Aboutaha et al., 2013)

Chloride-induced corrosion is the most prevalent degradation of RC structure located in marine
and aggressive environments, causing corrosion of reinforcement and leading to the failure of the
structures (Raupach & Schiel’l, 2001). In this case, chloride ions diffuse through the pores of the
concrete cover to the reinforcement and induces corrosion of the reinforcement when the
threshold limit of the chloride ion concentration exceeds a limit (Kashani, 2014) of about 0.026%
by weight of concrete. The deterioration of the reinforcement leads to a loss in the bond between
the concrete and reinforcement and the failure of the RC member (Stanish et al., 1999; Zhang et

al., 2012).
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1.3 Research Gap

The recent earthquake in Turkey showed many building collapses with low-strength (low-quality)
concrete, inadequate reinforcement detailing and corroded reinforcements. Studies conducted
after the disaster showed that most of the buildings and RC structures affected during the
earthquakes were not adequately designed and constructed to resist vibrations resulting from the
earthquake (Arya et al., 2014; Erdik et al., 2023; Kajastie, 2023; Neuman, 2023). The disaster was
worsened by a widespread disregard and lack of implementation of building codes, which posed a
significant risk to communities. The lack of adequate steel reinforcement meant buildings and RC
structures were already brittle, causing them to collapse in the earthquakes (Ahmed, 2023).
Hence, further investigation of the behaviour and response of low-strength RC structures to
seismic loadings is needed.

The cost of repairing and replacing corrosion-damaged bridges in the USA is estimated at $40
billion. However, this figure only accounts for the effect of corrosion on about 50 percent of the
total bridges in the country (Sprung et al., 2018). In industrialised countries, the main challenge is
maintaining existing and ageing RC structures cost-effectively. Deterioration models estimate and
predict the time to rehabilitate and repair ageing structures to reduce the risks of failure and
catastrophic collapse. Unfortunately, due to the difficulty in predicting the actual behaviour of the
materials, some of these assumptions do not accurately represent the processes involved in the
corrosion of RC structures.

The overarching problem is that in predicting the actual performance of structures built with
modern and innovative construction materials and construction processes, one can no longer rely
on empirical long-term practical experience. This makes the need to study and understand the
structural behaviour and response of ageing and deteriorating RC structures very important for
researchers. The research into the nonlinear analysis of corrosion-damaged RC structures is an
ongoing process due to the need to understand the responses of such structures under load (Azad
et al., 2007; Du et al., 2007; Rodriguez et al., 2005). The structural response of RC members, when
loaded and having the adverse effect of corrosion, has been investigated using nonlinear finite
element analysis by many researchers (Dizaj & Kashani, 2022; Dizaj et al., 2018; Kashani et al.,
2016a, 2016b; Mohammed et al., 2018).

Most previous studies on the numerical and experimental analysis of structural members
concentrated on the response of such structures to monotonic loads. However, due to the
location of many structures in marine, environmentally aggressive and high seismic regions, the
investigation into the effect of cyclic loading on RC structures is increasing, leading to numerous
work on the nonlinear behaviour of structural members to cyclic loading (Li et al., 2018; Liu et al.,

2017; Meda et al., 2014; Ou & Chen, 2014; Ou et al., 2013; Ou et al., 2012). Although much has
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been done in this research area, much remains to be done, especially on old RC structures in the
seismic zone. The difficulties and complexities in estimating the corrosion of reinforcement in
concrete (Kashani et al., 2019) introduce uncertainties in the accuracy and reliability of the

numerous numerical models used to predict RC structures' performance and life cycle analysis.

In the past few decades, lots of experimental works on bending (Al-Saidy et al., 2016; Azad et al.,
2010; Cairns et al., 2008; Dong et al., 2017; Gao et al., 2019; Hou et al., 2019; Yu et al., 2015; Zhu
& Frangois, 2015) and shear (El-Sayed et al., 2016; Wang et al., 2015; Ye et al., 2018) failure of
corroded RC beams subjected to monotonic and cyclic static loading have been undertaken, while
large-scale laboratory testing of rusty RC columns (rectangular and circular) subjected to the
action of axial and cyclic loading are very few. Moreover, most of the research on experimental
testing of corroded RC columns was based on the flexural failure of columns with little or no
experimental work on shear-critical columns (Kashani et al., 2019). This is due to the complexity of
the experimental testing of shear-critical columns. The setup for shear-critical testing requires a

more advanced setting to avoid sudden collapse during testing.

Recent surveys into the failure of ageing and existing RC structures (Dizaj et al., 2021; Kam et al.,
2011) in highly seismic areas revealed the susceptibility of such structures to even moderate
seismic events due to a lack of proper seismic detailing and inadequate shear reinforcement
leading to brittle failure of the structure (Del Zoppo et al., 2017). There is presently little or no
experimental and numerical investigation of the response of low-strength RC columns to axial

monotonic and cyclic loads.

The need for further research and experimental investigation into the structural response and
behaviour of ageing low-strength corroded RC columns having different geometries (square and
circular), reinforcing details, and considering different confinement ratios under various loading
conditions (monotonic and cyclic) could not be over-emphasised. Therefore, this research will
focus on the experimental investigation of low-strength concrete corroded RC columns with
different confinement ratios and geometrical properties (square and circular) subjected to

compressive cyclic and monotonic loading conditions.

1.4 Aim and objectives

This research investigates the effect of both cyclic and monotonic loading on the nonlinear
response of ageing low-strength corroded RC structures in an aggressive/marine environment.
This will involve conducting experimental tests and numerical investigations on corroded RC
columns. Several kinds of research have been done to model the behaviour and response of

corroded RC columns to monotonic and cyclic loading, but these were on normal and high-
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strength concrete structures. However, many old and aged RC structures have low concrete
strength which are further degraded by corrosion due to the environments. Therefore,
understanding the behaviour and response of such structures to monotonic and cyclic loading
became imperative for proper strengthening technique recommendations. This research will thus

focus on the experimental investigations of low-strength RC columns.
The primary objectives of the research are:

i.  Toinvestigate the mechanical behaviour of ageing low-strength concrete circular and
square RC columns under simultaneous reinforcement corrosion, confinement
configurations and monotonic axial load with the combined effect of longitudinal bar
buckling.

ii.  Toinvestigate the effect of corrosion and transverse reinforcement confinements on the
nonlinear stress-strain response of RC columns under axial cyclic compressive loading
with the combined impact of longitudinal bar buckling by analysing the failure modes, the
load-deformation responses and the inelastic buckling of the longitudinal rebars.

iii. To conduct X-ray computed tomography (CT) scans on the corroded RC column specimens
to examine the corrosion pattern on the longitudinal bars and estimate the actual
volumetric mass loss resulting from the corrosion of the whole cage of reinforcement
embedded in the RC samples.

iv.  Toinvestigate numerically the impact of corrosion and transverse reinforcement
confinement on the stress-strain response of low-strength concrete confined corrosion-
resistant RC columns and then compare and validate the results with experimental data
relating to corrosion-damaged RC columns. This will aid the parametric studies in

developing constitutive models for low-strength concrete confined corroded RC columns.

1.5 Structure of the thesis

This thesis presents the experimental investigation into the stress-strain behaviour of ageing low-
strength concrete confined corroded RC columns, with different confinement ratios, under axial
monotonic and cyclic loading. Furthermore, the estimation of the corrosion mass loss and
identification of the location of pitting corrosion on the reinforcement with the X-ray CT scan
technique was explored. The experimental results were afterwards validated with numerical

analysis.

Chapter 1 of the thesis covers the research background as well as the problem statement and
justification of the study. A description of the research aims and objectives is also provided in this

chapter.
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The second Chapter gives an overview of the literature relevant to this research, including
corrosion models, numerical simulations, experimental investigations of corroded RC elements,

and non-destructive testing on corroded RC structures.

A detailed experimental investigation is presented in Chapter 3, examining the effect of axial
monotonic loading upon the stress-strain behaviour of differently confined ageing low-strength
concrete corroded RC columns. The corrosion was simulated in the laboratory environment using
an accelerated corrosion procedure. A total of 30 RC columns (15 circular and 15 square) were
designed and grouped into five different target degrees of reinforcement corrosion (i.e., 0%, 5%,
10%, 20% and 30%) with three confinement ratios (L/D=5, L/D=8 and L/D=13) under monotonic

axial load.

Chapter 4 discussed the experimental programme investigating the stress-strain response of low-
strength corroded RC columns with different confinements and corrosion mass loss, as well as the

buckling of longitudinal reinforcements to axial cyclic compressive load.

Chapter 5 presents the novel use of the X-ray CT scan technique to investigate the corrosion
pattern on the longitudinal reinforcement bars and the estimation of the corrosion mass loss in

the whole reinforcement cage of the RC columns.

Chapter 6 highlights and presents the numerical investigation of the stress-strain behaviour of
low-strength concrete confined corroded RC columns using ABAQUS FEA software. The results
were used to validate the data obtained from the experimental investigation presented in

Chapters 3 and 4.

Chapter 7 summarises the research's main conclusions and findings and provides

recommendations for future research.

An overview of the thesis outline is shown in Fig. 1.5.
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Chapter 2 Literature Review

This chapter reviews previous studies on the degradation of confined RC columns. The corrosion
of steel reinforcement in RC structures, the corrosion deterioration models, previous works on
numerical and analytical modelling, and confined concrete are explored. Previous experimental
tests on corroded RC columns and the application of non-destructive tests such as X-ray
Computed Tomography (CT) scans and Digital Image Correlation (DIC) measurements on RC

structures are examined.

2.1 Ageing of RC Structures

Structures are generally designed for specific years based on the material composition and the
expected load. As these structures age, the material starts to deteriorate due to their interaction
with the environment, the imposed loads (static, cyclic and dynamic) and chemical aggressions,
reducing strength and serviceability. The most significant environmental deterioration results
from corrosion of reinforcement caused by carbonation and chloride ingress into the RC from the
de-icing salts used in cold regions and the impact of the water on structures in the

marine/aggressive environment.

Ageing structures are susceptible to materials degradation, resulting in considerable inspection,
maintenance and repair expenses. It also leads to sudden failures when critical loading condition
is exceeded, resulting in loss of lives; vulnerability to extreme loading from exposure to natural
disasters such as earthquakes and hurricane (Al-Ostaz et al., 2009). The effects caused by ageing
processes lead to the degradation of engineering properties, affecting the static and dynamic
response of the structures, their resistance/capacity, failure mode, and the location of failure
initiation. Thus, the ability of the structure to withstand various challenges from operation,
environment and natural events may be reduced. Once the structural capacity falls below a given
performance threshold, the structure may be repaired and strengthened, leading to a new initial

capacity, diminishing progressively over time the ability to withstand future operating conditions.

Karapetrou et al. (2017), investigated the seismic vulnerability of RC structures to ageing by
considering the effect of chloride-induced corrosion on corrosion initiation time and corrosion
rate. Using different seismic code levels, two-dimensional incremental dynamic analysis was
performed on uncorroded and corroded RC structural members. The investigation result showed
that age significantly affects RC's seismic vulnerability over time, with a decrease in the overall

performance of the structures.
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The deterioration resulting from the ageing of RC structures makes such structures have
inadequate seismic performance and suffer structural damage leading to failure and collapse
when subjected to extreme ground motions. To mitigate this, RC structures are strengthened
externally with fibre-reinforced polymers (FRP) such as carbon-fibre-reinforced polymers (CFRP)

and glass-fibre-reinforced polymers (GFRP) and steel jackets.

Li et al. (2009), investigated the effectiveness of using CFRP and steel jackets on corroded RC
columns. The columns, with variables such as different strengthening techniques, degree of rebar
corrosion, axial load, CFRP sheets and steel jacket, were subjected to the combined effect of
lateral cyclic displacement and constant axial load. The result showed that the columns
strengthened with the combined CFRP and steel jacket had improved strength and ductility than

those with only steel jackets or only with CFRP sheets.

Most old (aged) RC structures are designed and constructed without proper earthquake-resistant
provisions (ductile detailing). As a result, the corrosion of the rebars in such structures further
reduces strength and ductility. Joshi et al. (2015) conducted an experimental investigation (using
53 small-scale columns) into the effects of continuing corrosion on the strength and ductility of
differently confined RC short columns while also strengthening the columns with ferrocement
jacket and GFRP. The results of the tests showed that GFRP wraps performed better than

ferrocement in improving the strength and ductility of RC structures as shown in Figure 2.1(a-d).
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Figure 2.1: Stress-strain response of columns; (a) Normalised stress-strain curve for PCC
specimens, (b) Effect of corrosion on unstrengthened specimens, (c) Effect of
ferrocement strengthening on corroded specimens and (d) Effect of GFRP on

corroded specimens (average corrosion indicated in figures) (Joshi et al., 2015).

Adequate confinement provided to a column increases its ductility and load-carrying capacity, as
such new designs of RC structures has made provision for adequate transverse reinforcement
needed for confinement. Also, old and ageing low-strength RC structures in high seismic and
earthquake-prone areas should be strengthened with adequate FRPs to increase the strength and

ductility and hence avoid collapse/failure of the structure.

2.2 Corrosion of Steel Reinforcement in RC Structures

Steel corrosion occurs when steel reacts with elements such as oxygen and hydrogen in the
presence of water to form red iron oxide called rust, which is about two to four times the volume
of the original steel and has none of the good mechanical properties of the original steel.
Corrosion causes the steel to depassivate and loses the bond between the steel and the concrete,
thereby leading to delamination and subsequent spalling and, if left unchecked, the
collapse/failure of the structure. Steel corrosion in RC structures results in serious structural
problems and irreparable damage, considerably impacting the world's technical, financial and
societal needs (Francois et al., 2018). Corrosion of steel limits the serviceability of the structures

and leads to structural failure/collapse of the structure (Fig. 2.2).
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Figure 2.2: The consequence of reinforcement corrosion on RC Structures (Ayop & Cairns, 2013)

The collapse of some bridges in history has been adduced to the influence of corrosion. In May
2000, a concrete pedestrian walkway spanning a four-lane highway collapsed in North Carolina,
injuring over 100 people. In 1967 (15th December), the Silver Bridge bridge connecting Point
Pleasant, West Virginia, with Kanauga, Ohio, in the United States of America (USA), collapsed due
to corrosion-induced deterioration, causing several fatalities. The Dickson Bridge in Montreal also
became unusable in 1990 due to corrosion-induced deterioration (Glass, 2003). On 2 July 1965,
the Kansas Avenue Bridge in the United States collapsed due to structural deterioration of the RC
elements. The Mianus River Bridge in Greenwich, Connecticut, United States, collapsed on the

28th of June 1983 due to the corrosion of the pin and hanger supporting a span of the bridge.

According to Vu et al. (2016), the principal effects of corrosion on structural elements are:
i. loss of reinforcement cross-section,
ii. changing the mechanical properties and ductility of reinforcement,

iii. reduced compressive strength of the cracked cover concrete and

iv. reduction of bond strength at the reinforcement and concrete interface
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Generally, corrosion of steel reinforcement bars in RC structures is induced either by carbonation
(generalised), chlorides (localised or pitting), or stress cracking in prestressed wires, as shown in

Figure 2.3.
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Figure 2.3: Types and morphology of the corrosion in concrete: generalised (carbonation),
localised (chlorides) and stress cracking (prestressed wires) (ACl Committee 222,

2001; Mogire et al., 2018)

2.2.1 Carbonation induced corrosion of RC structures

Carbonation of concrete is the chemical reaction of calcium hydroxide (portlandite, Ca(OH),), in
the cement matrix with carbon dioxide (CO,) gas leading to the production of calcium carbonate
(calcite, CaCOs). Carbonation occurs when the CO; in the atmosphere reacts with the alkaline
content of the concrete (Ca(OH),) in the presence of water to form calcium carbonate (CaCO3).
The concrete carbonation process is presented below (Equations 2.1 — 2.5) by Leber and Blakey

(2017); Papadakis et al. (1989).

Ca(OH), — Ca%*(aq) + 20H™(aq) (2.1)
Ca%*(aq) + 20H™(aq) + CO, — CaCO; + H, (2.2)
3Ca0. 25i0,. 3H,0 + 3C0, — 3CaC0s. 25i0,.3H,0 (2.3)
3Ca0.5i0, + pH,0 + 3C0, — 3CaC05 + Si0,. tH,0 (2.4)
2Ca0.5i0, + H,0 + 30, — 2CaC0; + Si0,. pH,0 (2.5)

The reaction leads to the depletion of the hydroxyl ions (OH™) which lowers the pore water pH
from above 12.5 to below 9.0 making the passive layer become unstable and allowing corrosion
to occur in the presence of oxygen and water (Heiyantuduwa et al., 2006). It is difficult to predict

the occurrence of carbonation-induced corrosion in RC structure as it is a much slower process
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than chlorine-induced corrosion. Carbonation rates generally follow the parabolic kinetic equation

given below:

d = A0S (2.6)
where,

d = depth of carbonation

t=time

A = constant generally of the order 0.25 to 1.0mm.year*/?

2.2.2 Chloride-Induced Corrosion

Chloride-induced corrosion occurs in structures located in marine environments and those
subjected to de-icing salts in cold climates. It involves the transportation of chloride through the
concrete to the steel such that the corrosion can start once the threshold level is reached. The

process of chloride-induced corrosion is described by Bentur et al. (1997).

Fe — Fe?* + 2e~ (2.7)
Fe?* + 20H™ - Fe(OH), (2.8)
4Fe(OH), + 2H,0 + 0, — 4Fe(OH), (2.9)
4e™ + 0, + 2H,0 — 40H" (2.10)
Fe?* + 2Cl~ - FeCl, (2.11)
FeCl, + 2H,0 — Fe(OH), + 2HCI (2.12)

During the reaction, the positively charged ferrous ions Fe?* pass into the solution while the
negatively charged free electrons, e -, pass through the steel into the cathode, which is absorbed
by the electrolytes and combined with oxygen and water to form hydroxyl ions, OH . The hydroxyl|
ions combine with the ferrous ions to form the ferric hydroxide, which is converted by further
oxidation to rust. Chloride-induced corrosion is a concern for RC structures located in a marine
(Chloride-laden) environment or subjected to de-icing chemicals, as the movement of the chloride

is much more rapid and leads to early degradation and failure of structures.

The process of chlorine-induced corrosion in RC structures involves two distinct phases: the

initiation and propagation phases (Lounis & Amleh, 2004).
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The corrosion initiation stage, also called the depassivation process, starts from placing concrete
in RC structures to breaking the protective oxide film (passive film) on the reinforcing steel
surface. It involves mainly the transport process of chloride through porous concrete cover to the
reinforcing steel. The corrosion initiation time is a function of several parameters, including the
depth of cover concrete, the concentration of chloride at the surface of RC section, the quality of

concrete and the type of reinforcing steel (epoxy-coated black steel, galvanised steel, etc.).

The propagation stage begins with the formation of corrosion cells around the steel-concrete
interface to the limiting state of corrosion-induced damage. Then, it involves much more complex
procedures, such as electrochemical corrosion reaction and mechanical concrete cover cracking,
which, if not controlled, could lead to the failure of the RC structures depending on several
parameters such as the corrosion rate, environmental condition, natural hazards i.e. earthquake

loading, quality of construction etc.

The impact of factors such as carbonation, bad construction, fatigue, freeze-thaw and insufficient
grout on RC structures located in marine and highly seismic environments is less severe than

chlorine—induced corrosion (Kashani, 2014), as shown in Figure 2.4
Bad Construction

P

Fatigue 3%

Freeze-Thaw 5%

Insufficient
Grout 3%

Carbonation 5%

Figure 2.4: Significance of chloride-induced corrosion of RC structures (Kashani, 2014)

Chloride-induced corrosion is the primary cause of environmental deterioration in RC structures
located in the marine environment; as such, its occurrence cannot be ignored. It starts when the
chloride concentration reaches or exceeds 0.4% and 0.2% by weight of cement for chlorides cast

into concrete and chlorides diffusing in, respectively (Apostolopoulos et al., 2013).

Much research has been done to investigate the effect of chloride-induced corrosion on RC
structures. The impact of chloride-induced corrosion was investigated on the mechanical
properties and pit depth of reinforcement corroded by direct exposure (immersion in a salt spray
chamber) and embedding in concrete (Apostolopoulos et al., 2013). It was discovered that for the

same mass loss, the degradation of the samples embedded in concrete is much more severe than
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that exposed directly to chloride in terms of losses in yield strength, elongation, and the analysis

of the pit depth.

Van Belleghem et al. (2018), investigated the autonomous healing of cracks using encapsulated
polyurethane to reduce reinforcement corrosion. RC beams were exposed to chloride solutions
for ten weeks, leading to pitting corrosion of the rebars. Applying self-healing concrete with low-

viscosity polyurethane enhances the durability of RC structures in marine environments.

Khan et al. (2017) used mathematical models and probability to predict the service life of RC
structures in chloride-laden environments. Fick's second law of diffusion was used to define the
rate of chloride transport in concrete, while a stochastic model was introduced for corrosion
initiation and cover cracking periods. The result showed that a lognormal distribution could be
used to fit the initiation period and the cover cracking time. In contrast, a normal distribution
could describe the necessary amount of rust formation during the corrosion process of RC

structural elements.

2.2.3 Corrosion Deterioration Models

A lot of investigation is being done worldwide to predict the deterioration of RC structures
affected by corrosion. Tuutti (1982) suggested a model for predicting the service lives of RC
structures (Fig. 2.5) which relates the maximum acceptable corrosion level to the appearance of
cracks. The length of the initiation period in the model is the time required for aggressive species
to reach the reinforcement surfaces and trigger active corrosion. In contrast, the propagation

period can be taken as the time elapse until repair becomes mandatory.
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Figure 2.5: A schematic sketch of steel corrosion sequence in concrete (Tuutti, 1982).
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Cady and Weyers (1984) developed a deterioration model for estimating the remaining life of a
concrete bridge in a corrosive environment. The model was used to check the effect of salt-
induced corrosion on the part of a deck to predict the corrosion of the entire bridge deck. It has

three distinct phases (diffusion, corrosion and deterioration), as seen in Fig. 2.6.
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Figure 2.6: Chloride - Induced corrosion deterioration process for a concrete element with a mean

cover depth of 50mm (Cady & Weyers, 1983)

The model's first phase (diffusion) describes the time it takes the chloride ions to penetrate the
concrete cover and reach the steel surface. It is determined empirically with Fick's second law of

diffusion, as shown below

ac _ d [, dC
= =—|p%] (2.13)
This equation was modified further by Crank (1975) using the following assumption:
Diffusion coefficient, C = C;and C = 0 forx > 0 att = 0, this yields

X
Clxt) = Cy (1 - erf G ) (2.14)

where

C(x,t) = chloride concentration level at depth, x, and time, t,
t = time for diffusion

x = concrete cover depth

erf = statistical error function,
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C, = surface chloride concentration by percentage weight of cement and
D = apparent diffusion coefficient (mm?/year).

The second phase of the model, the corrosion phase, describes the period between the corrosion
initiation and the cracking of the cover concrete. In contrast, the third phase, the deterioration

phase, is when the degradation has reached the need to rehabilitate the structure.

Recently, many researchers have started to model the cracking of concrete cover induced by non-
uniform corrosion of reinforcement. Gonzalez et al. (1995) Compared the depth of pitting
corrosion penetration on steel bars with the depth of general corrosion and found that the
maximum penetration of pitting corrosion on the steel bar is equivalent to about four to eight
times the penetration of general corrosion. Jang and Oh (2010) extended the experimental results
of Gonzalez et al. (1995) by investigating the effects of non-uniform corrosion on the cracking
behaviour of concrete cover and discovered that expansive pressure exerted by corrosion on
concrete cover adversely affects its stability. They also derived some equations for cracking
pressures of concrete cover resulting from corrosion in terms of the degree of non-uniform
corrosion for various cover-to-bar diameter. The various corrosion distribution considered in the
work ranges from 1 — 8 and is shown in Figure 2.7 below. a is the ratio of the depth of non-

uniform corrosion to that of uniform corrosion while t is the duration of the corrosion.

=2
e =4 =8
Uniform corrosion pitting corrosion

Total corrosion products = constant

Figure 2.7: Various types of corrosion distribution fora =1, 2, 4, and 8, respectively (Jang & Oh,

2010).

Cao et al. (2013) numerically simulated the interaction between corrosion-induced cover crack
growth and corrosion propagation in RC structures using the coupled-micro and macro-cell
corrosion and formulating the uniform thick-walled cylinder model. The microcells and macrocells

process leads to uniform and pitting corrosion respectively as illustrated in Figure 2.8.
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Figure 2.8: Microcell and macrocell corrosion (Cao et al., 2013).

The work used the thick-walled cylinder model shown below (Fig. 2.9) to investigate the
degradation process and proposed equation 2.15 for the determination of the effective crack

width opening on the concrete cover surface

w = 27Tb.< 2 st ecr> (2.15)

Q41 @
where,
w = crack width opening
&y = critical cracking strain

b = R = Splitting crack front for a fully cracked thick-walled cylinder

uge = rust expansion beyond the porous zone

Figure 2.9 Uniform cracking model (Cao et al., 2013).
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2.3 Numerical modelling of RC elements

Finite element (FE) has been used extensively by researchers to model and analyse the response
of structural elements to loadings and deformations. These models, though, could not predict the
behaviour of the RC elements correctly due to the difficulties and complexities involved in
estimating the actual response of the structures. Nevertheless, these models pave the way for the
improvement of FE analysis software such as ABAQUS, ANSYS and LS-DYNA by researchers for use
in investigating the behaviour/response of RC elements (Al-Amin & Ahsan, 2012; Song & Lu,
2011; Yu et al., 2010a, 2010b; Zeng, 2016; Zeng, 2017).

23.1 Definition of plastic flow potential and yield function

Concrete is a complex material characterised by many parameters such as average compressive
strength, average tension strength, crushing energy, fracture energy, etc. Usually, the values of
these parameters are obtained through experiments (Le Minh et al., 2021). Several models have
been proposed to describe the behaviour of concrete from the un-crack/un-crush stage to the
failure stage. The damage concrete plasticity model (CDP) is widely used in all models. This model
is employed in the ABAQUS manual (ABAQUS, 2019). The yield function in CDP is modified to
account for the increased strength due to the effects of confinement. CDP is one of the possible
constitutive models to predict the constitutive behaviour of concrete. It describes the constitutive
behaviour of concrete by introducing scalar damage variables (Simer & Aktas, 2015). CDP can

characterise the tensile and compressive response of concrete in Figure 2.10

The unloaded response of concrete specimens seems to be weakened because the elastic
stiffness of the material appears to be damaged or degraded (Slimer & Aktas, 2015). The
degradation of the elastic stiffness on the strain-softening branch of the stress-strain curve is
characterised by two damage variables (tensile damage (d:) and compressive damage (dc)) which
can take values from zero to one. Zero represents the undamaged concrete material, while one
represents a total loss of strength (ABAQUS, 2019). E, , is the initial (undamaged) elastic stiffness
of the material and eg”l, E;pl, grin, s{i”, are the compressive plastic strain, tensile plastic strain,

compressive inelastic strain and tensile inelastic strain respectively.
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Figure 2.10. The behaviour of concrete under axial loading (a) compressive and (b) tensile

(ABAQUS, 2019)

The stress-strain relations under uniaxial tension and compression are presented in Eq. (2.16) and

Eqg. (2.17) respectively.
e =(1—de) Eo- (ec— £, "") (2.16)
g =1-d) Ey- (e, — .7 (2.17)

The effective cohesion stresses determine the size of the yield (or failure) surface (Figure 2.11). In
Abaqus the parameters required to define the yield surface consists of four constitutive
parameters. The Poisson’s ratio controls the volume changes of concrete for stresses below the
critical value which is the onset of inelastic behaviour. Once the critical stress value is reached,
concrete increases plastic volume under pressure (Chen, 2007). This behaviour is taken into

account by defining a parameter called the angle of dilation.

1 uniaxial tension 2
@(6-3@5+B@)zﬁc°\ \\ 4

S
/ O

-

uniaxial comprassion /

-

biaxial
tansion

A
7o, (@~ 2ap + o) = o

1 - —
1 Fg-3aF)=
biaxial compression 1*0t(q Pi=0g

Figure 2.11. Biaxial yield surface in CDP Model (ABAQUS, 2019)
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In the CDP model, Y is the dilation angle measured in the p-q plane at high confining pressure,
and in this study, it is determined with sensitivity analysis. e€is an eccentricity of the plastic
potential surface with a default value of 0.1. The ratio of initial biaxial compressive yield stress to
initial uniaxial compressive yield stress,a},o/ 0.9, With a default value of 1.16. Finally, K. is the ratio
of the second stress invariant on the tensile meridian to the compressive meridian at the initial
yield with a default value of 2/3 (ABAQUS, 2019). The parameter K. should be defined based on
the full triaxial tests of concrete. Moreover, a biaxial laboratory test is necessary to determine the

value of a3,¢/ 0.

Hany et al. (2016) used ABAQUS to model the stress-strain response of concrete columns and
proposed a modified concrete damage plasticity model (CDPM) to predict the confined column's
monotonic response accurately. The model developed applies to columns with different cross-

sections and concrete with varying degrees of strength.

Morshed et al. (2016) performed nonlinear FEM on GFRP RC columns to investigate the post-peak
behaviour and failure mode of short RC columns subjected to concentric loading. The numerical
model was completed in ABAQUS using five specimens (3 GFRP and two steel RC columns). The
result showed that the numerical model could accurately predict the peak load and post-peak

behaviour of GFRP RC columns reliably.

Chi et al. (2017) presented a numerical work modifying the CDPM to accurately simulate the
mechanical response of hybrid fibre reinforced concrete (HFRC). The FE software ABAQUS was
used to investigate the fibre effect dependent on the damage evolution, yield criterion,
hardening/softening law and plastic potential used in CDPM. The stress-strain relationship of
CDPM in ABAQUS (Fig. 2.12 — 2.14) was modified with the resulting model validated against

experimental results and found to be in close agreement.

(@)o, g (b) o,

%a [/ % T |

(=} f
|
i

(c)

T

S

Figure 2.12: Stress-strain relationships of CDPM in ABAQUS, (a) compressive curve, (b) tensile
curve, and (c) uniaxial load cycle (tension-compression-tension) response considering

different values for the stiffness recovery factors (Chi et al., 2017)
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Figure 2.14: Isotropic hardening in the deviatoric plane in ABAQUS (Chi et al., 2017).

Mohammed et al. (2018) proposed a simplified nonlinear finite element analysis (NLFEA) to

investigate the structural performance and residual capacities of aged beam-columns using slab-

on-girder bridge columns subjected to the combined effect of rebar corrosion and external loads.

The model established that critical sections identified at the design stage do not necessarily

remain essential during the evaluation of an aged structure. Also, the efficiency and insensitivity

of the NLFEA to controlling parameters of the nonlinear analysis indicate that it could be used for

both the nonlinear static and/or dynamic analysis of corroded bridge elements.

Bossio et al. (2015) used FEM to simulate pitting or general corrosion on a cylindrical specimen

reinforced with a single bar to demonstrate the possibility of extending the results to more

complex RC members. The analysis also involved proposing an analytical model to evaluate the

nonlinear development of stresses in the concrete and the crack propagation when rebars start to
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corrode. The results showed that the maximum tensile stress is attained close to the bar in the
circumferential direction, and the crack develops in the radial direction until it reaches the
external surface of the concrete. Also, the results agreed with experimental results in the

literature.

Salman and Al-Sherrawi (2018) used FEM to simulate and investigate the behaviour of using steel
jackets to strengthen unloaded RC columns with design error and pre-loaded non-damaged RC
columns. ABAQUS software was used in this analysis, with the results agreeing with previous
experimental and analytical results. The proposed stress-strain relationship is:

Ecec

1+(R+RE—2)(§—;)—(2R—1)(z_(L;)Z+R(z_g)3

o, = (2.18)

where,

R = Rg(Rs—1) 1

(Rs_l)z R
E,
RE ==
Eo
fe
EO =
€o

R, and R is assumed to be 4

E. = Elastic modulus (E, = 4700\/E)
&0 = concrete strain corresponding to fc (¢, = (0.2f, + 13.06) X 10™%) - (AImusallam & Alsayed,
1995)

feu= concrete compressive strength
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Study Type of analysis Type of structures  Rebar numbers Sample sizes Summary of results
and diameter
Yuetal,, Drucker-Prager circular columns 152mm x 305mm The D-P model in ABAQUS was
2010a Model (D-P) in confined with FRP modified to accurately predict actively
(ABAQUS) jackets and passively confined concrete.
Yu et al., Concrete Damaged Circular and square 152mm x 305mm circular and The proposed CDPM agreed with the
2010b Plasticity Model columns 150mm width square existing test results
(CDPM) in ABAQUS
Al-Amin & FE analysis using Rectangular 4 and 8 number of  250x250mm, 300x300mm and The model could predict the response

Ahsan, 2012

Zeng, 2016

Hany et al.
(2016)

ANSYS

FE analysis using

ABAQUS

Concrete Damaged
Plasticity Model
(CDPM) in ABAQUS

columns

square RC columns

Circular, square

and rectangular

columns

rebars

8 No. of rebars

350x350mm and varying heights
of 3000mm and 2400mm

305 x 305mm

of columns similar to the provision of

ACI code.

The proposed model evaluates the
behaviour of square RC columns under

axial load.

The modified CDPM showed an
excellent agreement with the test

data.
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Morshed et
al. (2016)

Zeng, 2017

Chi et al.
(2017)

Salman and
Al-Sherrawi

(2018)

Concrete Damaged
Plasticity Model
(CDPM) in ABAQUS

Concrete Damaged
Plasticity Model
(CDPM) in ABAQUS

Modified concrete
Damaged Plasticity
Model (CDPM) in
ABAQUS

Finite Element Model

(FEM) using ABAQUS

Square RC columns
with steel and

GFRP bars

Square RC Columns
with different
configurations of
transverse

reinforcement

Square RC columns

with a large stub

Square and
rectangular RC

columns

19.1mm and
15.9mm

14mm bars with

8mm stirrups

4 — 10mm bars
with 6mm stirrups
and 4 — 8mm bars

with 6mm stirrups

350 x 350 x 1400mm

200 x 200mm column with 900
x 400 x 400mm stub

150 x 150 x 1000mm square
column and 120 x 160 x

1000mm rectangular column

The model reproduced the columns'
peak axial stress, deformation, post-

peak behaviour and failure modes.

The FE model correctly predicts the
response of confined RC columns by
evaluating the effect of confinement

reinforcement configuration.

The modified model showed a close
agreement between numerical

predictions and test results.

The FEM showed good agreement
with the existing experimental and

analytical results

All the numerical methods modified the Concrete Damaged Plasticity Model (CDPM) in ABAQUS by adjusting parameters such as the flow rule, damage evolution,

yield criterion, hardening and softening law and the plastic potential of RC elements to analyse their structural responses under load. It should be noted that most

of the analyses were on pristine/plain concrete strengthened with FRP.
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2.4 Experimental works on corrosion of RC elements

This section gives a brief of some of the experimental works that have been done on corroded RC
beams and columns. In marine/aggressive environments, bridges suffer massive degradation,
reducing their seismic capacity and durability. A lot of research has been done to investigate the
structural behaviour of corroded rebars in RC structures located in marine environments, with the
conclusion that the corrosion of rebars leads to a reduction in the ductility and load-carrying
capacities of such members (Apostolopoulos & Papadopoulos, 2007; Apostolopoulos et al., 2006;

Kashani et al., 2013a; Kashani et al., 2013b; Ma et al., 2012).

