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Avaliacao da eficiéncia de diferentes técnicas no refor¢o de

estacas de betao armado com corrosao

RESUMO

Esta dissertacdo desenvolve e aplica modelos analiticos para prever a capacidade resistente a
flexdao e ao esforgo transverso de estacas de betdo armado (BA) deterioradas e reforgadas
através de diferentes técnicas com polimeros reforcados com fibras (FRP). A avaliacdo a flexao
é realizada através de uma anadlise seccional por camadas, na qual os estados original,
deteriorado e reforcado sdo sistematicamente modelados, considerando-se dois niveis de
corrosdo predefinidos, correspondentes a redugdes de 25% e 50% da drea da secgdo
transversal das armaduras de aco existentes nos estados deteriorado e reforgcado,
respetivamente.

Sdo adotadas configuracGes de reforco que incluem a reconstrucdo do recobrimento com
betdo simples (PC), betdo reforcado com fibras de aco (SFRC), compdsitos cimenticios com
endurecimento por deforma¢dao em tracao (SHCC), armaduras longitudinais constituidas por
varoes de polimero reforgado com fibras de vidro (GFRP) e confinamento externo através de
encamisamento com polimero reforcado com fibras de carbono (CFRP).

A inexisténcia de uma solucdo analitica para prever a capacidade resistente ao esforco
transverso de secgbes circulares reforcadas motivou o desenvolvimento de um modelo
analitico de avaliacdo da resisténcia ao corte deste tipo de sec¢des e incluindo mais do que
um tipo de armaduras/materiais de reforgo. Este modelo sobrepde as contribui¢des do nucleo
de betdo armado existente e deteriorado e da nova camada de reforco, avaliadas com base
no modelo de trelica, tratando explicitamente a interacdo com o esforco axial através da
posicao do eixo neutro e do campo de tensdes de compressao.

Os resultados mostram que a corrosao reduz a capacidade resistente ao momento fletor em
flexdo pura em 31% e 49%, para niveis de corrosao de 25% e 50%, respetivamente.
Demonstram igualmente que a simples reconstrugdo do recobrimento permite recuperar uma

parte significativa da capacidade perdida, enquanto o confinamento com FRP proporciona a

Vi



maior recuperacao de capacidade na regido do diagrama de interacdo controlada pela
compressao.

O modelo de corte proposto mostra que a resisténcia ao esforco transverso do dominio de
reforco é determinada quase exclusivamente pelo tipo de nova armadura de reparagao e é,
em grande medida, insensivel ao estado de corrosdao do nucleo existente. Por sua vez, a
resisténcia do nucleo existente diminui sistematicamente com a perda de sec¢dao das
armaduras longitudinais e transversais, sendo substancialmente aumentada pela compressao
axial.

Palavras-chave: Corros3do; estacas de betdo armado; confinamento com FRP; nucleo de betdo

existente; dominio de reforco.
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Assessment of the effectiveness of different techniques for

the strengthening of corroded reinforced concrete piles

ABSTRACT

This dissertation develops and applies analytical frameworks for predicting the flexural and
shear capacity of deteriorated reinforced concrete (RC) piles strengthened with different
fibre-reinforced polymer (FRP) strengthening techniques. Flexural assessment is performed
through layered sectional analysis, in which the as-built, deteriorated and strengthened states
are systematically modelled with two prescribed corrosion levels corresponding to 25% and
50% reductions in the cross-sectional area of the existing steel reinforcement in the
deteriorated and strengthened states respectively. Strengthening configurations comprising
cover reconstruction with plain concrete (PC), steel-fibre-reinforced concrete (SFRC), strain
hardening cementitious composites (SHCC), glass-fibre-reinforced polymer (GFRP)
longitudinal bar reinforcement, and external confinement using carbon-FRP jackets are
adopted. The absence of a closed-form solution for predicting the shear capacity of circular
strengthened cross-sections inspired the development of an analytical shear model,
superposing the contribution of the existing deteriorated RC core and the new strengthening
cover, evaluated based on the truss model, with explicit treatment of the axial load interaction
through the neutral-axis position and the compressive stress field. The results show that
corrosion reduces pure-bending moment capacity by 31% and 49% at 25% and 50 % corrosion
respectively, and that cover restoration alone recovers a significant amount of the lost
capacity, while FRP confinement provides the largest capacity recovery in the compression-
controlled region of the interaction diagram. The proposed shear model shows that the shear
resistance of the strengthening-domain is governed almost entirely by the type of the new
repair reinforcement and is largely insensitive to the corroded state of the existing core, while
the existing-core resistance degrades systematically with both longitudinal and transverse

steel section loss and is amplified substantially by axial compression.

KEYWORDS: Corrosion; Reinforced concrete piles; FRP-confinement; existing concrete core;

Strengthening domain
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Chapter 1 | Introduction

1. INTRODUCTION

1.1. Background and Motivation

Compared to other building materials, concrete is more widely used in the construction
industry, with approximately 3 tonnes used per year for every person in the world [1]. This is
due to the ready availability of its constitutive materials including aggregates, cement, water
and sand. Concrete is naturally strong in compression, with its tensile strength accounting for
about 8-14% of its compressive strength [2]. As a result, concrete is usually reinforced with
steel, which is naturally strong in tension, to create a composite material that leverages the
individual strength properties of both the concrete and steel. In some applications, the
reinforcing steel embedded in concrete is prestressed before or after casting the concrete,
creating a superior material with enhanced resistance to cracking, bending, shear and
torsional properties. In coastal and offshore areas with weak soils, concrete piles, in
prestressed or passive state, are commonly adopted as deep foundation supports offering
stability for load transfer. They anchor essential marine and waterfront structures like docks,

bridges, seawalls, and piers to sea beds.

The structural performance, long-term durability, and safety of reinforced concrete (RC)
structures during their service life is governed not only by the mechanical design provisions
implemented at the time of their construction, but also the progressive changes in the
material properties over time. These RC structures are exposed to various environmental and
loading conditions, including changing temperatures, humidity, and chemical components
that progressively contribute to the deterioration of both the mechanical and material
properties of RC. Corrosion of steel reinforcements is a common cause for the deterioration
of RCinfrastructure globally, especially in coastal marine environments. Tidal cycling, elevated
chloride and carbon concentrations, and high humidity tend to create ideal conditions for the

initiation and propagation of corrosion.

The economic impacts of corrosion damage to civil infrastructure are substantial and have
been well documented. In the United States alone, the direct cost of corrosion to highway

bridges has been estimated at several billion dollars annually, relative to the global cost
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estimated at US $2.5 trillion [3], with indirect costs arising from traffic disruption, accelerated
replacement cycles, and emergency interventions. Corrosion-related damage imposes a
disproportionate amount of financial burden on the maintenance and preservation of existing
infrastructure in tropical, coastal, and industrial environments where the aggressive species

such as chlorides, carbons, and sulphates thrive.

The repair of corrosion-damaged RC has been an active area of applied research and field
engineering, driven by the recognition that replacement as a historically dominant approach,
is often prohibitively expensive, disruptive to essential transportation links, and
environmentally costly compared to in-situ repair and strengthening. The use of Fiber
Reinforced Polymer (FRP) composites for the repair, strengthening and retrofitting of RC
structures has become widely studied and applied in civil engineering applications. FRP
systems offer a compelling combination of benefits including structural confinement which
increases the compressive capacity and ductility of existing concrete, and barrier protection

which reduces the ingress of oxygen, moisture, and chlorides to the corroding steel surface.

The assessment of FRP repair and strengthening techniques for RC structures requires not
only field applications, but also rigorous analytical prediction of the structural capacity of the
RC member considering the as-built, deteriorated, and repaired conditions. Such analytical
work, conducted along with destructive experimental testing, provides theoretical framework
against which test results are subsequently evaluated and calibrated, enabling the
identification of the most critical parameters governing the structural response. The
methodology used in this work is layered sectional analysis, implemented within the DOCROS
(Design of Cross-Sections) software platform developed at the University of Minho [4]. This
approach offers a rigorous, physically grounded framework for nonlinear cross-sectional
analysis under combined axial and flexural loading, and is particularly well suited to the

complex material configurations of the RC cross-section.

1.2. The Earl C. Davis Memorial Bridge and Harkers Island Bridge

Built in 1968 to replace an old wooden bridge, the Earl C. Davis Memorial Bridge and Harkers
Island Bridge provided major vehicular access between the mainland of Carteret County and

Harkers Island (see Figure 1.1), particularly acting as a hurricane evacuation route for the
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residents of Harkers Island. The bridge comprised two key sections, a swing-span movable
bridge (Earl C. Davis Memorial Bridge, Carteret Country Bridge No. 73) and the Carteret County
Bridge No. 96 [5]. According to the North Carolina Department of Transportation (NCDOT),
the area of the state is classified as highly corrosive due to the aggressive marine environment
conditions. Therefore, after decades of salt-spray exposure and tidal moisture, the swing span
bridge was severely corroded, while Bridge No. 96 was functionally obsolete as the steel
prestressing strands in the existing concrete piles were extremely corroded. The bridge was

therefore designated as structurally deficient and set apart for replacement by NCDOT.

e I
| Harkers Island :

T _—

Earl C. Davis
Memorial bridge

Figure 1.1: The Earl C. Davis Memorial Bridge with new access bridge at time of construction [6]

The bridge replacement project involved the construction of a new, wider replacement bridge
on an adjacent alignment, after which the original Earl C. Davis Memorial Bridge was fully
demolished. As part of the replacement project of the Harkers Island Bridge, 9 of the original
prestressed concrete pile samples were extracted from the bridge substructure and preserved
for study purposes. Each extracted specimen represents a complete cross-section of the pile
as fabricated, placed in service, subjected to real structural and environmental loading
throughout the service life of the bridge, and ultimately decommissioned without laboratory

intervention, constituting a primary experimental resource for the multi-phase research
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programme of which this dissertation forms the first analytical phase. Details of the as-built
pile properties, including material properties and reinforcement layout, were provided from
the original structural drawings provided to the research team at North Carolina State
University in collaboration with the University of Minho, informing the assessment

considerations adopted in this work in accordance with the conditions of the specimen.

1.3. Thesis Objectives

The general aim of this dissertation is to develop and apply a validated analytical framework
for predicting the flexural and shear capacity of deteriorated and FRP-repaired steel-
prestressed concrete piles, using the Earl C. Davis Memorial Bridge piles at Harkers Island,

North Carolina, as the reference case study. The main objectives of this thesis are as follows:

e To develop a generic sectional analysis tool, following the layered sectional approach
implemented within the DOCROS software, to predict the flexural behaviour and

capacity of the piles before and after strengthening.

e To apply the developed sectional analysis tool to systematically predict the flexural
behaviour and capacity of the pile cross-section in the as-built undamaged state, the
damaged state considering two prescribed corrosion-induced deterioration states
corresponding to 25% and 50% loss of longitudinal reinforcement cross-sectional area
accompanied by concrete cover removal; and the strengthened rehabilitation states
encompassing cover reconstruction with comprehensive cementitious matrix and FRP

strengthening solutions.

e To develop an analytical shear model for circular strengthened RC sections,
superposing the shear resistance of the existing deteriorated core and the new
strengthening cover, each combining a critical-shear-crack-theory concrete
contribution and a transverse reinforcement contribution, with explicit and physically
consistent treatment of the influence of axial load relating to the neutral axis position

and the compressive stress field.

e To apply the flexural and shear analytical tools developed in this work to the Earl C.
Davis Memorial Bridge pile case study, systematically predicting the combined axial-

flexural and shear capacity of the pile cross-section in its as-built state; in two

4
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prescribed corrosion-induced deterioration states, corresponding to 25% and 50% loss
of longitudinal or transverse reinforcement cross-sectional area, accompanied by loss
of the original concrete cover; and in a comprehensive set of strengthened and
rehabilitated states, encompassing cover reconstruction with plain concrete of
different compressive strengths, steel-fibre-reinforced concrete across multiple
performance classes, glass-fibre-reinforced polymer longitudinal bar reinforcement,

and external confinement using carbon-FRP jackets.

e To evaluate, on a consistent and comparable analytical basis, the relative structural
effectiveness of the different repair and strengthening strategies considered, in order
to identify the mechanical pathway through which each strategy contributes to

capacity restoration.

1.4. Structure of Dissertation

This dissertation is organised into six chapters, structured to progress from the motivating
problem and the relevant state of the art, through the development of the analytical tools
required for flexural and shear capacity assessment, to their application to the Harkers Island
pile case study and the conclusions and recommendations that follow from the results

obtained.

Chapter 1 introduces the motivation for the dissertation, situating the problem of corrosion-
induced deterioration of marine prestressed concrete piles within its broader durability,
economic and repair-technology context, before stating the general aim and specific

objectives pursued in this work and outlining the structure of the remaining chapters.

Chapter 2 presents a state-of-the-art review of the materials and techniques for the repair of
corroded RC structures as: the fundamental mechanisms of chloride-induced and
carbonation-induced corrosion of steel in concrete; the inspection, diagnosis and
guantification of corrosion damage in reinforced concrete piles, covering visual assessment,
non-destructive testing methods including half-cell potential mapping, linear polarization
resistance, electrochemical impedance spectroscopy and ground-penetrating radar, and
complementary techniques for quantifying section loss and cracking; the materials and

techniques currently available for the retrofitting of corroded piles, including conventional
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repair approaches and FRP systems; and the specific challenges and solutions associated with
the application of FRP repair systems to piles in wet and underwater service conditions,
including wet lay-up systems with underwater-curing resins, pre-fabricated FRP shell and

jacket systems, and hybrid FRP-cathodic protection systems.

Chapter 3 develops the analytical framework for the layered sectional analysis of the flexural
capacity of the deteriorated and strengthened piles, implemented within the DOCROS
software platform. The chapter presents the fundamental assumptions and the section
discretisation procedure, the equilibrium and compatibility conditions governing the moment-
curvature and axial load-moment interaction analysis, and the constitutive models adopted
for each material present in the cross-section: plain concrete, steel-fibre-reinforced concrete,
strain-hardening cementitious composites, prestressing steel, and fibre-reinforced polymers,
culminating in the design-oriented confinement model adopted for FRP-confined reinforced
concrete sections, including the treatment of heterogeneous (core-and-cover) confined

sections.

Chapter 4 develops the analytical framework for the shear capacity assessment of the
deteriorated and strengthened circular and octagonal pile sections, a problem for which, as
discussed in this introductory chapter, no equally mature closed-form solution exists in the
literature. The chapter presents the fundamental governing equations for shear resistance,
including the influence of axial load, before introducing the specific procedure adopted for
shear prediction in circular sections, encompassing the determination of the neutral axis and
effective depth and the equivalent-rectangle idealisation used to establish the transverse
reinforcement efficiency. The original two-domain analytical model proposed in this
dissertation is then formulated, superposing the shear resistance of the existing and
strengthening domains, and the chapter concludes with the design application of the model
to the Harkers Island pile case study across the full matrix of corrosion levels, reinforcement

configurations, and cover materials considered in this work.

Chapter 5 applies the analytical frameworks developed in Chapters 3 and 4 to the specific
problem of capacity prediction for the Harkers Island piles, presenting and discussing the
flexural (axial load-moment interaction) results for the as-built, deteriorated and
strengthened configurations, followed by the discussion of the shear capacity results obtained

from the model presented in Chapter 4, examined across the different corrosion levels,
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reinforcement locations, cover materials and axial load levels considered, and closing with a
comparative synthesis of the relative effectiveness of the different strengthening strategies

evaluated.

Chapter 6 presents the main conclusions drawn from the analytical developments and case-
study results of the preceding chapters, summarising the principal findings for both flexural
and shear capacity assessment and their implications for repair strategy selection, and closes
with recommendations for further developments, in particular the experimental and finite
element validation required to confirm and refine the proposed analytical shear model and

the broader flexural and confinement framework developed in this dissertation
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2. STATE-OF-THE-ART MATERIALS AND TECHNIQUES FOR THE REPAIR OF

CORRODED RC STRUCTURES

2.1. Fundamentals of Steel Corrosion in Concrete

Steel in concrete is protected by a passive oxide film at the steel-concrete interface, which
comprises of a highly stable layer of iron oxides and hydroxides in the highly alkaline concrete
pore solution produced during cement hydration. Corrosion is initiated when this passivating
layer is chemically destabilized, either by a progressive reduction in the pH of the pore solution
through carbonation or by the local accumulation of chloride ions beyond a critical threshold
concentration at the steel surface [7]. Fundamentally, corrosion of steel in concrete is an
electrochemical process involving the paired loss of electrons from Fe (oxidation) at the anodic
zones and the gain of electrons by dissolved O (reduction) at cathodic zones. The concrete
pore solution acts as an ionic electrolyte, enabling these reactions. The anodic reaction
produces ferrous ions (Fe?*), which move through the pore solution. These ions are further
oxidized, creating bulky corrosion products which expand and build up internal tensile stresses
causing cracking and spalling of the concrete cover. This damage of the concrete cover

accelerates the ingress of aggressive substances, leading to further corrosion damage [8].