A state-of-the-art review of existing literature on experimental works on corroded beams and
columns was carried out by Kashani et al. (2019) to ascertain the current state of knowledge on
corroded RC structures. The review showed that there is quite a lot of experimental data available
in the literature on large-scale testing of corroded RC beams in flexure and shear under
monotonic and cyclic static loading. At the same time, there are very few experimental data and
results on corroded RC columns, both circular and rectangular, under axial and lateral (monotonic
and cyclic) loading. Also, experimental testing of corroded RC columns has been mainly on

compression and flexure, with no experimental testing on the shear critical column.

24.1 Axial load testing of corroded RC columns

Ageing RC columns/piers generally fail through buckling the vertical reinforcement bars together
with the crushing of core confined concrete and the fracture of the longitudinal bars (Kashani et
al., 2019), resulting from inadequate confining transverse reinforcements. The failure becomes
more critical in columns/piers in corrosion-laden environments where chloride-induced corrosion
is prevalent and significantly affects the stress-strain behaviour of reinforcing bars. Therefore,
numerous models are proposed to investigate the axial load-displacement behaviour of R.C.
columns/piers in seismic regions (Hoshikuma et al., 1997; Z. Li et al., 2022; Liang et al., 2015;

Mander et al., 1988; Saatcioglu & Razvi, 1992; Zeng, 2017).

Andisheh et al. (2021), conducted an experiment to investigate the effect of corrosion on the
stress-strain response of confined concrete. They used 12 circular RC columns in the investigation
(seven corroded and five non-corroded) with spiral confinement having different pitches. The
corroded RC columns were categorized into four corrosion groups classified as non-corroded, low

corrosion, high corrosion, and mechanical pitting corroded (Fig. 2.15).
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Column Spiral pitch  Longitudinal Confining
Type S (mm) reinforcement reinforcement
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Figure 2.15: Details of the columns, confining reinforcement, and materials (Andisheh et al.,

2021)

The experimental results were used to validate the proposed stress-strain model and shows good
agreement with analytical models in the literature. Also, the corrosion of the confining steel
results in a decrease in both the ultimate compressive strength and ultimate strain in the confined
concrete, which caused significant changes to the shape of the stress-strain curves for RC columns
(Fig. 2.16). The analytical model was developed based on the Mander (1983), Mander et al. (1988)
and corrosion-induced deterioration models by Andisheh, Liu, et al. (2018); Andisheh et al.

(20164, 2016b); Andisheh, Scott, et al. (2018); Andisheh et al. (2019).
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Figure 2.16: Stress-strain relationship of concrete with varying degrees of corrosion and

confinement arrangements (Andisheh et al., 2021)

Liang et al. (2014) investigated experimentally and analytically the axial compressive load-carrying
capacity and behaviour of square composite steel and concrete columns confined by multiple
interlocking spirals. The columns were tested under monotonically increased axial load. The test
results demonstrated that the composite columns with multiple spirals achieved great axial load-
carrying capacity and deformability because of the excellent concrete confinement attributed to
the numerous interlocking spirals and the structural steel section. Smaller spacing of the spirals

and larger area of the highly confined concrete in the composite columns resulted in better

strength and ductility.

31



Chapter 2

Ma et al. (2022) investigated the effect of corrosion and different configurations of transverse
reinforcement on the stress-strain behaviour of confined concrete in rectangular columns. A total
of 27 RC columns categorised into three groups (Group A, Group B and Group C) based on cross-
sectional shapes and configurations of transverse reinforcement, as illustrated in Fig. 2.17, were
designed and tested. The columns were made with C35 concrete and subjected to 0%, 10% and

20% corrosion mass loss.
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Figure 2.17: Specimen dimensions and reinforcement layouts (Ma et al., 2022)

The test result showed that corrosion degrees significantly influence the specimens' maximum
stress and corresponding axial strain. Based on the test data and nonlinear regression analyses,
empirical equations were proposed to account for the impacts of both reinforcement corrosion
and the rectangular shape of transverse reinforcement on three critical characteristic parameters
of the stress-strain curves, namely the maximum strength, the axial strain at maximum strength
and the ultimate strain of confined concrete. Comparisons revealed that the proposed stress-
strain model outperformed existing models and demonstrated good agreement with test results

(Fig. 2.18).
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Figure 2.18: Comparisons of experimental and analytical results in terms of f'c, €, and €« (Ma

etal., 2022)

P. Li et al. (2022) investigated the effect of corrosion-induced damage on the mechanical
properties of corroded RC columns repaired with large rupture strain fibre-reinforced polymer. A
total of sixteen RC circular columns (Fig 2.19), made with 30MPa concrete, were corroded to
different extents (0%, 5%, 10%, 15%, and 25%) by an electrochemical method (Fig 2.20) and then
repaired by wrapping them with FRP (Fig 2.21). The repaired RC columns were afterwards

subjected to monotonic axial compression tests.

3 OnnnJ,_J,_+2_01mn

500mm

FRP layer

20mm[ | B0mm

Figure 2.19: Schematic diagram of the specimens (P. Li et al., 2022)
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Corrosion rate 5% Corrosion rate 10% Corrosion rate 15% Corrosion rate 25%

Figure 2.20: The RC column appearance after corrosion (P. Li et al., 2022)
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Figure 2.21: FRP wrapping (P. Li et al., 2022)

The test results show that LRS-FRP confinement effectively enhanced the mechanical properties
of corroded RC columns. However, corrosion weakened the rebar cross-sections and further
damaged the confined inner concrete, significantly influencing the compressive strength and
ductility of the repaired RC columns. In addition, rebar buckling was more pronounced at higher
corrosion rates, which affected the hoop strain distribution of the FRP and further reduced its

confinement effectiveness.

Zhang et al. (2022) investigated RC's confinement performance and stress-strain response with
corroded reinforcement, considering key parameters such as corrosion levels, size effect, stirrup
configurations, and effects of synchronized corrosion of the stirrups and longitudinal
reinforcements. A total of 29 square RC columns, corroded through accelerated corrosion tests,
were examined using axial compression evaluations. The theoretical corrosion levels of the
stirrups ranged from 0% to 20%, with transverse reinforcements spacing between 50mm and
125mm (Fig. 2.22). The compressive strength of the unconfined concrete of the columns is

19.8MPa.
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Figure 2.22: The geometry and reinforcement of the specimen (all the dimensions are in mm)

(Zhang et al., 2022).

The test results revealed that the confinement behaviours were significantly affected by the
severity of the corrosion of the stirrups, including the failure mode, bearing capacity and
deformability. Also, the confinement performance is greatly influenced by the stirrup spacing and

specimen sizes.

These experimental tests are mostly on normal or high-strength concrete structures, but many
low-strength RC structures are aged 50 years and older worldwide. Therefore, studying their

response/behaviour under load requires proper strengthening/repair methods.
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Table 2.2: Summary of Experimental studies on monotonic tests on corroded RC columns

Chapter 2

References Exposure No. of specimen Strength of Rebar Corrosion Summary of test results

type and dimensions concrete diameter rate and
(mm) (MPa) (mm) method

Joshi et al. (2015) accelerated 53 square 37.1-413 12mm bars 0%, 3% and The strength and ductility of the strengthened
corrosion specimens with 6mm 6% (Faraday’s | confined concrete were affected by the
condition (150 x 150 x stirrups law) corrosion of the tie reinforcements. GFRP
(3.5% NacCl) 450mm) wraps considerably improve corroded confined

GFRP wrap concrete's ductility and strength, compared to
other wraps such as Ferrocement jacketing.

Vu et al. (2017) accelerated 36 specimens 25.3-31.9 10mm bars 28 days The ductility and strength of corroded columns
corrosion (200mm square with 6mm (Gravimetric | reduce as the corrosion rate increases. The
condition and 200mm dia. transverse Method) pitting corrosion can be noticed more in
(5% Nacl) circular with reinforcements specimens with high corrosion rates.

600mm height)
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Wu et al. (2019) accelerated 20 square 60.6 16mm bars 5%, 10% and | The ultimate bearing capacity is reduced as the
corrosion specimens with 16mm 15% corrosion rate increases. Under the same load
condition (250 x 600mm) transverse (Faraday’s condition and corrosion rate, the maximum
(5% Nacl) epoxy coating reinforcements | law) bearing capacity of columns with epoxy-coated

stirrups is higher than those with standard
stirrups.

Andisheh et al. accelerated 12 circular RC 28-31 12 —16mm Varying from | The corrosion of the confining steel results in a

(2021) impressed columns (500mm main bars with | 0% to 26.5% | decrease in the ultimate strength and strain.
current (AIC) dia. x 1500mm 12mm spiral Also, the corrosion of the transverse
corrosion high) transverse reinforcement significantly increases the drop
(3.5% Nacl) reinforcements in the post-peak behaviour of the columns.

Ma et al. (2022) accelerated 27 rectangular RC 24.94 6-12mm bars | 0%, 10% and | The stress-strain model outperformed existing
corrosion columns (200 x with 6mm 20% models and demonstrated good agreement
(5% NaCl) 400mm, 200 x transverse with test results.

600mm) and reinforcements
600mm high at different
spacings

P. Li et al. (2022) accelerated 16 cylindrical RC 38.3 4-20mm bars | 0%, 5%, 10%, | The test results show that LRS-FRP
corrosion columns (200mm with 10mm 15% and confinement effectively enhanced the
(5% NaCl) dia. x 500mm high) mechanical properties of corroded RC
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Confined with
large rupture strain
(LRS) fiber-
reinforced polymer

(FRP).

transverse

reinforcements

25%
(Faraday’s

law)

columns. Also, corrosion weakened the rebar
cross-sections, which significantly influenced
the compressive strength and ductility of the
repaired RC columns. Furthermore, rebar
buckling was more pronounced at higher
corrosion rates, which affected the hoop strain
distribution of the FRP and further reduced its

confinement effectiveness.

Zhang et al. (2022)

accelerated
corrosion
condition

(5% NaCl)

29 square columns
(150 x 150 x
300mm, 250 x 250
x 500mm and 250
x 250 x 750mm)

19.8 and 22.7

4 -12mm bars
with 8mm
transverse

reinforcements

5%, 10%, 15%
and 20%
(Faraday’s

law)

The test results revealed that the confinement
behaviours were significantly affected by the
severity of the corrosion of the stirrups,
including the failure mode, bearing capacity,

and deformability.
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2.4.2

Cyclic load experimental tests of corroded RC columns

Chapter 2

Cyclic experiments are a significant method to provide insight into the seismic performance and

response of the structural component. However, although it is recognized that the corrosion-

induced damage on coastal bridge piers significantly affects the safety of the structures during the

long-term service period, the damage mechanism and the mechanical behaviour are still seldom

understood. Hence, several research studies have investigated the response of corroded RC

columns to cyclic loading.

Guo et al. (2015) investigated the cyclic performance of RC piers with chloride-induced corrosion

in a marine environment. The investigation involved using four specimens, one un-corroded and

the other three having different levels of corrosion, to check the effects of corrosion damage on

the seismic behaviour of RC piers. The detail of the RC piers used in the investigation is presented

in Figure 2.23.
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Figure 2.23: Schematic diagram of the specimen (Guo et al., 2015)

The columns were corroded to an estimated corrosion mass loss of 5%, 10% and 15% using the

accelerated corrosion technique. The average compressive strength of the concrete used in the

test was 42.9MPa. The test results revealed a higher degree of degradation for higher corrosion

levels with a reduction in strength, ductility and energy dissipation capacity, all indicative of the

seismic performance.
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Yuan et al. (2017) investigated the effects of non-uniform corrosion on the cyclic behaviour of
corroded bridge piers in the marine environment using the method of plastic hinge transfer by

subjecting six RC circular bridge piers (Fig. 2.24) with varying degrees of corrosion to cyclic loads.
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Figure 2.24: Schematic diagram of the RC columns (Yuan et al., 2017)

The thickness of the concrete cover was 20 mm, and the average compressive strength of the
concrete was tested to be 36.3 MPa. The columns were subjected to constant current accelerated
corrosion for 30, 60, 105, 130 and 150 days to achieve different corrosion degrees. The test
results were used to validate an earlier publication by the authors. They showed that the seismic
performance of corroded RC columns is greatly affected by non-uniform corrosion of the rebars
(Fig. 2.25). Also, the performance of the bridge columns in the marine environment depends on

the deterioration that occurs at the splash and tidal zone.

Figure 2.25: Close-up images of the corroded reinforcement: (a) D30-stirrups; (b) D60-stirrups; (c)
D105-longitudinal bars; (d) D130-longitudinal bars; and (e) D150-longitudinal bars
(Yuan et al., 2017)

Chlorine-induced corrosion significantly affects corroded RC structures' seismic performance,

especially those located in marine and highly seismic regions. Wenting Yuan et al. (2018),
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investigated the effect of non-uniform corrosion on bridge columns in the marine environment by
applying biaxial quasi-static loads on the structural member. The experiment involved subjecting
four bridge piers with varying corrosion degrees to biaxial pseudo-static cyclic loads with another
corroded pier subjected to uniaxial load. The unconfined compressive strength of the concrete
was 24.9MPa. The test result indicated that non-uniform corrosion in the splash and tide zones
severely affects bridge piers' performance deterioration, with the effect more significant in the bi-

axially loaded piers.

Rajput et al. (2019) Investigated the effect of high-performance fibre reinforced concrete (HPFRC)
and glass fibre-reinforced polymer (GFRP) wraps on the seismic performance of corroded RC
columns. The investigation used six full-scale columns (four corroded to 30% degree of corrosion
and the other two uncorroded). The two un-corroded columns consisted of well-confined and
under-confined (Figure 2.26). The results of the experiment showed that the corroded specimen
retrofitted with only HPFRC jacket yielded a satisfactory recovery of strength and ductility in
comparison to the un-corroded under-confined column, but showed lower ductility when
compared with the seismically designed column specimen while wrapping of GFRP laminates

further improved the performance of the specimens (Figure 2.27).

= . .
4
/ A
\ / |~
* . D) P
N ——— 5 - o >
= ——
=3

1800 mm

P10@300¢ /¢

[ A A  AAAAARRARANAAN

AT W WA

010@68

- -;"‘7'."‘: %

Well-confined detailing | Under-confined detailing | Dimensional details of
of column specimen. of column specimen. column specimen.

Figure 2.26: Reinforcement and dimensional details of specimens (Rajput et al., 2019)

Ma et al. (2012) conducted an experiment to investigate the seismic behaviour of 13 circular RC
columns (Fig 2.27) with corrosion damage under cyclic loading. The corrosion loss applied in the
investigation ranged from 0% to 15.1%, while the unconfined concrete's compressive strength

was 32.4 MPa.
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Figure 2.27: Details of test specimen (unit: mm). (Ma et al., 2012)

The experimental results demonstrated that increasing corrosion decreased the loading capacity,

stiffness, ductility and energy dissipation capacity (Fig. 2.28). However, it was also found that the

corroded specimens had almost the same energy dissipation capacity at the same displacement

excursions when the mass loss was less than 14%.
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Figure 2.28: Response of the RC columns (a) Envelope curves (b) Stiffness degradation curves (Ma

etal., 2012)
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Li et al. (2009) experimentally investigated the effectiveness of applying carbon fibre-reinforced

polymer (CFRP) sheets and steel jackets to upgrade corrosion-damaged reinforced concrete (RC)

columns. The compressive strength of the concrete was 44.8MPa. The test results of 14 RC

columns tested under combined lateral cyclic displacement and constant axial load indicated that

the corrosion degree significantly affected the columns' behaviour. The column ductility was

Ln

effectively improved by using the retrofit methods. It also showed that strengthening corroded RC

columns with combined CFRP sheets and steel jackets effectively enhanced the seismic

44



Chapter 2

performance of the columns and resulted in more stable hysteresis curves with lower strength
degradations compared with the un-strengthened ones. It was also found that the corroded RC
columns strengthened with combined CFRP sheets and steel jackets behaved better than those

strengthened only with a single material.

Li et al. (2018) investigated the influence of seismic performance indicators such as bearing
capacity, hysteresis characteristics, ductility, strength degradation, stiffness degradation and
energy dissipation on the response of corroded RC columns. The compressive strength of the
concrete used in the experiment was 50.3MPa. The experiment was performed on eight RC
columns, and the results showed that the restraint of concrete provided by corroded stirrups is
reduced, leading to a decline in seismic performance. With increasing stirrup corrosion, the failure
limit displacement of columns decreases. The pinch phenomenon of the hysteresis curve
gradually increases, the attenuation degree of strength and stiffness grows, and the ductility and
energy-dissipation capacity is reduced. In contrast, the accumulated energy increases under the
same control displacement. A method for predicting the lateral strength of reinforced concrete
columns confined by corroded stirrups is presented based on the axial-shear-flexure interaction
approach for conventional concrete columns, with modifications to consider the effect of stirrup

corrosion. There was good agreement achieved between the test results and theoretical values.

Guohua et al. (2022) investigated the seismic performance of multiple reinforcement, high-
strength concrete (MRHSC) columns having multiple transverse and longitudinal reinforcements
in core areas. In the experiment, eight MRHSC columns were designed and subjected to a low
cycle, reversed loading test as shown in Figure 2.29. The average compressive strength of the

standard cubic specimens used in the columns was 54.3 MPa.
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Figure 2.29: Design details of test specimens (Guohua et al., 2022).

The response, including the failure modes, hysteretic behaviour, lateral bearing capacity, and
displacement ductility, was analyzed. The effects of the axial compression ratio, stirrup form, and

stirrup spacing of the central reinforcement configuration on the seismic performance of the
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columns were studied. The test results showed that these columns experienced two failure
modes: shear failure and flexure-shear failure (Fig. 2.30). Also, as the axial compression ratio
increased, the bearing capacity increased significantly, whereas the deformation capacity and

ductility decreased.

C-DC-HA-100

Figure 2.30: Crack distributions and failure modes (Guohua et al., 2022)

Luo et al. (2020) investigated the influence of corrosion on the seismic performance of RC
columns. The investigations used eight full-scale RC columns (one uncorroded RC column, three
RC columns with longitudinal reinforcement corrosion and four stirrup-corroded columns) (Fig.
2.31). The RC columns were corroded using the accelerated corrosion technique and subjected to
repeated low-cycle loading. The compressive strength of the concrete used in the investigation at

28 days was 42.3MPa.
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Figure 2.31: Column dimensions and reinforcement details (unit: mm) (Luo et al., 2020)

The experimental results show that with the increase in steel bars' corrosion degree, the pinch

phenomenon of the hysteretic curve gradually increases, and the specimen's energy dissipation

capacity, stiffness and plastic deformation capacity reduce significantly. The ductility and energy

dissipation coefficient decreased by 20% and 36% (Fig. 2.32), respectively, when the stirrups

corrosion ratio of the specimen reached 15.2%.
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Figure 2.32: Cumulative energy dissipation curves of Z1-Z8 (Luo et al., 2020)

A shear failure surface was formed in the plastic hinge zone at the foot of the columns, which led

to the change of failure mode from ductile bending failure to shear failure with poor ductility

under the ultimate load for corroded columns. The influence of stirrup corrosion on the failure
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mode of specimens is significant, but the effect of longitudinal reinforcement corrosion is

negligible for samples with a corrosion ratio of 14.7%.

Zhang et al. (2023) investigated the seismic performance of RC columns of low-strength concrete.
A total of 11 RC columns of low-strength concrete with different corrosion degrees were
subjected to low-cycle repeated loading and axial compression ratios ranging from 0.25 to 0.75
(Fig. 2.33). The concrete strength was 15MPa. Furthermore, the junction between the stirrups and
longitudinal bars was insulated with epoxy resins and insulating tape to prevent the corrosion of
the stirrups. The impact of reinforcement corrosion on the failure modes, hysteretic behaviour,

skeleton curve and energy dissipation were analysed and discussed.
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Figure 2.33: Dimensions and cross-sectional details of specimens (unit: mm)

The results showed the seismic performance of RC columns decreases rapidly with the increase of
axial compression ratio and corrosion degree. As the axial compression ratio increases, the impact
of reinforcement corrosion on the seismic performance is gradually weakened owing to the
decreased contribution of longitudinal reinforcement bars to the load-carrying capacity.
Furthermore, the impact of reinforcement corrosion is more obvious in RC columns of low-

strength concrete with a larger reinforcement ratio.

Experimental tests on the cyclic performance of corroded RC columns and beams have been
reported to have resulted in a reduction in the structural strength and ductility, which can affect
the failure mode of such structures (Rinaldi et al., 2022; Zeng et al., 2022; Zhou et al., 2020; Zhou

et al., 2023). However, it should be noted that all these works were on RC structures with normal
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or high-strength concrete, with very few on low-strength concrete. Hence, most of the predictions
on ageing and low-strength concrete RC structures were based on analytical models, which,
though they have been used successfully, might not accurately predict the response of such

structures under load.
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Table 2.3: Summary of Experimental studies on cyclic tests on corroded RC columns

Study Exposure No. of specimen Strength of Rebar Corrosion rate Summary of test results
type and dimensions concrete diameter and method
(mm) (MPa) (mm)
Li et al. (2009) accelerated 14 square RC column 44.8 4-14mmbars 17 -20% Corrosion considerably influences
corrosion with CFRP and steel with 8mm the behaviour of the
(3.5% NaCl) jackets transverse strengthened columns. The
reinforcements strengthening is more effective in
specimens with more corrosion.
Ma et al. (2012) accelerated 13 circular columns with 324 6-16mmbars 0-15.1% Higher corrosion levels and axial
corrosion large stub (260mm dia. with 8mm loads result in less stable
(3.5% Nacl) and 1000mm high with transverse hysteretic loops with more severe
1300 x 360 x 400mm reinforcements strength, stiffness degradations,
stub) and worse ductility.
Meda et al. accelerated Two square RC columns 20 4-16mmbars 15% and 20% The tests show how rebar
(2014) corrosion (300 x 300mm and with 8mm corrosion can reduce structural
(3% NaCl) 1500mm high with 700 x transverse ductility, so it could become a

700 x 100mm base)

reinforcements

critical aspect, particularly for

buildings in seismic regions.

51

Chapter 2



Chapter 2

Guo et al.

(2015)

(Yuan et al,,

2017)

Wenting Yuan
et al. (2018)

accelerated
corrosion

(3.5% Nacl)

accelerated
corrosion

(4% NacCl)

accelerated
corrosion

(3.5% NaCl)

Four rectangular columns 42.9
(250 x 600mm and

3200mm high with 1400

x 1400 x 700mm base)

Six circular columns 36.3
(400mm dia. and

3200mm high with a 600

x 600 x 1500mm base)

Five square RC columns 24.9
(540 x 540mm and

2300mm high with 1400

x 1400 x 600mm base)

12 -16mm
bars with 8mm
transverse

reinforcements

10-16mm
bars with 8mm
spiral

reinforcements

24 - 14mm
bars with 8mm
transverse

reinforcements

0,5,10and
15%

30, 60, 105,
130 and 150

days

0,5, 15,20
and 25%

Higher corrosion level leads to
severe degradation of the seismic
behaviour of concrete bridge
piers, resulting in poor hysteretic
responses, deterioration of
stiffness and strength, and
decreased displacement ductility

and energy dissipation capacity.

The seismic performance of the
non-uniformly corroded columns
showed a slight variation before
the transfer of the plastic hinge

location.

The seismic performance of
bridge piers is strongly affected
by biaxial horizontal loads, and
non-uniform corrosion makes the
performance deterioration more

severe.
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Rajput and
Sharma (2018a)

Rajput et al.
(2019)

Luo et al.

(2020)

accelerated
corrosion

(3.5% Nacl)

accelerated
corrosion

(3.5% NaCl)

accelerated
corrosion

(5% NaCl)

Six square RC columns
(300 x 300mm and
1800mm high with 1000
x 600 x 550mm stub)

Six square RC columns
(300 x 300mm and
1800mm high with 1000
x 600 x 550mm stub)

Eight square RC columns
(300 x 300mm and
1800mm high with 1000
x 600 x 550mm stub)

29.9-33.2

32.46

42.3

8-16mmbars 10% and 15%
with 10mm
transverse

reinforcements

8-16mm bars 30%
with 10mm
transverse

reinforcements

8-14mmbars 5,10 and 15%
with 10mm in longitudinal,
smooth barsas with the
transverse transverse
reinforcements having 8, 16,

24 and 32%

The investigation results show
that reinforcement corrosion may
defeat the purpose of providing
transverse confinement in hinge

regions of RC columns.

High-performance fibre-
reinforced concrete (HPFRC) was
adequate in restoring the
strength and deformability of
corroded under-confined RC
columns. However, the effect on
the seismic performance of a
well-confined RC column is not up

to the code requirements.

The pinch phenomenon of the
hysteretic curve gradually
increases with the increase in
steel bars' corrosion degree,
resulting in a reduction in the

specimen's energy dissipation,
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Zhou et al. accelerated
(2020) corrosion
(5% NaCl)
Basdeki et al. accelerated
(2022) corrosion
(5% Nacl)
Rinaldi et al. accelerated
(2022) corrosion

(3% NaCl)

Twelve circular columns 42.22
(300mm dia. and

1350mm high with an

800 x 410 x 300mm base)

34 prismatic RC columns, 30
each with dimensions of

80 x 80 x 320mm

Four square RC columns 25
(300 x 300mm and

1800mm high with 1500

x 750 x 500mm

foundation)

6 -14mm bars 0, 2.5,5, 10,
with 8mm 15 and 20%
transverse

reinforcements

16mm dia. 15%

bars

4 -16mm bars 20%
with 8mm
transverse

reinforcements

stiffness and plastic deformation

capacity

The mechanical parameters of
pier specimens degraded with
increased corrosion. Also, the
plastic hinge zone moved from
the bottom of RC piers to the
splash and tidal zones for severely

corroded samples.

The negative consequences of
corrosion on the hysteretic
behaviour of steel reinforcing

bars were highlighted.

The results of the cyclic
experimental tests show how
reinforcement corrosion (amount
and morphology) can reduce
structural strength and ductility

and change the failure modes.
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Zeng et al.

(2022)

Zhou et al.

(2023)

Zhang et al.

(2023)

accelerated
corrosion

(3.5% NaCl)

accelerated
corrosion

(5% NaCl)

Six circular RC columns
(390 dia. and 2340mm on
1300 x 580 x 800mm

stub)

Nine circular RC columns
(250 dia. and 1200mm on
1400 x 450 x 450mm

stub)

11 square RC columns
200 x 200 x 700mm on a
300 x 300 x 800mm base

beam)

37.1

33.8

15

8 - 16mm bars
with 10mm
smooth bars as
transverse

reinforcements

8 - 16mm bars
with 10mm
smooth bars as
transverse

reinforcements

6 - 12mm bars
with 6mm
transverse

reinforcements

10, 20, and
30%

0,5, 10, 15
and 20%

The test results indicated that the
severely corroded columns'
ductility and energy dissipation
capacity significantly increased by

48.5 % and 57.5 %, respectively.

The seismic performance of RC
columns decreases rapidly with
the increase of axial compression
ratio and corrosion degree. The
impact of reinforcement
corrosion is more obvious in RC
columns of low-strength concrete

with a larger reinforcement ratio.
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2.5 Confinement models for RC

In the RC bridge piers/columns designed to resist seismic vibrations, the plastic regions are
provided with adequate transverse reinforcement to improve their ductility and prevent the
buckling of longitudinal reinforcements. This confinement provides the compressed concrete with
higher ductility and strength, which helps to prevent collapse and shear failure during vibrations
(Mander et al., 1988). Thus, the higher the level of confining stress in the concrete, the more its

gains in ductility and strength (Zeng, 2017).

Mander et al. (1988) presented a unified stress-strain model for confined concrete in rectangular
or circular columns. The model was used for axial and cyclic loading and provides for the different
configurations of ties by estimating the effective lateral confining stress. The model was based on

the equation proposed in 1973 by Popovics and is shown in Figure 2.34 below.

Confined First
WL ] _ concrete fhoop.
R L S racture,
B - CC A -
T LI
2 feot \_" \Unconf?ned
Q Assurned for
S J S Cover concrete
€t Ecolfco Esp Ecc Ecu

Compressive Strain, Ec

Figure 2.34: Stress-Strain Model Proposed for Monotonic Loading of Confined and Unconfined

Concrete (Mander et al., 1988)

It should be noted that Mander et al. (1988) equations are for uncorroded confined concrete

with the longitudinal compressive stress, f, expressed as

f!oexr
fe=T30 (2.19)
Ec
x = = (2.20)
— EC
r= e (2.21)
E. =5000f"_, (2.22)
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(2.23)

Esec =

where,
& = longitudinal compressive concrete strain

f' .. = maximum confined concrete strength

&cc = maximum confined concrete axial strain
E. = elastic modulus of concrete
E..= secant modulus of confined concrete

f'.,= maximum strength of unconfined concrete

There are a lot of confinement models for concrete columns proposed in the literature. It should
be noted though that most of these confinement models are for uncorroded RC columns. Some of
the confinement models for RC columns are presented in Table 2.1 below. The models in the table
showed that the confined concrete behaviour is dependent on the unconfined concrete strength,
the yield strength of the confinement reinforcement, the volumetric ratios of confinement to the

concrete core and the confinement configuration (Liang et al., 2015).
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Table 2.4: Different confinement models for peak stress and strain of RC columns (Liang et al., 2015).

Researchers

Kent and Park, 1971

Vallenas et al., 1977

Sheikh and Uzumeri, 1980

Park et al., 1982

Mander et al., 1988

Saatcioglu and Razvi, 1992

*Hoshikuma et al., 1997

Bousalem and Chikh, 2006

Stress-strain models for confined concrete

Peak stress, f ..

fCO

dll

(ps + 7 ps)fyh

Strain, &,
0.002

0.734s_psfyn

S
feo| 1+0.0091(1 - 0.245—

x(1+ b L (1 s)zx/
fCO 140POCC [ 5_5bC2 ZbC ] pSfyh

fco + psfyh

7.94
flo=fool —1.254 4+ 2.254 |1+ 794 fie _, Jie
fco fco

fee = feo T k1 fre
ki = 6.7(fie)™*"

fie = k2 fi

fco + 3-8apsfyh

fco + O-4kepshfyh\/ fco

VEeo

0.0024 + 0.005(1 — ———)
h fCO
248 5\2 psfyh
£, X (1 + = [1- 5.0 (E) ] =

Eco X (1 + psfyh /fco)
fec
[y [
1+s(f-1)

&0 (1 4+ 5K)

_ ki fie
fC’O

SCO

N——

K

0.002 + 0.033Bpsfyn/feo

kepshfyh>]
Vieo

oo X [1+ 2.7(

*a, f = modification factors dependent on the cross-sectional shape of the column for the Hoshikuma et al.’s model.
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Corrosion of reinforcement affects the mechanical properties of reinforcement, thereby reducing
the cross-sectional area and yield strength. This forms the basis of the work done by Vu et al.
(2017), where the model by Mander et al. (1988) was modified by adjusting the volumetric ratio
and yield strength of the transverse reinforcement to reflect the corrosion effect and hence the

reduction in the lateral confining pressure. The modified equations are as follows:

Volumetric ratio, pg.,

psc = (1= Xcorr)Ps (2.24)
where,

Xcorr = corrosion level (mass loss of transverse reinforcement)

ps = ratio of the volume of transverse confining steel to the volume of confined concrete core

Aspmds 4Asp

Ps = %d?s T dgs (2.25)
where,

Agp = area of transverse reinforcement

d, = diameter of hoop bar centres

s = vertical spacing of transverse bars

This further impacted the yield strength of the transverse reinforcement, f,,;, as the area reduces.
Thus, the expression for the yield strength of the corroded transverse reinforcement, fy"h,

becomes
fych =(1- asXcorr)fyh (2.26)
where,

a= yield strength reduction factor (corroded transverse reinforcement = 0.005, Du et al. 2005;

Stewart and Al-Harthy, 2008)

The reduced volumetric ratio and yield strength affect the confining stress, thereby leading to the

reduction in the effective lateral confining pressure, f;, in the corroded section.

It 1
fi = Ekepsc fych (2.27)

where,
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k.= confinement effectiveness coefficient (dependent on the geometry and configuration of the

section)

The confinement effectiveness coefficient, k., for the circular columns is determined from the

expression in Mander et al. (1988) using Figure 2.35.
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Figure 2.35: Confined Core for Circular Reinforcement (Mander et al., 1988)

((-3)
d .
s for circular hoops
k. = 1-pcc
e !
(1-:%)
d . .
20 for circular spirals
1-p¢c

where,
s'=vertical spacing between hoop bars
d,= diameter of hoop bar centres

Pcc = ratio of the area of longitudinal reinforcement to the area of core of section

For a rectangular column, the confinement effectiveness coefficient, k., is determined from

Figure 2.36 below:
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Figure 2.36: Confined Core for Rectangular Reinforcement (Mander et al., 1988)

(-2t ) (-5 (1-22)
ke - (1-pcc) (2.29)

For rectangular RC columns with different confinement in the x and y directions, the effective

lateral confining stress is determined from

fix = kePexfyn (2.30)
and,

fiy = kePeyfyn (2.31)
Pex = fT" (2.32)
Pcy = % (2.33)
where,

Pcx and pgy, are the ratios of the area of longitudinal reinforcement to the area of the core of the

section in the x and y directions, respectively.

Agx and Ay, = the total area of transverse bars in the x and y directions, respectively.

The compressive strength of corroded confined, f., is determined from Figure 2.37 for confined

concrete without corrosion.
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Figure 2.37: Confined Strength Determination from Lateral Confining Stresses for Rectangular

Columns (Mander et al., 1988)

Applying the corrosion reduction factor on the confined concrete compressive strength reduces

this to reflect the effect of corrosion.

The maximum confined strength, f..,

fro= (1= aXor)fl (—1.254 +2.254 /1 + 7}‘3—4’7 _ 2}{—1> (2.34)

where,

a = stress correction coefficient (@ = 0.19, 0.40 and 0.51 for single hoop square, double hoop

square and circular section with spiral hoops, respectively)
fz» = unconfined compressive strength of concrete

The axial strain of the corroded RC structure reduces significantly due to corrosion of the
reinforcement. The axial strain for corroded confined concrete could be obtained by modifying

the axial strain equation in Mander et al. (1988).

&cc = (1 = BXcorr)€co [1 +5 (% - 1)] (2.35)
where,

B= strain correction coefficient (£=0.49, 1.29 and 0.28 for single hoop square, double hoop

square and circular section with spiral hoops, respectively)

£.0= axial strain of unconfined concrete (g.,= 0.002 if test data is not available)
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The failure of transverse reinforcement will lead to the buckling failure of the longitudinal bars
and, hence, the crushing of the core concrete. To mitigate this failure, the ultimate strain of
confined concrete is estimated at the point where the fracture of the transverse reinforcement
occurs. Vu et al. (2017) modified the empirical equation of Paulay and Priestley (1992) to include
the corrosion effect on the ultimate strain of corrosion-confined concrete. The proposed
equations are stated below (Equations 2.36 and 2.37)

1.4psc f;h &m

€y = 0.004 + (1 — Xcorr) 7

(2.36)

&sm = (1 = BsXcorr)€sm (2.37)
where,

esm = steel strains at the maximum tensile stress of corroded reinforcement

&£g¢m = Steel strains at the maximum tensile stress of corroded reinforcement (0.12)

Bs=ultimate strain reduction factor for corroded transverse reinforcement (Ss= 0.05, (Du et al.,

2005)

In recent years, understanding the modelling and analysis of the degradation of RC structures has
led to an improvement in models such as Druker-Prager and CDPM used in software for finite
element analysis. For example, Zeng (2017) proposed a new uniaxial compressive stress-strain
curve to analyse square RC columns confined with transverse reinforcement. The proposed CDPM
was used in ABAQUS to analyse the behaviour of laterally confined RC columns with three

different configurations (Fig. 2.38) of transverse reinforcement subjected to concentric loading.

.

)N A

Figure 2.38: Configurations of Transverse Reinforcement. (Zeng, 2017)

7

The investigation showed that the column with configuration C has higher hydrostatic pressure
than the other columns (A and B), as seen in Figure 2.39. Thus, the specimen with configuration C

provides a better confinement effect on the core concrete than the other two after the peak load.
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Figure 2.39: Contours of Hydrostatic Stress within Core at Middle Sections Corresponding to an

Axial Strain of 0.02 (Zeng, 2017)

2.6 Non-Destructive Testing of RC Structures

Advanced non-destructive testing techniques in composite materials have received increasing
attention because they allow for looking inside a material rather than examining its surface. This
ability is of great importance since it enables engineers to characterise the internal fracture
behaviour of materials, which can inform the development and validation of computer models.
Moreover, non-destructive techniques can be used to assess the achieved material quality and

control its properties during casting and after hardening (Shah & Ribakov, 2011, 2012).

Non-destructive tests are done on existing and ageing structures to assess the structural integrity
and adequacy of such structures. Once done accurately, the test could also help predict and
ascertain the time an RC structure requires for maintenance and rehabilitation. Some of the
common methods of non-destructive tests done on RC structures are half-cell electrical potential,
carbonation depth measurement, ultrasonic pulse velocity, radiographic testing, impact echo
testing, impulse radar testing, infrared thermography, computed tomography (CT) scan and
Digital Image Correlation (DIC), the electrical resistivity technique; electrochemical impedance
spectroscopy; near-field microwave method; ground penetrating radar; X-ray and gamma-ray
radiography; acoustic emission and the ultrasonic pulse velocity method. A comprehensive review
of the application of these methods for testing cement-based composites has been recently

presented by Shah and Ribakov (2011).

2.6.1 Computed Tomography (CT) Scan of RC Column

Microscale X-ray computed tomography (UXCT) is a non-destructive 3D imaging technique that
allows accurate characterisation of the 3D nano-/micro-/meso-structure of different materials,

including pores and cracks. Computed tomography has been used in medicine since the 1970s.
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However, its application in material science is relatively new. It is being increasingly used to
evaluate damage propagation, identify damage mechanisms and extract critical parameters of

different types of materials (Maire & Withers, 2014).

The need to understand the internal microstructure of materials for accurate estimation and
analysis of their behaviour under stress made it imperative for engineers to look at other
assessment methods. For example, a computed Tomography (CT) scan is a very powerful method

for studying the internal microstructure of materials (Vicente et al., 2019).

Recently, microscale X-ray computed tomography (uXCT), the 3D imaging technique routinely
used in hospitals, has become popular in studying the behaviour of different materials and
characterising their internal nano, micro and mesoscale structure (Maire & Withers, 2014). This is
mainly because of its high resolution, non-destructive nature, and clear visualisation of multi-
phase shapes, sizes and distribution, including pores and cracks. In addition, this technique allows
the characterisation of the evolution of material behaviour by recording several scans at different

time intervals under changing conditions.

26.1.1 UXCT principles

Figure 2.40 illustrates the procedures of the uXCT as illustrated by Vicente et al. (2019). First, a
sample is placed between the X-ray source and a detector. As the X-rays propagate through the
sample, which is rotated axially through 360°, they are attenuated or scattered depending on the
sample density along the beam path. The detector captures the remaining X-rays transmitted
through the sample and then builds a series of 2D digital radiographs (projections). Using a
suitable reconstruction algorithm, a 3D volumetric image of the sample with variable greyscale is
reconstructed from the radiographs. The grey values of each voxel (3D pixels) measure the

material's absorptivity.

67



Chapter 2

X ray source Detector

® ﬁ
r’l\

Series of projection images

Fotating stage

Stack of grav
-scale images Tomography
<: reconstruction
[
[ ==

Figure 2.40: The setup of a CT scan (Vicente et al., 2019).

The X-ray radiation is characterised by its energy distribution (measured in kV) and intensity,
which determines the penetrating power of the X-ray beam into a material. Higher energy X-rays
can penetrate a greater thickness of the material or a similar thickness of denser material before
being absorbed. However, high-energy X-rays are less sensitive to the differences in the densities
of the material constituents. Therefore, the energy of the X-ray beam should be calibrated
carefully according to the sample size and the density of the material to ensure the quality of the
scanned images. A small electron beam or X-ray spot is essential to obtain sharp images. Spots of
around 1um diameter can be achieved with an applied voltage of up to 250kV. The material
composition and its attenuation coefficient also significantly affect the quality of the uXCT images

(Kruth et al., 2011).

At the beginning of the scan, the size of the image voxels should be calibrated to perform
accurate and traceable dimensional measurements. This calibration allows the identification of a
global scale factor that will be used to link voxel size to a unit of length. The calibration process is
usually done by measuring a simple calibrated reference object. In addition, a large number of
parameters, which have a significant influence on the scanning process, need to be determined at
the beginning of the scan, such as source current, source voltage, the size and shape of the object,
magnification, number of angular poses, exposure time, number of projections, number of
positions and combining measurements with different current/voltage/target. Proper parameter
selection may require iterative procedures and test measurements (Ketcham & Carlson, 2001;

Kruth et al., 2011).
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2.6.1.2 Data reconstruction and segmentation

Image reconstruction is a mathematical process that aims to convert projection images collected
by the detector into greyscale images. The grey values have a range determined by the computer
system (e.g., 8-bit). The most commonly used reconstruction technique is filtered back projection,
in which each view is successively superimposed over a square grid in the acquired initial
direction. The resolution of the reconstruction is affected by many parameters such as voxel size,
number of detector pixels in x and y directions, number of angular positions at which images are

taken, and number of projection images taken in one angular pose (Ketcham & Carlson, 2001).

The 3D reconstruction is followed by edge detection and segmentation to determine the
interfaces between the object and the surrounding air or between different material components.
The object sample or material edges can be identified based on greyscale value thresholding. The
grey edge value depends on the material quality and the radiation intensity. The presence of
multiple materials complicates proper edge detection. The threshold values can be calculated and
applied on a local transition area that includes only the two materials considered for the
transition threshold rather than using the same threshold value over the entire sample (i.e., global
thresholding). However, this requires lengthy procedures to identify accurate threshold values

(Kruth et al., 2011).

The CT scan data could be exported to a FEM software package for further analysis and
comparison with experimental data (Fig. 2.42). It could also show the crack distribution pattern
inside a concrete specimen subjected to one form of deformation or another. In addition,
researchers have used CT scans to investigate and establish the correlations between metals'
internal microstructure and macroscopic response during mechanical testing (Awd, Stern, et al.,
2018; Awd, Tenkamp, et al., 2018; Chen et al., 2020). The technology has also been extended to
investigate the internal microstructure of concrete, most especially the porosity, which directly
affects the durability, fatigue, fracture behaviour and freeze-thaw cycles (Balazs et al., 2017,

Vicente et al., 2019; Vicente et al., 2021; Vicente et al., 2018).
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Figure 2.41: Stress-strain curve and damage propagation under tension ((Ren et al., 2018). DSF =

displacement scale factor

Monitoring the corrosion of ageing RC structures can be a significant task due to the uncertainties

surrounding its occurrence and propagation. Therefore, the X-ray CT scan and acoustic emission

(AE) technique was used together to investigate the effect of corrosion-induced damage on the

reinforcement-concrete interface of an existing RC structure by testing small reinforced mortar

cylinders (Van Steen et al., 2017). The results of this investigation showed that the combination of

the two methods gives a reliable estimate of the degradation mechanism of the corrosion

process, which could be used further in numerical modelling.
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Vicente et al. (2018) used the CT scan to study the crack patterns of fibre-reinforced concrete
subjected to monotonic and low-cyclic fatigue loads using 40mm cubes made of steel fibre-
reinforced concrete. First, the samples were loaded and scanned to acquire their 3D damage
maps, which were then examined for the different crack patterns. The result of the investigation
showed that the loading method does not affect the crack pattern of the tested cubes, as the

damage maps are statistically similar.

The effective maintenance of ageing RC structure depends on accurately evaluating and detecting
degradation caused by fatigue damage. Fan and Sun (2019) used industrial CT technology to
detect and assess fatigue damage in concrete by conducting fatigue loading tests on cylindrical
concrete specimens (50mm dia. and 100mm long) and observing the spatial distribution of the
fatigue cracks generated. A new fatigue damage parameter (D) was developed based on the

distribution of the fatigue crack in the concrete (Eq. 2.38)

D= (1 - 1“E’")/(‘”—O) = Pn=Po)Py (2.38)

1-P, /' \Py) " (1-Py)P,
where,
P,=initial porosity of the concrete
P,= current porosity of the concrete

The damage parameter developed could be used to better characterise the material fatigue
damage of concrete under compression as the micro parameters of fatigue cracks were accurately

measured with the CT scanning done.

The use of CT scans in exploring the microstructural studies of materials used in various fields of
engineering properties of materials has been growing in the past two decades. The need arises
from the evidence of its successful applications in other areas of study to properly understand the
internal distribution of stresses in materials. The technique has been used extensively in metal
manufacturing, developing and improving composite materials, and pavement and asphalt
production. CT scan technology of concrete output continuously evolves to include the
deterioration and degradation of concrete materials and the responses under load. The table
below summarises some of the work on using CT scans to investigate some properties of

concrete.
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Table 2.5: Summary of application of CT scan on concrete materials

Study Type of Material tested conclusions

Study
Baldzs et al. Three-point Concrete with varying The specimens with longer mixing
(2017) bending tests  quantities of steel time but the same volume fraction

Van Steen et

al. (2017)

Ren et al.

(2018)

Vicente et al.

(2018)

Vicente et al.

(2021)

on FRC
beams (150 x
150 x 600

mm)

test on
cylindrical
mortar
samples
(27.7mm dia.
and 58mm

height

Compressive
tests on
concrete
cubes

(20mm)

Monotonic
and cyclic
loading tests
on concrete
cubes

(40mm)

Using CT scan
to investigate
the porosity

of concrete

fibres and different

mixing durations

Mortar sample with a
single smooth bar in

the middle

20mm concrete cubes
with 5mm average

diameter of aggregates

self-compacting
concrete reinforced

with steel fibres

self-compacting
concrete reinforced

with steel fibers

of steel fibres resulted in higher
residual flexural-tensile strength
values that increased with increased

fibre content.

Micro-CT, combined with other
techniques such as the Acoustic
Emission (AE) technique, result in a
reliable visualization and
characterization of the mechanical
damage processes during the

corrosion process

The study demonstrates that
combining the in situ micro XCT tests
and image-based FE modelling is an
effective technique to investigate
the internal damage and fracture
behaviour in multiphasic composites

such as concrete

The results show that average
damage maps for monotonically and
cyclically tested cubes are
statistically similar, confirming the
hypothesis for steel fibre-reinforced

concrete.

The result showed that CT can
provide a great deal of information
on the porosity of concrete, much
more than that given by

conventional procedures
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Wang et al. In-situ and RC with embedded The results show that the images
(2021) real-time single bar (carbon steel  collected by XCT can directly reflect

monitoring of and corrosion-resistant  the cracking position and the whole

the corrosion bar) corrosion process of reinforced
process of concrete
steel bars in
concrete
2.6.2 Digital Image Correlation (DIC) measurement

The measurements of loaded samples with small and uniform strain deformations could easily be
achieved with strain gauges and Linear Variable Differential Transformer (LVDT) devices, as they
are easy to manufacture and have high sensitivities. However, most engineering structures are
subjected to heterogeneous deformation and non-uniform deformation. Hence, strain gauges at
discreet points may not correctly capture the information needed in the region of interest (Zhao
et al., 2019). This problem is overcome with non-contact sample testing, with the DIC, one of the

most recognised methods.

DIC is a non-destructive, non-contact full-field optical measurement technique capable of
capturing digital images of the surface of an object to obtain the in-plane strains and out-of-plane
deformations in its 2D and 3D configurations, respectively. It uses the correlation between images
(reference and deformed) to measure the displacement. It is widely used in the field of solid

mechanics to investigate the responses of structures to loadings.

Kuntz et al. (2006) used the DIC technique to analyse the response/behaviour of in-situ shear
crack in an RC bridge beam during a static loading test. The investigation was done on the Saint-
Marcel Bridge. The result shows that crack loading varies with the position of the load and the

sequence of application to the structure.

Jiang et al. (2017) examined the strain field of RC under accelerated corrosion using strain gauges
and DIC. The RC sample used in the investigation was 100 x 100 x 300mm with a 10mm diameter
carbon steel bar. The DIC equipment was set up to record the deformation as the sample was
corroded (accelerated corrosion method), while the strain gauges were also attached to the

rebar. The result showed an agreement between the two processes.

Rajagopal et al. (2018) used the 2D-DIC technique to assess the stress-strain behaviour of

corroded steel reinforcement (Fig. 2.42). The stress-strain behaviour of 14 reinforcements (one
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uncorroded and 13 naturally corroded obtained from a 15-year-old building) was investigated.
The result of the investigation showed that the DIC provides more accurate measurements of the
mechanical properties, as it was able to measure the local strain heterogeneity and separate the

effects of geometrical variations from the material degradation.
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Figure 2.42: Capturing of images during deformation of test specimens: (a) experimental setup

for 2D-DIC and (b) setting of camera frame (Rajagopal et al., 2018)

Chen et al. (2020) used the 3D-DIC to investigate the mechanical behaviour of reinforcement bars
with localised pitting corrosion. The investigation was done on 61 reinforcement bars subjected to
wetting and drying cycles in chloride solutions for over three years. The maximum corrosion level
was determined with a 3D-scanning technique (Fig. 2.43). At the same time, the DIC was used to
determine the displacement field and, thus, the engineering strain through the virtual
extensometers created during the post-processing. The test result was used in proposing a time-
dependent assessment of strain capacity considering the corrosion morphology evolution over

time.
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Figure 2.43: Example illustrating corrosion evaluation from 3D-scanning: (a) reconstructed bar
surface from 3D-scanning; (b) longitudinal variation of the cross-sectional area along
the scanned length; (c) 2D plot of the bar surface with a colour scale showing the
magnitude of radius; (d) residual and original cross-sectional appearance at the

minimum cross-section (Chen et al., 2020)

Wang et al. (2021) used X-ray computed tomography (XCT) and the DIC to research the internal
monitoring of RC under accelerated corrosion of the Q235 carbon steel bar and corrosion-
resistant steel bar. The study subjected concrete specimens mixed with seawater and reinforced

by two steel bars, a Q235 carbon steel bar and a corrosion-resistant steel bar (Fig. 2.44) to
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accelerated corrosion. X-ray computed tomography (XCT) was used for in situ and real-time

monitoring of the corrosion process of the concrete.

Figure 2.44: the 3D-diagram of the reinforced concrete (Wang et al., 2021)

The result showed that the XCT could monitor the cracking position and the whole process of RC

corrosion, while the DIC could also quantify the strain generated. Also, the combination of XCT

and DIC processes could assist in verifying existing cracking models on corrosion expansion.

Table 2.6: Summary of application of DIC for investigation of the properties of corroded RC

elements.

References

Type of Study

Conclusions

Kiintz et al. (2006)

Jiang et al. (2017)

Rajagopal et al. (2018)

Investigate the in-situ
behaviour of a shear crack
in an RC beam during a

static load test.

Investigating the strain
evolution and crack pattern

of RC attacked by corrosion

Assessment of the stress-

strain behaviour of

The results indicate that the crack loading
varies significantly with load position and

sequence of applications to the structure.

The results showed an agreement between
the measurements with strain gauges and
the DIC technique in the concrete strain field
analysis induced by the corrosion of

reinforced bars.

The results show that the proposed method

can provide more accurate estimates of
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naturally corroded cold-
twisted deformed (CTD)

steel rebars

Chen et al. (2020) Mechanical behaviour of
reinforcement bars
affected by pitting

corrosion

Wang et al. (2021) Analyzing the inner
expansion and strain

variation of RC

mechanical properties than the conventional
methods. The developed method facilitates
a better understanding of the stress-strain
behaviour at the fracture location and other
local points of interest on corroded steel

rebars.

The investigation revealed that the
measured ultimate strain was dependent on
the extensometer gauge length for a given

corrosion pit

The crack development was measured with
considerable ease by the DIC. Also, the strain
and stress field evolution in different areas
of concrete reinforced by the steel bars was

calculated.

2.7 Conclusions

A review of the existing models for corrosion of RC structures, numerical analysis, experimental

work, and corrosion effect for normal and high-strength concrete was presented. In addition,

some of the results of previous experimental and numerical work on the corrosion of RC

structural elements have been discussed.

The conclusions of the literature review and the gaps in the research identified can be

summarised below:

1. Much experimental work is on the corrosion of RC beams subjected to flexure and shear

under monotonic and cyclic loading.

2. There s a large volume of work on the modelling of confined concrete elements, with

very few studies on corroded confined concrete columns.

3. Most experimental works on corroded confined RC columns were on normal and high-

strength concrete structures, without any experimental work on low-strength RC

columns.

4. There is limited experimental data on corroded RC columns, both circular and square

cross-sections, under axial and lateral (monotonic and cyclic) loadings.
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5. Also, previous experimental work on corroded RC columns has been mainly on flexure
with no data on critical shear columns.
6. The use of non-destructive testing to examine the behaviour of corroded RC elements is

limited in the literature.

The main contribution of this research will be to carry out experimental tests on low-strength
corroded RC columns under monotonic and cyclic loading, representing ageing structures,
considering different geometrical properties (square and circular) and different reinforcement
configurations and shear span-to-depth ratios. The results will shed more light on pertinent
questions like what configuration of the columns gives the best performance at different

corrosion levels and the need for strengthening of ageing and low-strength RC columns.
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Chapter 3 Experimental investigation of the influence of
axial compressive load on low-strength

reinforced concrete corroded column?-2

3.1 Introduction

Chapter 2 showed that chloride-induced corrosion of reinforcing steel is the most common reason
for the premature deterioration of RC structures in chloride-laden environments. Many of these
old structures are located in highly seismic regions and are subjected to cyclic loading during an
earthquake. Many ageing structures are also designed with inadequate confinement
reinforcement for earthquake resistance. Hence, consideration needs to be given to their

responses under seismic loading.

3.2 Ageing and corrosion of RC columns/piers

Ageing in reinforced concrete (RC) structures results in the loss of their strength via a slow,
progressive and irreversible process over time. In addition, the ageing process results in the
degradation of the engineering properties of structures by limiting their resistance to failure
(Karapetrou et al., 2017; Yang et al., 2016). This failure is more pronounced in RC structures in
aggressive and marine environments located in seismic regions subject to corrosion effects and

poor quality of materials used in construction.

Corrosion of reinforcement in concrete is one of the most common and dangerous environmental
deteriorations affecting the structural performance of ageing structures in chloride-laden and
high seismic environments (Kashani, Alagheband, et al., 2015; Vu et al., 2017). It significantly
reduces the diameter (Du et al., 2005), strength (Vu & Bing, 2018) and axial load-bearing capacity
of reinforcing bars in corroded RC structures (Goksu & Ilki, 2016; Luo et al., 2020; Shen et al.,

2021). Furthermore, as the corrosion products expand, they exert tensile stresses on the interface

! Aminulai, H. O., Robinson, A. F., Ferguson, N. S., & Kashani, M. M. (2023a). Impact of corrosion on axial
load capacity of ageing low-strength reinforced concrete columns with different confinement ratios.
Construction and Building Materials, 384, 131355.
https://doi.org/https://doi.org/10.1016/j.conbuildmat.2023.131355

2 Aminulai, H. O., Ferguson, N., & Kashani, M. (2023a). Structural behaviour of axially loaded corroded low-
strength RC columns with different confinement ratios. In Life-Cycle of Structures and Infrastructure
Systems (pp. 3348-3355). CRC Press.
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between reinforcement and concrete, resulting in corrosion cracks and subsequent spalling of the
concrete cover (Shen et al., 2021). This reduces the concrete core confinement, leading to the
degradation of strength and ductility and the long-term performance of the RC structure (Fang,

2020; Ma et al., 2022).

Extensive experimental and numerical studies have been carried out on corrosion-damaged RC
components (Kashani et al., 2019; Meda et al., 2014; Rajput et al., 2019; Vecchi & Belletti, 2021;
Yuan et al., 2017; Wenting Yuan et al., 2018; Wei Yuan et al., 2018). Moreover, many studies have
been devoted to evaluating the seismic reliability of corroded RC components/structures
(ABAQUS, 2019; Biondini et al., 2014; Guo et al., 2015; Li et al., 2009; Li et al., 2018; Ma et al.,
2018; Ni Choine et al., 2016; Rajput et al., 2019; Rao et al., 2017b; Rodriguez et al., 1997; Yu et al.,
2015; Zeng et al., 2022). The conclusion of these studies approves that corrosion of reinforcement

increases the likelihood of catastrophic collapse in RC structures.

Ageing RC columns/piers generally fail through buckling of the vertical reinforcement bars
together with the crushing of core confined concrete and the fracture of the longitudinal bars
(Kashani et al., 2019), resulting from inadequate confinement from the transverse
reinforcements. The failure becomes more critical in columns/piers in corrosion-laden
environments where chloride-induced corrosion is prevalent and significantly affects the stress-
strain behaviour of reinforcing bars. Therefore, numerous models are proposed to investigate the
axial load-displacement behaviour of RC columns/piers in seismic regions (Aboutaha et al., 2013;

Ma et al., 2022; Mohammed et al., 2018; Vu et al., 2016; Vu et al., 2017).

In the design of RC bridge piers/columns to resist seismic vibrations, the plastic regions are
provided with adequate transverse reinforcement to improve their ductility and strength and
prevent the buckling of longitudinal bars. This confinement reinforcement provides the
compressed concrete with higher flexibility and stability, which helps to prevent collapse and
shear failure during vibrations (Mander et al., 1988). Thus, the higher the level of confining stress
in the concrete, the more its ductility and strength gain (Zeng, 2017). Several numerical and
analytical models have been developed to investigate the effect of confinement of transverse
reinforcement on the axial load capacity and stress-strain behaviour of RC columns (Hoshikuma et
al., 1997; Liang et al., 2015; Mander et al., 1988; Saatcioglu & Razvi, 1992; Zeng, 2017). However,
these models are primarily on plain RC columns without considering the effect of corrosion on the
structural response of columns/piers. These models have been incorporated into design
guidelines and codes for designing new RC bridge columns/piers. However, many old bridge

columns are still with the old design without proper confinement. Therefore, the behaviour and
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response of these old columns to combined effects of degradation and axial compressive load

need to be investigated.

3.21 Research contribution and novelty of this chapter

Although the stress-strain behaviour of confined concrete in non-corroded RC columns has been
comprehensively addressed (Andisheh et al., 2021), there are very few experimental studies on
the effects of corrosion on the stress-strain behaviour of confined concrete columns, including the
inelastic buckling of the longitudinal bars. Several researchers have used analytically developed
stress-strain graphs of confined concrete subjected to corrosion for numerical applications
without experimental verification (Ou et al., 2013; Ou & Nguyen, 2014). Also, most of the
experimental works have been on normal and high-strength RC structures without many studies,
if any, on old RC structures with low-strength concrete. However, many old RC structures still
have low-strength concrete in seismic regions without seismic detailing. Hence, it is imperative to

study the impact of corrosion on such old RC structures to understand their responses under load.

The corrosion of the rebars (longitudinal and transverse) in the concrete further decreases the
mechanical performance of the corroded RC elements. As such, researchers modified some RC
element models to reflect the corrosion effect on the stress-strain response of degraded RC
columns. For example, Vu et al. (2017) adjusted the Mander et al. (1988) equation by adding the
effect of corrosion on the volumetric ratio and yield strength of the transverse confining
reinforcement, leading to a reduction in the adequate lateral confining pressure of the corroded
column. Furthermore, Ma et al. (2022) extended the Mander et al. (1988) and Vu et al. (2017)

models to reflect the corrosion effect on transverse reinforcements in rectangular columns.

Nevertheless, in most studies mentioned above, the influence of corrosion of the longitudinal and
transverse rebars and different confinement configurations are not considered simultaneously.
The corrosion test of reinforcement generally results in the loss of mechanical strength of RC
members, while adequate confinement improves the ductility of RC members. Therefore, it is
imperative to investigate the performance of RC columns under simultaneous reinforcement

corrosion of the longitudinal and transverse reinforcement and the different confinement ratios.

The present study investigated the mechanical behaviour of ageing low-strength circular and
square RC columns under simultaneous reinforcement corrosion, confinement configurations and
monotonic axial load. 60 RC columns were designed and grouped into five different target
degrees of reinforcement corrosion (i.e., 0%, 5%, 10%, 20% and 30%) with three confinement
ratios (L/D=5, L/D=8 and L/D=13) under compressive load (30 for monotonic axial and 30 for cyclic

load). The different degrees of reinforcement corrosion were obtained by an accelerated
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corrosion technique using the electrochemical process (Faraday's electrolysis technique). The
effect of reinforcement corrosion and confinement ratios on the load-deformation responses of
RC columns were analysed. The experimental results are further compared with analytical models

in the literature.

3.3 Experimental design

331 Design of the specimens

The RC columns used in the investigation were designed to have a proposed strength of 20MPa to
match the strength of ageing RC structures. The configuration and sizing of the specimen were
limited to small RC columns, considering the maximum axial load capacity (compression) of the
largest load capacity machine within the available existing experimental facility (TSRL, University
of Southampton). The Instron Schenck G machine has a maximum axial load capacity of 630kN.

The sizing of the specimens is shown in Table 3.1 below.

Table 3.1. Sizing and load capacities of the test specimen

Parameters Square column Circular column
Unconfined Concrete Strength (MPa) 20 20
Confined Concrete Strength (MPa) 30 30
Steel Strength (MPa) 500 500
Cross-section size (mm) 125 x 125 125 dia.
Cross-section area (mm?) 15625 12271.85
Number of longitudinal 10mm bars 4 5
Area of longitudinal bars (mm?) 314.16 392.70
Total force (kN) 625.83 564.50

3.3.2 Specimen details material properties

A total of 60 RC columns (30 squares and 30 circulars) were designed for the experimental work,
as shown in Figure 3.1 and cast into the square and circular columns. The square columns have a
125 x 125 x 600mm dimension incorporating four (4) No. 10mm diameter longitudinal bars, while

the circular samples (125mm diameter x 600mm long) have five (5) No. 10mm longitudinal bars.
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All the rebars in the columns were joined together with steel tie wires to ensure that the
transverse and longitudinal bars corrode during the corrosion process. The columns were
designed with three different confinement ratios in the middle 400mm zone, while the 100mm
ends have transverse bars spaced at 25mm (Figure 3.1). Furthermore, the 100mm ends are
wrapped with epoxy-coated GFRP to minimise the stress concentration damage at the top and
bottom ends of the columns and ensure that the failure occurs at the RC columns' middle zone

during loading.

The adequate confinement of concrete increases RC structures' ductility and load-carrying
capacity (Zeng, 2017). Therefore, the RC short columns (square and circular) were designed to
have three levels of confinements based on the spacing of the transverse reinforcements. The
transverse reinforcement provides the needed confinement through the centre-to-centre spacing
(L) in relation to the diameter of the longitudinal reinforcement (D), known as the L/D ratio. The
columns in this research are thus designed with transverse reinforcement spaced as L/D =5, L/D =
8 and L/D = 13 for the different levels of confinements, respectively and five targeted degrees of
corrosion. The targeted degrees of corrosion range from 0% to 30% (i.e., 0%, 5%, 10%, 20% and
30%) as shown in Tables 3.2 and 3.3. The specimens were categorised according to their shape
into circular and square (i.e., C and S), with the second numbers representing the level of
confinements (5, 8 and 13). In contrast, the last numbers denote the estimated degree of
corrosion (Tables 3.2 and 3.3). Furthermore, the letters B and A are used to denote samples used

for axial monotonic and cyclic tests, respectively.

Table 3.2. Experimental test matrix

Circular columns Square columns

Specimen Confinement  Targeted Specimen Confinement  Targeted

label level corrosion label level corrosion
(%) (%)

C5B0 5 0 S5B0 5 0

C5B5 5 5 S5B5 5 5

C5B10 5 10 S5B10 5 10

C5B20 5 20 S5B20 5 20

C5B30 5 30 S5B30 5 30

C8B0 8 0 S8BO 8 0

C8B5 8 5 S8A5 8 5
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C8B10 8 10 S8B10 8 10
C8B20 8 20 S8B20 8 20
C8B30 8 30 S8B30 8 30
C13B0 13 0 S13B0 13 0
C13B5 13 5 S13B5 13 5
C13B10 13 10 S13B10 13 10
C13B20 13 20 S13B20 13 20
C13B30 13 30 S13B30 13 30
Table 3.3. Experimental test matrix for the axial cyclic compressive test
Circular columns Square columns
Specimen Confinement  Targeted Specimen Confinement  Targeted
label level corrosion label level corrosion
(%) (%)
C5A0 5 0 S5A0 5 0
C5A5 5 5 S5A5 5 5
C5A10 5 10 S5A10 5 10
C5A20 5 20 S5A20 5 20
C5A30 5 30 S5A30 5 30
C8A0 8 0 S8A0 8 0
C8A5 8 5 S8AS5 8 5
C8A10 8 10 S8A10 8 10
C8A20 8 20 S8A20 8 20
C8A30 8 30 S8A30 8 30
C13A0 13 0 S13A0 13 0
C13A5 13 5 S13A5 13 5
C13A10 13 10 S13A10 13 10
C13A20 13 20 S13A20 13 20
C13A30 13 30 S13A30 13 30
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SPECIMEN WITH L/D = 13
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Figure 3.1: RC columns details showing the schematic drawing and reinforcement cages for the different
confinement levels (a) High confined (L/D = 5) (b) Medium confined (L/D = 8) (c) Low
confined (L/D = 13)

The longitudinal and transverse reinforcement used were the typical BS0O0B British standard
reinforcing bars. Tables 3.4 — 3.7 gives the schedule and bending configurations of the
reinforcement bars and the summary of the reinforcement quantities used in producing the RC

columns.

Table 3.4. Bar bending schedule for high confined (L/D = 5) RC columns

location Bar Type Number Number Total Length Total Shape
mark and off. ineach number (mm) length
size (mm)
Square 01 B10 10 4 40 550 22,000 550
column
02 BO6 10 13 130 545 70,850 %Q
' 105
105 L =545mm
Square 03 B10 10 5 50 545 27,500 550
column
04 BO6 10 13 130 460 59,800 "

gi‘k‘ L =460mm
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Table 3.5. Bar bending schedule for medium confined (L/D = 8) RC columns
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location Bar Type Number Number Total Length Total Shape
mark and  off. ineach number (mm) length
size (mm)
Square 05 B10 10 4 40 550 22,000 550
column
06 BO6 10 10 100 545 54,500 k;«
105
105 L =545mm
Square 07 B10 10 5 50 545 27,500 550
column
08 BO6 10 10 100 460 46,000 %

%\ L =460mm

Table 3.6. Bar bending schedule for high confined (L/D = 13) RC columns

location Bar Type Number Number Total Length Total Shape
mark and off. ineach number (mm) length
size (mm)
Square 01 B10 10 4 40 550 22,000 550
column
02 BO6 10 8 80 545 43,600 &3{
105
105 L =545mm
Square 03 B10 10 5 50 545 27,500 550
column
04 BO6 10 8 80 460 36,800 —'“—

%~ L =460mm

Table 3.7. Summary of steel reinforcement required for the production of RC columns.

Type and size of Total length Total length Weight factor Mass required.
bars (mm) (m) (kg/m) (kg)

B10 150,500 150.5 0.616 92.708

B6 315,550 315.6 0.222 70.063
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3.3.3 Confined concrete characteristics estimates of the RC columns.
3.3.3.1 Confined circular RC columns:
-
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Figure 3.2: Area of the effectively confined core and the distance from the centre of the stirrup

bar to the confined core line

The area of effectively confined core for the circular RC columns is estimated as below:

ds =125 — 20 — 6 = 99mm for all the circular columns

_ Area of longitudinal bars
Pec = area of ef fectively confined concrete core

_ 57 (10)2

Pec == (895)? = 0.0624 for all the circular columns

Table 3.8. The coefficients of the confinement effectiveness of circular RC columns at different

degrees of confinement

Column Confinement level Spacing between

transverse bars, S’

Confinement effectiveness

coefficient, k.

(mm) (Eq. 2.28)
High confined (L/D = 5) 50—-6 =144 0.645
Medium confined (L/D = 8) 80—6=74 0.418
Low confined (L/D = 13) 133 -6 =127 0.137

Note: All L/D ratios have the same values of d; and p.
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The values in Table 3.8 were used in Equation 2.24 to estimate the volumetric ratios of the

circular columns, as shown in Table 3.9 below.

_ 4(mx62)

Pes = Gooxs0) 0.0228
_ 4(mx6?)
Pe8 = Y(ooxs0) 0.0143
_ 4(mx6?)
Pc13 = J99x13333) 0.0086
3.3.3.2 Confined square RC columns:
be
Effectively w’
confined —_x
core _\\ I T
\(rc\:"‘:' ST T
N ~~—- ~—— SH94 p
=l g || BL €
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Figure 3.3: Confined core for rectangular cross-section (Mander et al., 1988)

The equations were for a rectangular, but this work involves square sections as such from Figure
3.3,
b. = d, (Since square sections have all the sides equal) and w’ = 0, then
;.2
S
I = (1-3)
€ 1-pcc

d. =125 — 20 — 6 = 99mm for all the square columns

Area of longitudinal bars
Pcc = f g = 0.0334 for all the square columns
area of ef fectively confined concrete core

The following coefficients and factors are obtained from Vu et al. (2017)

o = reduction factor for yield strength of corroded transverse bars (0.005)
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a = stress correction coefficient (0.19 for a square section with single hoop)
B = strain correction coefficient (0.49 for single hoop square sections)

€co = maximum strain for unconfined concrete (taken as 0.002)

Table 3.9. The coefficients of the confinement effectiveness of square RC columns at different

degrees of confinement

Column Confinement level Spacing between Confinement effectiveness
transverse bars, S’ coefficient, ke
(mm) (Eq. 2.29)

High confined (L/D = 5) 50—-6 =144 0.618

Medium confined (L/D = 8) 80—-6=74 0.395

Low confined (L/D = 13) 133 -6 =127 0.123

Note: All L/D ratios have the same values of d. and p_,

The values in Table 3.9 were used in Equation 2.24 to estimate the volumetric ratios of the square

columns, as shown in Table 3.10 below.

_ Agy _ 585632

Pss = Sa. = sox90 1.1831
Asy _ 585632

pos = 12t = % = 0.7394

Pty = Asc _ 585632 _ 0 4an0

sde  133x99

Table 3.10 below summarises the reinforcement configuration properties (longitudinal and

transverse) of the circular and square RC columns.

90



Chapter 3

Table 3.10. The summary of confined concrete reinforcement details

Column Confinement level Longitudinal reinforcement Transverse reinforcement
type
Diameter Number Reinforcement Diameter Spacing Volumetric
(mm) in ratio (mm) (mm) ratio
column (%) (%)
Circular  High confined 10 5 5.1 6 50 2.28
(L/D =5)
Medium confined 10 5 5.1 6 80 1.43
(L/D =38)
Low confined 10 5 5.1 6 133.33 0.86
(L/D =13)
Square  High confined 10 4 3.21 6 50 1.18
(L/D =5)
Medium confined 10 4 3.21 6 80 0.74
(L/D=38)
Low confined 10 4 3.21 6 133.33 0.44
(L/D =13)
3.34 Concrete mix design

The mix design for the concrete specimen was done by following the steps outlined in Kett (2009).
This involves proportioning the constituent material according to the targeted strength (20MPa)
of the concrete and the weight of the materials. The materials needed for the experiments were
determined using the appropriate water/cement ratio and the strength of the constituent
materials as specified by the relevant BS codes and standards. The breakdown of the constituent
materials required to cast the 60 specimens (30 square and 30 circular columns) for the
monotonic and cyclic loading tests and 12 mass concrete is shown in Table 3.11. This estimate

was used to order ready-mix concrete supplied for the work.