2.1.1. Chloride-Induced Corrosion

Chloride-induced corrosion is a dominant deterioration mechanism for concrete structures in
coastal and marine environments [9]. Chloride ions (ClI) penetrate concrete mainly by
diffusion through cracks and pores, which is influenced by the chloride concentration gradient
between seawater and the concrete pore solution. Capillary absorption during wetting and
drying cycles also contributes to chloride ingress into RC structures. When chloride
concentration at the rebar surface exceeds the critical threshold, typically 0.2% to 1.0% by
mass of binder for ordinary reinforcement, and lower for high-strength prestressing steel, the
breakdown of the passive film occurs, and corrosion begins [10]. This mechanism is illustrated

schematically in Figure 2.1. Romain et al [7]. reported that the extent of corrosion damage,
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whether uniform or localized pitting corrosion, was highly dependent on the chloride content

level contributing to de-passivation. Localized pitting corrosion was more likely to occur at

high chloride contents, while uniform corrosion occurred at low chloride content.
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Figure 2.1: Schematic representation of chloride-induced corrosion
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The performance of RC structures in marine environments depends on different exposure

zones, illustrated in Figure 2.2. The submerged zone is generally the least aggressive for

corrosion because oxygen is limited, even though chloride concentrations are high. The tidal

zone is subjected to cyclic wetting and drying, creating ideal conditions for abrasion,

pronounced chloride ingress by capillary action and biological growth. Studies report that this

zone exhibits the highest corrosion rates in practice, thereby demanding the strongest

protection systems [11]. The splash and spray zones provide intermittent wetting with

frequent drying. Continuous wave action, salt spray, and high oxygen availability at the splash

zone significantly accelerate corrosion, and concrete deterioration. The atmospheric zone is

exposed to moisture, UV radiation, temperature fluctuations and airborne

deposition, which diminishes in intensity with distance from the shoreline [12].
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Figure 2.2: Exposure zones in marine structures [13]
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The corrosion-dependence of chloride diffusivity on the exposure zone is well documented.
Qu et al [11], [13] summarized diffusion coefficients for cement-based concrete across all four
zones. The tidal zone shows coefficients up to 5-8 x 10°*> m?/s for ordinary Portland cement
at water-cement ratios of 0.5-0.65. Submerged and atmospheric zones have lower coefficients
due to saturation and reduced surface chloride concentrations, respectively. Mineral
admixtures like fly ash and silica fume significantly reduce the chloride diffusion coefficients,
sometimes by over 50%, highlighting the crucial role of mix design in durable marine

structures [14].

2.1.2. Carbon-Induced Corrosion

Carbonation-induced corrosion occurs when atmospheric CO; penetrates concrete via
absorption and diffusion through interconnected capillary pores and microcracks, as
illustrated in Figure 2.3. The CO; dissolves in pore water to form carbonic acid, which
dissociates to HCO* and CO3% and reacts with Calcium (Ca) bearing hydrates (portlandite, CSH,
ettringite), progressively decalcifying the paste and precipitating CaCOs. This carbonation
process advances fastest at 50-70% RH and in high water to cement ratios, cracked, or
otherwise more porous regions, so it is typically non-uniform around the reinforcement. Once
the carbonation front reaches the steel depth, the pH of the pore solution drops below 9,

dissolving the passive film and leaving the steel vulnerable to corrosion.

Ingress of Carbonation products
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Figure 2.3: Carbon-induced corrosion

2.2. Inspection and Diagnosis of Corrosion in RC Piles

Conducting reliable and comprehensive assessment of the state of corrosion and structural

condition of RC is a fundamental requirement for rational decision making in rehabilitation of

11
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RC structures. Inspection of RC structures in marine environments with tidal and submerged
zones presents unique practical challenges rarely encountered in conventional
infrastructures. Access to underwater sections is difficult, substrates are often saturated, and
marine organism colonization (algae, barnacles) on concrete surfaces obscures visual
inspection and must be mechanically removed before non-destructive testing (NDT)
measurements are taken. The most critical corrosion zones may be concentrated in the
underwater or tidal region, where visual inspection is limited or impossible. A well-structured
inspection program typically proceeds in three stages: preliminary visual survey, non-
destructive testing (NDT), and confirmatory laboratory testing of extracted cores or

reinforcement specimens.

2.2.1. Visual Inspection and Preliminary Assessment

Visual inspection remains the most basic and widely practiced approach for preliminary
assessment of in-service concrete structures. The common visual indicators of corrosion in RC
structures include surface cracks, rust stains at crack locations, concrete spalling and
delamination, and section loss or discoloration at the water line. Carino et al. [15] emphasized
that while visual inspection can confirm corrosion-induced damage, it systematically
underestimates the true extent of deterioration. The corrosion front may be well advanced of
the first visible surface manifestations. For underwater inspections, remotely operated
vehicles (ROVs) equipped with high-definition cameras and light sources are increasingly being
used, which are supplemented by tactile inspection by commercial professional divers where

substrate conditions allow [16].

2.2.2. Non-Destructive Testing (NDT) Methods

Given the limitations of visual inspection, a range of electrochemical, electromagnetic, and
wave-propagation NDT methods have been developed and applied to assess reinforcement
corrosion without destructive intervention. Hu et al. [17] provided a comprehensive review of
these methods, classifying them into direct and indirect methods. Direct methods measure
corrosion parameters such as electric potential and current density, while indirect methods

measure concrete resistivity, chloride content, or carbonation depth from which corrosion risk

12
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is inferred. The common NDT techniques used for measuring corrosion in concrete are

discussed below:

2.2.2.1. Half-Cell Potential Mapping

Half-cell potential (HCP) measurement is a widely used NDT technique for in-field assessment
of active corrosion. The method measures the open-circuit potential of the reinforcing steel
relative to a reference electrode placed on the concrete surface. Carino et al. [15] and Hu et
al. [17], reported that regions with lower potential readings indicated a high probability of
active corrosion. HCP mapping produces equipotential contour plans that identify the spatial
distribution of anodic zones, making it particularly valuable for prioritizing repair intervention
on large structural surfaces. However, HCP provides no direct information on corrosion rate,
and may vyield unreliable results in highly resistive concrete, in fully saturated submerged
elements, and in cracked sections where the electrochemical boundary conditions are locally
disturbed. Pfandler et al. [18] demonstrated a novel underground inspection probe that
combines HCP mapping with steered horizontal drilling technology for inaccessible pile
surfaces and confirmed that corroding zones of practically relevant size can be detected at
distances of 250 mm from the reference electrode to the steel surface, highlighting the

advancement in technology for assessment of concrete structures in complex environments.

2.2.2.2. Linear Polarization Resistance and Electrochemical Impedance Spectroscopy

Where a quantitative estimate of corrosion rate is required, polarization resistance techniques
are employed. The linear polarization resistance (LPR) method applies a small perturbation
potential (typically #10-20 mV) around the corrosion potential and measures the resulting
current; the corrosion current density i, is calculated from the Stern-Geary relationship.
Alonso et al. [19] established threshold values for i.,,, to classify corrosion activity such that
values below 0.1 pA/cm? were considered passive, 0.1-0.5 pA/cm? indicated low corrosion
activity, 0.5-1.0 uA/cm? corresponded to moderate activity, and values exceeding
1.0 pA/cm?indicated high corrosion activity. Electrochemical impedance spectroscopy (EIS)
provides detailed insight into the condition of the passive film and the electrochemical

behaviour of the steel-concrete interface through equivalent circuit modelling. However, its

13



Chapter 2 | State-of-the Art Materials and Techniques for the Repair of Corroded RC Structures

application is largely limited to laboratory environments due to the complexity of data

interpretation and the requirement for controlled testing conditions [17].

2.2.2.3. Ground Penetrating Radar

Ground penetrating radar (GPR) is an electromagnetic NDT technique that transmits high-
frequency radar pulses into concrete and records reflections from interfaces between
materials of contrasting dielectric properties. In RC structures, GPR is commonly used to map
rebar location and concrete cover depth, to identify voids and delamination, and to detect
elevated moisture content that may indicate chloride ingress pathways. Hu et al. [17] noted
that corrosion induced changes in the dielectric properties of concrete around corroding bars
can be detected by GPR, providing spatially continuous information that HCP mapping alone

cannot capture.

Other testing techniques such as Ultrasonic pulse velocity (UPV) provide rapid assessment of
concrete quality and homogeneity, while acoustic emission (AE) monitoring can detect active
crack propagation associated with the expansive pressure of corrosion product formation in
near-real time [20]. Impact-echo testing is effective for detecting delamination and near-
surface voids and has been successfully applied in bridge deck and pile condition assessments.
The combination of multiple NDT techniques provides a substantially more reliable diagnosis

than any single method used in isolation.

2.3. Techniques to Quantify Corrosion in RC Structures

Determination of effective repair design of corroded RC structures not only demands the
detection of corrosion activity, but also the quantification of the extent to which the corrosion
damage has occurred. This includes the assessment of dissipation of corroding agents,
evaluation of the residual cross-sectional area of reinforcement, spatial distribution of
corrosion damage, local degradation of concrete mechanical properties, the influence of
corrosion on the bond properties between the concrete and steel reinforcement, and the
current corrosion rate. Both field and laboratory techniques contribute to this quantification,

often in a complementary manner.

14
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2.3.1. Chloride Profiling

As discussed in Section 2, introduction of chlorides into the RC material leads to the de-
passivation of the protective film at the steel-concrete interface, thereby initiating steel
corrosion. Therefore, when assessing corrosion damage in RC structures, it is important to
determine the rate of chloride ingress and its dissipation into the material. The standard
approach to characterizing chloride ingress into concrete involves the measurement of the
total (acid-soluble) and free (water-soluble) chloride content as a function of depth from the
exposed face. Drilled powder samples or thin-sliced cores are extracted and analysed by
potentiometric titration, ion chromatography, or the Volhard method. The resulting chloride
depth profile is fitted to Fick's second law of diffusion to extract the apparent diffusion
coefficient (Da) and the surface chloride concentration (Cs), which serve as the primary
parameters for service life predictions [12]. In tidal zone environments, both D, and Cs are
time-dependent, with D, typically decreasing as secondary hydration products reduce
porosity and Cs increasing as marine organisms and evaporation concentrate chlorides at the
surface. Qu et al. [11] compiled and compared the data for diffusion coefficient across various
exposure zones, noting that tidal zone concrete showed the highest Cs values and,
consequently, the highest chloride ingress rates, consistent with the observed concentration

of corrosion damage in this zone on extracted bridge piles.

2.3.2. Gravimetric Mass Loss Measurement

The most direct and reliable measure of corrosion severity in extracted specimens is by
establishing gravimetric mass loss, where the difference in mass between the original
uncorroded steel and the cleaned, corroded section, is expressed as a percentage of the
original mass. ASTM International G1 [21], prescribes a standard practice for preparing and
chemical cleaning to remove corrosion products without attacking the base metal. In
prestressing strands, this technique is applied to each wire individually, as corrosion is
frequently localized and pitting depths can vary significantly along the strand length. Gonzalez
et al. [22] highlighted that the maximum pit depth, rather than average mass loss, governs
residual tensile strength and fracture probability in prestressing wires. This is a consequence
of the stress concentration factors introduced by pitting that can precipitate wire fracture at
loads well below those predicted from uniform section loss models. This is particularly critical
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for the assessment of prestressed RC structures that have experienced decades of marine
exposure, and localized pitting corrosion on high-stress strands may represent the true

governing damage state.

2.3.3. Assessment of Corrosion-Induced Cracking and Cover Spalling

Corrosion-induced cracking and concrete cover spalling are visual indicators of volumetric
expansion of corrosion products. The measurement of crack width, crack pattern geometry,
and the extent of cover delamination provide indirect but practical information on the level
of ongoing corrosion activity and the cumulative loss of cross-sections. Vidal et al. [23]
established empirical correlations between crack width and rebar mass loss for naturally
corroded beams after long term outdoor exposure, which demonstrated that the relationship
is highly dependent on the concrete cover-to-rebar diameter ratio and environmental
exposure conditions. Zhuang et al. [24] performed controlled experiments to simulate the
cracking behaviour of RC piles exposed to marine tidal cycling, which demonstrated that
isolated longitudinal cracks, distributed map cracking, and eventual cover spalling occurred
and propagated gradually in distinct exposure zones (tidal, atmospheric, underwater)

depending on the level of corrosion, as shown in Figure 2.4.
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Figure 2.4: Spatial cracking patterns of corrosion damaged concrete at different corrosion level.
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The conversion of crack width observations to section loss is, however, less reliable especially
where multi-wire strand geometry with the tendency for localized pitting occurs without
triggering circumferentially uniform expansive pressure. Identification of spatial cracking
patterns (isolated longitudinal cracks vs map cracking vs spalling), on the other hand, remains

valuable in distinguishing corrosion mechanisms and damage severity levels.

2.3.4. Photogrammetry, 3D Scanning, and Section Reconstruction

In recent years, the development of close-range photogrammetry and structured light 3D
scanning has enabled precise 3D mapping of corrosion damage on extracted reinforcement.
Scanning corroded bars or strands before cleaning allows for detailed mapping of pit
geometry, pit depth distribution, and section profile variation along the specimen. Integration
with digital image correlation (DIC) methods, as reviewed by Andisheh et al. [25], facilitates
real-time measurement of surface strain fields during loading of corroded specimens, thereby
providing experimental data for calibrating numerical models. These quantification
techniques are particularly relevant to research programs involving destructive testing of
extracted piles with known service histories, as they offer a unique opportunity to correlate

guantified corrosion damage with structural performance.

2.3.5. Structural Health Monitoring and Embedded Sensor Systems

For in-service RC structures, long-term monitoring of the rate of corrosion can be achieved by
embedding sensor systems (ESS) within the concrete during construction or subsequent
repair. Electrochemical sensors (galvanic or impressed-current probes), embedded reference
electrodes, and electrical resistance (ER) probes enable continuous or periodic monitoring of
corrosion potential and current density at selected locations [17]. Fiber-optic sensors,
including fibre Bragg grating (FBG) networks, provide strain measurements with millimetre-
scale spatial resolution and have been used to detect the onset of corrosion-induced cracking
in laboratory specimens. Multi-sensor fusion approaches that combine electrochemical,
acoustic, and optical data streams, processed by machine learning algorithms, represent the
current frontier of structural health monitoring for RC structures in aggressive environments

[26].
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2.4. Material and Techniques for Retrofitting Corrosion Damaged RC Piles

The decision to rehabilitate rather than replace RC structures affected by corrosion is
influenced by the technical feasibility of the repair technique, accessibility constraints,
structural condition of the existing structure, and the life-cycle assessment. When repairing
RC in marine environments, additional constraints including underwater installation, the
necessity for corrosion arrestment in the repaired section, and the need to restore or enhance
structural capacity under eccentric axial and lateral loading. These factors collectively define

the technical performance envelope for any viable repair system.

2.4.1. Conventional Repair Approaches

Traditional repair of corroded RC involves the removal of deteriorated concrete, treatment or
replacement of corroded reinforcement, and restoration of the section geometry using
compatible repair mortar or concrete. Sharma et al. [16] reviewed the repair options for
corrosion-damaged prestressed concrete bridges, noting that cementitious patch repair with
Portland cement-based or polymer-modified mortars remains the most common
intervention. However, the long-term performance of patch repairs in prestressed concrete
elements has been reported to be unsatisfactory, with failures occurring after three to four
years due to renewed cracking and delamination at the corrosion front. This behaviour is
mainly attributed to the fact that patch repairs do not eliminate the root cause of
deterioration. Residual chlorides remaining in the surrounding concrete continue to promote
corrosion in adjacent, unrepaired steel regions. In addition, the electrochemical potential
difference between the passive repair zone and the actively corroding surrounding concrete
may accelerate corrosion at the repair boundary, a phenomenon known as the incipient anode
effect [27]. Alternatively, the technique of cathodic protection (CP) has been applied to bridge
substructures, including piles in seawater, due to its potential to arrest ongoing corrosion by
shifting the electrochemical potential of the steel into an immune or passive range.
Integration of CP with FRP jacketing systems has been investigated as a dual-function repair
strategy, exploiting the impermeable jacket as both a structural element and as the anode

medium for the CP system.
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2.4.2. Fibre-Reinforced Polymer (FRP) Systems

FRP composites are increasingly becoming widely adopted for structural strengthening and
retrofitting of deteriorated RC structures, especially corrosion damaged RC elements in
marine environments. The principal advantages of FRP for the application in strengthening
corrosion damaged RC structures are: high stiffness-to-weight and strength-to-weight ratios;
inherent resistance to corrosion; the ability to provide passive confinement that arrests
corrosion-induced concrete dilation and restores lost structural capacity; and, critically, the
availability of both resin and cementitious grouts that cure effectively under water, enabling

installation in wet submerged conditions without elaborate access systems [27].