The concrete mix was designed as low-strength concrete representing a non-code conforming
column with an expected mean compressive strength of 20MPa and a maximum aggregate size of
10mm. All the columns were cast with a nominal cover of 10mm. Concrete samples with the same
configuration as the square and circular columns were taken for compressive strength tests

during the casting.
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Table 3.11. weight of constituent material for concrete

Water Cement Fine Coarse aggregate  Salt
(kg) (kg) aggregate (kg) (5% cement content)
(kg) (Kg)
149.68 299.36 604.80 616.83 14.97
3.35 RC columns production

The reinforcement bars were marked, cut and bent at the Highfield campus of the University of
Southampton. The rebars were cut as per the designed cross-sections of the square and circular
columns, as presented in the bar bending schedule presented in Tables 3.4 — 3.7. The circular
columns were cast using 125mm diameter pipes, cut to size, placed in a wooded base (Fig. 3.6),
and held together by tie wires. The square columns were also cast with formwork made from
12mm thick plywood. The plywood was ordered cut to the required size as per the schedule in
Figure 3.8 and cast in the old Civil Engineering laboratory at the Highfield campus of the University
of Southampton. The RC columns were produced with ready-mix concrete from a local supplier in
Southampton and placed in the formwork to harden. After a week, the hardened RC columns
were removed from the formwork and subsequently immersed in water to cure for about three
weeks. The procedure for the production of the columns is presented in the image below (Figs.

3.4-3.10).

Figure 3.4: Marking, cutting and tying the rebars
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Numbers
S/No)  Dimension (mm) Shape Required.
850 25 1850
1. 1 x1 [
2 600 x 125 F77 77777 19
1850
3. 1850 x 100 P77 7777777 7777777777777 4
B0
4. 600 x 100 IALILSY 6
1312
5. 1312 x 100 PP 7777777777777 4
E4D
& 840100 7777777777 10

Figure 3.8: Schedule of wood needed for formwork

Figure 3.10: Curing the Square and Circular RC samples by complete immersion in water
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3.4 Preliminary tests on constituent materials

34.1 Compressive strength test

The compressive strength test was done at the Testing and Structures Research Laboratory (TSRL),
the University of Southampton, using the hydraulically powered 630kN Instron Schenk machine.
The concrete columns were tested using the displacement control at a constant 2mm/min loading
rate until failure. The samples used for the test were not the conventional cube/cylinder samples
but had the same configurations as the reinforced ones. The square samples are 125 x 125 x
600mm in dimension, while the circular samples are 125mm diameter X 600mm long. The strain
was estimated at the middle 400mm section, the same as the reinforced columns. Figure 3.11(a)
shows the stress-strain response of the concrete, with the square columns having an average
compressive strength of 12.03MPa while the circular columns have 9.90MPa compressive
strength. Furthermore, Figure 3.11(b) is the failure mode of both the circular and square mass
concrete after loading. The observed difference in the compressive strength of the columns is due

to the failure mechanism, as some of the columns had a failure in the GFRP-strengthened ends.
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Figure 3.11: Mass concrete behaviour (a) compressive stress-strain response (b)observed failure

after the test

3.4.2 Rebar tensile test

Tensile tests were conducted on the uncorroded transverse and longitudinal rebars using the
Instron 8032 test machine with 100kN capacity and £50mm travel at the Testing and Structures
Research Laboratory (TSRL), the University of Southampton to determine the mechanical

properties. Three reinforcement samples amongst the transverse and longitudinal rebars used in
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the columns were selected for the tensile tests according to BS EN 10080:2005 (The British
Standards, 2005) and BS 4449:2005+A3:2016 (The British Standards, 2016). In addition, the rebars
were subjected to different loading rates before and after the yielding as specified in BS EN ISO
6892-1:2019 (The British Standards, 2020). At the same time, a 50mm dynamic extensometer
with £5mm maximum stroke measures the strain corresponding to the extension of the rebar.
Figure 3.12(a) shows the experimental setup of the tensile test, while Figure 3.12(b) shows the

failed rebar after the test.

The loading rates used in the test are estimated with the equation obtained from BS EN ISO 6892-
1:2019 and stated below:

Elastic region = 0.00025/sec X L, (3.1)
Yielding = 0.0025/sec X L, (3.2)
Plastic region = 0.0067/sec X L, (3.3)
Le=Lo+ () (3.4)
where,

L. = the parallel length of the test sample
Lo = original gauge length
d = diameter of the test sample

The parallel length of the test sample is determined from Table 3.12 below.

Table 3.12: Parallel length for circular cross-section test pieces (BS EN ISO 6892-1:2019)

Coefficient of Diameter Original gauge length  Minimum parallel length
proportionality d Ly = k\/S_O L,
k (mm) (mm) (mm)
20 100 110
14 70 77
5.65
10 50 55
5 25 28
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The tensile test was done on 250mm long 6mm (3 Nos) and 10mm (3 Nos) reinforcement bars to
determine their yield and ultimate strengths and Young's modulus of elasticity (Fig. 3.13). The

summary of the result is presented in Table 3.13 below.

|
L]
Load cell [§

| { 5
‘ A | - [ Instron control

1

7 Ll - ! | T T
Dynamic | e = :

extensiome | [rm—
e | r

(b)

Figure 3.12: Tensile test of rebars (a) experimental setup (b) observed failure of 10mm bars

The stress-strain response of the rebars is shown in Figure 3.13, while the mechanical properties
and code requirements summary are shown in Tables 3.13 and 3.14, respectively. The average
yield, ultimate strengths and strain values obtained conform to the values specified for B500B
rebars (The British Standards, 2016). Also, the variation in unit mass from the code specification
(Table 3.14) for the rebars is 0.9% and 1.13% for the 6mm and 10mm bars, respectively and are
considered insignificant (Kashani, 2014). The ductility of one of the 10mm bars was higher than
the others as the bar failed outside the gauge length of the extensometer, thereby leading to the

extensometer being unable to measure the actual extension of the bar under load.
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Figure 3.13: Tensile stress-strain behaviour of reinforcement bars (a) transverse (b) longitudinal

Table 3.13: Mechanical properties of the uncorroded transverse and longitudinal bars

Reinforcement type Symbol Unit 6mm (B6) 10mm (B10)
Yield Strength fy MPa 531.82 551.68
Ultimate strength fu MPa 603.05 630.11
Modulus of Elasticity E GPa 185.23 196.73
Yield Strain & = fy/E 0.00287 0.00280
Ultimate strain &y 0.03356 0.06349
Strain ratio €4/ &y 11.69 22.67
Strength ratio fu/fy 1.134 1.142
Average Total elongation Af % 4.16 8.49

at failure

Unit mass m (kg/m) 0.224 0.624

Table 3.14: Minimum values of tensile properties of B500B reinforcement (The British

Standards, 2016)

Reinforcement type Symbol Unit 6mm (B6) 10mm (B10)
Yield Strength, f, (MPa) [y MPa 485 485
Strength ratio, fu/fy 1.06 1.06
Average Total elongation at failure 4y % 4.0 4.0

Unit mass, m (kg/m) 0.222 0.617
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3.4.3 Accelerated Corrosion Procedure

The natural corrosion process usually takes a more extended period, which could be several years
or decades. As such, the electrochemical process known as the accelerated corrosion method is
often adopted in the laboratory to simulate the corrosion process. The constant current and
constant voltage methods of accelerated corrosion are commonly used. Much research has been
done to investigate these corrosion methods' effectiveness in reproducing RC structures'
corrosion process. Researchers have used the constant voltage (al-Swaidani & Aliyan, 2015; Deb &
Pradhan, 2013; Kumar et al., 2012; Lee et al., 2000) and the constant current (El Maaddawy et al.,
2005; El Maaddawy & Soudki, 2003; Kashani et al., 2013b; Pritzl et al., 2014; Talakokula et al.,
2014) methods to simulate the corrosion process in the laboratory. The two methods were able to
reproduce the corrosion of reinforcement in RC structures reasonably well. Still, the constant
current method was found to give a better reproduction of the corrosion process than the

constant voltage method (Altoubat et al., 2016).

The RC samples' corrosion was done using the constant current method of accelerated corrosion
by passing a constant current of 2A through the reinforcing bars connected to the anode of the
DC power supplies while also connecting the stainless-steel plate to the cathode. Then, the
connected specimen is placed in a salt bath with 10% sodium chloride (NaCl) by water weight to
simulate the corrosive environment. 5% sodium chloride by weight of the cement was added to
the concrete mix during casting to improve the conductivity of the RC column during the
accelerated corrosion process. The setup for the accelerated corrosion is shown in Figure 3.14

below.

/
Power supply’ \

Stainless steel—__
sheet (Cathode) L

Cable connecting the rebar (Anode) to
the DC Power sunply

RC Specimen——

10% Sodium chloride——}—
solution

Reinforcement cage—— —
(Anode) (@) b

Stainless Steel sheets - (b)
(Cathode) PR e s

Smem, IO%
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(d)

Figure 3.14. Accelerated corrosion procedure; (a) Schematic setup drawing, (b) laboratory setup,

(c) corroded columns, and (d) corroded rebars after cleaning

The duration for the expected mass loss was estimated using Faraday's 2nd law of electrolysis

(Kashani et al., 2013b) as follows (Eq. 3.5):

m=(2)(2) =

where Am is the estimated mass loss (g), M is the molar mass of the iron (56g/mol), Z is the ionic
charge for iron (valence electron transferred per ion = 2), and F is the Faraday's constant (96500

C/mol). Qis calculated from Eq. 3.6 below:
T
Q= [, Idt=1IT (3.6)

where | is the magnitude of the applied current (Ampere, A), T is the estimated time to achieve

the desired corrosion (s),

Am =YL (3.7)
ZF

The estimated mass loss and the duration needed to achieve the loss are presented in Tables 3.15
and 3.16 for the circular and square samples used in the monotonic and cyclic tests. Equation 3.7
estimates the expected corrosion mass loss, which could differ from the actual corrosion mass
loss obtained after the corrosion process. Hence, the corroded bars are removed from the
columns after testing by breaking the RC column. Then, the rebars were soaked in vinegar and
cleaned with water and a wire brush to remove the surface's concrete and rust particles per ASTM
G1-03 (ASTM, 2011). This brushing and cleaning procedure was also applied to the uncorroded

specimen, and the cleaning effect was negligible on the base materials (Kashani et al., 2013b).
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Afterwards, the actual mass loss due to corrosion is estimated by weighing the rebars and is

estimated from Eq. 3.8:

mo

™ % 100 (3.8)
m

’y:

where m,, is the mass per unit length of the uncorroded rebar, and m is the mass per unit length
of the rebar after cleaning. This equation gives an average corrosion loss (mass loss) along the
length of the rebar. It should be noted that there were not any disconnections between the
stirrups and longitudinal reinforcement, and hence, the current is applied to all the reinforcement

at the same time.

Table 3.15: Details of 125mm dia. circular RC columns and estimated duration for corrosion

S/No Specimen L/D Corrosion Loading Total mass Mass loss Time for
ID Rate (%) (kg) (kg) corrosion
(Days)
1 co 5 0 Monotonic 3.022 0 0
2 C5 5 Monotonic 0.151 3.013
3 Cc10 10 Monotonic 0.302 6.027
4 C20 20 Monotonic 0.604 12.054
5 C30 30 Monotonic 0.907 18.081
6 co 0 Cyclic 0 0
7 c5 5 Cyclic 0.151 3.013
8 Cc10 10 Cyclic 0.302 6.027
9 C20 20 Cyclic 0.604 12.054
10 C30 30 Cyclic 0.907 18.081
11 co 8 0 Monotonic 2.714 0 0
12 C5 5 Monotonic 0.135 2.707
13 C10 10 Monotonic 0.271 5.413
14 C20 20 Monotonic 0.543 10.826
15 C30 30 Monotonic 0.814 16.239
16 co 0 Cyclic 0 0
17 C5 5 Cyclic 0.135 2.707
18 Cc10 10 Cyclic 0.271 5.413
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S/No Specimen L/D Corrosion Loading Total mass Mass loss Time for
ID Rate (%) (kg) (kg) corrosion
(Days)
19 C20 20 Cyclic 0.543 10.826
20 C30 30 Cyclic 0.814 16.239
21 co 13 0 Monotonic 2.509 0 0
22 c5 5 Monotonic 0.125 2.502
23 ci10 10 Monotonic 0.251 5.004
24 Cc20 20 Monotonic 0.502 10.008
25 C30 30 Monotonic 0.814 15.012
26 co 0 Cyclic 0 0
27 c5 5 Cyclic 0.125 2.502
28 C10 10 Cyclic 0.251 5.004
29 C20 20 Cyclic 0.502 10.008
30 C30 30 Cyclic 0.814 15.012

Table 3.16: Details of 125mm x 125mm square RC columns and estimated duration for corrosion

S/No Specimen L/D Corrosion Loading Total mass Mass loss Time for
ID Rate (%) (kg) (kg) corrosion

(Days)

1 SO 5 0 Monotonic 2.925 0 0

2 S5 5 Monotonic 0.146 2.917

3 S10 10 Monotonic 0.293 5.834

4 S20 20 Monotonic 0.585 11.668

5 S30 30 Monotonic 0.878 17.502

6 SO 0 Cyclic 0 0

7 S5 5 Cyclic 0.146 2.917

8 S10 10 Cyclic 0.293 5.834

9 S20 20 Cyclic 0.585 11.668

10 S30 30 Cyclic 0.878 17.502
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11 SO 8 0 Monotonic 2.562 0 0

12 S5 5 Monotonic 0.128 2.555
13 S10 10 Monotonic 0.256 5.109
14 S20 20 Monotonic 0.512 10.219
15 S30 30 Monotonic 0.769 15.328
16 SO 0 Cyclic 0 0

17 S5 5 Cyclic 0.128 2.555
18 S10 10 Cyclic 0.256 5.109
19 S20 20 Cyclic 0.512 10.219
20 S30 30 Cyclic 0.769 15.328
21 SO 13 0 Monotonic 2.320 0 0

22 S5 5 Monotonic 0.116 2.313
23 S10 10 Monotonic 0.232 4.626
24 S20 20 Monotonic 0.464 9.253
25 S30 30 Monotonic 0.696 13.879
26 SO 0 Cyclic 0 0

27 S5 5 Cyclic 0.116 2.313
28 S10 10 Cyclic 0.232 4.626
29 S20 20 Cyclic 0.464 9.253
30 S30 30 Cyclic 0.696 13.879

3.4.4 The wet layup of RC samples

The wet layup involves wrapping the top and bottom (100mm from both ends) of the samples
with several layers of GFRP soaked in epoxy laminating resin (EL2) round the RC specimens (Fig.
3.15). The layers of GFRP are wrapped one after the other to stiffen the ends of the columns such
that failure under compressive loading will occur in the middle section of the column. Typical

mechanical properties of the epoxy resin and GFRP are presented in Table 3.17.
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Table 3.17. Mechanical properties of GFRP and epoxy resin (Xin et al., 2017)

Properties GFRP Epoxy resin
Density (kg/m3) 2560 1160
Young’s modulus (GPa) 74 3.35

Shear modulus (GPa) 30.8 75
Poisson’s ratio 0.20 0.35
Compressive strength (MPa) 1450 120
Tensile Strength (MPa) 2150 80

Figure 3.15. Wet layup of RC Columns (a) Individual columns (b) Completed samples before

testing

3.45 Axial load testing and instrumentation

This experiment studies the response of RC columns under axial monotonic compressive loading
using the 630kN capacity Instron Schenck machine having a 250mm travel at the Testing and
Structures Research Laboratory (TSRL) of the University of Southampton. The machine used an
internal Linear Variable Differential Transformer (LVDT) that measures the displacement of the
actuator during loading. The test is conducted at a constant loading rate of 1Imm/min using the
displacement control settings in the Instron Bluehill software. The setup of the experiment is

shown in Figure 3.16(a).
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6-LVDT

Fixed part of machine
GFRP wrapped end of RC
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of GFRP

+——LVDT attached to the edge
of the upper GFRP

400

——125 x 600mm RC column

—LVDT attached to the edge
of the lower GFRP

100

GFRP wrapped end of RC

Movable end of the actuator

Figure 3.16: Experimental test setup (a) laboratory setup; (b) schematic of the LVDT connection;
(c) Image of the LVDT connections to the R.C. samples and (d) R.C. sample with

speckles for DIC

The displacement is measured with the LVDT, fixed to measure the displacement at the 400mm
middle zone of the RC columns, and the stereo 3D Digital Image Correlation (DIC). The two LVDTs
with 50mm stroke were clamped diagonally on the machine frame using magnetic robotic arms.
They are fixed such that they touch the angle irons fixed to the edge of the Glass fibre-reinforced
polymers (GFRP) strengthened ends of the RC columns (Fig. 3.16(b) and 3.16(c)). The LVDTs can
thus measure the axial deformations in the middle 400mm section of the columns. The
displacements from the LVDTs are recorded via a multichannel (Eight channels) data acquisition

unit (Strainsmart 8000).
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3.4.6 Stereo DIC setup and calibration

On the other hand, digital image correlation (DIC), a non-destructive non-contact full-field optical
measurement technique capable of capturing digital images of the surface of an object, was used
to obtain the in-plane strains and out-of-plane deformations in its 2D and 3D configurations. The
DIC technique was deployed to capture the crack propagation and deformations on the RC
columns under compressive load. The video imaging is performed using LaVision's Davis imaging
software involving two cameras (Imager E-Lite 5M) fitted with Nikon AF Nikkor 28mm f/2.8D
(28mm focal length and 2.8 maximum aperture) lenses. The cameras are calibrated to capture the
RC column's out-of-plane and vertical displacements during loading using the dots marked on the
columns (Fig. 3.16(d)). The images recorded are further processed using LaVision's Davis 10
software to see the strain distribution resulting from the applied loading. The parameters used in

the DIC image acquisition and processing are presented in Table 3.18.

Table 3.18. DIC processing parameters (Jones & ladicola, 2018)

Technique used 3D (Stereo) DIC
Camera name Imager E-lite 5M
Focal length 28.4621mm

RMS of fit 0.303396 pixel
Size of dewarped image 1961 x 2479 pixel
Subset 53

Step 17

Correlation criterion ZNSSD

Shape function Quadratic
Interpolation function Bi-cubic splines
Strain

Smoothing method Polynomial - Bilinear
Resolution 3.450m
Calculation mode accurate
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3.5 Axial Monotonic Experimental Test Results and Discussions

3.5.1 Calculation of corrosion and mass loss ratio

The actual mass loss resulting from the corrosion of the reinforcements is estimated using Eq. 3.8.
The results for the mass loss are illustrated in Tables 3.19 and 3.20 for the circular and square
columns, respectively. The results indicate that the transverse stirrups had more severe corrosion
than the longitudinal bar under the same constant current and duration (Q. Li et al., 2022). This
results from the closeness of the transverse bars to the surface of the concrete, leading to a
possibly higher concentration of chloride ions and an early start of corrosion (Gu et al., 2020).
Furthermore, the diameter of the longitudinal rebar (10mm) was greater than that of the stirrups
(6mm). In this regard, the mass loss ratio of transverse stirrups with smaller diameters was higher
than that of the longitudinal rebar, according to Faraday's second law of electrolysis (Kashani et

al., 2013b).

The localised corrosion of reinforcements results from applying a higher current at a shorter
duration during the corrosion of rebars (Nguyen & Lambert, 2018). Hence, to obtain more general
and uniform corrosion, low current is recommended at a shorter duration as the application of
low current at a longer duration also results in localised corrosion (Nguyen & Lambert, 2018). In
this work, a constant current of 2A was used for the accelerated corrosion of the RC columns. This
results in corrosion current densities in Tables 3.19 and 3.20, with the square columns having
higher corrosion densities in the sparsely confined columns than the circular columns with similar
configurations. Figures 3.17 and 3.18 are the measured mass losses corresponding to the
estimated mass losses for the circular and square columns, respectively. Furthermore, the applied
current density is close to the 1ImA/cm? recommended by Nguyen and Lambert (2018) for the

laboratory simulation of corrosion of steel embedded in concrete.

Table 3.19: Corrosion properties of circular columns

Specimen Corrosion Corrosion Estimated  Measured Measured

No. current duration mass loss mass loss of mass loss of
density (days) (Eg. 3.7) longitudinal transverse
(mA/cm?) (%) bars (Eq. 3.8) bars (Eq. 3.8)

(%) (%)

C5B0 0 0 0 0 0

C5B5 1.00 3.0 5 4.1 8.8

C5B10 1.00 6.0 10 7.3 21.2
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C5B20 1.00 12.1 20 10.8 29.4
C5B30 1.00 18.1 30 20.6 39.8
C8B0 0 0 0 0 0
C8B5 1.16 2.7 5 4.9 13.0
C8B10 1.16 5.4 10 9.4 21.8
C8B20 1.16 10.8 20 16.5 41.4
C8B30 1.16 16.2 30 20.9 59.6
C13B0 0 0 0 0 0
C13B5 1.28 2.5 5 6.0 12.7
C13B10 1.28 5.0 10 12.5 30.1
C13B20 1.28 10.0 20 16.1 37.2
C13B30 1.28 15.0 30 27.6 45.9
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Figure 3.17: Corrosion mass loss estimate for circular columns for axial monotonic test
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Table 3.20: Corrosion properties of square columns

Specimen  Corrosion  Corrosion Estimated Measured Measured

No. current duration mass loss mass loss of  mass loss of
density (days) (Eg. 3.7) longitudinal transverse
(mA/cm?) (%) bars (Eq. 3.8) bars (Eq. 3.8)

(%) (%)

S5B0 0 0 0 0 0

S5B5 0.99 2.9 5 34 10.9

S5B10 0.99 5.8 10 6.8 17.1

S5B20 0.99 11.7 20 13.8 37.0

S5B30 0.99 17.5 30 18.4 46.3

S8BO 0 0 0 0 0

S8B5 1.17 2.6 5 4.7 13.4

S8B10 1.17 5.1 10 9.8 18.9

S8B20 1.17 10.2 20 16.7 39.4

S8B30 1.17 15.3 30 24.8 53.3

S13B0 0 0 0 0 0

S13B5 1.33 2.3 5 6.2 11.8

S13B10 1.33 4.6 10 8.8 17.4

S13B20 1.33 9.3 20 10.7 25.3

S13B30 1.33 13.9 30 20.2 30.3
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Figure 3.18: Corrosion mass loss estimate for square columns for axial monotonic test

3.5.2 Axial load testing of circular columns

The stress-strain response of the circular column to the applied axial compressive load is
presented in Figure 3.19 (a-c). It should be noted that the stress-strain response plotted was from
the LVDTs data, as the readings from the load cell of the hydraulic machine were ignored since it
captures the deformation of the whole sample instead of the needed middle zone section. Similar
behaviour was observed for all of the RC column samples. Vertical minor cracks were first
developed on the concrete and, subsequently, became enlarged, resulting in the crushing and
spalling of the concrete cover as the longitudinal bars buckled due to lateral expansion of the RC
column. The observed compressive response of the columns is similar at the elastic range until
yield and afterwards reduces beyond the peak load due to corrosion and confinements of the
rebars (Dong et al., 2018). The axial load-carrying capacities of the columns generally decrease
within each configuration of columns except in some cases where the control sample (0%
corrosion) recorded low capacity due to the premature failure of the strengthening GFRP at the
top/bottom of the column (Figure 3.20(a)). Also, the applied axial load results in the concrete
cover's spalling (Figure 3.20(b)), buckling of the longitudinal bar (Figure 3.20(c)) and, in some

cases, fracture of the transverse and longitudinal bars (Figure 3.20(d)). The observed buckling
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position of the column varies with the different confinement configurations, with the L/D=5 and

L/D=8 confined columns generally failing by buckling at the middle zone. In contrast, in the

sparsely confined samples (L/D=13), the buckling occurs immediately below/above the GFRP

zones (Figure 3.20(e)).
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Figure 3.19: Compressive stress-strain responses of the circular columns (a) L/D =5, (b) L/D =8

and (c)L/D=13

The difference in the initial stiffness observed in the stress-strain response curve of the RC

columns is due to the impact of confinement and inelastic buckling. The concrete is low-strength,

so the reinforcement confinement ratio significantly affects its compressive behaviour.

Furthermore, the concrete does not provide any lateral restraint against buckling. Therefore,

vertical bars are restrained against buckling by the transverse tie reinforcement. As a result, the

concrete in test specimens with larger transverse tie spacing starts crushing, followed by a
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buckling of vertical bars much earlier than the columns with more confinement ratio, i.e. closer

transverse tie spacing. This has a significant impact on the initial stiffness of test specimens.

The corrosion mass loss of both the longitudinal and transverse bars results in the reduction of
the ultimate strength and load-carrying capacity of the column. Consequently, columns with very
close mass loss have their maximum strength quite close to each other. This trend is observed in
all the different column configurations with an estimated mass loss between 10% and 20% (Fig.

3.15(a - c)).

3,53 Eurocode prediction of the ultimate strength of confined RC column

Due to the premature failure of some of the control samples during the monotonic loading,
Eurocode 2 (The British Standard, 2005) was used to predict the RC columns' confined strength.
The prediction showed that the compressive strength of the concrete used in the experiment is
about 22MPa, which is very close to the concrete's proposed compressive strength (20MPa). The

expressions used in the estimates of the ultimate stress for the confined RC columns are as

follows:
fore = fer (1.0 + (5.0 )fTZk)) for o, < 0.05f. (3.9)
fore = far (1125 + (2.5}%)) for g, > 0.05f. (3.10)

Also, the corresponding strain is estimated from:

fC ,C
€c2,c = gcz(fckk )? (3.11)
02
Ecuze = Ecuz t (O-ZE (3.12)

The stress-strain response of the corroded columns within each confinement's configuration was
compared with the non-corroded ones (estimated using the EC2). It showed a gradual decrease in
the columns' strength, stiffness and ductility as the corrosion loss increased. The corrosion of
longitudinal and transverse bars reduces the column's ultimate strength and load-carrying
capacity. Consequently, in the highly confined (L/D=5) columns, the maximum strengths varied
relative to the increase in the corrosion mass loss (Fig. 3.15(a-c)). For example, the strength loss
between the highly confined (uncorroded and corroded) columns was reduced by 5.35%, 15.97%,
27.74%, and 38.11% for the 5%, 10%, 20% and 30% estimated mass loss, respectively (Table 3.21).
This trend is also observed in the mediumly confined columns (L/D=8) with a strength reduction

range of 15.58%, 25.06%, 28.33%, and 39.08% for the 5%, 10%, 20% and 30% estimated mass loss,
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respectively (Table 3.21). The lowly confined columns (L/D=13) have more disparities in their
strength variations due to the combined effect of corrosion and inadequate confinements. The
ultimate strength was reduced by 17.45%, 35.8%, 37.81%, and 70.78% for the 5%, 10%, 20% and

30% estimated mass loss, respectively (Table 3.21).

Furthermore, the axial compressive strain corresponding to the ultimate strength for each column
varies compared to the axial strain of the uncorroded column estimated from the EC2 prediction
(Table 3.21). In the highly confined column, the axial compressive strain was reduced by 25.17%,
40.34%, 65.92% and 49.03% for the 5%, 10%, 20% and 30% estimated mass loss, respectively
(Table 3.21). This trend is similar in the mediumly confined (23% and 63%) and lowly confined RC
columns (43% and 72%).

Table 3.21. Ultimate stress and strain variation between uncorroded and corroded circular RC

columns under axial compressive loading.

Sample Ultimate stress  Zu(uc) ~ Tu(c) %100 Strain & Eu(uc) ~ Eu(c) % 100
label (MPa) O u(uc) Euuc)
C5B0 35.876 0 0.04783 0

C5B5 33.958 5.35 0.03579 25.17

C5B10 30.145 15.97 0.02854 40.34

C5B20 25.925 27.74 0.01630 65.92

C5B30 22.202 38.11 0.02438 49.03

C8B0 28.074 0 0.0336 0

C8B5 23.70 15.58 0.02576 23.34

C8B10 21.038 25.06 0.01704 49.28

C8B20 20.122 28.33 0.01244 62.98270536
C8B30 17.102 39.08 0.01237 63.18114881
C13B0 23.8832 0 0.0269 0

C13B5 19.715 17.45 0.01527 43.24469888
C13B10 15.334 35.8 0.01456 45.90979554
C13B20 14.852 37.81 0.00752 72.04908178
C13B30 6.978 70.78 0.01098 59.19847584
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Figure 3.20: Observed failure modes of circular columns. (a) GFRP failure; (b) spalling of concrete
cover; (c) rebar buckling at middle zone; (d) transverse bar fracture, and (e)

buckling of longitudinal bars below the GFRP

The DIC tracks the RC columns' strain response and crack damage to the applied compressive
load. Figure 3.21(a) shows the stress-strain response of one of the circular columns and the
locations of the processed images (at yield stress, ultimate stress and beyond the ultimate stress).
The processed images within the column's middle zone section showed the column's strain
contour with the cracks, spalling of the cover concrete, and the buckling of the reinforcement
captured. Figures 3.21(b - d) show the processed images with the Von Mises strain. These values
correspond to the strain estimated from the LVDTs at yield stress, ultimate stress and beyond the

ultimate stress.
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Figure 3.21. Processed DIC images of circular column (a) stress-strain response showing location
of processed images (b) at yield stress, (c) at ultimate stress and (d) between

ultimate stress and collapse

3.5.4 Axial load testing of square RC columns

The stress-strain response of the square columns to the applied axial compressive load is similar
to the behaviour of the circular columns and is presented in Figure 3.22 (a-c). The more closely
confined columns (L/D = 5) have higher load-carrying capacities, which reduces with increased
corrosion mass loss. Also, some of the control samples (0% corrosion) recorded low capacities
(Figures 3.22(b) and 3.22(c)) resulting from the failure of the strengthening GFRP at the
top/bottom of the column (Figure 3.23(a)), leading to stress concentration and premature failure
of the ends of the columns. The failure of the GFRPs occurs due to the sharp edges of the
columns. Similar to the circular columns, the applied axial load results in the concrete cover's

spalling, transverse bars fracture and longitudinal bars buckling.

Due to the premature failure of some of the control samples, resulting in the failure of the GFRPs
at the end of the columns during the monotonic loading, Eurocode 2 (The British Standard, 2005)
was used to predict the stress-strain response of the uncorroded confined RC columns. The

expressions in equations 3.9 to 3.12 were used to estimate the ultimate stress of the confined RC

columns and plotted with the corroded samples.
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Figure 3.22. Axial compressive stress-strain responses of square columns (a) L/D = 5, (b) L/D =

8and (¢c) L/D =13

The stress-strain response of the corroded columns within each confinement's configuration was
compared with the non-corroded ones (predicted using the EC2 expressions for confined concrete
(Egns. 3.9 —3.12)). It showed a gradual decrease in the columns' strength, stiffness and ductility
as the corrosion loss increased. The corrosion of longitudinal and transverse bars reduces the
column's ultimate strength and load-carrying capacity. Consequently, in the highly confined (L/D =
5) columns, the maximum strengths varied relative to the increase in the corrosion mass loss (Fig.
3.18(a-c)). For example, the strength loss between the highly confined (uncorroded and corroded)
columns was reduced by 15.5%, 19.79%, 22.74%, and 32.35% for the 5%, 10%, 20% and 30%
estimated mass loss, respectively (Table 3.22). This trend is also observed in the mediumly
confined columns (L/D=8) with a strength reduction range of 11%, 15.25%, 19.72%, and 29.97%

for the 5%, 10%, 20% and 30% estimated mass loss, respectively (Table 3.22). The lowly confined
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columns (L/D = 13) have more disparities in their strength variations due to the combined effect
of corrosion and inadequate confinements. The ultimate strength was reduced by 7.6%, 15.36%,

19.94%, and 40.23% for the 5%, 10%, 20% and 30% estimated mass loss, respectively (Table 3.22).

Furthermore, the axial compressive strain corresponding to the ultimate strength for each column
varies compared to the axial strain of the uncorroded column estimated from the EC2 prediction
(Table 3.22). In the highly confined column, the axial compressive strain was reduced by 64.41%,
54.94%, 53.51% and 64.59% for the 5%, 10%, 20% and 30% estimated mass loss, respectively
(Table 3.21). A similar trend is observed in the strain response of the mediumly confined

(between 31% and 59%) and lowly confined RC columns (between 2% and 49%).

Table 3.22. Ultimate stress and strain variation between uncorroded and corroded square RC

columns under axial compressive loading.

Sample Ultimate stress Ouuc) ~ u(c) %100 Strain, & Eu(uc) ~ Eu(c) % 100
label (MPa) Ou(uc) Eu(uc)
S5B0 2541 0 0.03756 0

S5B5 21.47 15.502 0.01337 64.41
S5B10 20.38 19.792 0.01692 54.944
S5B20 19.63 22.743 0.01746 53.514
S5B30 17.19 32.346 0.0133 64.592
S8B0 17.88 0 0.03 0

S8B5 20.02 11.0 0.01230 58.99
S8B10 19.06 15.25 0.02047 31.78
S8B20 18.06 19.72 0.02062 31.28
S8B30 15.75 29.97 0.01938 35.40
S13B0 19.89 0 0.0262 0

S13B5 18.38 7.6 0.02551 2.63
S$13B10 16.83 15.35 0.01710 34.74
S13B20 15.92 19.94 0.03596 -37.24
S$13B30 11.89 40.22 0.01314 49.83
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Figure 3.23: Observed failure modes of the square columns. (a) GFRP failure at the top; (b)
spalling of concrete cover; (c) transverse bar fracture; (d) longitudinal bar fracture

at pitting corrosion location; and (e) buckling of longitudinal bars above the GFRP
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Figure 3.24: Processed DIC images of square column (a) stress-strain response showing location
of processed images (b) at yield stress, (c) at ultimate stress and (d) between

ultimate stress and collapse with the buckling at the end of the test

119



Chapter 3

Figure 3.24(a) shows the stress-strain response of one of the square columns with an estimated
30% corrosion mass loss. Figures 3.24(b - d) are the processed images from the DIC at different
locations during the compression test on the column. The processed images within the middle
zone section of the column showed the images with and without the strain contour on the
column with the crack propagation, spalling of the cover concrete and the reinforcement's

buckling. Figure 3.20(d) further shows the buckled longitudinal bar after removal and cleaning.

It is observed that the circular columns generally have better axial load-carrying capacities and
axial strain than the square columns (Dizaj & Kashani, 2020; Liang et al., 2015). This results from
the effectiveness of the transverse ties in the circular column, which has more significant

confinement effectiveness coefficients than the square columns(Liang et al., 2015).

3.5.5 Impact of corrosion on the strength of confined RC column

The strength loss resulting from the corrosion and confinement ratios of the R.C. columns is
determined by normalising the ultimate strength of the corroded columns to the ultimate
strength of the uncorroded. The estimated maximum strength of the uncorroded column is used
in the normalisation due to premature failure of the tested uncorroded column. The ultimate

strength is estimated from equation 3.13.

_ 0c (Ag—néAg)+nAgog
L= » (3.13)

where, g, is the compressive strength of unreinforced concrete, Ag, is the cross-sectional area of
the R.C. column, n is the number of longitudinal rebars, A, is the area of longitudinal rebar, and

o, is the ultimate strength of the rebar.

The normalised ultimate strength loss of the differently confined R.C. columns is plotted relative
to the percentage of corrosion mass loss. Linear trend lines are fitted to the test data to estimate
the strength reduction due to corrosion and confinement ratios. The R-square values obtained
from the trend lines range from 0.95 to 0.90 for the circular columns at different confinement
ratios (Figure 3.21(a)), while the variation for the square columns is from 0.99 to 0.96 (Figure

3.21(b)).