2.4.2.1. FRP Material Types and Mechanical Properties

FRP composites are made of a polymer matrix (such as epoxy or polyester) reinforced with
high-strength fibres. The principal fibre types commonly used in repair applications of
deteriorated RC structures include Carbon, Glass, and Basalt fibres, respectively. Figure 2.5
shows the stress-strain relationship for typical FRPs compared to that of steel prestressing
strand and mild steel. Of particular note is the linear-elastic nature of the FRP composites.
CFRP offers the highest tensile strength (typically 3400-5000 MPa in the fibre direction) and
elastic modulus (230-650 GPa), making it particularly suitable for applications where structural
strengthening, confinement, resistance to corrosion and durability are primary objectives.
GFRP provides strengthening benefits with lower stiffness at a significantly lower cost
compared to CFRP, making it economically attractive for strengthening applications of
corrosion damaged RC elements where confinement enhancement rather than flexural
strengthening dominates the design. BFRP has attracted growing research interest as a cost-
intermediate alternative with better thermal stability and alkaline resistance than GFRP [27].
The durability of FRP composites in marine conditions, specifically resistance to moisture
absorption, UV degradation, and seawater chemical attack is highly crucial for applications in
bridge substructures. Karbhari et al. [28] and Mullins et al. [29] conducted a durability gap
analysis with extensive field observations, establishing that properly applied CFRP systems
show no significant degradation in bond or mechanical properties after multiple years of
marine exposure, provided that surface preparation achieved intimate contact between the
FRP and the concrete substrate.
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Figure 2.5: Tensile Properties of FRP material types compared to steel

2.4.2.2. Confinement Properties of FRP systems

The structural enhancement provided by FRP wrapping derives from the passive confinement
of the existing concrete. As axial load increases, the concrete dilates and is resisted by the FRP
jacket, which develops hoop stresses, imposing a confining pressure on the concrete. This
mechanism causes a significant increase in both the peak compressive strength (flcc> ‘cO) and
the ultimate compressive strain (e..,>€.,) of the confined concrete relative to its unconfined
state [30]. When a RC pile cross-section is repaired and strengthened with FRP, two relevant
structural configurations, the concrete core and concrete cover respectively contribute to the
overall confinement benefits of the cross-section based on distinct frameworks. The concrete
cover zone occupying the annular region is in direct contact with the FRP jacket but receives
no lateral support from the spiral, which acts only on the inner region of the concrete core.
The concrete core is therefore simultaneously enclosed by both the FRP jacket externally and
the spiral internally. These two zones therefore experience fundamentally different
confinement effects, and have been researched extensively in previous works. The
characteristic stress-strain responses of unconfined concrete, steel-confined concrete, and

FRP-confined concrete are illustrated in Figure 2.6:.

The theoretical framework for steel confinement by Mander et al. [31] established the

relationship for steel-confined concrete, validated extensively across a broad range of column
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dimensions, concrete strengths, and reinforcement configurations. For FRP-confined
concrete, the governing confinement mechanism differs fundamentally: as FRP composites
are linearly elastic to rupture, the lateral confining pressure increases continuously with
concrete dilation rather than reaching a fixed yield plateau as in steel spirals, producing a

distinct compressive response shown in Figure 2.6: .
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Figure 2.6: Stress-strain relationship for confined and unconfined concrete

This phenomenon led to the development of numerous design-oriented constitutive models,
with the Lam and Teng [32] being widely adopted in both ACI PRC-440.2R [33] and fib Bulletin
14 [30] and refined by Teng et al. [34] on the basis of an expanded experimental database.
Considering the combined FRP-and-steel confinement configuration relevant to FRP-wrapped
RC columns with internal spiral reinforcement, Lin et al. [35] demonstrated that the dual
confinement mechanism produces a response distinct from either system acting alone.
Subsequently, Shayanfar et al., [36] proposed the most statistically comprehensive design-
oriented model for this FRP-confined RC column (FCRC) case, calibrated against 97
independent experimental results. This model is adopted in the present work for all CFRP

strengthened pile scenarios and is discussed in Chapter 3.
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2.4.3. FRP Repair Systems for Piles in Wet and Underwater Conditions

The installation of FRP systems in submerged or tidal zones faces a series of challenges absent
from conventional above-water applications. These include: the difficulty in achieving a dry
substrate for conventional epoxy resin application; reduced working time due to heat
dissipation in cold water; and the presence of marine growth that must be removed before
FRP can bond to or contact the concrete surface [29], [37]. The common techniques deployed

in the industry including wet lay-up and FRP jacketing solutions are shown in the Figure 2.7.
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Grouting and curing
(cementitious/epoxy grouts)

Figure 2.7: FRP strengthening techniques in marine environments

2.4.3.1. Wet Lay-Up Systems with Underwater-Cure Resins

Wet lay-up FRP systems use a fibre fabric (unidirectional or bidirectional) that is impregnated
with a thermosetting resin (typically epoxy or vinylester), which cures in the presence of
moisture or when fully submerged. Sen et al. [29] demonstrated the feasibility and durability
of underwater FRP wrapping in multiple field demonstration projects on corroding RC and
prestressed piles in the tidal waters of Tampa Bay, Florida, including the Friendship Trail Bridge
and the Allen Creek Bridge. Their study systematically compared wet lay-up and pre-
impregnated systems, evaluating both corrosion suppression and structural performance.

Corrosion rate measurements in wrapped piles exhibited consistently low, stable values,
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compared to the progressive increase observed in the unwrapped control piles over a two-
year monitoring period. Long-term bond testing conducted 2 years after installation
confirmed adequate FRP-concrete adhesion for both systems despite challenging installation
conditions. However, the practical application of wet lay-up FRP to RC structures in tidal and
submerged environments is generally more complex and less controllable than equivalent
above-water installations. Five critical challenges must be well understood and addressed for
better installations; these include: a) achieving a clean, sound substrate is far more difficult
due to marine organisms which invade and colonize the concrete surfaces; b) maintaining
intimate contact between the saturated FRP fabric and the concrete substrate during the
entire resin cure period is critical and extremely difficult on vertical surfaces in water; c) the
thermal environment of seawater significantly reduces resin reactivity, extending open times
and cure durations while also reducing the peak exothermal temperature; in cold water, some
formulations may fail to reach adequate cure without supplementary heating; d) wet lay-up
requires on-site fibre saturation, which must be completed within the resin pot-life window,
that is already shortened by water contamination and ambient temperature variability; e) in
non-circular cross-sections such as the case of octagonal piles, the flat faces and sharp corner
geometry impose localized gradient of stresses in the fabric at corner transitions, causing
localized stress concentrations that trigger premature failure of the FRP wrap. Providing an
adequate corner radius mitigates these gradients, thereby delaying FRP rupture and

improving bonding by ensuring continuous, uniform contact with the concrete substrate.

Therefore, surface preparation is a key governing factor for achieving effective FRP-concrete
bond in underwater wet lay-up applications. AClI PRC-440.2R [33] recommendations require
intimate, continuous contact between the saturated FRP fabric and the concrete substrate
during cure; loss of contact at corners or over voids leads to unbonded zones that compromise
both confinement effectiveness and corrosion protection. The recommended repair sequence
involves: (i) mechanical removal of all marine growth; (ii) repair of major spalled areas using a
compatible underwater-curing mortar; (iii) cleaning of the rebar surface, where exposed; (iv)
grinding of all corners to a minimum radius of 19 mm (for rectangular and octagonal sections)
to prevent premature FRP fracture due to stress concentrations; and (v) application of a

compatible primer or conditioning coat when the substrate is saturated but not running wet.
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2.4.3.2. Prefabricated FRP Shell and Jacket Systems

Prefabricated FRP shells and jackets are an alternative to wet lay-up for repair of deteriorated
RC, particularly in water splash zones and submerged applications. Used in a contact-critical
(as opposed to a bond-critical) configuration, the FRP jacket, typically fabricated from glass or
carbon fibre, as shown in Figure 2.8, encases the RC element in the selected critical zone
without adhesive bonding to the concrete substrate; the annular space between the jacket
and the existing pile section is filled with underwater-cure cementitious grout or epoxy mortar
to restore section geometry and transfer loads. More often, additional reinforcement is
incorporated using FRP rebars which are non-corroding, just before the placement of the FRP
shell and grouting. This approach increases the capacity of the existing structure to more than
the original as-built reinforcement capacity, eliminates the need for dry-substrate bonding

conditions, and can be easily installed by specialists even underwater.

Figure 2.8: Strengthening of marine piles with prefabricated GFRP and CFRP jackets

The structural design premise of prefabricated jacket systems is that confinement is provided
by the hoop stiffness of the shell, while axial load continuity and concrete section restoration
is provided by the grout infill, which is composed of either cementitious material or epoxy
resins. FRP jackets physically prevent outward cover spalling under compressive load,
ensuring the full gross concrete section remains engaged up to the point of FRP rupture, an
additional capacity benefit absent in both the unconfined and conventionally steel-confined

cases. The structural design with FRP jackets must therefore account for the confinement
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behaviour of the jacket during loading, and possible long-term creep or shrinkage effects on

the infill.

2.4.3.3. FRP systems with cathodic protection (CP)

Despite the performance of FRP systems in enhancing the capacity of deteriorated structures,
it is widely acknowledged that the technique only reduces the rate of ongoing corrosion by
limiting the ingress of oxygen and moisture to the rebar surface, and by restraining the radial
expansion of corrosion products that would otherwise contribute to cover cracking and
further damage progression. However, FRP alone does not arrest corrosion activity in
reinforcement that was already actively corroding at the time of repair: chloride ions already
present within the concrete cover will continue to sustain the corrosion cell indefinitely as
long as the electrochemical conditions favouring it are not disrupted. Andisheh et al. [25]
specifically noted this limitation through multiple experimental studies involving bridge pier
rehabilitation, which confirmed that FRP wrapping of already corroded RC structures was
reduced, but did not eliminate active corrosion, with residual corrosion rates in wrapped

specimens remaining detectable several years after repair [25], [29].

Cathodic protection (CP), on the other hand, is reportedly the only scientifically proven
technique known to effectively stop corrosion [38]. As a result, a new method of repairs has
been developed and investigated in recent years, combining CP with FRP systems to address
the corrosion problem from the root cause. The mechanism of operation is such that the FRP
jacket provides structural confinement and physical protection from the external
environment, while the CP system shifts the electrochemical potential of the corroding
reinforcement into the immune or passive range, thereby arresting the occurring corrosion
rather than merely slowing it. Aguiler et al. [38] in their study utilized a sacrificial zinc mesh
anode system incorporated within the annular grout space, electrically connected to the
reinforcing steel, thereby creating a galvanic CP cell in which the zinc functioned as the
sacrificial anode and the corroding reinforcement served as the cathode. The study
established that the system was practically deployable in underwater tidal and splash
conditions and yielded electrochemical protection criteria consistent with effective corrosion
arrest. Therefore, this hybrid approach transforms the FRP repair from a passive barrier and

structural intervention to an active electrochemical intervention that directly suppresses the
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anodic dissolution of the reinforcing steel by corroding agents. This is of special importance
for high-strength prestressed concrete elements, where even modest post-repair corrosion
rates acting over decades can result in hazardous pit depths at which stress corrosion cracking

or brittle strand fracture failure modes become imminent.
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3. ANALYTICAL FRAMEWORK FOR FLEXURAL AND AXIAL CAPACITY

ASSESSMENT OF THE DETERIORATED AND STRENGTHENED RC PILES

3.1. Introduction

The structural assessment of the deteriorated reinforced concrete piles requires a robust
analytical framework capable of capturing the material behaviour that governs the response
of RC cross-sections under combined axial and flexural loading. This chapter presents the
theoretical basis of the analysis, constitutive material models, confinement frameworks, and
structural performance indicators that together define the analytical methodology adopted in

this study.

The methodology is based on layered sectional analysis, in which the cross-section is
discretized into a finite number of horizontal layers, each assigned an independent
constitutive law. This approach accommodates the complex heterogeneity of repaired pile
cross-sections comprising a deteriorated concrete core, various cover repair and
strengthening materials, discrete prestressing cables, and in some scenarios an externally
bonded FRP confinement wrap. The interactions between these materials, and the way their
responses combine to produce the overall sectional capacity, are mediated entirely through
the equilibrium and compatibility conditions that the layered model enforces at every loading

step.

All constitutive models described in this chapter were selected to reflect the state-of-the-art
for each material class, and are implemented within DOCROS (Design of Cross-Sections), a
layered sectional analysis software developed at the University of Minho. DOCROS has the
potential to analyse sections with complex shapes and sizes, making it highly relevant to the
study of the deteriorated octagonal steel prestressed concrete piles utilized in this work. The
constitutive laws are implemented through a library of nonlinear material models (NLMMs)
present in DOCROS, each capturing a specific material behaviour class presented in the next

sections.
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3.2. Layered Sectional Analysis

3.2.1. Fundamental Assumptions and Section Discretization

The method of layered sectional analysis is implemented on the basis of the following
fundamental assumptions, which have been validated extensively for RC sections subjected

to combined axial force and bending moment, that:

e Plane sections remain plane: the strain distribution across the section depth is linear

at every loading stage, regardless of the material nonlinearity.

e Perfect bond between materials: full composite action is assumed between concrete
layers, steel reinforcement, FRP jacket, and repair materials. Slip-bond behaviour at

material interfaces is not modelled.

e Uniaxial stress state: all materials respond in uniaxial compression or tension along the
pile axis. Transverse stresses from confinement are accounted for implicitly through

the confined material constitutive law, not as an explicit biaxial stress state.

e Monotonic loading: the stress-strain envelopes of all materials represent a monotonic

(non-cyclic) response, corresponding to the ultimate limit state assessment.

3.2.2. Section Discretization

The section is discretized by dividing it into multiple horizontal layers of defined thickness and
width depending on the cross-section geometry and the existing reinforcement, as illustrated
in Figure 3.1. The steel and surrounding concrete are modelled as separate material
components with widths computed from the respective cross-sectional areas and layer
thickness. The chord width (b.,.rq) for each layer is obtained directly from the section

geometry, ensuring geometric accuracy across the full section depth.
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Figure 3.1: Section discretization in DOCROS [4]

The equivalent width (wg;;,) for each of the longitudinal reinforcement, in either the existing

or the strengthening configurations, in their respective layers is computed as: wg =

(nsip X Asip)
d;

, where ng;;, is the number of bars at the same layer or depth, Ay is the cross-
sectional area of the reinforcement, and d; is the layer thickness. This is particularly critical
when considering the changes in cross-sectional area of the reinforcing steel due to corrosion
damage, where in this work, uniform corrosion was maintained and applied to the area of the

existing reinforcing steel.

3.2.3. Equilibrium Conditions

For a cross-section subjected to an applied axial force N and bending moment M about the
horizontal axis, with the section discretized into n layers along the depth direction (z-axis), the
internal axial force and bending moment are computed by integration of the stress resultants

over the layer set:

n [ m (3.1)
Ninte = z z 0;jd;b;;
i=1 \j=1
n [/ m (3.2)
M = Z Z O'ijdibijzidi
i=1 \j=1

where n is the total number of layers along the depth z, m is the number of material
components in layer i (for composite layers containing concrete, steel and FRP
simultaneously), o;; is the stress in the jt* material component of layer i, b;j is the width of

that component, d; is the layer thickness, and z; is the distance from the centroid of layer i to
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the reference axis. Compressive stresses and strains are taken as negative, tensile as positive,

in accordance with the sign convention of EN 1992-1-1.

3.3. Constitutive Models for Structural Materials

This section presents the non-linear constitutive laws adopted for each material and
strengthening configurations considered in this dissertation, including plain concrete, steel
reinforcement, GFRP reinforcement, SFRC, SHCC, and FRP-confined reinforced concrete. The
constitutive properties are formulated considering the design values obtained by applying
partial safety factors y. = 1.5 and y, = 1.15 for concrete and steel respectively. These laws
are implemented directly within the layered sectional analysis framework in DOCRQOS, where
the moment-curvature response relating to the behaviour of the cross-section under
combined axial-bending loading conditions are obtained, forming the basis for the axial and

flexural capacity predictions through the N-M interaction diagrams presented in chapter 5.

3.3.1. Plain Concrete

The mechanical response of plain concrete under compression has been well documented,
and is characterized by a non-linear ascending branch leading to a well-defined peak stress,
followed by progressive softening as micro-cracks coalesce and the compression zone

degrades [39], as shown in Figure 3.2 a).
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Figure 3.2: a) Schematic representation of concrete in compression [39] b) Simplified design stress-
strain relationship of concrete in tension [40]
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As shown in Figure 3.2: a), the compressive behaviour of plain concrete is modelled using the

Sargin stress-strain relationship for short term uniaxial loading defined by the expression:

_ 3.3)
g kn—1? (
—c 1T T ¢ <

0, = feafore, < e. < €qn (3.4)

where f.,, = fex + 8 (fzm in MPa) is the mean compressive strength, €., is the strain at peak
stress, €.,1 is the nominal ultimate compressive strain, n = ec/gcl and k = 1.05E.,, X le.1|/

fem- The initial tangent elastic modulus is taken as the mean secant modulus such that:

0.3 (3.5)
E.n =22 [(%) l (fom in MPa)

This modulus is used as the elastic stiffness in the initial ascending branch, and governs the

tension envelope of the concrete.

In tension, however, plain concrete is inherently brittle. Its tensile capacity is much lower than
its compressive strength, and its response is governed by two distinct regimes, the uncracked
ad cracked regimes respectively (see Figure 3.2 b). In the uncracked regime, the response is
essentially linear elastic up to about 90% of the tensile strength, followed by a short, non-

linear rise associated with the onset of distributed micro-cracking, up to the full tensile

strength (f,¢,) at the cracking strain e ¢y, = ];ftm. The mean tensile strength is determined as:
m

foem = 0.3£/? for £, < 50 MPa (3.6)

C
fem

7
Form = 2.12In <1 + E) for f,, > 50 MPa (3.7)

Beyond this point, the section cracks and enters into a softening regime, reflecting the loss of
load transfer across the newly formed crack face, before declining much more gradually over
a substantially larger strain range as a small residual capacity, sustained by aggregate interlock
and crack-bridging, is progressively exhausted. In marine environments relevant to the
context of this study, the tensile cracks provide diffusion pathways for chloride ions to reach
the embedded prestressing cables, initiating the corrosion-driven deterioration cycle

observed in the extracted Earl C. Davis Bridge specimens. The constitutive model for concrete
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in compression and tension adopted in DOCROS for plain unconfined concrete is shown in the

Figure 3.3:
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Figure 3.3: Constitutive model adopted for plain concrete in compression and tension

The model parameters for the plain concrete grades used in this study are summarized in

Table 3.1, where the residual post-crack stresses are set to small but non-zero values (typically

1x 1073 MPa to 1 x 10~* MPa) to maintain numerical stability in the constitutive law

algorithm.

Table 3.1: Constitutive model parameters for plain concrete grades C35 and C60

Parameter €35 €60
fy (MPa) 35 60
£, (MPa) 43 68
f,. (MPa) -23 -40
E.n (GPa) 34 39
Ecc -2.250 x 1073 -2.600 x 10°3
Ecer -3.500 x 10°® -2.900 x 10°®
n 2.000 1.589
£..; (MPa) 1.610 2.200
f.., (MPa) 3.210 4.400
£..3 (MPa) 1.000 x 103 1.000 x 10
£ 1a (MPa) 100.000 x 10°° 100.000 x 10°°
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Parameter C35 €60
.1 47.098 x 10°® 55.687 x 10°
Ect 9.419x 1073 111.375x 10°®
Ects 1.000 x10°3 1.000 x1073
Ecta 5.000 x 1073 5.000 x 10°3
Ects 10.000 x 1073 10.000 x 10

3.3.2. Steel Fibre Reinforced Concrete (SFRC)

The fundamental limitation of plain concrete in structural applications is the inability to
transfer stress across cracked sections. Once the concrete matrix fractures, the cracks
propagate and open freely, and the load-carrying capacity in the cracked zone is lost. The
incorporation of short, randomly dispersed steel fibres into the cementitious matrix
introduces a crack-bridging mechanism where the fibres crossing a fracture plane engage in
pullout resistance, sustaining a post-crack tensile stress that decays gradually rather than
collapsing abruptly [41]. As a result, SFRC is able to absorb a significantly higher amount of
energy per unit volume than plain concrete, with improved resistance to crack propagation
under both static and cyclic loading. The degree of post-crack residual strength depends on
the fibre geometry, volume fraction, and matrix bond characteristics, and is formally
characterized in EN 1992-1-1:2023 Annex L [42], through characteristic residual flexural
tensile strengths at defined crack mouth opening displacements (CMOD) measured in
standard notched beam tests per EN 14651 [43]. Notably, the residual flexural tensile
strengths fr 1, was measured at CMOD = 0.5 mm and fr3, at CMOD = 2.5 mm. The
performance class designation takes the form SC-DC, where SC is the strength class (minimum

fr1k in MPa) and DC is the ductility class (characterized by letters a through e, indicating the
ratio fr 3 /SC).

The compressive constitutive law for SFRC is a modification of the plain concrete model, in
which the strain at peak compressive stress is elevated by the fibre contribution to post-

cracking compression ductility [42]:

. 3.8
Ec1,SFRC(%0) = 0-7fc(r$z/3)(1 +0.03fg 1k ), fr,1x in MPa (3.8)
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The ultimate compressive strain is fixed at ., = 6.0 X 1073 for all SFRC classes regardless of
strength class [42], reflecting the improved post-peak compression ductility provided by the

fibres.
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Figure 3.4: Constitutive law for SFRC in tension [4], [42]
The tensile constitutive law for SFRC follows the constitutive model relating to Figure 3.4:
which consists of a linear elastic rising branch up to the matrix cracking stress f.;,,, followed

by a bilinear post-crack descending or ascending branch defined by two residual effective

stresses:
thl,ef = ko. k- 0-37fR,1k (3.9)
frezer = ko-kg-(0.57fg 3 — 0.26 R 1x) (3.10)

where k, = 1 for bending with axial force (EN 1992-1-1:2023, cl. L.5.5.1(4)) and k; = 1.0 +
A 0.5 < 1.5. The strain corresponding to frq ef is €rp = 0.5/lcs and the ultimate strain is
Ertu = 2.5/, where [, = 125 mm is the simplified characteristic length. The terminating
point .45 is set to 22 x 1073 (slightly beyond &g,) with zero stress, ensuring a non-zero

terminal slope to maintain numerical stability.

If freser > frei,ep, the SFRC exhibits a post-crack rising branch (near strain-hardening
behavior, ductility class d and e). If fri3 5 < fre1,ef, the behavior is strain-softening (ductility
class a through c). Table 3.2 summarizes the characteristic and design residual tensile and

strain properties of different SFRC performance classes considered in this study.
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Table 3.2: Residual tensile and strain properties of SFRC for different performance classes

Class fr 1k (MPa) fr 3k (MPa) fret,ef (MPa) fre3,er (MPa) €¢1,SFRC(%0)
3a/C60 3.0 1.5 1.136 0.076 3.114x10°
3¢/ C60 3.0 2.7 1.136 0.777 3.114x107
3e/C60 3.0 3.9 1.136 1.477 3.114x10°
6a / C60 6.0 3.0 2.273 0.153 3.370x10°
8a/C60 8.0 4.0 3.031 0.204 3.540x1073
8e / C60 8.0 10.4 3.031 3.940 3.540x10°

3.3.3. Strain-Hardening Cementitious Composites (SHCC)

Strain-hardening cementitious composites (SHCC) represent a class of ultra-ductile
cementitious materials characterized by a sustained post-cracking tensile hardening response
attributed to intensive fibre bridging across multiple tight cracks. Unlike SFRC, which typically
exhibits either softening or near-hardening post-crack tension, SHCC develops a true
hardening branch with residual stresses exceeding the first cracking stress over extended

strain ranges [44].

Strain-softening fibre reinforced Concrete (SSFRC), despite improving post-crack energy
absorption behaviour of the concrete matrix, still exhibits localized fracture such that
deformation is concentrated at a single dominant crack while the rest of the matrix remains
essentially undeformed. SHCC overcomes this limitation by developing multiple parallel
micro-cracks, while the tensile stresses continue to rise with the extended tensile strains [44],

as shown in Figure 3.5.

B Strain-Hardening
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Cracking and
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Figure 3.5: Characteristic stress-strain and cracking behavior of SHCC [4]
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This multiple-cracking behaviour is due to the enhancement of the matrix fracture toughness
and fibre-matrix bond characteristics, such that the energy available for crack propagation is
always exceeded by the fibre bridging resistance at each crack plane, preventing localization
until the bridging capacity is exhausted [45]. In the context of marine pile repair which is
relevant to this work, the small crack widths produced by this regime are particularly
significant, such that cracks below approximately 50 micrometres (um) are known to undergo
autogenous self-sealing through continued cement hydration [46], effectively blocking the

chloride diffusion pathways that drive ongoing corrosion of the reinforcement steel.

The compressive behaviour of SHCC adopted in this work follows the constitutive model for
plain concrete in Figure 3.3, with modifications to the peak strain and ultimate strain to reflect
the absence of coarse aggregate and the influence of the fibre bridging on compression
failure. The compression peak strain .. and the ultimate strain .., are elevated above the
plain concrete values, reflecting the post-peak ductility provided by fibre bridging of cracks.

study.

Table 3.3 summarizes the constitutive model properties for SHCC adopted in this study.

Table 3.3: Constitutive model properties for SHCC

Parameter €35
f.. (MPa) -35
E. (GPa) 18.420
Ece -2.000 x 10’3
Ecor -8.000 x 1073
n 2.000
fos (MPa) 2.500
for (MPa) 3.750
f3 (MPa) 275.000 x 10°3
ferq (MPa) 137.500 x 103
Ect1 135.722 x 10°®
Ect 15.400 x 10
Ect3 77.000 x1073
Ecta 107.800 x 10°®
Ects 138.680 x 10°°
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3.3.4. Steel Reinforcement

The longitudinal reinforcement of the assessed piles extracted during the replacement of the
Earl C. Davis Bridge consists of stress-relieved (normal relaxation) prestressing strands,
characterized by a relatively high tensile strength, compared to conventional mild steel. The
stress-relieved prestressing steel was modelled in DOCROS as normal mild steel without any
prestress in them, using the constitutive model shown in Figure 3.6, where the stress-strain
behaviour of prestressing strands is characterized by a continuously curved stress-strain
response without a distinct yield plateau, exhibiting a gradual transition from elastic to

inelastic behaviour, instead of a sharp precisely defined yield point.

The structural assessment in this study was conducted under monotonic loading with the
constitutive model shown in Figure 3.6, which represents a bilinear model comprising two
successive linear branches separated at the yield stress. In the first branch, the material
responds elastically in direct proportion to the applied strain. At the yield strain, the curve
transitions to the second branch, in which the stress continues to rise linearly but at a reduced

rate governed by the post-yield hardening modulus Eg,.

v

Figure 3.6: Constitutive model for steel
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The material properties of the strand are specified in accordance with ASTM A416/A416M-
12a [47], the standard specification for stress-relieved strand for prestressed concrete. For
Grade 270 stress-relieved strand of 1860 MPa, ASTM A416/A416M-12a specifies that the yield
stress shall not be less than 85% of this breaking strength (f,,,). The characteristic yield stress

is therefore obtained as:
fiy = 0.85 X f,,, (3.11)

The minimum elongation at rupture is specified by ASTM A416/A416M-12a as 3.5% in a 24-
inch (610-mm) gauge length, establishing the characteristic ultimate strain as ¢, = 35x10°3.
The characteristic values were converted into corresponding design values for use in the

constitutive model considering design conditions at ultimate limit state as:

 fou (3.12)
foua = v
fsy (3.13)
fsyd =
Vs
fsya (3.14)
Esya = E
S
Eud = 0.9€uk (315)

where f,,,4 is the design value for the ultimate breaking strength of the prestressing steel,
fsya is the design value of the yield stress, y =1.15 is the partial safety factor, &, is the yield

strain. The material properties of the steel strands are presented in Table 3.4.

Table 3.4: Constitutive model properties for the longitudinal reinforcing steel

Parameter Value
E, (GPa) 200
£, (MPa) 1617
f,, (MPa) 1375
Esy 31.500x 1073
Esh 8.000 x 10°3
E,, (GPa) 10.314

Notes: Where &, = £,,+0.15¢,, f,, =fsy
The transverse reinforcement is not modelled in DOCROS given its insignificance to axial loading stress

distribution.
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3.3.5. Fibre Reinforced Polymers (FRP)

FRP composites consist of high strength fibres embedded in a resin matrix. Fibers are known
to carry the mechanical loads in the fibre direction, while the matrix transfers the stresses
between fibres and provide protection from external environmental conditions. Two FRP
systems were carefully selected and adopted in this study, where glass fibre-reinforced
polymer (GFRP) bars were used as internal reinforcement within the cover repair zone, and
carbon fibre-reinforced polymer (CFRP) sheets as an external confinement jacket wrapped

around the pile perimeter.

The predominant mechanical property of all FRP composites is that they are linear elastic up
to failure. Unlike steel, which undergoes progressive plastic deformation beyond its yield
point, FRP fibres fracture suddenly when the ultimate tensile strain is reached, with no prior
warning through inelastic strain accumulation. They maintain a constant elastic modulus up
to sudden brittle rupture at the characteristic tensile strength. The effective design rupture
strain for GFRP reinforcement is determined by applying an environmental reduction factor
CE = 0.70 to the characteristic fibre strain, in accordance to the specifications in Table 6.2 of
the ACI 440. 1R-15[48]. The material properties for GFRP and CFRP used in this study are

summarized below:

Table 3.5: Summary of FRP Material Properties

Property GFRP bars CFRP Fabric
Design ultimate tensile strength, 1000 3800
j;u (MPa)
Tensile modulus, E; (GPa) 50 242
Characteristic rupture strain 0.020 0.016
Diameter/thickness (mm) ®10 t=0.171

3.4. Constitutive Model for FRP Confined Reinforced Concrete

As discussed in the state-of-the-art review, wrapping a concrete column with an FRP jacket in
the hoop direction generates a passive lateral confining pressure that elevates both
compressive strength and ultimate strain, the effectiveness of which depends critically on the

confinement stiffness, the concrete dilation characteristics, and the presence or absence of
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internal steel reinforcement. In the repaired pile cross-sections examined in this study, two
structurally distinct concrete zones co-exist: the cover, confined by the FRP jacket alone, and
the core, enclosed simultaneously by the FRP jacket and the internal steel spiral. These two
zones require separate constitutive treatment, as the combined FRP-steel confinement in the
core produces a qualitatively different stress-strain response from the FRP-only case [36], [49].
The model adopted in this study to address this dual confinement mechanism is described in

the following sections.

3.4.1. Design-Oriented Model (DOM) for FRP Confined Reinforced Concrete

The DOM of Shayanfar et al. [36], adopted for all FRP-confined repair configurations in this
study was developed specifically for circular FRP-confined reinforced concrete (FCRC)
columns, calibrated from a database of 97 axial compression tests spanning a wide range of
concrete strengths, FRP stiffnesses, and spiral configurations. Experimental evidence
demonstrates that the presence of longitudinal reinforcement and transverse spiral
reinforcement in an RC column fundamentally alters the post-peak dilation behaviour and the
confinement interaction between the two confinement sources. The principal merit of the
DOM over existing FRP confinement models is the explicit and independent treatment of the
cover and core concrete zones within the same cross-section, each governed by separate

constitutive parameters whilst sharing a common strain field.