The ultimate strength of the confined corroded R.C. columns is reduced with an increase in the
confinement degree and corrosion mass loss. For example, the well-confined circular columns
with L/D = 5 (Figure 3.25(a)) have a strength reduction range of 4.7%, 14%, 26% and 36.7% for the
4.1%, 7.3%, 10.8% and 20.6% corrosion mass loss, respectively. Also, the well-confined square

columns with L/D = 5 (Figure 3.25(b)) have a strength reduction range of 5.1%, 10.6%, 19.6% and
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29.6% for the 3.4%, 6.8%, 13.8% and 18.4% corrosion mass loss, respectively. A similar trend is
also observed in the medium level of confinement scenarios (L/D = 8) and sparsely confined (L/D =
13) columns, with the strength reduction increasing with an increase in the corrosion mass losses

in the circular and square columns.

T . . .
Fit 5=-0.01883*x + 1, R-Squared = 0.9499 Fit 5=-0.01561%x + 1, R-Squared = 0.9926
& Fit 8 =-0.01411*x + 1, R-Squared = 0.9507 Fit 8 = -0.01448*x + 1, R-Squared = 0.9875

0.9 Fit 13 =-0.01899*x + 1, R-Squared = 0.9027 Fit 13 =-0.02631*x + 1, R-Squared = 0.9604

0.8
= =
B 0.7 &
5 g
g g
=
E 06 L E
£ o LID=S g
z __Fits z o LD

—Fits
L/D=8
0.5 | * Fits 0.5 || $eL/D=8
s oo N T e Fit8 @
m LD=13 - @ L/D-13 N
_ _Fit13 — .Fit13 N
04 ——— . . I I 0.4 n | . I Al I
0 5 10 15 20 25 30 0 5 10 15 20 25 30
(a) Corrosion mass loss (%) (b) Corrosion mass loss (%)

Figure 3.25. Normalised strength variation of the confined RC columns with corrosion mass loss

(a) circular columns and (b) square columns

3.5.6 Impact of corrosion on inelastic buckling behaviour of vertical reinforcement

Corrosion generally reduces the cross-sectional areas of bars available to sustain the applied load
(Kashani, 2017). This reduction becomes more severe in bars with pitting corrosion, resulting in
localised reduction in the cross-sectional areas of the bars, leading to rebar fracture and localised
buckling. The results of the tests on the corroded columns showed that the pitting effect is more
significant as it leads to the buckling mechanism and reduction in the load-carrying capacity of the
column. Longitudinal bars in columns with L/D = 5 confinement had less buckling failure (Fig.
3.26(a-d)), especially at lower corrosion than bars from the L/D = 8 (Fig. 3.26(e-g)) and L/D =13
(Fig. 3.26(k-1)) configurations (Kashani et al., 2013b; Kashani, 2017). This buckling from the highly
confined RC columns (L/D = 5) rebars at higher corrosion levels results from the unsymmetrical
cross-sections arising from the pitting corrosion, causing imperfections in the bar and leading to
additional bending moment and local stresses at the pitted sections (Kashani et al., 2013b;
Kashani, 2017). Meanwhile, the buckling from the columns with L/D = 8 and L/D = 13 results from
the combination of pitting corrosion and inadequate confinement provisions leading to
premature yielding and squashing of the weakest section even at lower corrosion degrees

(Kashani et al., 2015). Those columns with more uniformly distributed corrosion and a relatively
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small mass loss showed similar behaviour to those with uncorroded bars with a more visible

buckling at a higher compressive load (Kashani et al., 2013b).

0€dEeTS

Figure 3.26. Observed buckling failure of the longitudinal reinforcement after testing; L/D = 5 (a-
d), L/D =8 (e-h)and L/D = 13 (i-1)

3.5.7 Comparison of the response of circular and square RC columns

Figure 3.27 (a-l) compares the stress-strain response of the circular and square columns with
similar confinement configurations and corrosion mass losses. The circular columns have higher
axial compressive strength than the square columns (Figs. 3.27(a-i)) in almost all cases except in

some of the low confined (L/D = 13) columns (Figs. 3.27(j-1)) where the effect of corrosion and
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inadequate confinement affect the behaviour of the columns. This results from the uniform
confinement of the circular columns, which gives rise to a uniform stress distribution of the concrete
along the cross-section (Ayough et al., 2021; Colajanni et al., 2014, Liang et al., 2015; Liang & Sritharan,
2018). In contrast, the square columns have their stress concentration at the edges, sometimes

leading to the failure of the GFRPs.

Corrosion of steel reinforcement and confinement results in the loss of stiffness and reduced
ductility of the RC columns. Generally, the highly confined columns (L/D = 5) with minor corrosion
mass loss have a higher ductility (especially the circular columns) than columns in the medium
level of confinement (L/D = 8) and low confinement (L/D =13) at the same corrosion levels. This
behaviour is observed to be the same in the columns within the same configurations as the

corrosion level increases.

Furthermore, the columns' ductility was reduced with increased confinement levels in all
columns. This behaviour is also similar to the corrosion mass losses, where an increase in the
corrosion loss results in a decrease in the ductility of the column in almost all the different

confinement configurations.
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3.5.8 Comparison of Existing Analytical Models with Experimental Results

Various models have been proposed to investigate the stress-strain response of confined
concrete. These analytical models were developed from observations in experimental studies with
several adjustments to account for the confinement of the concrete core. Mander et al. (1988)
unified stress-strain model, which is based on the multiaxial properties of concrete, is the most
popular confined concrete model. The model defined an effective lateral confining stress
dependent on the transverse and longitudinal bars. However, despite its popularity, the model
does not include the effect of reinforcement corrosion, resulting in its inapplicability for corroded

RC structures.

Several researchers have used analytically developed stress-strain graphs of confined concrete
subjected to corrosion for numerical applications without experimental verification (Ou et al.,
2013; Ou & Nguyen, 2014). For example, Coronelli and Gambarova (2004) validated their
numerical model through comparison with available test data on supported beams. Still, the
analytically proposed stress-strain model of confined concrete used in their numerical simulation

was not validated experimentally.

In this work, three existing stress-strain models on corroded R.C. columns with varying degrees of
corrosion and different column configurations were compared with the experimental results. The
models (Andisheh et al., 2021; Hoshikuma et al., 1997; Ma et al., 2022; Vu et al., 2017) adopted
modified that from Mander et al. (1988) to reflect the effect of corrosion on the strength of
confined concrete by adjusting the yield strengths of the transverse reinforcement. The
expressions of the existing models are shown in Table 3.23. All the proposed models considered
the effect of corroded transverse reinforcement on the peak strength and the ultimate strain
without considering the impact of the corrosion of the longitudinal rebar. The models show the
satisfying performance of predicting the ultimate condition of the corroded RC columns with

different degrees of deterioration of the stirrup (P. Li et al., 2022).

To compare the experimental data with these models, the ultimate strength from each of the RC
columns tested is adjusted by removing the stress resulting from the longitudinal bars from the
maximum strength of the RC columns. Hence, the strength of confined concrete is estimated from
equation 3.14.

__ (0g XAg)—nAsalyc
¢ Ag—nAs

(3.14)

The yield strength of the longitudinal bar is adjusted to reflect the corrosion and buckling effect

using the equation (equation 3.15) proposed by Kashani et al. (2013b).
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UJI/C = Uy(l —BY) (3.15)

where, 03’,C, is the yield stress of corroded bars in compression, f = 0.005 for L/D < 5, 8 = 0.0065

for5 < L/D < 10, 8 = 0.0125 for L/D > 10 and y, is the corrosion mass loss determined in Eq. 3.4
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Table 3.23. Ultimate strength and strain of analytical models

Model Ultimate strength Ultimate strain Column type
Vu et al. Occ = (1 — aXiorr) " 0o * (—1.254 + 2.254 - el =0.004+ (1= X,opp) - 2-8';scnclf ! Square and circular
(2017) 7.94f/ i

1+( 0lo ) —2 .a_éo &m = (1 — ™Xcorr)Esm

Hoshikuma et

al. (1997)

Ma et al.
(2022)

Andisheh et al.
(2021)

a =0.51
_ Psfyn
Oce = 0¢0(1.0 + 3.8 f—)

a = 1.0 and 0.2 for circular and square

sections

0le = 0lo(—16+ 2.6 |1+ (S19) — 2 ey

ol = ac'o-<2.254- /1+ (%)—2-

ity 1.254)
a,

co

el =0.002 + 0.033/3%0”

= 1.0 and 0.4 for circular and square sections

0.21 6ﬁxypscfyhc£sm

gl = 0.004 + (1 — 0.559X,0pr)

!
O.C Cc

ety = 0.004 + (2

cc

Square and circular

rectangular

Circular

a, is the stress correction coefficient; 5, is the steel strains at the maximum tensile stress of corroded transverse reinforcement; &g,,, is the

ultimate strain of uncorroded transverse reinforcement; 7, is the reduction factor for the ultimate strain of uncorroded reinforcement; f’l, is the

lateral confining pressure of the R.C. column; o.,, compressive strength of uncorroded reinforcement
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The ultimate strength equations for the models in Table 3.23 were used to predict the strength of
the RC columns. The predicted values are tabulated for the circular and square columns in Tables

3.24 and 3.25. These values were plotted against the experimental values in Figure 3.24.

Table 3.24: Predicted analytical values for circular columns from different models and the

experimental value

Column Experiment Vuetal. Hoshikuma Maetal. Andisheh et
Configuration (2017) etal. (1997) (2022) al. (2021)
High confined 18.01 2483  24.56 33.23 24.83
(L/D = 5) 17.11 2394  23.46 31.88 22.90
14.81 2323 22.59 29.84 20.22
11.34 2248  21.69 28.40 18.49
8.85 2037  19.23 26.44 16.33
Medium confined 9.40 17.82 1574 22.27 17.82
(L/D = 8) 7.67 17.08  15.06 20.99 15.87
7.03 1639  14.44 20.08 14.57
6.02 1534  13.50 17.92 11.82
5.16 1471 12.93 15.70 9.42
Low confined 4.90 11.72 10.89 12.86 11.72
(L/D = 13) 4.49 1125  10.49 12.49 10.73
3.40 1074  10.05 11.96 9.43
3.09 1048  9.82 11.74 8.91
1.64 9.61 9.07 11.47 8.29
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Table 3.25: Predicted analytical values for square columns from different models and the

experimental value

Column Experiment Vuetal. Hoshikuma Maetal. Andisheh
Configuration (2017) et al. (2022) et al.
(1997) (2021)
High confined 13.60 22.15 13.58 27.65 22.15
(L/D=5) 11.15 21.74 13.44 26.32 20.83
10.58 21.33 13.31 25.54 20.09
10.26 20.50 13.03 22.88 17.69
9.11 19.95 12.84 21.54 16.55
Medium confined 13.60 16.89 12.70 19.56 16.89
(L/D=8) 10.98 16.54 12.55 18.68 15.89
9.87 16.16 12.40 18.31 15.49
8.97 15.66 12.20 16.87 14.00
7.87 15.07 11.96 15.86 13.02
Low confined 13.60 13.14 12.21 13.74 13.14
(L/D=13) 8.94 12.92 12.06 13.55 12.73
7.97 12.83 11.99 13.46 12.53
7.47 12.76 11.95 13.33 12.26
5.35 12.43 11.72 13.25 12.09
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Figure 3.28. Comparison of existing confined concrete models and experimental results of

ultimate compressive strength

Figure 3.28 shows the performance of the selected existing analytical models in predicting the
compressive strength of confined corroded R.C. columns. It can be seen from the above
comparison that the current analytical models overestimate the peak strength of the confined
columns. This is because the ultimate strength of confined concrete columns depends on the
strength of the unconfined concrete, the dimensions of the core and the amount and
configuration of transverse reinforcements. Thus, the observation of high ultimate strength in the
analytical models to the experimental data results from the low compressive strength of the
concrete used in the experimental tests. Furthermore, the response of confined concrete columns
to lateral pressure is affected by changes in the cross sections. Hence, columns with circular cross-
sections have higher strength capacity, which is about double that of the circular cross-sections
when subjected to the same lateral confining pressure. These differences in the lateral confining
pressures result from the irregular distribution of pressure in the cross-section of the rectangular
columns. In addition, the predictions of the strength of the square columns are not too different

from the experimental data.

3.6 Conclusions

The effects of corrosion on the axial load capacity of differently confined RC columns have been
studied experimentally. The parameters investigated in this study are corrosion mass loss on the
stress-strain response of differently confined circular and square RC columns representing typical
shapes of bridge piers. The experiment was done on 30 short RC columns divided into two groups

of fifteen circulars and fifteen squares, subdivided into five groups according to the expected
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corrosion mass loss from the accelerated corrosion process and three groups considering the
spacing of their transverse confining rebars. The primary conclusions drawn from the analysis of

the experimental data are as follows.

1. The circular columns have higher axial cyclic load-carrying capacities, gradually decreasing
with increased corrosion and confinement than the square columns. The well-confined
circular RC columns (L/D = 5) have 35.88MPa, 33.96MPa, 30.15MPa, 25.93MPa and
22.20MPa axial compressive load carrying capacities for the 0%, 5%, 10%, 20% and 30%
corrosion losses respectively. Meanwhile, the square columns with the same confinement
and corrosion losses have 25.41MPa, 21.47MPa, 20.38MPa, 19.63MPa and 17.19MPa
axial compressive load-carrying capacities. A similar trend was observed in the medium-
confined and low-confined columns, with the circular columns having higher capacities
than the square columns. This results from the effectiveness of the transverse ties in the
circular column, which has more significant confinement effectiveness coefficients than
the square columns.

2. Corrosion of transverse confining steel affects the strength and deformability of confined
concrete. The effectiveness of confinement reinforcements in confining the core concrete
reduces as the corrosion increases. The strength of the highly confined circular column was
reduced by 5.35%, 15.97%, 27.74%, and 38.11% for the 5%, 10%, 20% and 30% corroded
columns to the EC2 estimated uncorroded column. Similarly, the mediumly confined and
lowly confined columns have strength reduction varying between 15% to 39% and 17% to
70%, respectively.

3. The degree of corrosion experienced by transverse reinforcement is more severe than
longitudinal reinforcements at the same current densities. In the highly confined circular
RC columns, the transverse reinforcement corrosion losses are 8.8%, 21.2%, 29.4% and
39.8%, while the longitudinal bars have corrosion losses of 4.1%, 7.3%, 10.8% and 20.6%
for the 5%, 10%, 20% and 30% corrosion estimates. This results from the closeness of the
transverse bars to the surface of the concrete, leading to a possibly higher concentration
of chloride ions and an early start of corrosion of the transverse bars. Similar trends are
observed in the other confinement configurations in both the circular and square RC
columns..

4. Local buckling is more severe for specimens with high corrosion rates, and buckling
always occurs in areas with more rust products. This is evidence that the local buckling of
the rebar is strongly related to its corrosion condition, and the part where the cross-
sectional area is weakened by corrosion is more likely to cause buckling of the

longitudinal rebar and collapse of the structure.
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5. The inelastic buckling mechanism of bars is affected by non-uniform pitting corrosion. The
observed buckling modes showed that the buckling mechanism of corroded bars is a
function of the mass loss due to corrosion and the distribution of pits along the bar
length. Hence, the bars with more corrosion mass loss experienced more buckling and
fracture than columns at low corrosion.

6. The existing analytical models overestimate the ultimate strength of ageing low-strength
confined corroded RC columns. Hence, there is a need for more experimental tests on
low-strength concrete to develop a new model that will correctly predict the strength of

such columns.
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Chapter 4 Nonlinear Behaviour of Corrosion Damaged
Low-Strength Reinforced Concrete Columns

under Axial Cyclic Compressive Loading>*

4.1 Introduction

The nonlinear stress-strain behaviour of low concrete strength corroded RC columns under
monotonic axial compression load with different confinement ratios and varying degrees of
corrosion was discussed in Chapter 3. It was found that an increase in corrosion mass loss and
inadequate transverse reinforcement confinement results in a substantial reduction in the load-
carrying capacity of corroded columns. Furthermore, it results in the inelastic buckling of the
longitudinal bars, especially at high corrosion loss. Much research has been done on the effect of
chloride-induced corrosion on the seismic performance of RC structures (Chapter 2). However,
they are primarily on normal and high-strength RC structures. However, many ageing low-
strength RC structures exist in high seismic zones; investigating their response to cyclic loading is
pertinent to understanding their behaviour under cyclic load and providing adequate

maintenance and rehabilitation plans to prevent their collapse.

4.2 Degradation and cyclic response of RC Columns

Numerous RC elements (beams and columns) vulnerable to severe damage and collapse during
seismic events were constructed before the 1970s in areas of high seismicity. Significant load
redistributions occur between failing and surrounding elements as damage progresses in a
structure during a seismic event. The challenge for structural engineers is to accurately determine
whether an existing structure can satisfy life-safety or collapse-prevention performance objectives
after a severe earthquake, which depends on how well the degrading behaviour of failing
elements and the associated load redistributions can be estimated (LeBorgne & Ghannoum,

2012).

3 Aminulai, H. O., Robinson, A. F., Ferguson, N. S., & Kashani, M. M. (2023b). Nonlinear behaviour of
corrosion damaged low-strength short reinforced concrete columns under compressive axial cyclic loading.
Engineering Structures, 289, 116245. https://doi.org/https://doi.org/10.1016/j.engstruct.2023.116245

4 Aminulai, H. O., Ferguson, N., & Kashani, M. (2023b). Structural response of corroded concrete columns
with different rebar confinements under cyclic compressive loading. In Life-Cycle of Structures and
Infrastructure Systems (pp. 3340-3347). CRC Press.
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In practice, deterioration of columns often results in a high risk of the collapse of RC structures,
for the reason that as one of the paramount structural members, the columns almost support all
of the vertical loads, as well as some frequent lateral loads (Darwin et al., 2016). Thus, the
performance of columns under various loading and environmental conditions has always been
one of the major concerns during the whole service life (Rodrigues et al., 2013; Torres-Acosta &
Martinez-Madrid, 2003). To date, the crucial parameters that affect the mechanical properties of
RC columns have been well understood and documented, and important among these factors
include the concrete strength, thickness of the concrete cover, axial compression ratio, and
slenderness (Bazant & Kwon, 1994; Dhakal & Maekawa, 2002; Huang et al., 2015). However,
existing studies have shown that in the case of harsh environments, considerable degradations of
the mechanical properties of RC columns, in terms of the ultimate bearing capacity, ductility,
dynamic responses, etc., are still generally observed due to the reinforcement corrosion and
concrete spalling, although the protection measures are satisfied with the requirements of design

codes (Boumarafi et al., 2015; Li et al., 2020; Prachasaree et al., 2018).

There have been several studies investigating the mechanical response of RC columns in seismic
regions (Dai et al., 2021; P. Li et al., 2022; Q. Li et al., 2022; Rajput & Sharma, 2018b). Some of
these studies are on uncorroded RC samples subject to the combined effect of axial and lateral
cyclic load (Choi & Lee, 2022; Z. Li et al., 2022; Matthews et al., 2022; Rajput & Sharma, 2018b),
while others are numerical work to predict the mechanical behaviour of corroded bars in RC

columns (Apostolopoulos et al., 2018; Basdeki et al., 2022; Rajput & Sharma, 2018a).

The previous experimental investigations are mostly on normal and high-strength concrete. Still,
many old and ageing bridges/structures have low-strength columns/piers and improper
confinement based on the old design in earthquake-prone regions. The effect of corrosion and
inadequate confinement on such weak and old RC structures must be investigated to understand
their response to axial cyclic loading. In addition, there is a shortfall in research on the seismic
performance of ageing RC columns with low concrete strength subject to the combined effect of
corrosion and varying confinement levels, particularly in investigations on their load-carrying and

deformation capacities.

4.3 Research contribution and novelty of this chapter

The use of cyclic experimental testing is effective in providing insight into the seismic
performance of a structural component. However, although it is recognised that corrosion-
induced degradation on coastal bridge piers significantly affects the performance of the structures

during the long-term service period (Guo et al., 2015), the damage mechanism and the
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mechanical behaviour of low-strength concrete structures are still not well understood.
Therefore, this chapter discussed the effect of corrosion and confinement on the nonlinear cyclic

behaviour of ageing low-strength RC columns.

Corrosion of reinforcement significantly affects the nonlinear response of bridge piers/columns
subject to seismic and axial loadings, where the buckling of vertical bars in plastic hinge regions is
the governing parameter. It is well known that bending moment combined with axial compression
force will induce considerable strain on the edge of a section. This generates large tensile stresses
in the RC structure, followed by high compression will cause the reinforcing bars to buckle,
resulting in concrete crushing or spalling (Yang et al., 2020). Reinforcement buckling inside RC
structures is a more complex phenomenon due to the confining effect of the surrounding
concrete than buckling of bare reinforcing bars. Recent studies have shown that multiple local
parameters influence the buckling response of reinforcing bars inside RC structures compared to a
plain reinforcing bar (Kashani et al., 2016b; Kashani et al., 2018; Nojavan et al., 2017). The
buckling response of bars inside RC members primarily depends on the resistance offered by the

cover concrete and transverse reinforcement to bars against buckling.

While several studies have been dedicated to investigating the structural vulnerability of
corrosion-damaged RC members, there is a significant lack in the literature on the influence of
corrosion damage, confinement levels and cross-sectional shape on the seismic behaviour of
ageing RC bridge columns/piers. Several numerical and analytical models have investigated the
effects of corrosion and transverse reinforcement confinements on seismic performance and
failure modes of RC members with normal-strength concrete (Kashani et al., 2016a, 2016b;
Kashani et al., 2018; Su et al., 2015). However, they have not investigated ageing RC members
with low-strength concrete. Therefore, there is a need for experimental investigation of the
nonlinear cyclic response of corroded low-strength RC columns with various confinement ratios

under cyclic compressive loading.

Axial cyclic behaviour of short columns is important in developing uniaxial constitutive models for
corrosion damaged concrete (with various confinement), which can be used in modelling
nonlinear seismic behaviour of corroded structures. All the uniaxial constitutive models for
concrete with various confinement ratios have been developed in past using similar tests. Hence,
the present study investigates, for the first time, the nonlinear behaviour of low-strength circular
and square RC columns under simultaneous reinforcement corrosion, confinement configurations
and cyclic compressive load. Five degrees of reinforcement corrosion (i.e., 0%, 5%, 10%, 20% and
30%) with three confinement ratios based on the spacing of the transverse reinforcements are

investigated under cyclic compressive load. The confinement ratios are assigned through the
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centre-to-centre spacing of the transverse reinforcement (L) and the diameter of the longitudinal
reinforcement (D), known as the spacing-diameter, L/D ratio. Hence for the test, the three
confinement ratios are high (L/D = 5), medium (L/D = 8) and low (L/D = 13). The accelerated
corrosion technique obtained different degrees of reinforcement corrosion. The failure modes of
the RC columns, the load-deformation responses of RC columns and the inelastic buckling of the

longitudinal reinforcements were analysed.

4.4 Experimental Campaign

441 Specimen details and material characterisation

Chapter 3 (3.2.1) described that the specimens (15 circular and 15 square RC columns) were made
with British standard B500B ribbed thread steel bars. The configurations of the samples and the
targeted corrosion mass losses are presented in Table 3.3 (Chapter 3), while Table 3.10 (Chapter

3) shows the confinement reinforcement details for the different levels of confinement.

44.2 Axial cyclic compressive strength of concrete

Similar to the concrete used in the monotonic test in Chapter 3 (3.4.1), the concrete was designed
as low-strength concrete, representing ageing RC structures. The axial cyclic compressive strength
test was done at the Testing and Structures Research Laboratory (TSRL), the University of
Southampton, using the servo-hydraulic 630kN Instron Schenk machine. The concrete columns
were tested using the cyclic loading protocol with displacement control at a constant loading rate
of 0.1mm/sec until failure. Figure 4.1(a) shows the stress-strain response of the unreinforced
concrete samples, with the square samples (S1, S2 and S3) having an average compressive
strength of 13.8 MPa while the circular sample (C1) has 12.6 MPa. Furthermore, the concrete
columns show similar failure patterns, having diagonal cracks in the middle of the column (Figure

4.1(b))
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Figure 4.1: Mass concrete behaviour (a) stress-strain response (b) observed failure after test

4.4.3 Axial compressive cyclic loading protocol and instrumentation

The RC columns were tested under axial compressive cyclic loading. The loading protocol was set
to have 20 cycles with ten different mean strains, each strain peak repeating twice, as shown in
Figure 4.2. The mean strain was estimated from the displacement values of the test done on
corroded RC under monotonic loading in Chapter 3. The load was applied using the displacement
control condition using the servo-hydraulic Instron Schenck 630kN testing machine within TSRL.
The first five lower strain peaks were applied at a 0.1mm/sec loading rate, while the remaining
were at 0.15mm/sec. The cyclic loading protocol was set up using the Instron Wavematrics

software (Instron, 2018).
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0.03 | |

0.025 L J
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No. of cycles

Figure 4.2: Cyclic compressive loading protocol

139



Chapter 4

The RC columns were tested under axial cyclic compressive load using displacement control with a
lower loading rate for the first ten cycles. After that, the remaining cycles were at a slightly higher
rate until the failure of the RC columns. Furthermore, the test was conducted under complete
axial cyclic compression loading, with each loading cycle repeated twice without going into the
tension loading zone. The servo-hydraulic machine used an internal Linear Variable Differential
Transformer (LVDT) that measures the displacement of the actuator during loading. In contrast, a
load cell measures the corresponding load resulting from the applied displacement. The setup of

the experiment is presented in Figure 4.3(a).

The displacement at the middle 400mm zone of the RC columns is measured with the LVDTs fixed
to the edge of the Glass fibre-reinforced polymers (GFRP) strengthened ends and the stereo 3D
Digital Image Correlation (DIC). The two LVDTs with 50mm strokes were fixed such that they
touch the angle irons fixed to the edge of the Glass fibre-reinforced polymers (GFRP)
strengthened ends of the RC columns (Figures 4.3(b) and 4.3(c)). This ensures that the LVDTs
measure the axial deformations in the middle 400mm section of the columns, which are recorded

via a multichannel data acquisition unit (Strainsmart 8000).

- Instron control PC
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GFRP wrapped end of RC

100
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of the upper GFRP
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400

LVDT attached to the edge
of the lower GFRP

100

GFRP wrapped end of RC

Movable end of the actuator

Figure 4.3: Experimental test setup (a) laboratory setup; (b) schematic of the LVDT connection;
(c) Image of the LVDT connections to the RC samples and (d) RC sample with

speckles for DIC processing

Furthermore, the DIC technique, as applied in section 3.2.9 was used to investigate the strain
distribution in the middle section of the RC column. The cameras were calibrated to capture the
RC column's out-of-plane and vertical displacements during loading using the dots marked on the
columns (Figure 4.4(d)). The images recorded are further processed using LaVision's Davis 10
software to see the strain distribution resulting from the applied loading. The parameters used in

the DIC image acquisition and processing are presented in Table 3.7 (Chapter 3).

4.5 Experimental Results and Discussion

4,5.1 Calculation of corrosion and mass loss ratio

Table 4.1 shows the corrosion density and the duration for each column used in this experiment.
The actual mass losses resulting from the corrosion of the reinforcements are estimated using Eq.
3.4 and are illustrated in Figures 4.4 and Table 4.2 for the circular columns. Furthermore, Figure
4.5 and Table 4.3 give the square columns' corrosion estimates. Similar to the results of the
monotonic test presented in Chapter 3, the stirrups rebars had more severe corrosion than the
longitudinal bar under the same constant current and duration (Q. Li et al., 2022). The observed
mass loss resulting from the accelerated corrosion process is like the results presented in Tables

3.8 and 3.9 (section 3.4.1)

141



Chapter 4

Table 4.1. Accelerated corrosion parameters for RC columns.

Specimen No. Corrosion Corrosion Specimen No. Corrosion Corrosion
current duration current duration
density (days) density (days)
(mA/cm?) (mA/cm?)

C5A0 0 0 S5A0 0 0

C5A5 1.00 3.0 S5A5 0.99 2.9

C5A10 1.00 6.0 S5A10 0.99 5.8

C5A20 1.00 12.1 S5A20 0.99 11.7

C5A30 1.00 18.1 S5A30 0.99 17.5

C8A0 0 0 S8A0 0 0

C8A5 1.16 2.7 S8A5 1.17 2.6

C8A10 1.16 54 S8A10 1.17 51

C8A20 1.16 10.8 S8A20 1.17 10.2

C8A30 1.16 16.2 S8A30 1.17 15.3

C13A0 0 0 S13A5 0 0

C13A5 1.28 25 S13A5 1.33 2.3

C13A10 1.28 5.0 S13A10 1.33 4.6

C13A20 1.28 10.0 S13A20 1.33 9.3

C13A30 1.28 15.0 S13A30 1.33 13.9
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Figure 4.4: Corrosion mass loss estimate for circular columns

Table 4.2. Summary of the circular RC columns' predicted and measured corrosion mass losses.

Specimen Corrosion Corrosion Estimated Measured Measured

No. current duration mass loss mass loss of mass loss of
density (days) (Eq. 3.7) longitudinal transverse
(mA/cm?) (%) bars (Eq. 3.8) bars (Eq. 3.8)

(o) (o)

C5A0 0 0 0 0 0

CSAS 1.00 3.0 5 4.4 11.2

C5A10 1.00 6.0 10 52 21.1

C5A20 1.00 12.1 20 14.4 37.9

C5A30 1.00 18.1 30 19.1 54.0

C8A0 0 0 0 0 0

C8AS5S 1.16 2.7 5 6.5 13.2

C8A10 1.16 54 10 9.8 23.5

C8A20 1.16 10.8 20 12.4 46.0

C8A30 1.16 16.2 30 26.3 514

C13A0 0 0 0 0 0

C13A5 1.28 2.5 5 9.3 15.5

C13A10 1.28 5.0 10 11.1 20.4

C13A20 1.28 10.0 20 18.5 36.0
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Figure 4.5: Corrosion mass loss estimate for square columns

Table 4.3. Summary of the square RC columns' predicted and measured corrosion mass losses.

Specimen  Corrosion Corrosion  Estimated Measured Measured

No. current duration mass loss mass loss of mass loss of
density (days) (Eq. 3.7) longitudinal transverse
(mA/cm?) (%) bars (Eq. 3.8) bars (Eq. 3.8)

(o) (o)

S5A0 0 0 0 0 0

S5A5 0.99 2.9 5 4.3 13.0

S5A10 0.99 5.8 10 5.7 17.0

S5A20 0.99 11.7 20 12.1 36.4

S5A30 0.99 17.5 30 15.9 49.2

S8A0 0 0 0 0 0

S8AS 1.17 2.6 5 5.7 17.0

S8A10 1.17 5.1 10 8.8 18.0

S8A20 1.17 10.2 20 12.5 34.0

S8A30 1.17 15.3 30 14.2 39.1

S13AS 0 0 0 0 0

S13A5 1.33 2.3 5 5.9 11.3
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S13A10 1.33 4.6 10 10.2 211

S13A20 1.33 9.3 20 16.8 28.7

S13A30 1.33 13.9 30 24.4 48.5
4.5.2 Axial compressive cyclic testing of circular RC columns

The stress-strain responses of the circular columns to the applied axial cyclic compressive load are
presented in Figure 4.6 (a-l). These stress-strain responses were plotted from the LVDTs data since
it shows the deformation of the 400mm middle zone section rather than the readings from the
machine load cell that captures the deformation of the whole column under loading. The cyclic
responses of the corroded columns under loading were compared with the corresponding

behaviour of the non-corroded columns in each confinement configuration.

The RC column samples all have similar stress-strain responses under axial cyclic load. The
deformation started with minor vertical cracks, which subsequently enlarged with further loading,
leading to spalling of the concrete cover as the longitudinal bars buckled due to lateral expansion
of the RC columns. The observed cyclic responses of the RC columns are similar at the elastic
range until yield and afterwards become nonlinear beyond the peak stress due to the corrosion

and confinements of the rebars.

The hysteretic curve of the corroded columns within each confinement's configuration was
compared with the non-corroded ones. It showed a gradual decrease in the columns' strength,
stiffness and ductility as the corrosion loss increased. The corrosion of longitudinal and transverse
bars reduces the column's ultimate strength and load-carrying capacity. Consequently, columns
with very close mass loss in the highly confined (L/D=5) columns have their maximum strengths
relative to each other, especially at low corrosion between 5% and 10% (Fig. 4.6(a - d)). For
example, the strength loss between the highly confined (uncorroded and corroded) columns was
reduced by 13%, 22%, 26%, and 37% for the 5%, 10%, 20% and 30% estimated mass loss,
respectively (Table 4.4). This trend is also observed in the mediumly confined columns (L/D=8)
with a strength reduction range between 5% to 50% (Fig. 4.6(e - h) and Table 4.4) and lowly
confined columns (L/D=13) having between 10% to 48% reduction (Fig. 4.6(i - I) and Table 4.5).

Furthermore, the axial strain corresponding to the ultimate strength for each column varies
compared to the axial strain of the uncorroded column (Table 4.4). In the highly confined column,
the axial strain was reduced by 42%, 30%, 16% and 44% for the 5%, 10%, 20% and 30% estimated
mass loss, respectively (Table 4.4). This trend is similar in the mediumly confined (2% and 47%)

and lowly confined RC columns (1% and 31%).
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Figure 4.6. Axial cyclic compressive stress-strain response of low-strength confined RC circular

columns; L/D =5 (a-d), L/D = 8 (e-h) and L/D =13 (i-l)

Table 4.4. Variation of ultimate stress and axial compressive strain between uncorroded and

corroded circular RC columns.

Sample Ultimate stress, o, u(uc) ~— %u(c) Strain, g, Eu(uc) ~ Eu(o)
label (MPa) Ou(uc) Eu(uc)
x 100 x 100
C5A0 41.325 0 0.0459 0
C5A5 35.928 13.060 0.02669 41.89
C5A10 32.040 22.468 0.03214 30.002
C5A20 30.656 25.817 0.03836 16.457
C5A30 25.920 37.278 0.02558 44,291
C8A0 32.443 0 0.02188 0
C8A5 30.630 5.588 0.02152 1.663
C8A10 27.356 15.680 0.03217 47.008
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C8A20 26.488 18.355 0.02431 11.095
C8A30 16.343 49.626 0.01596 27.066
C13A0 28.116 0 0.01862 0
C13A5 25.423 9.578 0.01288 30.843
C13A10 24.381 13.284 0.01878 0.877
C13A20 21.115 24.90 0.01538 17.387
C13A30 14.552 48.243 0.01308 29.779

The applied axial cyclic compressive load results in the premature failure of some of the highly
confined columns resulting from the GFRP failure at the top/bottom of the column (Fig. 4.7(a-d)).
Furthermore, the applied load led to concrete cover spalling and hence buckling of the
longitudinal bars and, in some cases, fracture of the transverse bar (Fig. 4.7(e, h and j)) in some
columns. The longitudinal bars buckled mostly at the expected middle 400mm zone, with some
columns having shear buckling due to inadequate confinement (Fig. 4.7 (k and 0)), loss of
confinement resulting from pitting corrosion (Fig. 4.7 (j)), and the transverse bars' fracture (Fig.

4.7(h and i)).
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Figure 4.7: Observed failure modes of circular columns with the different corrosion levels and

confinement ratios; L/D=5 (a-e), L/D=8 (f-j)and L/D =13 (k - 0)

The DIC tracks the RC columns' strain response and cracks damage to the applied compressive
load. Figure 4.8(a) shows the stress-strain response of one of the circular columns and the
locations of the processed images (at yield stress, ultimate stress and beyond the ultimate stress).
The processed images within the column's middle zone section showed the column's strain
contour with the cracks, spalling of the cover concrete, and the buckling of the reinforcement
captured. Figures 4.8(b - d) are the Von Mises strain processed from the captured images during
loading. These values correspond to the strain estimated from the LVDTs at yield stress, ultimate

stress and beyond the ultimate stress.