3.4.1.1. Prediction of the stress-strain relationship

The pile sections are partitioned into two concentric zones as the cover zone and the core
zone, respectively, and the DOM prescribes a two-branch stress-strain relationship for each
zone as a parabolic ascending first branch from the origin to the transition point, followed by
a second linear ascending branch with hardening behaviour extending to the ultimate strain,

as shown in Figure 3.7.
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Figure 3.7: Stress-strain relationship of FCRC [36]

On the basis of the stress-strain behaviour of the FRP confined concrete (FCC), the following

formulations for the stress-strain behaviour of FCRC for the core and cover contributions,

respectively. The general form of the core zone is:

rs [ Ec " FS FS FS (3.16)
A7 S + A5 fory fore. < €l
Ectr gctr

frore = £ES + EIS (e, — eF5) fore, > €55 (3.17)

fCOT'e —
Cc

where the superscript "FS" represents the FRP-steel confinement on the concrete core, AFS

and Ags are polynomial coefficients determined at the transition point using the expressions

below.
AFS = 1- Egs/ECtT (3.18)
1 1-— Ng
AES = E}° ng <1 EFS> (3.19)
By 1-ma\" EL;
where EES. = fc"

ctr

is the secant modulus to the transition point. The shape exponent (n; > 1)

governs the curvature of the first branch and is expressed as (ng = ngo.Yr.Ys), the product
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of an unconfined concrete base term, an FRP modifier, and a spiral modifier, calibrated from

the regression analysis and equations 39-41 in Shayanfar et al. [32].

The cover zone follows an identical formulation structure, but with the superscript "F"

replacing "FS" to represent FRP confined concrete as:

o [ e nd (& . . (3.20)
fe = |41 F + A3 F fetr fore. < gy
ctr ctr
frover = fE + Ef (e, — &f,,) fore, > €&, (3.21)

where the polynomial coefficients Af and Af are determined at the transition point as:

r_ Lo EL/EL, 8:22)
1 1- Ng
EF n EF 3.23
Ectr 1- Ng Ectr
. (3.24)
Ectr = —F—

ctr

3.4.1.2. Transition zone coordinates

The stress (f%,) and strain (g%, coordinates for the cover transition zone are computed from
the FRP lateral stiffness (K, ) and the size corrected unconfined concrete strength (f,,) using

the formulations developed for FCC as:

r K04 (3.23)
fer _ 1 40043 <ﬂ)
ch ch
Eltr (3.24)

= 0.045y, £3%° + 0.0075K %37
c0

tfE
where 1, = 0.7K2%%7 < 1, and the lateral stiffness Kpp=2 nf; L ny is the number of layers

of FRP wrap, tr is the thickness of the CFRP fabric, E is the modulus of elasticity of the FRP.
To account for steel confined improvements on the concrete core, the corresponding
transition zone coordinates ff> and &5 are computed using the normalized strength
enhancement of the steel confinement effectiveness index by Mander et al. [50], modulated

by the terms nrand 7, as shown below.
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CI;}?S: Af s (3.25)
T =1+
fctr 1+ nf
eks. A s (3.26)
—=1+5
gCtT 1 + nf

The modulation terms 7nrand 7, are calibrated regression functions of the FRP and steel
stiffness parameters, spiral/hoop configurations, concrete strength and column dimensions.

Their full expressions are covered in Equations 20-28 of Shayanfar et al. [36].

3.4.1.3. Second branch slopes

The second branch slope of the cover concrete is determined from the calibrated FRP

confinement stiffness as:
Eé: — 3.38ych;).15K£f47fC%31 (327)

where 0.8 < y5. = ];C—SO < 1. The second branch for the core is obtained by scaling EX with a

factor ng capturing the contribution to the post transition hardening rate, as shown in Eq.

(3.28) and Eq. (3.29):

; KR5' fes°® (3.29)
AgKDf fyyt (115 — 1.85¢/D)

nE:]"

where A = 1 for spirals K is the lateral stiffness due to steel hoops, f, is the yield stress

of the steel, and c¢/D is the cover to diameter ratio.

3.4.1.4. Ultimate strain

The DOM prescribes the shape of the ascending response of the FCRC, but does not determine
the ultimate strain correlating to FRP rupture. The ultimate strain is determined from the
Analysis Oriented Model of Shayanfar et al. [51], which considers two distinct failure
mechanisms that may govern depending on the confinement configuration. The first

corresponds to the rupture of the FRP jacket, which occurs when the maximum concrete hoop
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strain along the column height reaches the FRP hoop rupture strain &, ;. The corresponding

ultimate axial strain is:

(3.30)

&
L= 1771V pR§ e = 15
c0

where pg ¢ is the effective FRP confinement stiffness index accounting for the non-uniform

distribution of concrete lateral expansion along the column height (Equation 5 and 6 of

Shayanfar et al. [51]), and p, = Zf—u is the ratio of the FRP rupture strain to the strain of the
c0

unconfined concrete strain at peak. The second criterion corresponds to concrete crushing,
which may govern in configurations where the FRP spacing reduces the effectiveness of lateral
confinement between the strips, allowing localized concrete failure before the FRP jacket

reaches its rupture strain. The ultimate axial strain associated with this mechanism is:

eFPC < (3.31)
=2 =15+ 4( “”) (1-R;) =15
€co €co

where Ry = sf/D is the normalized FRP strip spacing. For a full wrap FRP configuration, sy,
hence Ry = 0. The governing ultimate strain is then taken as a minimum value of the two

criteria as:

. 3.32
Ecu = mln(gcu,rr gglfg ) ( )

3.4.1.5. Equivalent Concrete Strength for Heterogenous sections

The DOM was developed and calibrated on homogenous specimens, in which the existing
concrete core and the cover are made of the same cementitious matrix, requiring a single
uniform value of f,, as a primary input for the concrete compressive strength. However, in
the repair configurations explored in this work, the original in-situ pile concrete is mostly
considered as part of the existing concrete core, while the cover zone is replaced with
different cementitious material with distinct compressive strengths and enhanced tensile
properties, thereby creating a heterogenous concrete matrix. To accommodate this within the

DOM’s single input framework, an area weighted equivalent strength is adopted as:

_ (ch,core- Ac,core + ch,coverAc,cover)R (3.33)

fc,eq -

Ac,core + Ac,cover

44



Chapter 3 | Analytical Framework for Flexural and Axial Capacity Assessment of the RC Piles

where f.o core is the compressive strength of the existing concrete core, fq coper is the
compressive strength of the repair material in the cover zone; A ore and A coper are the
cross-sectional areas of the corresponding core and cover zones, respectively. R is a reduction
factor taking into consideration different that the different materials with different elastic
moduli of elasticity do not mobilize their full strengths simultaneously under the same axial
strain, such that R < 1. In this work, R = 1 is adopted providing an upper-bound estimate of
feeq- Alternatively, in cases where the contribution of the concrete cover is considered
negligible, fzcq = fe,core = feo can be recommended for use in this model. The equivalent
compressive strength (f;.,) can then be used as a substitute for the characteristic
compressive strength (f/,) in determining the compressive strength of the unconfined

concrete (f,o) as shown in Eq. (3.34):

15049122 /), 0.088 (3.34)
fo=1063(7) () foen

3.4.1.6. Predicted stress-strain response and constitutive model parameters

Following the approach presented above, and the detailed iterative approach in Shayanfar et
al. [36], the corresponding stress-strain response for two fundamental strengthening
configurations evaluated with two levels of corrosion damage on the existing steel
reinforcement were predicted as follows: the homogenous case in which the compressive
strength of the concrete core and cover were the same (f:o=fc0 core=fco cover = 35MPa); and
the heterogenous case where the concrete cover was replaced with a concrete grade of

60MPa, different from the existing core with 35MPa, as shown in Figure 3.8 and Figure 3.9.

In both cases, the confinement model produces a characteristic two-branch ascending
response, with a parabolic first branch rising to the respective transition zones where the dual
FRP-steel confinement mechanism is mobilized, followed by a linearly ascending second
branch extending to the ultimate confined strain governed by FRP hoop rupture. This response
is fundamentally different from the softening post-peak of unconfined concrete and directly
attributable to the passive lateral pressure continuously generated by the CFRP jacket as the

concrete core dilates.
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Figure 3.8: Predicted stress-strain behavior for FCRC pile with homogenous strengthening

Notably, the transition zones are characterized by kinking behavior, reflecting the onset of
spiral steel yielding. This gives way to the reduced but sustained linear stiffness of the post-
yield branch, where the steel confinement contribution has reached its plastic limit, and the
FRP jacket progressively assumes the dominant role in arresting lateral dilation. At 25%
corrosion level, the spiral retains greater transverse reinforcement area, contributing a higher
steel confinement pressure and consequently producing elevated transition stress, a steeper
second-branch slope, and a larger ultimate confined strength (f..) relative to the 50%

corrosion case, which experiences reduced spiral effectiveness (see Figure 3.8 and Figure 3.9).
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Figure 3.9: Predicted stress-strain behavior for FCRC pile with heterogenous strengthening
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In the heterogeneous case, where the cover concrete was strengthened with C60 instead of
C35, the approach adopted for obtaining the equivalent compressive strength (f.4) of the
strengthened cross-section, increased the effective unconfined concrete compressive
strength (f,,), from 24.48MPa in the homogenous case to 31.56MPa. This increase in f,q is
propagated through the confinement equations, resulting in higher predicted transition
coordinates, a steeper second branch, and a greater peak confined stress (f..) at both
corrosion levels, confirming the additional structural benefit of the higher-strength cover

material even within the unified FCRC constitutive framework.

The corresponding values of the predicted peak confinement stress and strain are obtained
from the stress-strain results shown in Figure 3.8 and Figure 3.9, and calibrated into the
constitutive model shown in Figure 3.10, where the behaviour of the confined concrete in
compression is modelled using the parabola-rectangle stress-strain relationship of EN 1992-1-

1:2004.

Compression

y
v

n
a

_ Eas Eeta €t Ecez Eenn

gcru

feta

IEL3

Tension ferr

feez

Figure 3.10: Schematic representation of the constitutive model adopted for confined concrete
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The model parameters for the analysis of the homogenous and heterogenous strengthening

configurations with FRP confinement are summarized in the Table 3.6, and the results are

discussed in Chapter 5.

Table 3.6: Constitutive model properties for FCRC

Homogenous strengthening (C35) Heterogenous strengthening (C35+C60)

Parameter
25% corrosion 50% corrosion 25% corrosion 50% corrosion
f.. (MPa) -41.022 -38.658 -46.988 -44.752
Ece -2.000 x 1073 -2.000 x 1073 -2.000 x 10’3 -2.000 x 1073
Eccu -9.510x 103 -9.510x 1073 -7.400 x 10’3 -7.440 x 1073
n 2.000 2.000 2.000 2.000
£ (MPa) 1.800 1.700 2.000 1.900
£, (MPa) 3.600 3.400 3.900 3.800
f.+3 (MPa) 1.000 x 103 1.000 x 10 1.000 x 103 1.000 x 10
f.ra (MPa) 100.000 x 10° 100.000 x 10°® 100.000 x 10°® 100.000 x 10°®
Ect1 50.338 x 10°® 49.107 x 10°® 53.241 x 10° 52.184 x 10°®
Ect 100.676x 10°® 98.216 x 10°® 106.482 x 10°® 104.368 x 10°®
Ect3 1.000 x1073 1.000 x1073 1.000 x1073 1.000 x1073
Ecta 5.000 x 10°® 5.000 x 10°® 5.000 x 10°® 5.000 x 10°3
Ects 10.000 x 10 10.000 x 1073 10.000 x 10 10.000 x 107
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4. ANALYTICAL FRAMEWORK FOR DETERMINING THE SHEAR CAPACITY

OF STRENGTHENED RC PILES WITH CIRCULAR CROSS-SECTIONS

4.1. Introduction

This chapter explores the shear behaviour of RC, and presents an analytical model adapted
for circular cross-sections, to assess the shear capacity of the deteriorated prestressed steel
concrete piles strengthened with different techniques, particularly different cementitious
matrices reinforced with steel or GFRP bars and CFRP wraps. The original piles with an
octagonal shape are treated as circular cross-sections, and then transformed to equivalent
rectangular blocks whose behaviour is described by superposing the contribution of the
existing core and the newly applied strengthening layer in the cover region realized in this
work, using either steel or FRP reinforced concrete cover configurations comprising different
cementitious matrix. The proposed model: (i) formalizes the approach to translate a circular
geometry of a strengthened cross-section into an equivalent rectangular cross-section; (ii)
presents a segment-based iteration approach for circular sections to determine the position
of neutral axis, thereby establishing the boundary between the compression zone and tensile
zone; and (iii) predicts the shear capacity of strengthened circular cross-sections considering
the discrete contribution of the existing longitudinal steel and strengthening GFRP bars in the
established tension zone, and evaluates the influence of corrosion and axial compression on

the shear capacity of the strengthened RC piles.

4.2. Fundamental Governing Equations

Shear strength evaluation in concrete members has been addressed through various
analytical approaches, with two prominent models dominating the field: the classical truss
analogy [52], and the Modified Compression Field Theory developed as a more sophisticated
equilibrium and compatibility method. While both approaches offer valuable insights into
shear transfer mechanisms, the fundamental governing equations utilized in this work are

based on the well-established truss model framework as adopted in Eurocode 2. The truss
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analogy provides a rational basis for calculating the shear reinforcement contribution Vg4,
unlike the concrete contribution Vy,. which remains controversial and relies on empirical
methods. This chapter extends the traditional truss model approach, following the Eurocode
2 methodology, to develop analytical formulations specifically for strengthened circular

concrete members with circular or spiral transverse reinforcement.

4.2.1. Formulations from the Truss Model

The shear strength of a RC beam Vj,; is often considered as a combination of the shear

strength in concrete Vi, and the shear reinforcement Vi, as shown in Eq. (4.1).

Vra = Vrac + Vras (4.1)

The relative contribution of each shear mechanism evolves with the cracking behaviour of the
RC during loading. The concrete contribution Vg, is primarily considered in uncracked
concrete in the compression zone, where the shear is predominantly carried by the concrete.
Once cracking has occurred, shear transfer is redistributed among several coexisting
mechanisms including the residual capacity of the compression zone above the top diagonal
crack; aggregate interlock across the rough crack faces, estimated to carry up to half of the
shear resisted by an uncracked member; the dowel action of the longitudinal reinforcement;
and the tension carried by transverse reinforcement Vy45. The methods to calculate Vg4, and
Vras in rectangular RC beams have been well explored in ACI 318-05 [53] and Eurocode 2 [54],

based on the truss analogy that idealizes the cracked web as a parallel-chord truss as shown

in Figure 4.1.
L
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Figure 4.1: Shear Truss Analogy
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Hence, the approach to determine V4, is widely adopted using Eq. (4.2).

Asw - fsydw (4.2)

Veas = — 'z (cotf + cota) - sina
where 0 is the inclination of the concrete strut, a is the angle between the shear
reinforcement and the perpendicular axis, Ay, is the area of the transverse reinforcement, s
is the spacing between the transverse shear reinforcement, f;,4,, is the design value of the
yield stress of the stirrups, and z is the internal lever arm taken as 0.9d. The shear strength

contribution of the concrete can be calculated as:

VRac = Trac * bw " d (4.3)

where Tp,4. is the design shear resistance of the RC beam without shear reinforcement, b,,
and d is the width and depth of the rectangular cross-section respectively. Tz, is calculated

using the following expression:

0.66 (4.4)

dag\ 2
TRdc = : (100 P fex T) 2 TRdc,min

v

where y,, is a partial safety factor for shear design according to Table 4.3 (NDP) in the EN 1992-

AL < 0.02,

by.d

1-1:2023, p; is the reinforcement ratio for longitudinal steel calculated as p; =

fek is the characteristic compressive strength of the concrete, dy, is the parameter for the

. . . . 1
roughness size of the aggregates, d is the effective depth of the section, and Trgc min = ]1/—
v

fek _ dag
fyd

is the minimum shear stress resistance.

4.2.2. Influence of Axial Loading

In the design of deep foundations such as bridge piles, structural members are primarily
designed as vertical compression elements to safely transfer heavy dead and traffic live loads
into the ground. The influence of axial compression is primarily explored in this study. As axial
compression increases, the concrete compression zone expands and the internal strain field
shifts toward a predominantly compressive state, reducing tensile demand in the longitudinal
reinforcement and suppressing diagonal cracking. This modification of the internal stress field

flattens the diagonal compression field angle, increases the effective width of the compression
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strut, and reduces the principal tensile strains that govern crack opening and propagation. The
combined effect is a more stable and efficient shear-transfer mechanism, in which the
diagonal strut carries shear at lower stress levels and is less susceptible to crushing. While
axial compression introduces substantial gains in shear capacity as axial load increases beyond
moderate load levels, the influence of axial tension due to lateral and seismic loads on the
other hand increases the inclined crack width, which decreases the shear stresses transmitted

by the concrete strut, leading to reduced shear capacity of the member.

To assess the shear capacity of the pile sections under axial compression, the mathematical
modifications on shear resistance of concrete and SFRC are adopted based on the EN 1992-1-

1:2023 framework as discussed below.

4.2.2.1. Shear Resistance Modification in Plain Reinforced Concrete

The presence of an axial compressive stress (o.,) fundamentally alters the concrete matrix's
internal cracking behavior and aggregate interlocking mechanism, directly modifying the

ultimate shear resistance of the plain RC (7z4c), and is calculated as:
TRde,min = TRdc = TRdc,0 — klacp < TRdc,max (4.5)
where T4, is the design value of shear resistance calculated using Eq. (4.4), the value for

TRdc,max IS determined as in Eq. (4.9), o, is the design axial stress calculated as:

_ Ngq (4.6)
Ocp = A

where Ng; is the design axial compressive load (considered with a negative sign in
compression) and A, is the area of the cross-section. The factor k; in Eq. (4.5) is calculated as:

0.5

acs,O

(4.7)

d A,
<ep + —) . <0.18-

k, =
! 3/ by.z b, -z

where e, is the eccentricity of the external load that produces the axial force, a s is the
effective shear span expressed as the ratio of the design value of the bending moment to the

shear capacity as:

Mgq (4.8)
Acs0 = Voo =>d

Ed
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1
A 0N /6 (4.9)
TRdc;max = 2.15 " TRgco ( iis ) < 2.7 " Traco

4.2.2.2. Shear Resistance for SFRC in members without Transverse Shear Reinforcement

The post-cracking residual tensile strength provided by the fibre matrix is integrated into the
shear resistance model of SFRC. Where the steel fibres are used as the sole mechanism to
carry shear forces without stirrups or hoops, the total design shear resistance (Tggr) is

formulated as:

Trd,cF = Ncr+ Trac + Nr- freua (4.10)
where Ty, is shear resistance calculated from equation (4.5), fruq is the design value for the
residual tensile strength of the fibers, nr = 1 and 1 is a scaling factors determined as:

Ner = max{1.2 — 0.5frrux; 0.4} < 1.0 (4.11)

The characteristic value for residual tensile strength fz;,x and its corresponding design values
frtua are determined using the formulations in Annex L, Section L.5.5.1 of the EN 1992-1-

1:2023.

4.2.2.3. Shear Resistance for SFRC in members with Transverse Shear Reinforcement

Where steel fibres are combined with traditional transverse reinforcement (stirrups or hoops),
the structural model is shifted from a concrete-tension mechanism to an inclined truss
framework. In this hybrid state, the term for plain concrete (7z4.) is omitted, and the design

value of shear strength (T4 sr) is calculated as:
TRd,sF — (nsw-pw-fywd + nF-thud)- cotf = pw-fywd- cotf (4.12)

SW

Asw . . .
where ng, = 0.75, np =1, Pw =1, TS the reinforcement ratio of the transverse

reinforcement, and f,,4 is the value for the design yield stress of the transverse

reinforcement.
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4.3. Shear Prediction in Circular Sections

The truss analogy, while widely adopted for shear design of RC, was developed and validated
principally against rectangular test specimen, making its direct application to circular sections
difficult to justify. Unlike rectangular sections, the geometry of circular sections is such that
the longitudinal reinforcement is distributed around the section perimeter rather than
concentrated in two discrete zones, the compression zone and tension zone, respectively. This
makes the definition of the effective depth and the internal lever arm in circular sections
during calculations relatively ambiguous, unlike rectangular sections where the longitudinal
reinforcement is distinctly located at the top and bottom of the cross-section. Additionally,
since the shear reinforcement is circular, the shear stresses are considered to act in the
circumferential direction. Therefore, only a component of the shear stress is considered
effective in resisting the applied transverse shearing activity, thereby reducing the efficiency

of steel hoops or spirals compared to regular stirrups in rectangular sections.

4.3.1. Determination of the Neutral Axis and Effective Depth

The neutral axis divides the section into an upper compression region and bottom tension
region, respectively. In circular sections, these two regions constitute circular segments with
geometrical influence on the determination of the neutral axis and effective depth,
respectively. Early works by Clarke et al. [55] computed the effective depth of circular sections
by assuming the position of the neutral axis to be coincident with the section's centroidal axis.
This approach, despite being convenient, was later found to be a non-conservative
simplification as the true neutral axis position varies with the flexural demand and is not
necessarily fixed at mid-depth. The ACI Code-318-05 [53] provides a simplified approach, such
that the effective depth is considered to be a factor of 0.8 times the diameter of the circular

section (0.8D).

A more rigorous approach explored in this work was proposed by Orr et al. [56], which
determines the position of the neutral axis following a full strain-compatibility sectional
analysis, in which the concrete compression zone is established considering the initial circular
geometry of the cross-section, characterized by a segment sector angle w, as shown in the

Figure 4.2 and Figure 4.3, before an equivalent rectangular stress block of arbitrary width (b,,)
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is considered, with the area of the compression zone segment and its centroid expressed in

closed form as a function of the neutral axis depth.

Sector Segment

rsinw/2

rcos w/2
*!:
[.

Figure 4.2: Geometrical illustration of the compression zone

097/

Compression chord

F(d:z: th,f
—_—

Figure 4.3: Flexural Analysis to determine neutral axis and effective depth [56]

The segment angle w is determined to satisfy an axial load equilibrium condition, and the
resultant concrete compressive force F,; is then determined by applying the design stress

block to the compressive area, as shown below.

ch = O9r]deAC (413)

where f.4 is the design value of concrete compressive strength, and A, is the area of the

compression zone, calculated using Eq. (4.14), with a detailed derivation in Annex I.1.

A, = 0.57%(w — sinw) (4.14)

The relationship between the neutral axis depth x and the segment angle w is derived from
the stress block theory, where the depth factor A = 0.8 is considered. The neutral axis depth
is determined from the geometrical relationship below:

cos (%) _( —rf'lx) (4.15)

such that:
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r (1 — cos (%)) (4.16)
A

X =

where ris the radius of the circular cross-section (r = g) The distance of the centroid of the

compression segment from the neutral axis depth is obtained using the geometrical
relationship shown in Eq. (4.17) below; a detailed derivation is provided in Annex |.2:

——X
2

(o

_ 2Dsin*(w/2) (D (4.17)
"~ 3(w — sinw) B ( )

To determine the effective depth d of the section, the contribution of the longitudinal
reinforcement to the internal force equilibrium is evaluated by obtaining the stress-strain
behavior of each individual bar in the established tension zone, such that for a given
longitudinal bar i, its corresponding depth d; is measured from the extreme compression fiber
at the top to its centroid, as shown in Figure 4.3. In this case, the longitudinal bars for which
(d; > x) experience tensile strain, while the bars for which (d; < x) lie in the compression
zone, and are not considered to contribute to the tension resultant. The strain in each

corresponding longitudinal bar is obtained using Eq. (4.18):

d: —x 4.18
Esi = Ecy lx , ford; > x ( )

where &, is the ultimate crushing strain of the concrete. This expression highlights the
relationship between the variation in the neutral axis depth and the tensile strain in the
longitudinal steel reinforcement, such that a shallow neutral axis produces larger steel strains
and high tensile force contribution to the internal equilibrium. The stress in each bar is then

determined as in Eq. (4.19):
fsi = min(Egegi, fya) (4.19)

where E and f,,4 is the modulus of elasticity and the design value for the yield stress of the
longitudinal steel reinforcement, respectively. The tensile force in each bar is then determined

using the following expression:

Fyei = Agi- fsi (4.20)
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where Ag; is the cross-sectional area of bar i. Considering that each bar may experience
different tensile strain depending on its geometrical position and distance from the neutral
axis, the total tension force is then obtained by summing the contributions of all the bars in

tension using Eq. (4.21) as:

n
Frqg = z Fpe i
i=1

The centroid of the resultant tension force in the equation above is then obtained as in Eq.

(4.21)

(4.22):

X Fpei(di —x) (4.22)
.=
Fiq

The internal lever arm z is calculated as z = y,. + y;, where y, is the centroid of the concrete
compression block determined from Eq. (4.17). The contribution of concrete in tension is
neglected. This iterative approach involving the initial determination of the neutral axis depth
to establish the compression and tension zones, is suitable for adoption in determining the
equivalent effective depth of the strengthened circular pile cross-sections following a similar
approach that considers the discrete contribution of the bars in the circular section, as

discussed in the next sections.

4.3.2. Equivalent Rectangular Cross-section and Transverse Reinforcement Efficiency

The transformation of circular cross-sections into equivalent rectangular sections is an
idealized geometrical simplification accounting for the complex distribution of the stress
profile in circular cross-sections. Unlike rectangular sections, where the compression zone
width remains constant, the width of a circular compression segment varies non-linearly with
the depth of the neutral axis. Consequently, executing fundamental equilibrium equations
requires tedious non-linear integration to determine shifting sectional areas and their
respective centroids during flexural or shear design. According to the ACI CODE-318-05
framework [53], this simplification is such that the circular geometry of diameter (D) is
mapped onto an equivalent rectangle with an effective depth of (0.8D) and a width calibrated
to preserve total area, while shear provisions simplify the boundary by setting the effective

web width (b,,) equal to the diameter of the circle. Eurocode 2 (BS EN 1992-1-1:2023) [42],
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on the other hand, embeds an idealized rectangular truss within the circular boundary,
defining the compression chord as a distinct circular segment of depth (X;) and the tension

chord via a selected design width (b,, < D) as shown in Figure 4.4.

Figure 4.4: Definition of web width b,

Considering that circular hoops or spirals do not resist the applied shear force with the same
efficiency as vertical stirrups, as only a fraction of their cross-sectional area aligns with the
shear force in the local tangential direction to contribute to shear resistance, Eurocode 2
uniquely introduces an efficiency reduction factor (b, /D,) to scale the effective shear
reinforcement area (A, ) to account for the reduced vertical contribution of the hoop

segments compared to traditional rectangular stirrups.

4.4. Proposed Analytical Model for Determining Shear in strengthened

circular cross-sections

4.4.1. Geometry of Strengthened Circular Cross-section

The geometry of the strengthened circular pile cross-section comprises an existing concrete
core consisting of the original as-built concrete, longitudinal and spiral reinforcement; and the

strengthening cover, comprising the newly applied concrete or cementitious repair material

58



Chapter 4 | Analytical Framework for Determining the Shear Capacity of Strengthened RC Sections

together with the added longitudinal and transverse reinforcement made up of steel or GFRP,
as shown in Figure 4.5 a). As shown in Figure 4.5 b), the geometrical transformation of the
circular cross-section of the strengthened pile into an equivalent rectangular cross-section is
presented following the approach discussed in Section 4.3. However, in this case, the
geometry of the equivalent rectangular block is modified such that it considers the shear
contribution of both the existing reinforcement in the concrete core and the strengthening

reinforcement embedded in the concrete core.

17¢9.73

strengthening
layer (s)

Figure 4.5: a) Geometry of the strengthened cross-section b) Definition of the equivalent rectangular
section

For the existing concrete zone, denoted with a subscript e, the equivalent width and depth of
the equivalent rectangular cross-section are represented by (by, ¢q¢), Which is calculated to

preserve the total area of the existing concrete core using Eq. (4.23):

4.23
bw,eq,e = 4
where D, is the diameter of the existing concrete core, obtained using Eq. (4.24):
D.=D—2c (4.24)

where D is the diameter of the whole circular pile cross-section, and c is the thickness of the
concrete cover. For the strengthened concrete zone, denoted with a subscript s, the
equivalent width (b, ¢4 s) is approximated to be double the thickness of the concrete cover

(¢) on both sides of the circular cross-section, expressed as:

59



Chapter 4 | Analytical Framework for Determining the Shear Capacity of Strengthened RC Sections

bueqs = 2¢ (4.25)

4.4.2. Equations for Predicting the Shear Capacity of the Strengthened Circular Cross-sections

The analytical formulations for the shear design of strengthened circular cross-sections
proposed in this chapter are developed on the basis of the truss model introduced in Section
4.2.1 and in Figure 4.6. The total shear resistance of the strengthened composite section is

taken as the sum of the shear resistance contribution of the existing concrete core (V4 ) and

the strengthening layer in the concrete cover (VRd,S), respectively, as given by Eq. (4.26):

VRa = VRd,e + VRd,s (4.26)
Asw,e
|’ 4
= = - - A& E e ~ F
< ce v —_— \ [HAY [T [HAY \ ¢
S L W W W W W .y
- = 7 ] LN W N W W W sws
- \_ \ / \\ \\ \\ \\ \\ \\‘ \\ \\/
IAWERYR'Y i“i \k 71 &i i LN W N W s dieq
- : [ ‘M‘ VR Y ERY A L T S Y
gl B | ey, v g = . N i B |
L = . 3 : . VAR A —

Figure 4.6: Truss model representation of a strengthened pile
Vrae and Viq s consider the combined shear contribution of both the concrete and shear
reinforcement in the corresponding zones of the existing reinforced concrete and the
strengthened reinforced concrete cover, respectively, and are calculated based on Eq. (4.26),

as shown in Eq. (4.28) and Eq. (4.28), respectively.

VRd,e = VRdc,e + VRdw,e (4.27)
VRd,s = VRdC,s + VRdw,s (4.28)
VRdf,s = VRdC,s + VRdfw,s (4.29)

where FRP strengthening solutions, particularly GFRP longitudinal and transverse
reinforcement were used in place of steel, Eq. (4.29) is adopted. Vg4 . and Vg, s are the shear
contribution of the existing concrete core and the strengthening concrete at the cover zone,
respectively; Vepgy . and Vrqy s is the shear contribution of the existing and strengthening

transverse reinforcement; and Vg4, s is the shear contribution of the FRP strengthening.
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4.4.2.1. Transverse Reinforcement Shear Contribution

The shear contribution of the transverse reinforcement term follows directly from the truss
equilibrium of Eq. (4.2), applied independently to the existing and strengthening zones as

shown in Eq. (4.30), Eq. (4.31) and Eq. (4.32), respectively:

Asye- 4.30
Vrdw,e = M.Z@ (coth + cotay, ). sinay, . (4.30)
w,e
Asw s 4.31
VRaws = M.ZS. (cot@ + cota‘,v,s).sina‘,v,S (4.31)
w,s
At s 4.32
Veafw,s = W.Zﬁs. (cotd + cotaw_s).sinawf_s (4.32)
wf,s

where foyawer fsyaw,s, aNd fryaw,s = Ef. & are the design values of yield stress of the existing
steel spiral, strengthening steel spiral and FRP strengthening spiral, respectively; s,, ., s\, s and
Swr,s is the pitch spacing between the spirals or hoops in the existing and strengthening
domains respectively; and Z,, Z; and Z ; correspond to the internal lever arm of each domain

related to the equivalent effective depth (d,.,) adopted from the truss model as below:

Z, = 0-9dl,eq,e (4.33)
Zs =09deqs (4.34)
Zf,S = 0-9dl,eq,s (435)

where d;qq. and d;.qs are the equivalent effective depths of existing RC and the
strengthening RC, determined after establishing the neutral axis depth as a boundary between
the compression zone and the tension zone, following the approach introduced in Section 4.3.
The schematic illustration of the flexural analysis to determine the neutral axis depth of the

strengthened circular cross-section is shown in Figure 4.7.

iy = k]

JH 1] I

Fye

r
Ye d!.eq‘c
Foe10 Fra=Y Fors
—

Brcar

Figure 4.7: Flexural analysis to determine the neutral axis depth of circular strengthened sections
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Given that only longitudinal bars in the established tension zone (d; > x) are considered to
contribute to the resultant tensile force, d; ¢4, and d; ¢4 s were calculated using Eq. (4.36) and

Eq. (4.37), measured from the top extreme compression fibre of the circular section.

] B nle(dleAle) (4.36)
veae nle(dleAle)l
nls(dlsAls) (4.37)

dl,eqlsz nls(dl Al)
sAls

where i and j are sequential indices running from 1 to nl, e in the existing domain, and 1 to
nl, s in the strengthening domain, respectively; nl, e and nl, s denotes the total number of
longitudinal bars situated within the tension zone in the existing and strengthening domains,
respectively; nl,s applies to both steel and FRP longitudinal bars depending on the

strengthening configuration.