The DIC image process showed that it could not adequately capture the crack propagation on the
circular columns during testing due to the curvature of the column, especially at lower loads

(Figure 4.8(b)).
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Figure 4.8: Processed DIC images of circular column (a) stress-strain response showing location

of processed images (b) at yield stress, (c) at ultimate stress and (d) between

ultimate stress and collapse

4.5.3 Axial compressive cyclic testing of square RC columns

Similar to the circular columns, the stress-strain relationship showed identical behaviour within
the elastic region in all the columns until the yield stress, beyond which the confinement
configurations and increase in the corrosion degree resulted in a subsequent decrease in the load-
carrying capacities. The stress-strain responses of the columns to the applied axial compressive
load are presented in Figure 4.9 (a-1). The cyclic responses of the corroded columns were
compared with the corresponding behaviour of the non-corroded columns in each confinement
configuration. The columns all have similar stress-strain responses under axial cyclic load. The
deformation started with minor vertical cracks, which subsequently enlarged with further loading,

leading to the spalling of the concrete cover and, eventually, the buckling of the longitudinal bars.

The hysteretic curve of the corroded columns within each confinement's configuration was
compared with the non-corroded ones. It showed a gradual decrease in the columns' strength,
stiffness and ductility as the corrosion loss increased. The strength of the RC columns decreased
due to the combined effects of buckling the longitudinal bars and crushing the concrete. The
corrosion of both longitudinal and transverse bars reduces the column's ultimate strength and
load-carrying capacity. Consequently, columns with very similar mass loss in all the confinement
configurations have their maximum strengths relative to each other, especially at low corrosion
between 5% and 10% (Fig. 4.9(a - I). The strength reduction from corrosion in the highly confined
columns was 13%, 18%, 25%, and 31% for the 5%, 10%, 20% and 30% (Table 4.5) estimated mass
loss, respectively. This trend is also observed in the medium levels of confinement columns

(L/D=8) with a strength reduction range between 7% to 23% (Fig. 4.9(e - h) and Table 4.5) and
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low-level confined columns (L/D=13) having between 4% to 29% reduction (Fig. 4.9(i - I) and Table

4.5).
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Figure 4.9: Axial cyclic compressive stress-strain response of low-strength confined RC square

columns; L/D =5 (a-d), L/D = 8 (e-h) and L/D =13 (i-l)
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Table 4.5 also shows the strain variations corresponding to the ultimate strength between the
uncorroded and corroded RC columns. The strain varies between 3% and 36% in the highly
confined column. Also, the strain variation in the medium-confined columns is between 11% and

31%, while the lowly confined columns strain varies between 5% and 39%.

Table 4.5. Variation of ultimate stress and strain between uncorroded and corroded square RC

columns.
Sample  Ultimate stress Ou(uc) ~ u(c)  Strain, &, Euque) ~ Eu(o)
label (MPa) Tu(uc) Eu(uc)
x 100 x 100
S5A0 29.914 0 0.0207 0
S5AS5 25.982 13.144 0.02808 35.616
S5A10 24.44 18.3 0.02159 4.254
S5A20 22.484 24.839 0.0273 -31.879
S5A30 20.499 31.473 0.02133 -3.068
S8A0 25.399 0 0.01735 0
S8AS 23.649 6.872 0.02278 31.348
S8A10 23.143 8.863 0.01949 12.375
S8A20 22.289 12.227 0.02052 18.289
S8A30 19.496 23.224 0.01538 11.312
S13A0 25.005 0 0.02127 0
S13A5 24.081 3.697 0.02 5.952
S13A10 22.996 8.036 0.01345 36.584
S13A20 20.971 16.134 0.01325 37.709
S13A30 17.751 29.011 0.01308 38.507

Similar to the circular columns, the applied axial cyclic load results in the concrete cover's spalling
(Fig. 4.10(b)), transverse bars fracture (Fig. 4.10 (d and j)) and longitudinal bars buckling (Fig.
4.10(a, m, n and 0)). Also, some of the non-corroded columns (0% corrosion) have failure of the
strengthening GFRP at the top/bottom of the column (Fig. 4.10 (c, f, g and i)), leading to stress
concentration and premature failure of the ends of the columns. The failure of the GFRPs occurs

due to the sharp edges of the square columns.
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Figure 4.10: Observed failure modes of square columns with different corrosion levels and
confinement ratios; L/D=5(a-e), L/D=8 (f-j)and L/D =13 (k - 0)

Figure 4.11(a) shows the stress-strain response of one of the low confined square RC columns
with an estimated 20% corrosion mass loss. Figures 4.11(b - d) are the processed images from the
DIC at different locations during the compression testing on the column. The processed DIC
images within the middle zone section of the column show the images with and without the strain
contour on the column with the crack propagation, spalling of the cover concrete, and the
reinforcement's buckling. Figure 4.11(d) further shows the buckled longitudinal bars at the end of

the test after removal and cleaning.

154



Chapter 4

25 T
—S13A20

* Figure 4.11(b)
® Figure4.11(c)
20 H ™ Figure4.11(d)

[l4000

3500

3000

2500

2000

[syumoo] Apsuaym ogeur]
[S] wrens sastL top

1500

Mean compressive stress (MPa)

1000

0 0.005 0.01 0.015 0.02 e

Mean strain (mm/mm)

[S] urens sesy top
[] wens sesyy uop

B ocvers

[symoo] Ansuoyur adeury
[symoo] Ayistopm vy

(d)

Figure 4.11: Processed DIC images of square column (a) stress-strain response showing location
of processed images (b) at yield stress, (c) at ultimate stress and (d) between

ultimate stress and collapse with the buckling at the end of the test

454 Impact of corrosion on cumulative energy dissipation capacity

The experimental studies on the cyclic behaviour of corroded beams and columns (Akiyama et al.,
2011; Ma et al., 2018; Ma et al., 2012; Ou et al., 2012) showed that buckling and/or fracture of
corroded bars significantly affects the global response and plastic rotation capacity and plastic
hinging mechanisms of the corroded RC elements. Consequently, in the seismic assessment and
evaluation of existing corroded structures, consideration needs to be given to the buckling of the

rebars, even if the structure is designed initially to have sufficient confinement reinforcement.

The plots of the normalised accumulated hysteretic energy versus the number of cycles are
presented in Figure 4.12. For each column, the cumulative energy dissipated at each loading cycle
is normalised against the total cumulative energy dissipated at failure. Figure 4.12(a-c) shows the

influence of corrosion on the accumulated energy dissipation of circular RC columns with different
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confinement configurations. In contrast, Figure 4.12(d-f) shows the impact of corrosion on the

accumulated energy dissipation of square RC columns. The plots showed similar behaviour for all

the columns with very low energy dissipated at the smaller cycles and a steep increase in the

dissipated energy after the 10th cycle. The steep increase in the dissipated energy is more

significant at high corrosion and low confinement in both the circular and square columns though

the circular columns have better energy dissipated. It should be noted that extensive corrosion lead to

a large reduction in the energy dissipated by a column as such the highly corroded columns are more

likely to have brittle failure than the uncorroded columns (Dai et al., 2021).
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Figure 4.12: Normalised dissipated energy of the RC columns; circular (a) L/D =5, (b) L/D = 8 and
(c) L/D =13; square (d) L/D=5, (e) L/D=8 and (f) L/D =13

Table 4.6. Variation in cumulative energy dissipation of RC columns with corrosion.

Sample  Cumulative Percentage  Sample Cumulative Percentage
details energy dissipation details energy dissipation
dissipated energy loss dissipated energy loss
C5A0 231.42 0 S5A0 197.57 0
C5A5 177.62 23.245 S5A5 151.06 23.542
C5A10 202.22 12.614 S5A10 174.77 11.540
C5A20 168.06 27.376 S5A20 105.83 46.435
C5A30 122.68 46.988 S5A30 134.42 31.963
C8A0 155.29 0 S8A0 140.25 0
C8A5 166.10 6.961 S8A5 178.83 -27.509
C8A10 126.48 18.554 S8A10 171.01 -21.9324
C8A20 119.66 22.944 S8A20 167.62 -19.521
C8A30 45.46 70.724 S8A30 106.62 23.97699
C13A0 129.08 0 S13A0 177.82 0
C13A5 102.37 20.697 S13A5 152.62 14.17202
C13A10 89.71 30.502 S13A10 147.97 16.7868
C13A20 90.45 29.929 S13A20 129.39 27.23374
C13A30 67.40 47.785 S13A30 112.76 36.59005
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Table 4.6 shows the percentage variation of the cumulative energy dissipated by each corroded
column to the uncorroded column. The percentage reductions in the cumulative energy
dissipated by the highly confined circular columns are 23.2%, 12.6%, 27.4% and 47% for the 5%,
10%, 20% and 30%, respectively. A similar trend was observed in the highly confined square
columns, with the reductions varying between 11.5% and 46.4% between the uncorroded and
corroded columns. Like the highly confined columns, the mediumly and lowly confined columns
also had varying degrees of reductions in their cumulative energy dissipated relative to the

corrosion mass loss and the level of confinements.

4.5.5 Impact of corrosion on buckling of vertical reinforcement

Corrosion generally reduces the cross-sectional area of the bars available to sustain the applied
load (Kashani, 2017). This reduction becomes more severe in bars with pitting corrosion, resulting
in localised reduction in the cross-sectional areas of the bars, leading to rebar fracture and
localised buckling (Kashani et al., 2013a). The results of the tests on the corroded columns
showed that the pitting effect is more significant, as it leads to the buckling mechanism and
reduction in the load-carrying capacity of the column. Longitudinal bars in columns with L/D = 5
confinement (Fig. 4.13(a-c)) had less noticeable buckling failure, especially in the circular columns
and at lower corrosion degrees than bars from the L/D = 8 and L/D = 13 configurations (Kashani et
al., 2013b; Kashani, 2017). This buckling from the columns with L/D = 5 (Fig. 4.13(d)) rebars at
higher corrosion levels results from the unsymmetrical cross-sections arising from the pitting
corrosion, causing imperfections in the bar and leading to additional bending moment and local
stresses at the pitted sections (Kashani et al., 2013a; Kashani et al., 2013b). Meanwhile, the
buckling from the columns with L/D = 8 and L/D = 13 results from the combination of pitting
corrosion and inadequate confinement provisions leading to premature yielding and squashing of
the weakest section even at lower corrosion degrees (Kashani et al., 2015). Those columns with
more uniformly distributed corrosion and a relatively small mass loss showed similar behaviour to
those with uncorroded bars with a more visible buckling at higher compressive load (Kashani et

al., 2013b).
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Figure 4.13: Observed buckling failure of the longitudinal reinforcement in the circular columns;

L/D =5 (a-d), L/D = 8 (e-h) and L/D = 13 (i-1)
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Figure 4.14: Observed buckling failure of the longitudinal reinforcement in the square columns;

L/D =5 (a-d), L/D =8 (e-h) and L/D =13 (i-l)

4.5.6 Impact of corrosion on the strength and strain of confined RC column

The strength loss resulting from the corrosion and confinement ratios of the RC columns is
determined by normalising the ultimate strength of the corroded columns (gy, ..,.), to the

ultimate strength of the pristine columns (aupn.stl.ne). The normalised ultimate strength loss of

the different confined RC columns is plotted relative to the percentage of corrosion mass loss.
Afterwards, linear trend lines are fitted to the test data to estimate the strength reduction due to
corrosion and confinement ratios. The R-square goodness of fit values obtained from the trend
lines ranges from 0.78 to 0.96 for the circular columns at different confinement ratios (Fig.

4.15(a)), while the variation for the square columns is from 0.84 to 0.95 (Fig. 4.15(b)).

The ultimate strength of the confined corroded RC columns is reduced with an increase in the
confinement degree and corrosion mass loss. For example, the well-confined circular columns
with L/D =5 (Fig. 4.15(a)) have a strength reduction range of 13.1%, 22.5%, 25.8% and 37.3% for
the 4.4%, 5.2%, 14.4% and 19.1% corrosion mass loss, respectively. Also, the well-confined square
columns with L/D = 5 (Fig. 4.15(b)) have a strength reduction range of 13.1%, 18.3%, 24.8% and

31.4% for the 4.3%, 5.7%, 12.1% and 15.9% corrosion mass loss, respectively. A similar trend is
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also observed in the mediumly confined (L/D = 8) and sparsely confined (L/D = 13) columns. The

strength reduction increases with increased corrosion mass losses in the circular and square

columns.

The axial strain variation of the confined RC columns to corrosion loss was also investigated by
normalising the ultimate strain of the corroded columns (€, ..., to the ultimate strain of the

pristine columns (Eupristine)' Figures 4.15(c) and (d) show the circular and square column plots.

The plot of the circular columns (Fig. 4.15(c)) generally indicates a reduction in the ultimate strain
with an increase in the corrosion and confinement levels, except in some columns in the medium
and low, confined ranges with ultimate strain greater than their corresponding pristine column.

This results from the failure of the GFRP ends, reducing the uncorroded columns' capacity under

load.
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4.6 Comparison of the response of circular and square RC columns

Figure 4.16 (a-o0) compares the normalised stress-strain response of the circular and square RC
columns with similar confinement configurations and corrosion mass losses. First, the axial stress
resulting from the loading of the columns is normalised against the ultimate strength of each column
and plotted against the corresponding axial strain values. The columns show similar responses and
stiffness within the elastic region until the peak strength is reached. Afterwards, the corrosion and
confinement resulted in a loss of stiffness and reduced ductility of the RC columns (Liang & Sritharan,

2018; Vu et al., 2017).

Generally, the highly confined columns (L/D = 5) at the lower corrosion mass loss have a higher
ductility (especially the square columns) than columns in the mediumly confined (L/D = 8) and lowly
confined (L/D =13) at the same corrosion levels. This behaviour is observed to be the same in the
columns within the same configurations as the corrosion level increases. Furthermore, the columns'
ductility was reduced with increased confinement levels in all the columns (Hoshikuma et al., 1997;

Mander et al., 1988; Saatcioglu & Razvi, 1992).

The circular columns have a higher ultimate strain corresponding to the maximum strength of the
columns (Figs. 18(a-1, m-0)) than the square columns except in some of the lowly confined columns
(Figs. 18(k and 1)). This results from the uniform confinement of the circular columns, which gives rise
to a constant stress distribution of the concrete along the cross-section (Ayough et al., 2021; Colajanni
et al., 2014; Liang et al., 2015; Liang & Sritharan, 2018). In contrast, the square columns have their

stress concentration at the edges, which in some cases led to the failure of the GFRPs.
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Figure 4.16: Comparison of the normalised stress response of circular and square columns with

4.7

varying corrosion and confinement levels; L/D=5 (a-d), L/D=8 (e-h) and L/D=13(i-l)

Conclusions

Thirty RC column specimens with five reinforcement corrosion levels and three confinement

configurations were tested under cyclic compressive load. Moreover, the relationship between

the seismic behaviour, such as rebar corrosion loss ratio, ultimate strength, normalised dissipated

energy and inelastic buckling of the rebar, was investigated. The following conclusions can be

drawn from this study.

The circular columns have higher axial cyclic load-carrying capacities, gradually decreasing
with increased corrosion and confinement than the square columns. The well-confined
circular columns (L/D=5) have 41.32MPa, 35.93MPa, 32.04 MPa, 30.66 MPa and 25.92
MPa axial cyclic load carrying capacities for the 0%, 5%, 10%, 20% and 30% corrosion
losses respectively. Meanwhile, the square columns with the same confinement and
corrosion losses have 29.91MPa, 25.98MPa, 24.44MPa, 22.48MPa and 20.50MPa axial
cyclic compressive load-carrying capacities. A similar trend was observed in the medium-
confined and low-confined columns. This results from the effectiveness of the transverse
ties in the circular column, which has more significant confinement effectiveness
coefficients than the square columns.

The total energy dissipated by the RC columns reduced with increased levels of corrosion and
confinement except in columns with reduced capacity due to failure of the GFRP ends. The
energy dissipated by the columns at the lower loading cycles are similar until after the 10th

cycle when the circular columns have more energy dissipated. This results from the
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ineffective confinement of the square columns in comparison to the circular columns within
the same configuration.

Corrosion of transverse confining steel affects the strength and deformability of confined
concrete. The effectiveness of confinement reinforcements in confining the core concrete
reduces as the corrosion increases. The strength of the highly confined circular column
between the uncorroded and 30% corroded was decreased by about 37%, while the
mediumly confined and lowly confined with the same corrosion mass loss were reduced by
50% and 48%, respectively.

Transverse reinforcement showed much higher vulnerability to chloride-induced
deterioration than the respective longitudinal reinforcement in the RC columns.
Consequently, the ultimate strength of the columns reduced as corrosion damage increased
and confinement effectiveness diminished. Well-confined specimens showed a lesser loss in
strength and deformability after corrosion than under-confined specimens.

With the strength and ductility losses experienced by old RC columns from the lack of
adequate confinement and corrosion degradation, there is a need to improve their
structural response with composite strengthening materials such as fibre-reinforced

polymers and jacketing.



Chapter 5
Chapter 5 X-ray Computed Tomography (CT) Scan of

corroded RC column

5.1 Introduction

The nonlinear stress-strain behaviour of low-strength concrete confined corroded RC columns
under axial monotonic and axial cyclic compression loading was discussed in Chapters 3 and 4,
respectively. It was found that corrosion and confinement affect the stress-strain response of RC
columns, reducing the corroded RC columns' load-carrying capacity, ductility, stiffness and energy
dissipation capacity. Furthermore, the inelastic buckling of the longitudinal bars is also affected by
the confinement and corrosion of the reinforcement in the RC columns. Despite all this, the
accurate measurement and location of corrosion, especially pitting or localised corrosion in RC,
still pose a serious challenge to engineers and researchers. This chapter thus presents an
investigation into the use of X-ray CT scan to estimate corrosion mass loss in RC column and the

occurrence of corrosion on the bars in the columns.

5.2 Non-destructive investigation of corrosion loss in RC column

X-ray computed tomography (CT) scan is one of the newly introduced non-destructive non-
contact techniques in assessing the behaviour and degradation of materials. The technique
provides an insight into the inner structure, giving details of a sample's microstructure and
macrostructure behaviour without breaking or destroying the specimen (Balazs et al., 2017).
Furthermore, the CT image analysis grants three-dimensional (3D) quantitative information from
the observations, contrary to most techniques requiring extrapolation from the two-dimensional
analysis (de Mendonga Filho et al., 2021). This technique has been used extensively to investigate
the degradation of concrete and mortar cement in the construction industry (Gonzalez et al.,
2018a, 2018b; Gonzalez et al., 1996; Kong et al., 2020; Minguez et al., 2019; Vicente et al., 2019;
Vicente et al., 2021; Vicente et al., 2018).

X-ray CT scan technology has been used extensively in applications as diverse as metals, alloys,
composite processing, and manufacturing industries to investigate the defects arising from the
manufacturing process for quality control (Vicente et al., 2019). It is also combined with
mechanical and thermal characterization tests to investigate the response of the materials to
loadings and deformations. The data obtained from the X-ray CT scan is typically used to generate

FE models that can be subsequently exported to the FEM software package for numerical
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simulation and analysis of the results for comparison with experimental results (Vicente et al.,
2019). It could also be used to show the crack distribution pattern inside a concrete specimen that

has been subjected to one form of deformation or another.

This technique has been used extensively to investigate the degradation of concrete and mortar
cement in the construction industry (Gonzalez et al., 1996; Minguez et al., 2019; Vicente et al.,
2019; Vicente et al., 2018). In the last two decades, the use of X-ray CT scans in the concrete and
construction industry to investigate the properties and behaviour of materials has intensified. For
example, it has been used to investigate the different phases of concrete materials such as the
cement matrix, aggregates composition, void spaces, water, cracks and also the fibres (Vicente et

al., 2019) (Fig. 5.1).

Cement
matrix
fixten) Steel fibres
(whites)
Cracks and
porous
(black)

Figure 5.1: Steel-Fibre Reinforced Concrete specimen (Vicente et al., 2019)

RC is the most versatile material used in construction projects worldwide due to its component
materials' availability and suitability for various construction applications (Yeomans, 2004).
However, RC is affected by steel corrosion resulting from exposure to chloride ions and
carbonation in marine and dry environments (Glass, 2003). Chloride-induced steel corrosion in RC
structures destroys the passive film around the reinforcement, making it corrode and form rust,
thereby introducing expansive stresses between the steel and concrete (Gao et al., 2017; Jiang et
al., 2016), causing concrete cracking. This rust leads to the formation of both pitting and
generalised corrosion of the steel reinforcement and a reduction in the cross-section of the
geometry of the steel. This, in turn, results in the progressive deterioration of the concrete
leading to the spalling of the cover concrete. Hence, it is imperative to understand better the
reinforcement corrosion mechanisms to implement preventive measures and perform the more

effective and efficient repair (Alhusain & Al-Mayah, 2021).
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Additionally, a reliable inspection method is required at an early stage before the functionality of
the RC structure is seriously damaged due to steel corrosion. The inspection method usually
provides information about the current condition of the RC structures so that their future
performance can be predicted (Zaki et al., 2015). Furthermore, the inspection method is almost a
prerequisite for efficient and cost-effective rehabilitation of existing RC structures, especially in
marine and seismic-prone regions susceptible to rapid corrosion damage. The inspection should

be done without damaging the RC structures, both new and old ones (Zaki et al., 2015).

Corrosion loss consumes a considerable portion of the country's budget through either
restoration measures or reconstruction. Therefore, there have been many investigations on the
problems of concrete deterioration and the consequent corrosion of steel in concrete. To study
the corrosion of reinforcement embedded in concrete, non-destructive testing (NDT) is often
used. However, it usually provides qualitative assessments and lacks precision (e.g., half-cell

potential and electrical resistivity) (Broomfield, 2007).

Several NDT methods have been used for monitoring the degradation of RC structures from steel
corrosion. Some of these methods are visual inspection (Elsener et al., 2003), electrochemical
methods (Gonzalez et al., 2005; Koleva et al., 2007; Koleva et al., 2006; Poursaee, 2010; Rodrigues
et al., 2021; Rodriguez et al., 1994; Shi et al., 2011; Song & Saraswathy, 2007), elastic wave
methods (EW) (Sharma & Mukherjee, 2010, 2011, 2013), electromagnetic (EM) methods (Klewe
et al.,, 2021; Lai et al., 2011; Sbhartai et al., 2007), optical sensing methods (OSM) (Fan et al., 2020;
Hassan et al., 2012; Lv et al., 2017), and infrared thermography (IRT) (Baek et al., 2012;
Doshvarpassand et al., 2019; Fan & Shi, 2022; Kwon et al., 2011; Poelman et al., 2020). These
methods can show the existence and progress of deterioration of steel due to corrosion but are
limited in establishing the surface discontinuity of the steel reinforcement. In addition, the
methods do not accurately estimate the rebar mass loss resulting from corrosion and the location

of the most critical areas for strengthening.

Furthermore, several numerical models have been used to predict the occurrence of corrosion in
RC structures. However, these models lack accuracy and reliability in predicting the performance
and life cycle analysis of RC structures due to the difficulties and complexities in estimating the
corrosion of reinforcement in concrete (Kashani et al., 2019). Hence, a more accurate and less
disruptive method is needed to quantify the corrosion loss while also identifying the location of

more severe corrosion in RC structures.
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5.2.1 Research Contribution and Novelty of this Chapter

Corrosion of steel in concrete is a significant cause of impaired safety and durability of
infrastructure. As existing structures deteriorate over time due to corrosion, assessing the
residual performance of RC structures accurately becomes imperative for engineers and
managers to carry out safe, economical maintenance and rehabilitation operations (Chen et al.,
2020). Unfortunately, it has been challenging to satisfactorily quantify the damage caused by
corrosion in RC structures due to the difficulties in quantifying corrosion levels accurately and
non-destructively. Hence, experimental studies usually use higher corrosion rates resulting in a
change in corrosion morphologies and behaviour of the corrosion products (Chen et al., 2020;

Wang et al., 2021).

Generally, the use of X-ray CT scans in the investigation of the reinforcement degradation in
concrete is limited in the literature, with the few ones confined to the use of single bars in small
concrete samples (de Mendonga Filho et al., 2021; Skarzyniski et al., 2021; Skarzyniski &
Suchorzewski, 2018; Skarzynski & Tejchman, 2021; Van Steen et al., 2017; Vicente et al., 2019; Xi
& Yang, 2019). However, this does not effectively represent the corrosion of steel reinforcement
in a typical RC member. Most of the work in the literature on CT scanning of RC and concrete with
material degradation was on cement mortar and concrete samples with single embedded bars
without using whole reinforcement cages (Chandrasekaran, 2019; Lei et al., 2018; Skarzynski et
al., 2021; Skarzynski et al., 2015). These works showed the close relationship between some of
the corrosion models and the use of CT scans. However, it does not truly show the extent of
corrosion in estimating the mass loss, as corrosion in RC is often not uniform. Thus, this research
has investigated the use of CT scan data to examine the degradation of RC columns with the
complete reinforcement cage embedded inside and estimated the corrosion mass loss of the
entire reinforcement cage while also visualising the location of pitting corrosion on the transverse
bars. Since the transverse bars provide the confinement needed by the columns to increase the
structural behaviour, early identification of the location of pitting corrosion will aid in adequately
strengthening the transverse bar positions on the RC column and prevent premature buckling and

collapse of the structure.

5.3 X-ray CT scan process

The X-ray CT scan involves taking 2D images of a sample placed on a pedestal rotating at a central
rotation axis through which multiple X-ray images are captured. Images are taken in the form of

slices and recorded on a computer (Fig. 5.2). The slices are displayed as individual images or
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stacked together. Afterwards, they are digitally reconstructed into 3D images for further analysis

(Farber, 2019).

Detector

X-ray cone beam

X-ray source

otating pedestal
Figure 5.2: Typical CT-scan setup (Farber, 2019)

In CT scanning, the sample is rotated, and many 2D projection images (typically between 500 and
4000) are recorded during a full 360° rotation (du Plessis & Boshoff, 2019). After scanning, these
images are used to compute (reconstruct) the volumetric dataset representing the sample. This
reconstruction process is typically based on the Feldkamp back-projection algorithm, usually
performed with software provided with the hardware (Feldkamp et al., 1984). The reconstructed
data comprises a 3D grid of volumetric pixels (voxels) with brightness values related to the X-ray
density of the material it represents. X-ray density is associated with physical density and atomic
mass; therefore, a denser object will appear brighter in the CT data (du Plessis & Boshoff, 2019;
du Plessis et al., 2017).

The basic procedure for X-ray CT scanning is highlighted below and shown in the workflow (Fig.
5.3) (Hermanek et al., 2018):

e X-ray generation, propagation and attenuation,

e signal detection and processing of scanned images

e reconstruction and

e post-processing of volumetric data

The outlined procedure was used to investigate the mass loss resulting from the corrosion of RC

columns and is explained in section 5.4 of this thesis.
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X-ray generation, signal detection Image post-processing
propagation and and processing of ge of volumetric
. . reconstruction
attenuation scanned images data

Figure 5.3: Schematic representation of a typical X-ray CT scanning workflow (Hermanek et al.,

2018)

5.4 Sample preparation

5.4.1 Sample selection and preparation

Four RC columns (two circular and two square cross sections) were selected for the CT scan and
other structural investigations. The RC columns were made with British standard B500B ribbed
threaded steel bars, as shown in Figure 3.1(d). The cuboid samples have a 125 x 125 x 600mm
dimension incorporating 4 No. 10mm diameter longitudinal bars, while the cylindrical samples
(125mm diameter and 600mm long) have 5 No. 10mm longitudinal bars (Table 1). In addition, the
columns have transverse bars in the middle 400mm zone spaced at 133.33mm, while the top and
bottom (100mm) ends transverse bars were spaced at 25mm. This prevents localised failure from
concentrated loading at the ends and ensures the failure occurs at the 400mm middle zone.

Furthermore, both cross section type columns had 10% and 30% corrosion levels.

Table 5.1: Reinforcements details

Column type Longitudinal reinforcement Transverse reinforcement
Diameter Number in Diameter Spacing
(mm) column (mm) (mm)

Circular 10 5 6 133.33

Square 10 4 6 133.33

The details of the tensile tests on the reinforcement and compressive strength tests on the
concrete samples have been provided in the earlier part of the thesis in Chapters 3 and 4,

respectively. Furthermore, the RC column samples were corroded using the accelerated corrosion

172



Chapter 5

technique (described in Chapter 3). The result of the measured corrosion mass loss of the four RC

columns after cleaning is presented in Table 5.2.

Table 5.2: Measured mass loss from the accelerated corrosion process.

Specimen Corrosion Corrosion Estimated Measured mass Measured

No. current duration mass loss loss of mass loss of
density (days) (Eq. 3.7) longitudinal transverse
(mA/cm2) (%) bars (Eq. 3.8) bars (Eq. 3.8)

(%) (%)

C13A10 1.28 5.0 10 111 20.4

C13A30 1.28 15.0 30 23.7 50.7

S13A10 1.33 4.6 10 10.2 21.1

S13A30 1.33 13.9 30 24.4 48.5

5.5 X-ray CT scan of RC columns

Most of the work in the literature on CT scanning of RC and concrete with material degradation
were on cement mortar and concrete samples with singly embedded bars, as discussed in section
2.6.1, without any on samples possessing whole reinforcement cages. Nevertheless, these works
were able to show the close relation between some of the corrosion models and the use of CT
scans. However, it does not truly show the extent of corrosion in estimating the volume loss as

corrosion in RC is usually not uniform.

This research was carried out to investigate the use of CT scans to estimate the material
degradation of RC samples with the whole reinforcement cage embedded. The scan was done at
the Muvis (u-VIS) X-Ray Imaging Centre, University of Southampton, using the custom 450/225
kVp Hutch CT system, equipped with a large, temperature-controlled walk-in scanning/testing bay
ideal for large and heavy specimens. The high-energy 450 kVp source and 2000 x 2000 pixels flat
panel detector enable sub-millimetre density measurements at the central regions of large or

highly attenuating specimens.

The CT scanning technology is based on the fact that the material can attenuate the X-ray passing
through it. The attenuation rate depends on the X-ray energy and the object's composition. The X-
ray system generates a range of energy spectrum (polychromatic beam), and it is not attenuated

uniformly when passing through an object (Xi & Yang, 2019). For example, when passing through
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the centre area of the steel bar, the X-ray would be enhanced compared with that passing
through the edges. As such, the edge of the steel bar in the reconstructed image has brighter
voxels. The difference in the grey value of the voxels at different locations of the steel bar is not
caused by the density of the material but by the technique itself; such an artefact is known as a
beam hardening or cupping artefact (Savija et al., 2015). The beam-hardening is impossible to
eliminate but could be reduced by placing a surrounding metal as a filter between the X-ray
source and the object. The filter can not only reduce the soft X-ray from the source but also

reduce the scattering effect.

The RC samples used in this investigation were low levels of confinement with corrosion levels of
10% and 30% (two circular and two square cross sections) so that the effect of the corrosion on
the reinforcements could be seen clearly in the scanned images. The samples were scanned in
their pristine state to obtain the reference images and were further scanned after the corrosion
to get the distorted images. The schematic CT scan setup is shown in Figure 5.2, and the image
acquisition parameter was set up using the Inspect-X Control Software. First, the sample was
positioned on the rotating pedestal to capture the best view of the region of interest. The image
enhancer was afterwards turned off while the X-ray beam energy and intensity were adjusted

until the detail in the darkest part of the image became visible (darkest pixels >>10000). Next, the

filter was applied to the image and adjusted to reduce beam hardening. Afterwards, the current
and detector were modified so the X-ray beam did not introduce saturated grey levels in the

images.

The scanning of the circular samples was much easier due to the shape of the sample as it rotates
on the pedestal, while the square samples were not as easy to scan due to the cross-section and

the sharp edges.

5.6 Processing the scanned images/data

5.6.1 2D image processing of the RC columns

The scanned images of the RC samples were recorded in the form of 2D slices having about 2886
images (stacks) with the Tagged Image File Format (.tiff, .tif) images in the vertical z-axis (Fig. 5.4(a
—d)). The images are loaded using the virtual stack command on the workstation with less
memory to load large data. These scanned images were subsequently imported into the image
processing Imagej software (Rueden et al., 2017) to reconstruct the images into the 3D format for
further processing. First, the image slices were adjusted so that the background's grey value was

as close to zero (0) as possible to avoid images with uneven backgrounds. The thresholding (range
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between 0 — 255, 0 for black and 255 for white) was afterwards used to adjust the brightness and

saturation pixels of the images.

Figure 5.4: 2D CT scan image of the RC column; circular (a) before corrosion (b) after corrosion,

square (c) before corrosion (d) after corrosion

5.6.2 3D image processing of the RC columns

The scanned images of the RC columns were imported into the image processing Imagej software
(Rueden et al., 2017) as stacks of 2D images. The stacks menu was afterwards used to
concatenate and reconstruct all the stacked images into the 3D format using the filtered back
projection algorithm in the Inspect-X control software. Next, the images are filtered using the 3D
filtering command to reduce the noise and enhance the 3D signal of the images. The filtered

images are then discretised such that it comprises only black and white images.

By using the segmentation thresholds, the 3D images of the RC columns were separated into the
reinforcement steel cage and the concrete component. Figure 5.5(a-d) shows the before and after
corrosion images of the reinforcement cages separated from the concrete. Afterwards, the
separated reinforcement cages were processed further to estimate the mass loss after the
corrosion using a more robust 3D volumetric analysis software (Avizo). It should be noted that it
was much easier to process the circular columns than the square columns due to the cross-
section. Segmentation of the square columns presented some challenges as it was not easy to
separate the reinforcements from the concrete due to beam hardening during the scanning

process.
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Figure 5.5: 3D CT scan image of the RC column; circular (a) 10% before and after corrosion, (b)

30% before and after corrosion, square (c) 10% before and after corrosion, (d) 30%

before and after corrosion

5.6.3 Estimation of corrosion loss from CT scan images

The concatenated and reconstructed samples were processed further to estimate the mass loss
resulting from the corrosion of the RC samples using the Thermo Scientific™ Avizo™ Software
(Version 2020.1). The images were loaded as a file, and the interactive thresholding menu was
used to separate the concrete from the reinforcement bars (Figures 9(a,b, e and f). The volume
rendering settings and voxelised rendering commands were then applied to the data in the RC
columns, which had been subject to a threshold, to view the samples for further refinement. The
voxelised volume was further refined by using the fill holes, dilation, erosion, and remove small
spots commands to remove small particles of concrete not removed by the thresholding process.

Finally, the materials were estimated using the material statistics command. The material
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statistics measured the voxel of the reinforcement's scanned images and converted it to

measurement in pixels and volumes in cubic millimetres (mm3).
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Figure 5.6: Corrosion estimation of extracted reinforcement bars; Circular columns (a — d) and
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The measured mass loss of the longitudinal reinforcement bars corrosion is presented in Table
5.3. The mass loss was measured by cutting a sub-volume from the reinforcement bars to isolate
the longitudinal bars from the transverse bars (Fig. 5.6 (c and g)). The mass loss showed an
increase in the mass loss measured with the CT scan data than the actual measurement. The mass
loss increased by 4.86% and 2.62% for the 10% and 30% corroded circular columns, respectively,
while the square columns also increased by 8.04% and 9.63%, respectively. This increment is due
to rust and concrete particles on the surface of the reinforcement bars. These rust and concrete
particles were cleaned and brushed off the surface of the reinforcement bars in the actual
measurement. Still, they were evident in the CT scan processed images, adding to the voxel

measurement in the CT scan mass loss measurement.
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Table 5.3: Mass loss comparison between actual and CT scan of longitudinal bars

Specimen Estimated mass Measured mass Measured mass mass loss
No. loss (Eq. 7) loss of longitudinal loss CT scan diff. (%)
(%) bars (Eq. 8) longitudinal bars
(%) (%)

C13A10 10 111 11.64 4.86
C13A30 30 23.7 24.32 2.62
S13A10 10 10.2 11.02 8.04
S13A30 30 24.4 26.75 9.63

Similarly, the transverse reinforcements are isolated from the longitudinal bars by using the sub-

volume command (Fig. 9(d and h)). Table 5 presents the estimated mass loss from the transverse
reinforcements' CT scan compared to the measured mass loss. The mass loss difference is 0% and
1.85% for the 10% and 30%, respectively, for the corroded circular columns, while the 10% and

30% corroded square columns have 6.68% and 3.71% increments, respectively.