4.4.2.2. Concrete Shear Contribution

The shear contribution of the existing and the strengthening concrete is adopted from Eq.
(4.3), which combines the concrete and reinforcement terms, applied to the homogenized

equivalent rectangle established in Section 4.3.2, as shown below:

VRdc,e = TRdc,e- bw,eq,e- dl,eq,e (4.38)

VRdc,s = TRdc,s- bw,eq,s- dl,eq,s (4.39)

where Tpg. . and Tgrqq s are the shear resistance of the uncracked concrete without shear
reinforcement in the existing concrete and strengthening concrete cover, calculated using Eq.

(4.40) and Eq. (4.41), respectively.

1
0.66 (100 . ddge) /3 (4.40)
T =
Rdc,e Yo pleqe cke: dleqe
0.66 dags\ 2 (4.41)
TRdc,s — 100. p, eq,s* fcks
Yv dleqs

where p; o . and p; .4 < are the equivalent reinforcement ratios of the longitudinal bars in the

tension zone, calculated as:
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Tty (diedre), (4.42)
Plege = Do oqe dlz,eq,e

Zic(dusAus), (4.43)
Plreqs = Do eqs dlz,eq,s

The parameters for the roughness size of the of the aggregates d 4, . and d 4  for the existing

concrete are calculated using the following equations:

ddg.e = 16 + Diower,e < 40mm, fek < 60MPa (4.44)
60\ (4.45)
ddg'e = 16 + DlOWeT',e <_> S 40mm) fck > 60MPa
fck,e
ddg,s = 16 + Dypyers < 40mm, fex < 60MPa (4.46)
60 \* (4.47)
ddg's = 16 + DlOWeT',S <]c_> S 40mm1 fck > 60MPa
ck,s

4.5. Axial load influence on shear resistance terms

As discussed in Section 4.2.2, the influence of the axial compressive load is on the fundamental
equation for determining the design value of shear resistance contribution of RC (Tgg4.) is
considered in this model, with modifications on Eq. (4.40) and Eq. (4.41), respectively, with
special considerations for the material types with plain concrete or SFRC used as the core or
cover regions, respectively. For the existing concrete core region with plain concrete, Eq.

(4.48) is modified to its axial-load-dependent form as:

TRdce = TRdc,0,e — kl,e- Ocp,e (4.48)

where Tpgc0. is the design value for the shear resistance of the existing concrete core

. . Nsde - . -
obtained from equation (4.40), o = ASd'e is the axial stress of the existing concrete core,

ce

calculated based on Eq. (4.6), where Ng, . is taken as a negative value for axial compression.

The factor k; , for the existing core region is determined as:

0.5 d A A 4.49
kre =—(ep+ l""q"").b “ <018 —— (4.49)

acs,o,e 3

w.eq.e- Ze w.eq.e- Ze
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where e, = 0, A. . is the area of the existing concrete core, a s . based on Eq. (4.8) is taken
as Q¢ = dieqe- FOr the strengthened cover region with plain concrete, Eq. (4.41) is

modified to its axial-load-dependent form as:

TRdc,s = TRdc,0,s — kl,s- Ocp,s (4.50)

where Tpq. 0,5 IS the design value for the shear resistance of the strengthened concrete cover

. Nsas . __.
obtained from Eq. (4.41), 0¢p s = ASd'S is axial stress of the strengthened cover, calculated

cs

based on Eq. (4.6), where Ng ¢ is taken as a negative value for axial compression. The factor

k1 s for the strengthened region is determined as:

05 d A A 4.51
ey =—(ep+ l""”).b & <018 —=— 4->1)

Acs,0,s 3 w,eq,s Zs w,eq,s Zs

where A_ ¢ is the area of the strengthened concrete cover, a.; o s based on Eq. (4.8) is taken
as Acs0,s = dyeq,s- Notably, the applied axial force N, is distributed between the existing core
and the strengthening cover in direct proportion to the axial rigidity of each domain,
expressed as a product of the domain's concrete modulus of elasticity and concrete cross-
sectional area (E.A.). The derivation of this distribution, from equilibrium and strain-

compatibility first principles, is presented in full in Annex II.

In the case where the section is strengthened with SFRC but without transverse

reinforcement, the following equation is adopted for the design shear resistance:
Tra,cF,s = Ner-Trdc,s + NF- freua (4.52)

where Tgg4. ¢ is the design value for the shear resistance of the strengthened cover obtained
according to Eq. (4.50), nr = 1, n.r is determined according to Eq. (4.11), and frtyq is
established according to the formulations in Annex L, Section L.5.5.1 of the Eurocode (EN
1992-1-1:2023). Where the cover region is strengthened using SFRC with transverse

reinforcement, the following equation is adopted for the design shear resistance:
TRd,sF,s = (nsw-pw,s-fywd + nF-thud)- cot6 = pw,s-fywd- cot6 (4'53)

where g, = 0.75,np = 1, p,, 5 is the reinforcement ratio of the transverse reinforcement in
the strengthened region determined using Eq. (4.54) and Eq. (4.55), for steel or GFRP hoops

respectively; Ag,, s and Agy f 5 is the cross-sectional area of the steel and GFRP hoops.
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s = Ay s (4.54)
v Sw,s- bw,eq,s

b= Asw rs (4.55)
w.fs Swf,s- bw,eq,s

4.6. Design Application of the Model

The procedure described in Section 4.4 is applied to a representative circular pile section
shown in Figure 4.8. The existing concrete core comprises plain concrete (f.x. = 35 MPa),
the cover region is assessed with different configurations: primarily a plain concrete matrix
(fek,s = 60 MPa) and SFRC with a performance class 3c, reinforced with either steel or GFRP
longitudinal bars and hoops. Two levels of corrosion damage applied to the cross-sectional
area of existing longitudinal and transverse spiral reinforcement are considered at 25% and
50% respectively, which are applied interchangeably to either the existing longitudinal steel

(L), the spirals (T), or both cases in a combined configuration (LT).

g VR
o 17910
5] RS ST |
(:1 o\ ) ) f’ strengthening
= A\ VI 4 . & layer (s)
\ ] g4
;‘:\' b, /?/

‘ D= 560mm l
Figure 4.8: Geometry of the circular strengthened pile section

The relevant material and geometric properties are summarized in Table 4.1 to Table 4.3.

Table 4.1: Properties for the plain concrete and SFRC strengthening

Specimen fck,e (MPa) fck,s (MPa) Dlower,e (mm) Dlower,s (mm)
PC60 35 60 10 16

SFRC (3¢/60) 35 60 10 16
Table 4.2: Properties of the steel reinforcement

Reinforcement Type @.(mm) @s(mm) fsykw‘e (MPa) fsykw,s (MPa)
Longitudinal 9.73 10 1581 1581
Transverse 4.5 6 485 485
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Table 4.3: Properties of the GFRP reinforcement

Reinforcement Type @s(mm) E; (GPa) frux(MPa) Efe

Longitudinal 10 50 1000 0.004

Transverse 6 50 1000 0.004
Strut angle: 6 = 45° Reinforcement angle: a,, , = 90° — arctan (fsz:) Qs = Qyps = 90°

4.7. Results for the Shear Strengthening Prediction

The results from the analysis are summarized in Table 4.4. The results from the analysis are
summarized in the table below. For each of the four cover-reinforcement configurations
examined, the table reports the existing-core term Vg, ., the strengthening-domain term
Vra s, and the total shear resistance Vg4, across the corrosion cases and axial load levels
considered, allowing the effect of corrosion severity and location, axial compression, and
strengthening material to each be isolated by reading the table along the corresponding row,
column, or configuration block. The PC60 configuration with steel bars and hoops, at its least
severe corrosion case, serves as a reference point: being closest to a conventional stirrup-
reinforced section, its predicted resistance can be independently cross-checked against the
established EC2 truss model and CSCT concrete term underlying the proposed two-domain
formulation, before the novel GFRP, SFRC, and superposition elements are introduced. The
physical interpretation of the resulting trends, and their relative magnitude, is discussed in

detail in Chapter 5, Section 5.3.

Table 4.4: Summary of the predicted shear strengthening results

Cover Material Configuration Nsq (N) Vra,e (KN) Vra,s (KN) Vra (kN)
25LS 0 157 202 360
0.6Ngy 523 497 1020
50LS 0 148 202 351
0.6Ng4 515 497 1012
25TS 0 142 202 345
0.6Ngq4 504 497 1001
PC60 50TS 0 120 202 323
(Plain concrete 0.6Ngg 479 497 976
* 25LTS 0 135 202 338
Steel bars and hoops) 0.6Neq 298 497 995
50LTS 0 105 202 307
0.6Nggq 465 497 962
25LGFRP 0 156 121 277
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Cover Material Configuration Ngq (N) Vra e (kN) Vras (kN) Vra (KN)
0.6Ng 523 405 928
SOLGFRP 0 146 121 267
0.6Ngg 515 405 920
25TGFRP 0 142 121 263
PC60 0.6Ngq 504 405 909
(Plain concrete 50TGFRP 0 120 121 242
+ 0.6Ngq 479 405 884
GFRP bars and hoops) ~5, rGerp 0 135 121 255
0.6Ngg 498 405 903
SOLTGFRP 0 104 121 225
0.6Ngg 465 405 870
25LNFRC 0 155 141 296
0.6Ngg 523 363 886
S0LNFRC 0 146 141 287
0.6Ngg 515 363 878
25TNFRC 0 142 141 282
SFRC 0.6Ngg 504 363 867
(3¢/60) 50TNFRC 0 120 141 261
* 0.6Ngg 479 363 842
(GFRP bars, without 25LTNFRC 0 134 141 275
transverse 0.6Ngg 498 363 861
reinforcement) SOLTNFRC 0 104 141 245
0.6Ngg 465 363 828
25LSFRC 0 155 163 319
0.6Ngg 523 190 713
50LSFRC 0 146 163 310
SFRC 0.6Ngg 515 190 705
(3¢/60) 25TSFRC 0 142 163 305
+ 0.6Ngg 504 190 694
(GFRP bars, with 50TSFRC 0 120 163 284
transverse 0.6Ngq 479 190 669
reinforcement) 25LTSFRC 0 134 163 298
0.6Ngg 498 190 688
SOLTSFRC 0 104 163 268
0.6Ngg 465 190 655

Notes to Table:
PC — Plain Concrete
L — Longitudinal reinforcement
25 —25% Corrosion Corrosion specification] T — Transverse reinforcement
LT — Longitudinal + Transverse
50 - 50% Corrosion

SFRC — Steel Fiber Reinforced Concrete
GFRP — Glass Fiber Reinforced Polymer Bars
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4.8. Summary

This chapter has developed an analytical model for the shear capacity assessment of
strengthened circular RC sections that combine an existing, potentially corrosion-deteriorated
core with a newly applied strengthening cover. Starting from the governing shear equations
of the truss model and the critical shear crack theory, and from the modification of these
equations to account for axial load interaction, the chapter addressed the specific geometric
complications of circular and octagonal sections, namely the determination of the neutral axis
and effective depth, and the equivalent-rectangle idealization used to establish the transverse
reinforcement efficiency of a circular or spiral reinforcement layout. The proposed model
superposes the shear resistance of the existing core domain and the strengthening cover
domain, Vrg = Vgac + Vras, with each domain contributing a concrete term evaluated
through the critical shear crack theory and a transverse reinforcement term evaluated
through the variable-angle truss model for steel or FRP hoops, or through the EN 1992-1-
1:2023 Annex L formulation for SFRC with or without discrete hoops, as applicable to each

strengthening configuration.

The influence of axial load was accounted for through both an implicit channel, via the
deepening of the neutral axis with increase in axial compressive stress; and an explicit channel,
via the axial compressive stress term in the concrete shear resistance equation. The model
was then applied to the representative circular strengthened pile sections, considering four
cover-reinforcement configurations, plain concrete with steel bars and hoops, plain concrete
with GFRP bars and hoops, SFRC without discrete hoops, and SFRC with discrete GFRP hoops,
each evaluated at 25% and 50% corrosion levels applied individually to the longitudinal
reinforcement (L), the transverse reinforcement (T), or both in combination (LT), and at two
axial load levels representative of the unloaded and service-loaded pile condition
(Ngg=0.6Ng4), which was specifically selected considering the maximum axial compressive
moment common at 0.6Ng4 from the N-M flexural analysis presented in Chapter 3. The results

of shear capacity predictions, summarized in Table 4.4, are discussed in Chapter 5.
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5. RESULTS AND DISCUSSION OF THE PREDICTED FLEXURAL, AXIAL AND

SHEAR CAPACITY OF THE DETERIORATED AND STRENGTHENED PILES

5.1. Introduction

This chapter applies the analytical framework presented in Chapters 3 and 4 to the specific
problem of structural capacity assessment for the deteriorated concrete piles extracted
during the demolition of the Earl C. Davis Memorial Bridge. As introduced in Chapter 1, the
bridge was demolished after a service life of approximately 50 years, and a total of 9 octagonal
RC pile samples were extracted for research purposes, providing a unique case-study for
assessing the flexural and shear capacity of piles subjected to prolonged marine conditions

and their capacity recovery achievable through different repair and strengthening strategies.

5.2. Flexural and Axial Capacity Assessment

This section presents the results obtained from the layered sectional analyses conducted in
DOCROS based on the analytical framework, constitutive models and formulations introduced
in Chapter 3, where the cross-section was evaluated under combined axial and flexural
loading. As shown in Figure 5.1., the RC pile sections are isolated from the critical tidal zone
of the deteriorated pile, and assessed across three core structural states as follows: (i) as-built
undamaged state, (ii) deteriorated state with concrete cover loss and reduced cross-sectional
area of the reinforcement due to corrosion, and (iii) strengthening and repair configurations
ranging from the use of plain concrete of different compressive strengths, SHCC and SFRC for

cover replacement, to GFRP bars and external CFRP confinement jacket were adopted.

5.2.1. Geometry of the Pile Assessment Configurations

The geometrical details of the assessed pile configurations were established based on the
original drawings, where the as-built pile section retains its true octagonal geometry, with a
diameter of 560 mm and a concrete cover thickness of 64 mm (see Figure 5.1). The

deteriorated pile section geometry was modelled to account for the lost concrete cover, with
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a diameter Dc =432 mm. The strengthened section, however, is deliberately reconstructed as

circular, using the same nominal diameter of D = 560 mm and a concrete cover of c = 64 mm,

instead of the original octagonal shape. The circular shape for strengthening configurations is

selected because the process of casting a new concrete cover, or applying an FRP jacket,

particularly in an underwater repair environment, would be more convenient in a circular pile

configuration than in an octagonal geometry. Adopting a circular strengthened geometry, at

the same characteristic diameter as the original octagonal section, therefore reflects a realistic

and structurally favourable site repair detail, and is consistent with the equivalent-circular

idealization already adopted for the shear model in Chapter 4.
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Figure 5.1: Geometrical details of the assessment configurations

The summary of the different pile section configurations assessed

capacity are presented in Table 5.1.

Table 5.1: Summary of the predicted shear strengthening results

for flexural and axial

Assessed State Cover material Additional Corrosion level
Configuration reinforcement (%)
ABOP As-built Plain concrete - 0
DTP25/DTP50 Deteriorated - - 25/50
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Assessed State Cover material Additional Corrosion level
Configuration reinforcement (%)
STPC35 Strengthened Plain concrete - 25/50
(UPC35) (35MPa)
STPC60 Strengthened Plain concrete - 25/50
(UPC60) (60MPa)
FRC Strengthened SFRC - 25/50
3a/3c/3e/6a/8a/8e (3a, 3¢, 3e, 6a, 8a, 8e)
SHCC35 Strengthened SHCC (35MPa) - 25/50
GFRP60 Strengthened Plain concrete GFRP longitudinal 25/50
(60MPa) reinforcement
CPC35 Strengthened Plain concrete Externally bonded 25/50
(35MPa) CFRP confinement
CPC60 Strengthened Plain concrete Externally bonded 25/50

(60MPa)

CFRP confinement

The flexural and axial compressive capacity of each configuration and state was characterized
by N-M interaction diagrams, for the values corresponding to the ultimate moments of the
applied axial loads in the range (Ngg = ONgy, 0.1Ngg4, 0.2Ng4, 0.3Ng4, 0.4Ng4, 0.5Ngg, ..., Ngg)-

The results from the N-M interaction diagrams are shown and discussed below.