Table 5.4: Mass loss comparison between actual and CT scan of transverse bars

Specimen Estimated mass Measured mass Measured mass Mass
No. loss (Eq. 7) loss of transverse loss CT scan loss diff.
(%) bars (Eq. 8) transverse bars (%)
(%) (%)

C13A10 10 204 20.40 0

C13A30 30 50.7 51.64 1.85

S13A10 10 21.1 22.51 6.68

S13A30 30 48.5 50.30 3.71
5.6.4 Identifying the location of pitting corrosion from CT scanned images

Pitting (localised) corrosion is considered, among others, as the primary degradation mechanism
for most metals exposed to a corrosive environment. It can lead to accelerated failure/collapse of
a structural member (Akpanyung & Loto, 2019; Frankel, 1998). Chloride is the most encountered
aggressive agent, which causes the pitting of many metals. However, the pitting corrosion on steel

reinforcement is not easily detected because of its microscopic nature (Akpanyung & Loto, 2019;

178



Chapter 5

Burstein et al., 2004). On the other hand, transverse bars provide the needed confinement,
increasing the ultimate strength and ductility of RC columns under load. Hence, the loss of the
transverse bars results in the loss of the adequate confinement of the RC column and
subsequently weakens the core concrete and ultimate load-carrying capacity of the RC column.
Therefore, the early identification of the presence and position of the pitting could be used for
the effective retrofitting and strengthening of the RC columns to prevent premature buckling and
failure of the structure. Furthermore, the processed CT scan image also showed clearly, especially
in the highly corroded (30%) samples (Fig. 5.7(b)), the location of the pitting corrosion on the

transverse bars.

Rebar losses
from pitting
corrosion
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Figure 5.7: Reinforcement cages (a) Reference images (before corrosion) and (b) After corrosion

(b)

showing pitting location

5.7 Structural testing of the RC columns

5.7.1 Stress-strain response of the RC columns

The stress-strain responses of the circular and square columns to the applied axial compressive
load are presented in Fig. 5.8 (a-b). These stress-strain responses were plotted from the LVDTs
data, since it shows the deformation of the 400mm middle zone section rather than the readings
from the machine load cell that captures the deformation of the whole column under loading. The
cyclic responses of the corroded columns under loading were compared with the corresponding

behaviour of the non-corroded columns in each confinement configuration.

The RC column samples all have similar stress-strain responses under axial cyclic load. The

deformation started with minor vertical cracks, which subsequently enlarged with further loading,
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leading to spalling of the concrete cover as the longitudinal bars buckled due to lateral expansion
of the RC columns. The observed cyclic responses of the RC columns are similar at the elastic
range until yield and afterwards becomes nonlinear beyond the peak stress due to the corrosion
and confinements of the rebars. The hysteretic curve of the corroded columns within each
confinement's configuration was compared with the non-corroded ones. It showed a gradual
decrease in the columns' strength, stiffness and ductility as the corrosion loss increased. The
corrosion of longitudinal and transverse bars reduces the column's ultimate strength and load-

carrying capacity.
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Figure 5.8: Axial cyclic compressive stress-strain response of RC columns; (a) circular and (b)

square

The applied cyclic compressive load results in different failure modes of the RC columns (Fig. 5.9
(a-f)). The applied cyclic load led to concrete cover spalling and hence buckling of the longitudinal
bars (Fig. 5.9(b)) and, in some cases, fracture of the transverse bar (Fig. 5.9(b)). The longitudinal
bars buckled mostly at the expected middle 400mm zone, with some columns having shear
buckling due to inadequate confinement (Fig. 5.9(a and c)), loss of confinement resulting from

pitting corrosion (Fig. 5.9(c)) and the transverse bars' fracture (Fig. 5.9(e and f)).
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Figure 5.9: Observed failure modes of the RC columns after testing; circular (a-c) and square (d-f)

5.7.2

DIC images of corroded columns

The DIC tracks the RC columns' strain response and crack damage to the applied compressive

load. Figure 5.10(a) shows the stress-strain response of the circular column with 10% estimated

corrosion loss and the locations of the processed images (before yielding, at the ultimate load and

beyond the ultimate load). The processed images within the column's middle zone section

showed the column's strain contour with the cracks, spalling of the cover concrete and captured

the buckling of the reinforcement. Figures 5.10(b - d) are the Von Mises strain processed from the

captured images during loading. These values correspond to the strain estimated from the LVDTs

at yield stress, ultimate stress and beyond the ultimate stress.
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Figure 5.10: Processed DIC images of circular column (a) stress-strain response showing location of
processed images (b) at yield stress, (c) at ultimate stress and (d) between ultimate
stress and collapse with the rebar buckling at the end of the test (e) CT scan image of

rebars at 10% corrosion mass loss

Similarly, the stress-strain response of the square RC column with an estimated 10% corrosion
mass loss is presented in Figure 5.11(a), while the processed DIC images are shown in Figure
5.11(b - d). Figure 5.11(e) further indicates the state of the buckled longitudinal bars at the end of

the test after removal and cleaning.
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Figure 5.11: Processed DIC images of square column (a) stress-strain response showing location
of processed images (b) at yield stress, (c) at ultimate stress and (d) between
ultimate stress and collapse with the rebar buckling at the end of the test (e) CT

scan image of rebars at 10% corrosion mass loss

183



Chapter 5

5.7.3 Impact of corrosion on cumulative energy dissipation capacity of the RC columns

Experimental studies on the cyclic behaviour of corroded beams and columns (Akiyama et al.,
2011; Ma et al., 2012; Ou et al., 2012) showed that buckling and/or fracture of corroded bars
significantly affects the global response and plastic rotation capacity and plastic hinging
mechanisms of the corroded RC elements. Consequently, in the seismic assessment and
evaluation of existing corroded structures, consideration needs to be given to the buckling of the
reinforcement bars, even if the structure is designed initially to have sufficient confinement

reinforcement.

The plots of the normalised accumulated hysteretic energy versus the number of cycles are
presented in Figure 5.12. Figure 12(a-b) shows the influence of corrosion on the accumulated
energy dissipation of circular and square RC columns with different corrosion mass loss. The plots
showed similar behaviour for all the columns with very low energy dissipated at the smaller cycles
and a steep increase in the dissipated energy after the 10th cycle. The steep increase in the

dissipated energy is more significant at high corrosion in both the circular and square columns.

o CI3AD o SI3A0 /(

o CI3A10 e SI3AI0

—o-CI3A30 o= S13A30 /

0.8 | 0.8 | ’
4
=l = I
i 2 /
s 0.6 s 0.6 L
) =3 ?
z z :
8 8 A
% 0.4 % 04 | /
= E /
E 02 E 02| LY
z z »
[ 4
0 ¢ . . 0 o . .
10 15 10 15

(2) No. of cycles (b) No. of cycles

Figure 5.12: Normalised dissipated energy of the RC columns; (a) circulars and (b) squares

5.8 Conclusions

The CT scan of RC was briefly investigated to understand the process involved and the previous
work related to RC samples. It was discovered that a lot of work has been done on concrete and
concrete-related materials. The few works done on RC had been on small samples with fibres or
single-embedded rebars. There is presently no work in the literature on scanned RC elements with

the whole reinforcement cage embedded. This work investigated the corrosion mass loss of an
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entire reinforcement cage embedded in RC columns. The following conclusions can be drawn

from this study.

e The CT scan was used to accurately estimate the corrosion mass loss of the reinforcement
cages in the circular and square columns and agreed well with the more established
method.

e The corrosion mass loss from the CT scan of the longitudinal and transverse
reinforcement bars is higher than the otherwise measured mass loss of the same bars.
The increase in mass loss is due to the rust and concrete particles on the reinforcement,
which could be identified in great detail from the CT scanned images.

e The CT scan can show the location of the pitting corrosion on the reinforcement cage,
especially the transverse rebars, which could be used to strengthen the RC structure with

materials such as fibre-reinforced polymers and steel jackets.
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Chapter 6 Numerical Modelling of Low strength

corroded RC columns

6.1 Introduction

The previous chapter 5 discussed the investigation into using an X-ray CT scan to measure
corrosion mass loss in the RC column. Furthermore, the CT scan was used to identify pitting
corrosion's location on the RC columns' reinforcement bars. Identifying the location of pitting
corrosion could be used to strengthen and retrofit the RC columns. This could aid in preventing
the buckling of the longitudinal bars and the imminent collapse of the structure. Meanwhile, this
chapter introduced numerical simulation to validate the experimental results of the tests on the
corroded RC columns in Chapters 3 and 4. The simulation will enable parametric studies to be
conducted, which will assist in developing constitutive material models for corrosion-damaged

low-strength concrete structures.

The nonlinear finite element method (FEM) provides an essential option for studying corroded RC
structures' response and residual load-carrying capacity. In the past years, significant efforts have
been devoted to this field (Li et al., 2017). Nonlinear FEM simulation of degraded RC structures is
often conducted by incorporating the corrosion-induced damage into the computational model
for non-corroded structures by modifying various input parameters. Most previous efforts
focused on the numerical simulation of RC members' flexural and shear performance (Bahraq et

al., 2019; Junlong & Dongsheng, 2022; Li et al., 2017; Saadah et al., 2021; Shomali et al., 2020).

These studies considered the cross-sectional loss, strength and ductility of the reinforcing steel
and the reduction of the bond between concrete and steel (Horrigmoe & Sand, 2002).
Furthermore, in some studies, the decrease in the compressive strength of the cracked concrete
caused by the steel corrosion was also considered to simulate better the structural response
(Coronelli & Gambarova, 2004; Hanjari et al., 2011; Kallias & Rafig, 2010). However, most of the
studies were dedicated to simulating the behaviour of corroded RC beams (Biswas et al., 2019;
Biswas et al., 2020; Coronelli & Gambarova, 2004; Kioumarsi et al., 2016). Hence, more numerical
and analytical assessment methods are needed to evaluate the behaviour of corroded RC columns
under different loading effects. Kioumarsi et al. (2014) performed a detailed 3D nonlinear finite
element simulation of the residual flexural capacity of a corroded RC beam. In their work, the

damage induced by the steel corrosion was simulated by reducing the cross-sectional area, the
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yield and the ultimate strength of the rebars, decreasing the bond strength, modifying the bond-

slip behaviour between concrete and steel, and reducing the strength of cracked concrete..

6.2 Research contribution and novelty of this chapter.

The nonlinear finite element method (FEM) provides an important option for studying corroded
RC structures' response and residual load-carrying capacity. In the past years, significant efforts
have been devoted to this field. Nonlinear FEM simulation of corroded RC structures is often
conducted by incorporating the corrosion-induced damage into the computational model for non-

corroded structures by modifying various input parameters (Li et al., 2017).

Numerical and analytical studies were used to investigate the effect of corrosion on the response
of corroded confined RC columns due to the problem associated with full-scale experimental
testing of RC columns (Ahamed et al., 2022; Jin et al., 2018; Kashani et al., 2016a; Rao et al.,
2017a). Furthermore, most of this analysis was on RC structures with normal or high-strength
concrete. Hence, there is a need to investigate the responses and behaviour of ageing low-
strength RC structures to proffer adequate maintenance and retrofitting/strengthening to prevent

premature failure and collapse.

This research aims to numerically investigate the response of low-strength concrete corroded
confined RC columns to axial monotonic and cyclic compressive load and compare the result with
the experimental tests conducted in Chapters 3 and 4 of this thesis. This will pave the way for
further investigation, leading to the development of constitutive models for low-strength RC

structures in high seismic regions.

6.3 Preliminary FEA of RC columns

The numerical analysis in Abaqus is based on the CDPM, which requires the material properties to
determine the stress-strain relations for uniaxial behaviour in compression and the evolution of
damage variables in compression and tension. The Abaqus property module defines the material
properties sections, assigns section orientation and defines the material calibrations (Abaqus,
2011). The accuracy of numerical analysis is dependent on the results of the calibration of the
material used in the production of the samples. These material properties are determined during
the experimental tests on material samples. Preliminary investigations were carried out in Abaqus
using typical values of material properties in modelling the RC samples. Tables 6.1 — 6.3 give one
of such typical material properties for a grade 20 concrete (Hafezolghorani et al., 2017), while

Table 6.4 and Table 6.5 are the properties of steel and GFRP, respectively.
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Table 6.1: Material properties for concrete (B20) with CDPM (M. Hafezolghorani et al., 2017)

Properties Parameter Values
Concrete elasticity Young's modulus (GPa) 21.2
Poisson's ratio 0.2
Concrete plasticity Dilation angle 31
Eccentricity 0.1
foo/feo 1.16
k 0.67
viscosity parameter 0

Table 6.2: Compressive behaviour of Concrete (B20) in CDPM (M. Hafezolghorani et al., 2017)

Concrete compressive behavior Concrete compression damage

Yield stress Inelastic strain Damage parameter Inelastic strain
(MPa) C

10.2 0 0 0

12.8 0.0000773585 0 0.0000773585
15 0.000173585 0 0.000173585
16.8 0.000288679 0 0.000288679
18.2 0.000422642 0 0.000422642
19.2 0.000575472 0 0.000575472
19.8 0.00074717 0 0.00074717
20 0.000937736 0 0.000937736
19.8 0.00114717 0.01 0.00114717
19.2 0.001375472 0.04 0.001375472
18.2 0.001622642 0.09 0.001622642
16.8 0.001888679 0.16 0.001888679
15 0.002173585 0.25 0.002173585
12.8 0.002477358 0.36 0.002477358
10.2 0.0028 0.49 0.0028

7.2 0.003141509 0.64 0.003141509

189



Chapter 6

3.8 0.003501887 0.81 0.003501887

Table 6.3: Tensile behaviour of Concrete (B20) in CDPM (M. Hafezolghorani et al., 2017)

Concrete tensile behavior Concrete tension damage
Yield stress Damage parameter
Inelastic strain Inelastic strain
(MPa) C
2 0 0 0
0.02 0.000943396 0.99 0.000943396

Table 6.4: Material properties for steel

Properties Parameter Values

Steel elasticity Young's modulus (GPa) 210
Poisson's ratio 0.3

Steel plasticity Yield stress 420
Plastic stress 0

6.4 Nonlinear Finite Element modelling with ABAQUS

The use of ABAQUS FEA software in the modelling and analysis of RC structures has been ongoing,
with many researchers using the software to analyse structural elements and investigate their
response to loadings and deformations. Some of the published existing work using ABAQUS were
presented in the literature review; see section 2.3 of this thesis. The 3D nonlinear finite element
(FE) modelling of the test specimen was performed using the ABAQUS 2022 FE package (Dassault
Systemes, 2022) to evaluate the response and behaviour of the RC columns to the applied load.
This involves using the material properties determined from the experimental tests on the
concrete (mass concrete) and steel rebar samples and other details available in the literature to
estimate and validate the experimental results from the tests and published results. ABAQUS has
some in-built models used to analyse RC structures, but the Concrete Damage Plasticity Model

(CDPM) is used for this work.

The CDPM is a generalised Drucker-Prager failure criterion. It is the most widely used model to
stimulate the linear and nonlinear behaviour of brittle materials loaded in tension and

compression. The models use the concepts of isotropic damaged elasticity and isotropic tensile
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and compressive plasticity to represent the inelastic behaviour of concrete (ABAQUS, 2019). The
Drucker — Prager type concrete material modelling in ABAQUS has been proven very efficient for

steel confinement applications (Charalambidi et al., 2012; Karabinis & Kiousis, 1996).

6.4.1 FE model description of RC tests specimens

Using the part module tools, the RC columns were modelled with the geometrical sections
embedded in the ABAQUS software (Dassault Systemes, 2022). The concrete and GFRP elements
are modelled using the three-dimensional (3D) deformable solid elements known as the
hexahedral element with eight nodes and three degrees of freedom per node (C3D8R), which is
the general-purpose linear brick element with reduced integration used to represent solid
sections. In contrast, the steel reinforcements (transverse and longitudinal) are modelled as 2-
node 3D deformable beam elements used for solid sections. The beam elements were utilised in
this analysis to account for the resistance of the reinforcing bar to bending and shear by
restricting relative rotation between adjacent beam elements. The B31 element, which represents
a Timoshenko beam element that accounts for transverse shear deformation in beams, was
selected for the role, enabling buckling to form under load. The concrete element is the host
element, while the reinforcements are embedded in the concrete volume. Figures 6.1 and 6.2
show the model of the different parts used in modelling the circular and square RC columns,

respectively.

The circular column is modelled as a solid element with 125mm dia. and 600mm long, the 6mm
stirrup has 105mm dia. the 10mm longitudinal rebar is 550mm long. The GFRP was modelled as a
solid element with a hollow centre having 600mm internal diameter, 6mm thickness

(approximate measurement of the thickness of the GFRP after wet layup) and 100mm length.

Concrete column 125mm dia. x
600mm long

6mm dia. transverse

10mm dia.
GFRP wrap reinforcement longitudinal

reinforcement

(550mm long)

Figure 6.1. Part models of the circular RC column and GFRP elements
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The square column is modelled as a solid element 125mm x 125mm and 600mm long, the 6mm
stirrup was 105mm x 125mm while the 10mm longitudinal rebar is 550mm long. The GFRP was
modelled as a solid element with internal dimension 600mm x 600mm, 6mm thickness and

100mm long.

Concrete column 125mm dia. x

600mm long
6mm dia. transverse \
reinforcement _
(105mm x 105mm) 10m'm d!a,
longitudinal
reinforcement

(550mm long)

GFRP wrap

Figure 6.2. Part models of the square RC column and GFRP elements

6.4.2 Material properties

The numerical analysis in Abaqus is based on the CDPM, which requires the material properties
for the determination of the stress-strain relations for uniaxial behaviour in compression as well
as the evolution of damage variables in compression and tension. The Abaqus property module is
used to define the material properties, sections, assign section orientation and also to define the

material calibrations (Dassault Systemes, 2022).

6.4.2.1 Constitutive material models of the concrete

The available CDP model in ABAQUS (ABAQUS, 2019), comprised of the plasticity model and
linearly damaged model, is used to simulate the behaviour of concrete. The linearly damaged
model is usually used to model concrete's stiffness degradation and stiffness recovery under cyclic
loading by defining the damage variables. Hence, the plasticity and linearly damaged models were

used to simulate the concrete nonlinearity (Le Minh et al., 2021).

In the model, the critical plastic parameters, including dilation angle, eccentricity, the ratio of the
biaxial compression strength to uniaxial compression strength of concrete, the ratio of the second
stress invariant on the tensile meridian to that on the compressive meridian estimated from the
laboratory test on the mass concrete and presented in Table 6.5. According to ACI 318-19 (2019),

the modulus of elasticity of concrete in compression is estimated from the equation below.
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E. =4700,f, (6.1)
where,
fc, is the cylinder strength of concrete at 28 days (MPa).

Also, the International Federation for Structural Concrete (fib) (2013) recommends 0.2 as
Poisson's ratio for concrete in compression. In the modelling of RC in Abaqus, the parameters
required to define the yield surface consist of four constitutive parameters determined from
experimental concrete tests. The effect of the parameters on the CDPM in ABAQUS are explained

below:

6.4.2.2 Parameters used in the ABAQUS CDPM

6.4.2.2.1 Dilation angle, ()

Dilation angle is also called shear strain to volume strain ratio as it represents the angle of friction
within a material. The dilation angle for concrete is usually 20 to 40, which affects material
ductility (Milad Hafezolghorani et al., 2017). The dilation angle (W) is also associated with the
growth of the cracking mechanisms that affect the concrete during the inelastic period.
Consequently, the dilation angle had considerable effects on the entire model. An increase in the
dilation angle increased the system's flexibility. From a practical viewpoint, the internal dilation
angle depended on specific parameters, including plastic strain and confined pressure. An

increase in plastic strain and confined pressure decreased the internal dilation angle.

6.4.2.2.2 Flow potential eccentricity, €

A Flow potential eccentricity, which is continuous and smooth, ensures that flow direction is
always unique. As confining pressures increase, the function approaches the linear Drucker-Prager
flow potential asymptotically at 90°. The default flow potential eccentricity was 0.1. As a result,
the dilation angle of the material is almost the same for a wide range of confining pressure stress
values. Hence, raising the value of flow potential eccentricity increases the curvature of the flow
potential. If the flow potential eccentricity had a value much lower than the default value, there

could be convergence problems when the confining pressure is not high.

6.4.2.2.3 Ratio of biaxial stress to uniaxial stress, fio/fco,

This is the ratio of the ultimate biaxial compressive stress to the uniaxial compressive ultimate

stress, and its default value was 1.16 (Dassault Systemes, 2022).
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6.4.2.2.4 The ratio of the tensile to compressive stress invariants, K.

Ratio between the second stress invariant on the tensile meridian and that on the compressive meridian

must satisfy the condition 0.5 < K, < 1, with the standard value being 0.667 (Dassault Systemes, 2022)

6.4.2.2.5 Viscosity parameter, p

The ABAQUS software (ABAQUS, 2019; Dassault Systemes, 2022) used a null default viscosity
parameter to avoid viscoplastic regularisation. This parameter enhanced the convergence rate of
the model when the softening process occurred, and it gave good results. In the FE program, the
tension recovery parameter equal to zero denoted that this parameter contributed to the cyclic
behaviour and monitored the modulus of elasticity when compression behaviour changed to
tension behaviour and vice versa. A zero value for tension recovery implied that the material
tangent in the tension phase was wholly affected by compression damages. However,
compression recovery was taken as 1, meaning tension damage did not affect the material

tangent.

Table 6.5 and Figure 6.3 give the concrete material properties used in the analysis as extracted
from the experimental test data of the mass concrete. The full tables of the concrete material
properties used in the concrete damage plasticity model showing the values for the compression

behaviours and damage parameters in tension and compression are presented in Appendix C.

Table 6.5. Material properties for concrete

Properties Parameter Values

Concrete elasticity Young's modulus (GPa) 17.5
Poisson's ratio 0.2

Concrete plasticity Dilation angle, 30
Eccentricity, € 0.1
foo/feo 1.16
Kc 0.67
viscosity parameter, i 0
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Figure 6.3. Stress-strain behaviour of concrete in the circular and square RC columns (a) compressive

behaviour and (b) tensile behaviour

6.4.2.3 Material properties of steel reinforcement

An isotropic elastic-plastic model was used to model the steel reinforcements (longitudinal and
transverse), and the stress-strain relation was characterised as a bilinear strain-hardening curve.
Generally, the steel reinforcing bars were modelled using the classical metal plasticity model in
ABAQUS using the Mises yield surface, which provides an isotropic yield surface. However, for this
study, the behaviour of the reinforcing steel was simplified as an effectively elastic-perfectly
plastic behaviour (Earij et al., 2017; Hu et al., 2003). The inputs are based on a linear elastic
response up to yielding and constant stress from yielding to the ultimate strain obtained from the
experimental tests on the steel reinforcements. Table 6.6 gives the properties of steel used in the

analysis.

Table 6.6. Material properties for steel (Extract from Table 3.4)

Properties Parameter 6mm bars 10mm bars

Steel elasticity Young's modulus (GPa) 185.23 196.73
Poisson's ratio 0.3 0.3

Steel plasticity Yield stress (GPa) 531.82 551.68
Ultimate stress (GPa) 603.05 630.11
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6.4.2.4 Material Modelling of GFRP

The GFRP was used to strengthen the ends of the columns during testing to avoid stress
concentration and failure at the ends; as such, it was not tested experimentally to determine its

properties. For the purpose of the analysis, typical values in the literature were adopted as its

properties. The properties used are presented in Table 6.7.

Table 6.7. Mechanical properties of GFRP (Xin et al., 2017)

Parameter Values
Density (kg/m3) 2560
Young's modulus (GPa) 74
Poisson's ratio 0.2

The parameters in Tables 6.5 — 6.7 and Figure 6.3 were used to analyse the circular and square RC
columns with the different confinements (L/D = 5, 8 and 13) and corrosion levels subject to
displacement loading (monotonic and cyclic) in ABAQUS. Sections 6.5 and 6.6 of this thesis show

some of the analysis results.

6.4.3 Assembly of RC samples

The RC columns comprising the concrete columns (square and circular), which were modelled as
C3D8R solid sections, and the transverse and longitudinal reinforcement modelled as beam
elements (B31) are assembled using the embedded region constraint in the ABAQUS assembly
modaule. This technique was used to represent the relationship between the reinforcing steel and
the concrete. The concrete elements serve as the host, whilst the embedded reinforcing bars are
the guest element, having its nodal translational degree of freedom constrained to the

corresponding degree of freedom of the host elements.
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technique, where the GFRP becomes the master surface while the RC becomes the slave surface.

The ends are tied with the GFRPs to increase the strength and prevent failure at both ends,

thereby transferring the stress concentration and loss during loading to the middle region of the

RC sample. The complete assembly of the different configurations of the RC columns with the

GFRP's presented in Figures 6.6 and 6.7 for circular and square columns, respectively.

197



Chapter 6

T
}r
i}

o e

'.F: 1
|

5
-

IIMIII%““III

RC columns with

==

embedded rebars

zﬁ&%
IIIIIIFI

U R

y.

ey s
|

|
i
|
J 1B !
:
|
|
|
f
|

A |

Figure 6.6. 3D assembly of circular columns in ABAQUS

GFRPs

N

RC columns with
embedded rebars

Figure 6.7. 3D assembly of square columns in ABAQUS

6.4.4 The step and interaction

The step and interaction module in Abaqus was used to specify the following during the analysis
of

the RC columns:

e The type and procedure of the analysis to be done (nonlinear)

* The results/outputs expected such as the stresses, strains, and displacements

¢ The boundary conditions and the type of loading

* The contact or tie interaction between the elements

¢ The embedded region constraint
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The analysis method used for the RC columns analysed in this research is the Dynamic Explicit.
This is found to give a better output for nonlinear analysis; it converges faster and is more
efficient and accurate. The displacement constraint was used to apply the 18mm displacement
load at the base of the RC columns. The 18mm is applied as a gradually increasing displacement
load, which varies with time (quasi-static loading) and is specified using the amplitude toolset in

Abaqus.

The embedded region constraint was applied on the concrete host and the reinforcement using
the interaction module such that the different elements could work together as a single unit while

the tie constraint was used to attach the GFRP's to the ends of the columns.

6.4.5 The loading and meshing of samples

The mesh controls the accuracy of the output/result generated by the software and the duration
of the analysis, but finer meshes are used for much better results. Mesh sensitivity was conducted
to select an appropriate mesh which produce an acceptable simulation result with less computing
time. The mesh sensitivity analysis was conducted using five different mesh sizes (10mm, 8mm,

7mm, 5mm and 3mm) in trial analysis of the RC columns.

The optimum mesh size used in the analysis is 5mm. It produces a fine enough mesh that results
in a short analysis duration, which was checked under some initial model simulations. The
element meshing was done by assigning the individual elements with a specific mesh size. The
concrete column and the GFRPs are meshed as 3D stress elements, while the reinforcements
(transverse and longitudinal) are meshed as beam elements. Figure 6.8 illustrates the meshing of

the different parts of the circular column, including the GFRP wrap.

Concrete column 125mm dia. x

600mm long
10mm dia.
Longitudinal bar
(550mm long)
GFRP wrap 6mm dia. Transverse bar /

(105mm dia.) -

Figure 6.8. The mesh pattern of the circular RC column and GFRP elements
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Also, figure 6.9 presents the meshed parts of the square RC column and the GFRP wrap.

Concrete column 125mm x 10mm dia.
125mm x 600mm long Longitudinal bar
/ (550mm long)
6mm dia. transverse bar /
GFRP wrap (105mm x 105mm)

—

Figure 6.9. The mesh pattern of the square RC column and GFRP elements

The loading and boundary conditions are specified using the load module. For the monotonic
analysis, the RC columns were subjected to displacement load (18mm) to investigate the response
of the columns to deformation. The displacement output from the experimental test in Chapter 4

was used for the axial cyclic compressive analysis.

For the monotonic analysis, the boundary condition is applied such that the top of the column is
subjected to zero displacements and rotations (U, = U, = U; = U4 = U, = U,; = 0), while the
loading is applied as a gradually ramped compressive 18mm displacement load from the base

(U, = 18mm,U, = U; = U, = U,, = U3 = 0) (Figure 6.10) similar to the operation of the machine
used in the experimental test. U;, are the displacements in the x, y and z direction respectively

while U,;, are the rotations in the x, y and z direction respectively

Boundary condition is
U]_ = UZ = U3 =0

Displacement load
U, = 18mm

WYY

L -

Figure 6.10. Applied boundary condition and load on the RC samples
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In the axial cyclic compressive analysis, the displacement loading is applied by using the
displacement output from the individual experimental test on the RC columns selected for the

analysis.

6.4.6 The analysis result/output

The result/output variables of the analysis are defined in the step module using the field and
history output. The expected output is defined according to the type of analysis and information
needed.
The following is the output obtained from the analysis of the RC columns:

e the stresses (Von Mises)

e the failure modes of the selected RC columns showing the buckling of the bars

e the stress-strain curves resulting from the applied axial monotonic and cyclic load on the

RC columns

These outputs from the analysis were presented in section 6.4 of this thesis for the axial

monotonic and axial cyclic loading of the corroded and uncorroded RC columns.

6.4.7 Modelling impact of corrosion damage on the steel reinforcement

Corrosion affects the load-carrying capacity of RC columns while also leading to the buckling of
the longitudinal bars and hence the failure of the structure. The effect of corrosion on the RC
columns was reflected by reducing the diameter of the reinforcements leading to a reduction in
the cross-sectional area available to sustain the imposed load. Furthermore, the yield strength of
both the transverse and longitudinal bars is reduced by applying the effect of corrosion obtained

from the mass loss estimate procedure in Chapters 3 and 4.

The area reduction in steel bars depends on whether chloride or carbonation-induced corrosion
occurs. The latter causes a more uniform attack with a relatively limited reduction of bar cross-
section. On the other hand, chlorides may cause severe pitting in the bars, with highly localized
reductions of the sections. The tests performed by Cairns et al. (2008) and Castel et al. (2000)

have shown that there is a sort of balance between the strength loss ensuing from the reduced
section and the strength increase due to the hardening of the undamaged material in the same

section (Coronelli & Gambarova, 2004).

For the numerical analysis, the reduction in the diameter of the steel reinforcement was
calculated using Equation 6.1 (Apostolopoulos et al., 2006; Kashani et al., 2013b; Toongoenthong
& Maekawa, 2005).
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Deorr = DoyJ1 —¥ (6.2)
where D is the diameter of reinforcement for a specific mass loss

D,, is the initial diameter of the pristine bar and

Y, is the corrosion mass loss determined in Eq. 3.7.

This reduced diameter is applied to the reinforcement bars uniformly, which might affect the
response of the column under loading as corrosion, especially chloride-induce, occurs non-
uniformly in the form of pits and depressions along the length of the reinforcement bars. Hence

the mean cross-sectional area of the reinforcement bars becomes

DCDTr 2
Acorr = % (6.3)

Corrosion of steel reinforcement leads to a reduction in the yield and ultimate strength and hence
the load-carrying capacity of RC structures leading to a reduction in their level of safety and, in
most serious cases, to their structural collapse (Apostolopoulos et al., 2013; Kashani et al., 2013b;
Zhong et al., 2023). The yield strength of the longitudinal bar is adjusted to reflect the corrosion

and buckling effect using the equation proposed by Kashani et al. (2013b)

aye = ay(1 = BY) (6.4)
where,

Oyc., is the yield stress of corroded longitudinal bars in compression,

ay, is the yield stress of uncorroded/pristine bars,

B =0.005 for L/D <5, § = 0.0065 for 5 < L/D < 10, f = 0.0125 for L/D > 10.

Furthermore, the transverse bars yield and ultimate strength are reduced by using the equation

proposed by Vu et al. (2017)

U_’),/C =0y(1 —asy) (6.5)

where, a, is a strength reduction factor = 0.005.

The application of the strength reduction factor on the corroded bars assumed a uniform or

generalised corrosion effect on the rebar.
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6.5 Axial monotonic compressive response of RC columns

The stress-strain response of the circular column to the applied axial compressive load is
presented in Figures 6.11 (a-c) and 6.13(a-c) for the circular and square columns, respectively.
Furthermore, figures 6.12 (a-c) and 6.14(a-c) show the observed failure modes of the RC columns
under load during the numerical analysis. The observed compressive response of the columns is
similar at the elastic range until yield. Afterwards, it reduces beyond the peak load due to
corrosion and confinements of the reinforcement bars. Following the analysis of the numerical

output and comparison with the experimental result.

6.5.1 Stress-strain responses of corroded and uncorroded circular columns

Figure 6.11(a-c) shows the stress-strain responses of the differently confined corroded and
uncorroded circular RC columns (numerical and experimental). The results showed that the
numerical model could accurately predict the axial load-carrying capacity of the RC columns as the
ultimate strength in all the columns is approximately equal to the strength from the experimental
test. In Figure 6.11(a), the numerical model could predict the stress-strain behaviour of the well-
confined circular RC column (uncorroded) better than the experimental test, as the RC column in
the experimental test failed prematurely due to failure of the GFRP at the top of the column. The
failure of the GFRP leads to stress concentration at the top of the column resulting in a reduction

in the ultimate load-carrying capacity of the column.
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Figure 6.11. Comparison of the monotonic stress-strain response of circular RC columns under axial

compressive load

6.5.2 Observed failure modes of circular RC columns under axial compressive load

The observed failure modes of the RC circular columns under axial compressive load are
presented in Figure 6.12(a-c). The figures show the buckling of the longitudinal steel
reinforcement of the differently confined RC columns. For the highly confined column (L/D=5)
(Fig. 6.12(a)), there was hardly any noticeable buckling on the pristine (uncorroded) column. In
contrast, the column with 30% corrosion mass loss had noticeable buckling below the GFRP end.
The buckling of the rebar in the corroded RC columns results from the reduced cross-sectional
area and yield stress of the reinforcement bars. The location of the buckling is similar to the

observed buckling location of the column during the experimental test.
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Figure 6.12. Failure modes of the differently confined uncorroded and corroded circular RC

columns under axial compressive load

Meanwhile for the medium and low levels of confined columns, respectively (L/D=8) (Fig. 6.12(b))

and (L/D=13) (Fig. 6.12(c)), these had rebar buckling even in the uncorroded columns from the

inadequate confinement effect of the transverse bars. The buckling of the longitudinal bars is

more pronounced in the RC columns analysed posessing corrosion, as the out-of-plane

deformation was more significant and more noticeable than in the pristine columns.

6.5.3

Stress-strain responses of corroded and uncorroded square RC columns

Similar to the result of the numerical analysis of the circular columns, the square columns' stress-

strain behaviour could predict the column's axial load-carrying capacity (Fig. 6.13(a-c)). The RC

columns have similar behaviour within the elastic region until yielding, where the effect of the

confinement and corrosion results in a decrease in the ultimate strength and carrying capacity. In

all the columns analysed, the numerical analysis was able to predict the actual response of the
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pristine columns under load in contrast to the experimental test. In the experiments, the pristine
RC columns had premature failure resulting from the failure of the GFRP ends, reducing the

ultimate load-carrying capacities. This failure is not reproduced in the numerical model and

results.
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Figure 6.13. Comparison of the monotonic stress-strain response of square RC columns under axial

compressive load

6.5.4 Observed failure modes of corroded and uncorroded square RC columns under axial

compressive load

The observed failure modes of the square RC columns under axial compressive load are presented
in Figure 6.14(a-c). The figures show similar behaviour to the buckling of the reinforcements in the
circular RC columns. In addition, the highly confined column (L/D = 5) (Fig. 6.14(a)) also had a
slightly noticeable buckling on the pristine (uncorroded) column, which was more pronounced in

the column with 30% corrosion mass loss primarily in the middle zone of the column.
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Furthermore, the numerical analysis captured the buckling of the longitudinal rebars, which

occurs at a similar location to the failure observed during the experimental test on the columns.
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Figure 6.14. Failure modes of the differently confined uncorroded and corroded square columns

under axial compressive monotonic load
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6.6 Axial cyclic compressive response of RC columns

Cyclic analysis and experimental testing constitute an effective method to provide insight into the
seismic performance of the structural component. However, although it is recognised that
corrosion-induced damage on coastal bridge piers significantly affects the safety of the structures
during the long-term service period, the damage mechanism and the mechanical behaviour are
still seldom understood. The effect of corrosion and confinement on the axial cyclic compressive
performance of ageing low-strength RC columns was thus investigated numerically and
experimentally for better understanding and prediction of the responses. Hence, the axial cyclic
response of the RC columns from the numerical analysis was compared with the corresponding
responses from the experimental tests. The stress-strain behaviour and the observed modes of

failure of the modelled RC columns are presented in Figures 6.16 — 6.19.

6.6.1 Modelling the cyclic stress-strain response of the reinforcement bars in Abaqus

The overall cyclic response of RC elements is significantly affected by the behaviour of steel
reinforcing bars undergoing repeated loadings into the inelastic range, mainly if corroded. This
aspect is worthy of interest because it can impair the structural capacity of the structure
(Apostolopoulos, 2007; Apostolopoulos & Papadopoulos, 2007; Kashani et al., 2015). The
reinforcement steel rebars (longitudinal and transverse) have been modelled with embedded
reinforcement element type. The cyclic behaviour for the stress-strain response steel
reinforcement proposed by Monti and Nuti (1992) has been adopted in this analysis. The

description of the model is presented below.

Stress-strain relationships for branches between two subsequent load reversal points are
incorporated into the model, and material state parameters are updated on each successive load

reversal (Fig. 6.15).
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Figure 6.15: Cyclic model for steel reinforcement (Di Carlo et al., 2017a, 2017b)

The model is expressed in terms of a dimensionless stress, g, and a scaled strain, €*.

* 8_87@
£ = aa (6.6)

expressed in the strain-stress coordinates of the last reversal point (&, o) and in the strain-

stress coordinates of the updated yield point (s}}“, a},‘“).

The Monti-Nuti model is expressed as :

c*=b s*% (Di Carlo et al., 2017b) (6.7)
where,

b = hardening ratio

R = curvature parameter defined as a function of the initial curvature R, and is expressed as

0 = s (6.8)

R=R

where,

p ¥ = maximum plastic excursion developed during a half-cycle

A: and A, = material constants
This results in the half-cycle plastic work at the n-th half-cycle expressed as

i 1
o, =2 (of — 03)E} (6.9)

209



Chapter 6

where,

03’} =vyield stress at the n-th half cycle, and the corresponding strain is given as

£n+1_011}
n+1 — 8;-1 + Yy

£l (6.10)

E

Hence, the parameters required in the Monti-Nuti constitutive model are Young's Modulus, E, the
initial yield stress, 0’2, the initial hardening ratio by, the initial curvature parameter Ry, the two

material constants A; and A; and the weighting coefficient P.

The behaviour of the corroded steel reinforcement can be simulated, as proposed by Rinaldi et al.
(2022), through a variation of the stress-strain relationship of the reinforcement without any
change of its nominal section. The influence of corrosion on the yielding and ultimate stress of
reinforcement bars with general and pitting corrosion is evaluated with regression analysis based
on the least square method. The yield and ultimate stresses of the corroded and uncorroded bars
are estimated from Equations 6.4 and 6.5 proposed by Kashani et al. (2013a) for both the
longitudinal and transverse bars. Furthermore, the buckling phenomenon of corroded rebars was

accounted for using the model proposed by Kashani et al. (2013b).

6.6.2 Axial cyclic stress-strain responses of uncorroded and corroded circular RC columns

Figure 6.16(a-f) shows the stress-strain responses of the circular columns to axial compressive
cyclic loading. The loading was applied in the numerical analysis using the experimental
displacement outputs. The test results showed an agreement between the numerical analysis and
experimental results, as the ultimate strength of the columns is similar. The RC columns generally
showed identical responses in the elastic range until the yield, where the effect of the
confinement and corrosion results in a reduction in the ultimate strength and failure. However, it
is observed in all the analyses that the strain outputs are not the same as the experimental test
result despite applying the displacement from the experiments. This results from the response of
the RC columns during the numerical analysis to the applied displacement loading protocol

(compressive), as the columns are tensioned during the unloading phase of the load application.
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Figure 6.16. Comparing the axial cyclic compressive response of the circular columns

Observed failure modes of circular columns under axial cyclic compressive load

The observed failure modes of the RC circular columns under axial cyclic compressive load are

presented in Figure 6.17(a-c). The figures show the buckling of the longitudinal steel
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reinforcement of the differently confined RC columns. The highly confined (L/D=5) (Fig. 6.17(a))
and medium confined (L/D=8) (Fig. 6.17(b)) columns buckled in the middle zone in both the
pristine (uncorroded) and corroded columns. The location of the buckling is similar to the

observed buckling location of the column during the experiments.

Meanwhile, the low confined column (L/D=13) (Fig. 6.17(c)) buckled immediately below the GFRP-
wrapped ends of the columns. The buckling is more pronounced due to the inadequate

confinement provided by the lateral reinforcement.
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Figure 6.17. Failure of uncorroded and corroded confined circular columns under axial cyclic

compressive loading

6.6.4 Axial cyclic stress-strain responses of corroded and uncorroded square columns

Figure 6.18(a-f) presents the stress-strain responses of the confined square RC columns to axial
compressive cyclic loading. The loading was applied in the numerical analysis using the
experimental test's displacement outputs. The graphs showed an agreement in the load-carrying
capacity of the columns between the numerical analysis and experimental results. Similar to the
circular columns, the response of the square columns, in the numerical analysis, to the applied
displacement load does not match the output from the experimental test as the columns develop

tensile stress during the unloading phase of the compressive load application.
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Figure 6.18. Comparing the axial compressive cyclic response of square columns

6.6.5 Observed failure modes of corroded and uncorroded square columns under axial

cyclic compressive load

The observed failure modes of the RC square columns under axial cyclic compressive load are
presented in Figure 6.19(a-c). The figures show the buckling of the longitudinal steel
reinforcement of the differently confined RC columns. The highly confined (L/D = 5) (Fig. 6.19(a))
columns buckled in the middle zone in both the pristine (uncorroded) and corroded columns.
Additionally, the medium confined (L/D = 8) (Fig. 6.19(b)) and low confined (L/D = 13) (Fig. 6.19(c))
columns experienced buckling failure immediately below the GFRP-wrapped ends of the columns.
The buckling is more pronounced due to the inadequate confinement provided by the transverse
reinforcement. Nevertheless, the location of the buckling is similar to the observed buckling

location of the column during the experimental test.
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Figure 6.19. Failure of uncorroded (pristine) and corroded confined square columns under axial

cyclic compressive loading

6.6.6

Cumulative energy dissipation of the RC columns

The energy dissipation capacity is essential in assessing RC structures' seismic response.

Therefore, the cumulative hysteretic dissipation energy was evaluated for the columns analysed,
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considering the area of each loading cycle within the hysteretic loop. The cumulative energy
dissipated at each loading cycle is normalised against the total energy dissipated at failure. The
plots of the normalised accumulated hysteretic energy of the numerical model and experimental
data versus the number of cycles are presented in Figures 6.19(a-c) and 6.20(a-c). Figure 6.19(a-c)

shows the Influence of corrosion on the accumulated energy dissipation of circular RC columns

with different confinement configurations.

In contrast, Figure 6.20(a-c) shows the Impact of corrosion on the accumulated energy dissipation
of square RC columns. The plots showed similar behaviour for all the columns, with the numerical
analysis having a higher energy dissipated than the experimental data. Also, the numerical data
exhibited a higher rate of energy dissipation, especially at the lower cycles than the experimental
data. The plots showed a steep increase in the cumulative energy dissipated after the 10th cycle. It
should be noted that extensive corrosion significantly reduces the energy dissipated by a column. As

such, the highly corroded columns are more likely to have brittle failure than the uncorroded columns

(Daietal., 2021).
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(a) L/D =5, (b) L/D =8 and (c) L/D = 13.

Chapter 6

Figure 6.20. Normalised dissipated energy of the uncorroded and corroded circular RC columns;
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Figure 6.21. Normalised dissipated energy of the uncorroded and corroded square RC columns:

(a) L/D =5, (b) L/D =8 and (c) L/D = 13.

6.6.7 The limitations of the numerical analysis

The axial cyclic compressive analysis aspect of the study has some limitations that affect the

behaviour of the analysed corroded RC columns. Some of the limitations are:

i The accurate simulation of the cyclic loading protocol to reflect loading in compression
only. This will require further simulation using the contact protocol in the Abaqus
modelling such that the sample is disconnected in the unloading phase of the cyclic

loading applications. This will prevent the tension of the sample in the unloading phase.
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6.7

The corrosion of the reinforcement was presented as general/uniform corrosion by a
constant reduction of the cross-sectional area of the rebar. This does not accurately
depict the actual corrosion effect on the reinforcement bars, which is primarily non-
uniform (pitting). Hence, there is a need to accurately represent the effect of pitting
corrosion on the response of the RC columns.

Conducting a parametric study on the response of low-strength RC columns to the effect

of size, cross-sections and different axial load ratios.

Conclusions

This chapter presented the numerical modelling (FE) and subsequent numerical investigations of

low-strength concrete confined corroded and uncorroded RC columns using the CDPM in ABAQUS

software. The numerical results were compared with the experimental results from tests on the

same columns under axial monotonic and axial compressive cyclic loadings. The investigation

compared the effect of confinement and corrosion on the ultimate strength, axial and cyclic load-

carrying capacities of the columns, the failure pattern under load, and the cumulative energy

dissipated. Some of the conclusions from the numerical studies are:
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The numerical model was able to predict the load-carrying capacity of the RC columns
correctly and, as a result, matched the experimental data obtained on columns with the
same configurations and corrosion mass loss.

The circular columns have higher ultimate strength than the square columns, as the
circular hoops provide better confinement effects than the square hoops.

The numerical data predicts a higher cumulative dissipated energy even at lower loading
cycles than the experimental data in all the columns analysed.

The numerical analysis was able to accurately predict the location of the buckling of the
longitudinal reinforcements in all the columns, which corresponds to the buckling location
observed on the columns during the experiments.

Having been validated with the experimental data, the numerical model will help in future
parametric studies to generate data for developing constitutive models for corrosion-

damaged low-strength concrete RC columns.
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Chapter 7 Conclusions and Future Work

7.1 Conclusions

The nonlinear stress-strain behaviour of low-strength concrete confined RC columns under axial
monotonic and axial cyclic compressive loadings has been investigated. First, previous studies on
experimental and numerical investigation of corroded RC columns, including non-destructive,
non-contact measurement techniques for corrosion measurements, were reviewed (Chapter 2).
Next, the impact of corrosion and confinement on the stress-strain behaviour of low-strength
confined corroded RC columns subject to axial monotonic loading was explored experimentally
(Chapter 3). Similarly, the impact of corrosion and confinement on the stress-strain behaviour of
low-strength confined corroded RC columns subject to axial cyclic compressive loading was
explored experimentally (Chapter 4). Next, a non-destructive technique (X-ray CT scan) that
accommodates the whole rebar cages was applied to measure the corrosion mass loss and the
location of pitting corrosion on the reinforcement bars was identified and presented (Chapter 5).
Finally, a numerical (FE) model using the ABAQUS software (Chapter 6) was used to predict the
responses of the RC columns and the results compared to the experimental results generated in

Chapters 3 (axial monotonic compressive) and 4 (axial cyclic compressive).

The thesis presented the result of the response of ageing low-strength concrete RC columns to
both axial and cyclic compressive loading. It also shows the CT scan technique's capability to
measure corrosion mass loss in RC structures. Before this work, there was no experimental and
numerical investigation into the nonlinear behaviour/response of ageing low-strength concrete
confined RC columns/piers despite such structures worldwide. Also, non-destructive techniques
have been used mainly for characterising concrete material and investigating the corrosion of
single bars embedded in concrete. However, this does not fully reveal the occurrence and
distribution of corrosion, especially pitting corrosion on the rebar. Hence, the most significant
contribution of this work is that it will enable the accurate measurement of corrosion in RC
structures and the location of severe pitting corrosion on the reinforcement bars. This will help
develop a more precise and cost-effective maintenance strategy to evaluate and identify

structures to be repaired/retrofitted, thus preventing imminent collapse.

The significant detailed technical findings of this thesis are summarised below. However, it should

be noted that these conclusions are limited to the specific cases studied in this thesis:

1. Corrosion of reinforcements severely affects RC columns' load-carrying capacity, stiffness,

and ductility. This is more significant in ageing low-strength RC concrete where corroded

219



Chapter 7

220

specimens fail due to fractures of stirrups at corners and buckling of longitudinal
reinforcements. Local buckling is more severe for samples with high corrosion rates, and
buckling always occurs in areas with more rust products. This is evidence that the local
buckling of the rebar is strongly related to its corrosion condition, and the part where the
cross-sectional area is weakened by corrosion is more likely to cause buckling of the
rebar.

The inelastic buckling mechanism of reinforcement bars is affected by non-uniform pitting
corrosion. The observed buckling modes showed that the buckling mechanism of
corroded bars is a function of the mass loss due to corrosion and the distribution of pits
along the bar length. Hence, the bars with more corrosion mass loss experienced more
buckling and fracture than columns at low corrosion.

Corrosion of transverse confining steel affects the strength and deformability of confined
concrete. The effectiveness of confinement reinforcements in confining the core concrete
reduces as the corrosion increases in RC structures. The strength of the highly confined
circular column was reduced by 5.35%, 15.97%, 27.74%, and 38.11% for the 5%, 10%, 20%
and 30% corroded columns to the EC2 estimated uncorroded column. Similarly, the
mediumly confined and lowly confined columns have strength reduction varying between
15% to 39% and 17% to 70%, respectively. Furthermore, the adequate confinement of RC
columns, especially in the plastic hinge zones, results in less buckling and failure of the RC
columns.

The degree of corrosion experienced by transverse reinforcement is more severe than
longitudinal reinforcements at the same current densities. In the highly confined circular
RC columns, the transverse reinforcement corrosion losses are 8.8%, 21.2%, 29.4% and
39.8%, while the longitudinal bars have corrosion losses of 4.1%, 7.3%, 10.8% and 20.6%
for the 5%, 10%, 20% and 30% corrosion estimates. This results from the closeness of the
transverse bars to the surface of the concrete, leading to a possibly higher concentration
of chloride ions and an early start of corrosion of the transverse bars (Q. Li et al., 2022).
Similar trends are observed in the other confinement configurations in the circular and
square RC columns tested in the axial and cyclic compressive loading.

The circular columns have a higher ultimate strain corresponding to the maximum strength of
the columns than the square columns, except in some low levels of the confined columns. This
results from the uniform confinement of the circular columns, which gives rise to a constant
stress distribution of the concrete along the cross-section (Ayough et al., 2021; Colajanni et al.,
2014; Liang et al., 2015; Liang & Sritharan, 2018). In contrast, the square columns have their

stress concentration at the edges, sometimes leading to the failure of the GFRPs.
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The circular columns have higher axial cyclic load-carrying capacities, gradually decreasing
with increased corrosion and confinement than the square columns. The well-confined
circular columns (L/D=5) have 41.32MPa, 35.93MPa, 32.04 MPa, 30.66 MPa and 25.92
MPa axial cyclic load carrying capacities for the 0%, 5%, 10%, 20% and 30% corrosion
losses respectively. Meanwhile, the square columns with the same confinement and
corrosion losses have 29.91MPa, 25.98MPa, 24.44MPa, 22.48MPa and 20.50MPa axial
cyclic compressive load-carrying capacities. A similar trend was observed in the medium-
confined and low-confined columns. This results from the effectiveness of the transverse
ties in the circular column, which has more significant confinement effectiveness
coefficients than the square columns.

The CT scan was used to accurately estimate the corrosion mass loss of the reinforcement
cages in the circular and square columns and agreed well with the more established
method. The percentage difference between the measured mass loss and the CT scan
measurement in the circular RC columns is 4.86% and 2.62% for the 10% corroded and
30% corroded columns, respectively. Meanwhile, the measured difference in the square
columns is 8.04% and 9.63% for the 10% corroded and 30% corroded columns,
respectively.

The CT scan was used to identify the location of the most severe corrosion (pitting) on the
reinforcement cage, which was quite visible in the analysed CT scan images, especially for
the transverse rebars. This shows that the CT scan could identify and monitor the
development and progression of pitting corrosion on reinforcement bars in RC structures
to strengthen and retrofit the RC structure with materials such as fibre-reinforced
polymers and steel jackets to prevent collapse.

The numerical model was able to predict the load-carrying capacity of the RC columns
correctly and, as a result, matched the experimental data obtained on columns with the
same confinement configurations and corrosion mass loss. Also, the numerical analysis
was able to accurately predict the location of the buckling of the longitudinal
reinforcements in all the columns, which corresponds to the buckling location observed
on the columns during experimental tests. Furthermore, the numerical models will enable
the parametric studies to develop the constitutive models for ageing low-strength
concrete confined corroded RC columns.

The existing analytical models overestimate the ultimate strength of low-strength
confined corroded RC columns. Hence, there is a need for more experimental tests on
low-strength concrete structures, especially ageing and old structures located in marine
and earthquake-prone environments, to develop a new model that will correctly predict

the strength of such columns.
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7.2

Future work

This research has explored experimentally and numerically the influence of corrosion and

transverse reinforcement confinement on some mechanical properties of ageing low-strength

concrete RC columns. The work done can further be extended by:
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Conducting parametric studies to develop constitutive models for low-strength concrete
confined RC columns. This will help mitigate the problems associated with ageing RC
structures and identify degraded RC structures' maintenance and strengthening needs
against premature failure.

A full-scale investigation into the effectiveness of CT scan technique to identify and
estimate corrosion development and propagation in RC structures. There is a need to
investigate the accuracy of the measurements by evaluating the errors propagated in the
CT scan measurements.

Using FE to analyse the reconstructed CT scanned images of the RC columns. This will be
useful in understanding the actual behaviour and responses of the RC columns, especially
with measured corrosion under load.

Carrying out large-scale experimental tests on ageing low-strength concrete RC elements
to investigate the influence of size on the seismic response of old and ageing low-strength
RC structures.

Since many of these ageing low-strength structures are also located in seismic regions,
there is also a need for lateral cyclic tests on low-strength concrete columns. This will help
understand their response to seismic load and aid in maintaining and strengthening
existing low-strength columns.

The shear capacity of concrete columns is an essential mechanical feature for a structure's
security and service life performance. However, it could lead to catastrophic
consequences if inadequate. Hence, there is a need to investigate the shear strength of
concrete columns with low-strength concrete.

There is also a need for a comprehensive seismic performance assessment of structural
systems (buildings or frames) with low-strength concrete. The evaluation will help
propose a suitable retrofitting and strengthening technique for old and ageing structures

in earthquake-prone regions.
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Appendix A

Appendix A  Corrosion mass loss estimate after cleaning
Table A.1. Mass loss estimate for circular columns (monotonic)
Longitudinal Transverse
mass mass
original final > loss original final ass loss
loss loss
(%) (%)
C5B5 0.624 0.599 0.025 4.053 0.222 0.203 0.020 8.787
C5B10 0.624 0.578 0.046 7.309 0.222 0.175 0.047  21.223
C5B20 0.624 0.557 0.067 10.785 0.222 0.157 0.065  29.402
C5B30 0.624 0.495 0.129 20.601 0.222 0.134 0.088 39.794
C8B5 0.624 0.593 0.031 4.896 0.222 0.193 0.029 12.946
C8B10 0.624 0.565 0.059 9.439 0.222 0.174 0.048  21.807
C8B20 0.624 0.521 0.103 16.528 0.222 0.130 0.092 41.380
C8B30 0.624 0.493 0.130 20.887 0.222 0.090 0.132  59.557
C13B5 0.624 0.586 0.037 5.993 0.222 0.194 0.028 12.654
C13B10 0.624 0.546 0.078 12.548 0.222 0.155 0.067 30.084
C13B20 0.624 0.523 0.100 16.082 0.222 0.140 0.083  37.193
C13B30 0.624 0452 0.172 27.598 0.222 0.120 0.102  45.859
Table A.2. Mass loss estimate for circular columns (cyclic)
Longitudinal Transverse
mass mass
original final {2355 loss original  final E::S loss
(%) (%)
C5A5 0.624 0.596 0.027 4.408 0.222 0.197 0.025 11.151
C5A10 0.624 0.585 0.039 6.180 0.222 0.175 0.047 21.056
C5A20 0.624 0.534 0.090 14.383 0.222 0.138 0.084 37.860
C5A30 0.624 0.505 0.119 19.078 0.222 0.102 0.120 54.039
C8A5 0.624 0.583 0.040 6.484 0.222 0.193 0.029 13.165
C8A10 0.624 0.563 0.061 9.797 0.222 0.170 0.052 23.536
C8A20 0.624 0.547 0.077 12.356 0.222 0.120 0.102 46.005
C8A30 0.624 0.460 0.164 26.300 0.222 0.108 0.114 51.434
C13A5 0.624 0.572 0.052 8.259 0.222 0.188 0.034 15.478
C13A10 0.624 0.555 0.069 11.095 0.222 0.177 0.045 20.395
C13A20 0.624 0.508 0.116 18.522 0.222 0.142 0.080 36.024
C13A30 0.624 0.476 0.148 23.651 0.222 0.110 0.113 50.679
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Table A.3. Mass loss estimate for square columns (monotonic)

Longitudinal Transverse
mass mass
original  final [2:55 loss original  final E::S loss
(%) (%)
S5B5 0.624 0.602 0.021 3.421 0.224 0.199 0.024 10.937
S5B10 0.624 0.581 0.042 6.795 0.224 0.185 0.038 17.111
S5B20 0.624 0.538 0.086 13.754 0.224 0.141 0.083 36.981
S5B30 0.624 0.509 0.115 18.369 0.224 0.120 0.103 46.295
S8B5 0.624 0.594 0.029 4711 0.224 0.194 0.030 13.439
S8B10 0.624 0.563 0.061 9.818 0.224 0.181 0.042 18.913
S8B20 0.624 0.520 0.104 16.688 0.224 0.135 0.088 39.436
S8B30 0.624 0.469 0.155 24.784 0.224 0.104 0.119 53.275
S13B5 0.624  0.585 0.039 6.202 0.224 0.197 0.026 11.757

S13B10 0.624  0.569 0.055 8.788 0.224 0.185 0.039 17.375
S13B20 0.624  0.557 0.067 10.710 0.224 0.167 0.057 25.289
S13B30 0.624  0.498 0.126  20.178 0.224 0.156 0.068 30.292

Table A.4. Mass loss estimate for square columns (cyclic)

Longitudinal Transverse
mass mass
original  final [2:55 loss original  final Ir(r)lsjs loss
(%) (%)
S5A5 0.624 0.597 0.027 4.329 0.224 0.194 0.029 13.011
S5A10 0.624 0.588 0.036 5.703 0.224 0.186 0.038 16.971
S5A20 0.624 0.548 0.076 12.128 0.224 0.142 0.081 36.360
S5A30 0.624 0.525 0.099 15.872 0.224 0.113 0.110 49.248
S8A5 0.624 0.588 0.036 5.745 0.224 0.185 0.038 17.026
S8A10 0.624 0.569 0.055 8.784 0.224 0.183 0.040 18.031
S8A20 0.624 0.546 0.078 12.505 0.224 0.147 0.076  34.023
S8A30 0.624 0.535 0.088 14.167 0.224 0.136 0.088 39.149
S13A5 0.624 0.587 0.037 5.913 0.224 0.198 0.025 11.347

S13A10 0.624 0.560 0.064 10.211 0.224 0.176 0.047 21.147
S13A20 0.624 0.519 0.105 16.795 0.224 0.159 0.064  28.651
S13A30 0.624 0.472 0.152 24.369 0.224 0.115 0.108  48.498
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Table B.1.

10% mass loss (before corrosion)

Nr Material Label Volume
1 Exterior 0 2,543,630.727
2  Materialo01 1 41,808.153

10% mass loss (After corrosion)

Nr Material Label Volume
1 Exterior 0 2,402,793.557
2  Materialo01 1 36,939.593

30% mass loss (before corrosion)

Nr  Material Label Volume
1 Exterior 0 2,389,352.727
2 Material001 1 40,214.347

30% mass loss (After corrosion)

Nr  Material Label Volume
1 Exterior 0 2,375,412.294
2 Material001 1 30,435.156

Table B.2.

10% before corrosion

Sample 1

Nr Material Label Volume

1 Exterior 0 574,916.474
2 Material001 1 21,462.613
Sample 2

Nr Material Label Volume

1 Exterior 0 644,355.615
2 Material001 1 23,182.202
10% after corrosion

Sample 1

Nr Material Label Volume

1 Exterior 0 440,416.317
2 Material001 1 17,033.676
Sample 2

Nr Material Label Volume

1 Exterior 0 421,999.386

CenterX
75.038
74.221

CenterX
75.017
75.516

CenterX
74.993
76.927

CenterX
74.976
78.838

CenterX
74.815
80.636

CenterX
75.196
70.281

CenterX
75.277
68.514

CenterX
74.799
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CenterY
75.016
75.579

CenterY
75.030
74.718

CenterY
75.057
73.121

CenterY
75.053
72.825

CenterY
74.931
77.532

CenterY
75.082
73.442

CenterY
75.260
68.942

CenterY
74.779

Mass loss estimate of longitudinal bars in circular column

CenterZ
119.987
121.392

CenterZ
136.593
137.523

CenterZ
120.595
121.540

CenterZ
135.845

Corrosion estimates from CT scan

4,868.560 11.645

136.721 9,779.190 24.318

Mass loss estimate of transverse bars in circular column

CenterZ
52.957
52.636

CenterZ
187.445
187.587

CenterZ
70.178
69.247

CenterZ
203.450

4,428.937 20.636



2 Material001 1

30% before corrosion

Sample 1
Nr  Material Label
1 Exterior 0

2 Material001 1

Sample 2
Nr  Material Label
1 Exterior 0

2 Material001 1

30% after corrosion

Sample 1

Nr  Material Label
1 Exterior 0

2 Material001 1
Sample 2

Nr  Material Label
1 Exterior 0

2 Material001 1

Table B.3.

18,508.105  80.187
Volume CenterX
608,829.269 74.671
24,823.771 83.709
Volume CenterX
337,105.971 75.141
18,688.297 72.935
Volume CenterX
530,196.195 74.843
11,966.760 83.097
Volume CenterX
384,003.051 74.954
9,064.875 78.035

10% mass loss (before corrosion)

Nr Material Label
1 Exterior 0

2 Material001 1

10% mass loss (After corrosion)

Nr  Material Label
1 Exterior 0

2 Material001 1

30% mass loss (before corrosion)

Nr Material Label
1 Exterior 0

2 Material001 1

30% mass loss (After corrosion)

Nr Material Label
1 Exterior 0

2 Material001 1
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Volume CenterX
1,747,360.243 75.043
14,668.875 72.821
Volume CenterX
1,630,514.138 75.014
13,052.415 76.389
Volume CenterX
1,832,513.460 74.999
14,228.978 78.373
Volume CenterX
1,853,567.068 75.026
10,422.999 74.897

80.622

CenterY
75.099
73.199

CenterY
75.238
71.181

CenterY
75.157
69.152

CenterY
74.973
77.209

CenterY
75.045
72.657

CenterY
74.990
79.481

CenterY
75.018
75.957

CenterY
75.017
76.432

203.359 4,674.097 20.162 20.399

CenterZ
188.805
188.708

CenterZ
57.247
56.852

CenterZ
204.199
204.105 12,857.012 51.793
CenterZ
73.542
72.719

9,623.422 51494 51.644

Mass loss estimate of longitudinal bars in square column

CenterZ
206.445
207.072

CenterZ
219.277
221.125

1,616.460 11.020

CenterZ
209.824
210.530

CenterZ
221.460
223.366 3,805.979 26.748



Table B.4. Mass loss estimate of transverse bars in square column

10% before corrosion

Sample 1

Nr  Material Label Volume CenterX CenterY  CenterZ
1  Exterior 0 490,586.898 75.031  75.036 60.541
2 Materialo01 1 7,525.282 74.634  74.283 59.857
Sample 2

Nr  Material Label Volume CenterX CenterY  CenterZ
1  Exterior 0 581,903.462 75.018 75.119 159.524
2 Materialo01 1 11,087.066  75.379  70.106 158.878

10% after corrosion

Sample 1

Nr  Material Label Volume CenterX CenterY  CenterZ

1  Exterior 0 468,712.212 75.021  74.993 70.518

2 Materialo01 1 5,680.243 75.344  77.632 70.585  1,845.039 24.518
Sample 2

Nr  Material Label Volume CenterX CenterY  CenterZ

1  Exterior 0 533,349.920 75.065  74.902 169.644

2 Materialo01 1 8,813.035 72.597 82471 170.070 2,274.031 20.511 22.514

30% before corrosion

Sample 1

Nr Material Label Volume CenterX  CenterY CenterZ
1 Exterior 0 550,133.775 74.863 75.058 59.627
2 Material001 1 8,971.657 84.969 73.001 59.764
Sample 2

Nr Material Label Volume CenterX  CenterY CenterZ
1 Exterior 0 631,476.220 75.041 75.028  160.647
2 Material001 1 12,341.847 74.211 74.851 160.221

30% after corrosion

Sample 1

Nr Material Label Volume CenterX CenterY CenterZ

1 Exterior 0 503,711.906 75.039 74965 72.773

2 Material001 1 4,565.620 73.471 81.685  72.632 4,406.037 49.111
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Sample 2

Nr Material Label Volume CenterX CenterY CenterZ
1 Exterior 0 603,945.967 75.018 75.028 171.151
2 Material001 1 5,987.315 75.720 74.745 171.385 6,354.531 51.488 50.299
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Appendix C  Concrete material properties for CDPM in

ABAQUS FEA

Table C.1. Compressive behaviour of concrete in circular columns
Concrete compressive behaviour Concrete compression damage
Yield stress Damage
(MPa) Inelastic strain parameter C Inelastic strain
5.45 0 0 0
5.899581 0 0.331269 0.004322
6.305096 0 0.342663 0.004453
6.677315 0 0.351425 0.004572
7.075958 0 0.362069 0.0047
7.555139 0 0.369901 0.004816
8.020844 1.97E-05 0.382299 0.004951
8.305162 5.65E-05 0.395075 0.005087
8.539341 0.000116 0.414745 0.005251
8.795039 0.000249 0.439512 0.005436
9.003131 0.000405 0.465555 0.005627
9.075487 0.000539 0.540935 0.006022
9.01804 0.000732 0.562325 0.006193
8.822784 0.001071 0.574989 0.006328
8.718597 0.001284 0.586777 0.006461
8.45226 0.001656 0.599099 0.006594
8.120617 0.002055 0.610135 0.006724
7.661757 0.002514 0.622132 0.006856
7.039396 0.003048 0.631441 0.006979
6.769562 0.003422 0.637388 0.007085
6.434898 0.003822 0.644993 0.007201
6.141133 0.004208 0.652391 0.007315
5.886136 0.004572 0.661879 0.007438
5.605939 0.004951 0.668804 0.007549
5.086705 0.005436 0.676613 0.007665
3.972116 0.006193 0.684176 0.00778
3.638374 0.006594 0.691355 0.007893
3.34485 0.006979 0.697475 0.008001
3.154719 0.007315 0.704203 0.008112
2.934892 0.007665 0.712801 0.008231
2.745564 0.008001 0.72109 0.008349
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Table C.2. Tensile behaviour of concrete in circular columns

Concrete tensile behaviour Concrete tensile damage
Yield stress Damage
(MPa) Inelastic strain parameter T Inelastic strain
0.950827 0 0 0
0.673353 0.001962 0.291824 0.001962
0.485718 0.003925 0.489163 0.003925
0.362977 0.005887 0.618251 0.005887
0.283929 0.007849 0.701387 0.007849
0.232573 0.009812 0.755399 0.009812
0.197777 0.011774 0.791995 0.011774
0.172311 0.013736 0.818777 0.013736
0.151796 0.015699 0.840353 0.015699
0.133788 0.017661 0.859293 0.017661
0.117073 0.019623 0.876873 0.019623
0.101165 0.021585 0.893603 0.021585
0.909586 0.023548
0.924739 0.02551
0.938922 0.027472

Table C.3. Compressive behaviour of concrete in square columns

Concrete compressive behaviour Concrete compression damage
Yield stress Damage

(MPa) Inelastic strain parameter C Inelastic strain
6.81 0 0 0

7.374477 0 0.331269 0.004322
8.119322 0 0.342663 0.004453
8.844947 0 0.351425 0.004572
9.443923 0 0.362069 0.0047
9.86448 0 0.369901 0.004816
10.22965 0.000027 0.382299 0.004951
10.38145 0.000056 0.395075 0.005087
10.67418 0.000115 0.414745 0.005251
10.90413 0.000198 0.439512 0.005436
11.11423 0.000289 0.465555 0.005627
11.34436 0.000538 0.540935 0.006022
11.26742 0.000816 0.562325 0.006193
11.02848 0.00107 0.574989 0.006328
10.89825 0.001283 0.586777 0.006461
10.6782 0.00153 0.599099 0.006594
10.45994 0.001777 0.610135 0.006724
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10.15077 0.002054 0.622132 0.006856

9.79591 0.002351 0.631441 0.006979
9.353914 0.00268 0.637388 0.007085
8.799245 0.003047 0.644993 0.007201
8.544602 0.003307 0.652391 0.007315
8.307341 0.00356 0.661879 0.007438
8.043622 0.003822 0.668804 0.007549
7.80727 0.004076 0.676613 0.007665
7.586323 0.004322 0.684176 0.00778

7.35767 0.004572 0.691355 0.007893
7.14807 0.004815 0.697475 0.008001
6.862483 0.005086 0.704203 0.008112
6.358381 0.005436 0.712801 0.008231
5.207795 0.006021 0.72109 0.008349

Table C.4. Tensile behaviour of concrete in square columns

Concrete tensile behaviour Concrete tensile damage
Yield stress Damage
(MPa) Inelastic strain parameter T Inelastic strain
0.950827 0 3.02 0
0.673353 0.001962 2.138692 0.000618
0.485718 0.003925 1.542728 0.001235
0.362977 0.005887 1.152881 0.001853
0.283929 0.007849 0.90181 0.00247
0.232573 0.009812 0.738695 0.003088
0.197777 0.011774 0.628176 0.003706
0.172311 0.013736 0.547293 0.004323
0.151796 0.015699 0.482133 0.004941
0.133788 0.017661 0.424935 0.005558
0.117073 0.019623 0.371845 0.006176
0.101165 0.021585 0.321319 0.006793
0.909586 0.007411
0.924739 0.008029
0.938922 0.008646
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