5.2.2. As-Built vs. Deteriorated Pile Capacity Assessment

The comparison between the original octagonal as-built pile section and the deteriorated
section was modelled in this study to represent the most likely severe damage exhibited by
the extracted pile specimens after a 50-year service life. The as-built octagonal pile was
modelled in its original undamaged state, while the deteriorated section was modelled to
account for uniform corrosion induced damage on the existing cross-sectional area of the
longitudinal prestressing steel cables at 25% and 50% damage levels respectively,

accompanied by concrete cover spalling and loss caused by expansive rust products.
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As shown in Figure 5.2, the N-M envelope shows a uniform decrease in the moment capacity
of the pile sections with increasing levels of corrosion. The case with 50% corrosion (DTP50)
shows a markedly more severe reduction in moment capacity than the 25% case (DTP25). This
is consistent with the progressive nature of deterioration of RC marine structures due to
corrosion during their service life: as corrosion progresses, the prestressing steel loses cross-
sectional area, the concrete cover spalls further, and the confinement provided by the

octagonal geometry diminishes.
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Figure 5.2: N-M interaction comparison of the as-built pile (ABOP) with the deteriorated
unstrengthened sections at 25% (DTP25) and 50% (DTP50) corrosion level. EXT are extrapolations to
pure axial compression, calculated in each case as Ny = A.f. + Asf; (actual theoretical value) and

Nrq = A f. (safety cap), respectively.

The reference axial capacity in pure compression (Nrq) of the as-built octagonal pile case
(ABOP) dropped by approximately 40% and 80% at 25% and 50% corrosion levels respectively,
due to the loss of the concrete cover layer in the deteriorated cases, DTP25 and DTP50,
respectively. This loss of the concrete cover contributed to the reduction in the compression
block of the cross-sections, thereby reducing the capacity of the deteriorated pile sections to
sustain high axial loads. The moment capacity in pure bending, on the other hand, was
particularly sensitive to corrosion damage: it dropped by about 31% at 25% corrosion and 49%
at 50% corrosion level respectively, with reference to ABOP. The overall reduction in the cross-
sectional area of the prestressing steel and the pile-section led to the reduction lever arm of

the cross-section, thereby decreasing the flexural resistance capacity of the pile section. The
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deterioration also affects the neutral axis position, causing earlier crushing in the compression

zone and earlier yielding in the tension zone, with increase in corrosion.

5.2.3. Strengthening with Plain-Concrete (PC35 and PC60) for cover repair

In this section, the effect of the cover repair with plain concrete grades of increasing
compressive strengths, C35 and C60, respectively, without additional reinforcement, is
explored independently for the repair configurations STPC35 and STPC60 at 25% and 50%
corrosion level, respectively. Strengthening the deteriorated piles with plain concrete covers
of 35 MPa and 60 MPa produces a clear restoration of structural capacity as shown in Figure

5.3 and Figure 5.4, respectively.
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Figure 5.3: N-M interaction diagram for repair configurations STPC35 and STPC60, with plain
concrete cover repair at 25% corrosion level. DTP25 is the deteriorated pile at 25% corrosion level.
EXT are extrapolations to pure axial compression, calculated in each case as Npg = A f. + Asfs
(actual theoretical value) and Np; = A_f. (safety cap), respectively.

The cross-section strengthened with higher-strength concrete (STPC60) provided a more
pronounced improvement than the cross-section with lower strength concrete (STPC35),
particularly in upper compression zone of the interaction diagram, where compressive
stresses dominate. The maximum moment capacity at the balance point increased by 35-48%
at 25% corrosion, and by 38-52% at 50% corrosion damage; a significant increase in the axial
compressive capacity of the strengthened pile sections compared to the deteriorated cases,

DTP25 and DTP50, respectively. Notably, STPC60 restored the axial compressive capacity
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beyond that of the as-built case (ABOP), while STPC35 still underperformed compared to
ABOP, which can be attributed to the minor contribution of the existing steel in compression
in the ABOP, unlike STPC35 with reduced cross-sectional area of the longitudinal steel due to
corrosion damage. Overall, the restored concrete cover improved the overall stiffness of the
compression zone, thereby increasing the capacity of the section to sustain higher axial loads

before crushing.

In pure bending, the moment capacity of the cross-sections was increased by 9-12% at 25%
corrosion; and 15-20% at 50% corrosion, respectively, slightly compensating for the lost
flexural capacity in the deteriorated cases DTP25 and DTP50. This increase in bending
resistance is attributed to the increased effective depth and internal lever arm of the
strengthened cross-sections, compared to the deteriorated cross-sections, leading to
improved flexural resistance. However, the restored capacity of STPC35 and STPC60 in pure
bending still remained lower than ABOP, as restoring the cover with plain concrete does not

fully compensate for the tensile strength lost in the corroded longitudinal reinforcement.
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Figure 5.4: N-M interaction diagram for repair configurations STPC35 and STPC60, with plain
concrete cover repair at 50% corrosion level. DTP50 is the deteriorated pile at 50% corrosion level.

Overall, the benefits of using higher grade concrete for cover repair are clearly visible,
especially in compression, with the 60 MPa cover consistently outperforming the 35 MPa

cover, as higher-strength concrete provides greater compressive resistance and stiffness;
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allowing the section to sustain higher axial compressive stresses before reaching its ultimate

strain.

5.2.4. Strengthening with SFRC for cover repair

In this section, the effects of introducing steel fibres into a selected C60 concrete cover matrix
are presented, for 6 Performance Classes (33, 3¢, 3e, 6a, 8a and 8e), established according to
the EN 1992-1-1:2023 Annex L. As discussed in Chapter 3, SFRC strengthening produces
capacity improvements due to the contribution of the steel fibres, that provide post-crack
residual strength through a crack bridging mechanism, which improves both the tensile and

compressive ductility of the strengthened sections.

As shown in Figure 5.5 and Figure 5.6, the residual tensile stresses provided by SFRC allow the
strengthened section to sustain higher bending moments compared to the reference pile
section strengthened with plain concrete (PC60), particularly in ductility classes with higher

post-crack tensile behaviour.
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Figure 5.5: N-M interaction diagram for SFRC cover repair with performance classes (3a-8e),
compared against the plain C60 cover (PC60), at 25% corrosion level.

Notably, the strengthening case with ductility class 8e produced the largest enhancement in
moment capacity of the strengthened pile sections in pure-bending, compared to the other

ductility classes (3a, 3c, 3e, 6a and 8a), the reference cases PC60 and ABOP, at both corrosion
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levels of 25% and 50% respectively. However, the increase in the bending moment capacity
among the strengthening configurations with lower ductility classes (3a, 3c, 3e, 6a and 8a)
remained marginally low, as the difference in the residual tensile strengths while moving from
3a to 8a was more less insignificant. This shows that a ductility class with high residual tensile
strength produces a large post-cracking tensile contribution in the tension zone, thereby
enhancing its moment capacity in pure bending. Additionally, the improved compressive
ductility also allows the section to maintain compressive resistance over larger curvature
demands. As shown in Figure 5.5 and Figure 5.6, the moment capacity at the balanced point
increased modestly among the prescribed performance classes (3a, 3c, 3e, 6a and 8a) at both
corrosion levels, but was significantly higher than that of the reference pile sections, PC60 and
ABOP respectively.
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Figure 5.6: N-M interaction diagram for SFRC cover repair with performance classes (3a-8e),
compared against the plain C60 cover (PC60), at 50% corrosion level.

The effect of corrosion damage was significant in the evaluation of the effectiveness of the
SFRC strengthening. Given that the cross-sectional area and tensile resistance of the existing
longitudinal steel reduced with increased levels of corrosion, the fibre contribution to the
tensile capacity of the strengthened sections increased proportionately. Notably, the lower
ductility classes (3a, 3c, 3e, 6a and 8a) restored the bending moment capacity of the
strengthened pile sections beyond the reference case strengthened with plain concrete PC60,

but still remained well below the as-built case at 25% corrosion level (see Figure 5.5), while at
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50% corrosion level, all the strengthening configurations from 3a to 8e did not exceed the

pure bending moment capacity of the as-built pile section (see Figure 5.6).

At 25% corrosion, the prestressing steel retains most of its cross-section, so the fibres act as
a supplementary mechanism rather than a primary tensile component. At 50% corrosion,
however, the steel area is significantly reduced, and the tension zone becomes more reliant
on the fibre crack bridging mechanism. Consequently, the benefit of SFRC is typically larger at
50% corrosion than at 25% corrosion. Even so, the absolute moment capacity at 50% corrosion
remains lower than in the 25% corrosion case, because the geometric lever arm and steel

contribution cannot be fully restored by fibres alone.

Overall, SFRC strengthening provided a balanced improvement in both bending and axial
compressive capacity, with the magnitude of improvement depending strongly on the fibre
performance class. Its benefits are more attributed to ductility, crack control, and resilience
rather than increased flexural capacity, which is a significant consideration in the

strengthening of marine structures vulnerable to corrosion damage.

5.2.5. Effect of GFRP Longitudinal Bar Reinforcement in the C60 Concrete Cover

The incorporation of GFRP bars within the 60 MPa concrete cover strengthening produces a
distinct enhancement in structural performance, particularly in the flexural-dominated
regions of the interaction diagram. GFRP bars provide additional tensile reinforcement that
remains elastic up to failure, allowing the section to sustain higher tensile strains without
yielding. This behaviour complements the existing deteriorated steel and significantly
improves the section’s ability to resist bending by compensating for the tensile resistance lost

due to corrosion damage.

As shown in Figure 5.7, the incorporation of GFRP bars produces a substantial contribution to
the moment capacity at pure bending, with 25GFRP60 increasing by 32% at 25% corrosion and
50GFRP60 increasing by 34% at 50% corrosion respectively, relative to the reference cases

strengthened with unreinforced plain concrete cover of 60MPa (25STPC60 and 50STPC60).
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Figure 5.7: N-M interaction comparison of the plain C60 cover repair with and without longitudinal
GFRP bar reinforcement, at 25% and 50% corrosion level.

The improvement is more pronounced at lower axial loads, where tensile reinforcement plays
a dominant role. The 50GFRP60 case, despite having a lower bending moment capacity than
the as-built case (ABOP), its percentage increase in bending moment capacity relative to the
unreinforced plain concrete configuration at 50% corrosion level is much higher than the case
at 25% corrosion level (25GFRP60). This is because the GFRP bars are able to compensate
more for the lost cross-sectional area of the longitudinal reinforcement and weakened tension
zone at higher levels of corrosion while only supplementing the steel contribution at lower
corrosion damage. At intermediate axial loads, the combination of high-strength concrete and
the elastic tensile reinforcement, produces a more resilient section capable of sustaining
higher moments before reaching the balanced condition. The balanced region therefore shifts
outward, indicating that the section can mobilize higher tensile and compressive forces
simultaneously, leading to a slight improvement in the moment capacity in the balanced zone
compared to the cases where only plain concrete cover strengthening was used at different
corrosion levels. Although GFRP does not contribute directly to axial compression, the
restored cover area increases axial resistance, and the axial capacity improvements are similar
to those observed for plain concrete strengthening with small contribution to the compression
dominated regime. Overall, GFRP strengthening offers a superior enhancement of flexural
performance compared to plain concrete and SFRC strengthening, making it particularly

effective for restoring bending capacity in deteriorated piles.
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5.2.6. Effect of FRP Confinement on the Strengthened Deteriorated Pile

The primary benefit of CFRP confinement is in its ability to restore and significantly enhance
the compressive behaviour of the concrete. Unlike strengthening methods which had
moderate to high contributions in the tension zone, confinement improves significantly the
stiffness, strength, and ductility of the compression zone, allowing the section to sustain
higher compressive stresses before reaching its ultimate strain. The confined sections (CPC35
and CPC60), with the same cross-sectional geometry as the unconfined repaired sections
(UPC35 and UPC60) examined earlier in this chapter, were analysed based on the Design
Oriented FRP-confined reinforced concrete model introduced in Section 3.4 of Chapter 3,
where 2 layers of FRP wrapping were selected on the basis that best satisfied a strengthening-
ratio criterion consistent with rule of thumb specifying 40-50% threshold increase in structural
capacity relative to the existing capacity, thereby avoiding both under and over-strengthening.
As shown in Figure 5.8 and Figure 5.9, the strengthening configurations incorporating CFRP
confinement exhibit the most pronounced improvement in overall sectional performance
among all repair strategies considered. The corresponding interaction diagrams for the
confined specimens (UPC35 vs. CPC35 and UPC60 vs. CPC60 at both 25% and 50% corrosion
levels) show a clear outward expansion of the N-M envelopes, reflecting the improved

compressive behaviour of the confined concrete.
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Figure 5.8: N-M interaction diagram of unconfined (UPC35, UPC60) and FRP-confined (CPC35, CPC60)
repaired sections at 25% corrosion level.
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A direct comparison between the unconfined pile sections (UPC35 and UPC60) and the
confined pile sections (CPC35 and CPC60) at 25% corrosion illustrates the magnitude of this
improvement. The confined sections exhibit an increase in combined axial-moment capacity
by 49% and 41%, respectively, particularly pronounced in the compression-controlled region,
where confinement directly strengthens the compression zone, and in the balanced region,
where the section benefits from both improved compressive strength and increased ultimate
strain. The tension-controlled region also shows improvement, though to a lesser extent,
because confinement indirectly enhances bending capacity by stabilizing the compression
zone rather than contributing directly to tensile resistance. Despite the confined strengthened
section CPC60 producing the highest increase in moment capacity, its percentage increase in
moment capacity relative to the unconfined sections UPC60 is slightly lower than CPC35 with
35MPa strength; because the unconfined concrete of 60 MPa already possesses a higher
baseline strength, therefore significant contributions are made to the lower concrete grade of

35MPa.
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Figure 5.9: N-M interaction comparison of unconfined (UPC35, UPC60) and FRP-confined (CPC35,
CPC60) repaired sections at 50% corrosion level.

At 50% corrosion, where deterioration is more severe, confinement becomes even more
critical. The CFRP jacket stabilizes the weakened cover, enhances the residual core strength,
and mitigates the brittleness associated with chronic steel corrosion. Notably, the confined

sections (CPC35 and CPC60) exhibited an increase in combined axial-moment capacity by 45%
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and 37%, respectively, relative to the reference unconfined sections (UPC35 and UPC60). The
increase in moment capacity of the confined sections at pure bending is only significant
relative to the unconfined strengthened cases (UPC35 and UPC60), but remained much lower
than the as-built case (ABOP), as most of the existing longitudinal steel was severely degraded
at 50% corrosion (see Figure 5.9). Although the absolute capacity at 50% corrosion remains
lower than at 25%, the overall proportional benefit of confinement remains significant,
demonstrating that CFRP strengthening is still effective in heavily deteriorated sections where

compressive degradation is pronounced.

5.2.7. Strengthening with SHCC

As presented in Chapter 3 (Section 3.3.3), SHCC strengthening produces substantial
improvements in flexural capacity due to its sustained post-crack tensile hardening behaviour.
Rather than localizing into a single crack after first cracking, SHCC develops multiple parallel
micro-cracks and maintains rising tensile stresses over large strain ranges. This behaviour
allows the section to sustain significantly higher bending moments. This pseudo-strain-
hardening response allows the tension zone to remain effective over large curvature
demands, producing substantial gains in bending resistance. Figure 5.10 and Figure 5.11
compare the SHCC-strengthened section (SHCC35) with the plain-concrete repairs STPC35 and
STPC60 at 25% and 50% corrosion, respectively.
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Figure 5.10: N-M interaction comparison of the SHCC-strengthened section (SHCC35) with the plain-
concrete repairs STPC35 and STPC60, at 25% corrosion level.
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Figure 5.11: N-M interaction comparison of the SHCC-strengthened section (SHCC35) with the plain-
concrete repairs STPC35 and STPC60, at 50% corrosion level.

In pure bending, SHCC outperforms both plain-concrete configurations (PC35 and PC60) at
both corrosion levels, despite using the lower-grade 35 MPa matrix. At 25% corrosion its
moment capacity of 305 kN-m exceeds STPC35 with 249 kN.m and STPC60 with 238 kN.m. At
50%, SHCC reaches 247 kN-m, against 185 kN-m for STPC35 and 200 kN-m for STPC60, a
significant increase in moment capacity by about 35% and 25%, respectively. The much larger
relative advantage over STPC35 at the higher corrosion level follows the same mechanism
already noted for SFRC in Section 5.2.3, where the prestressing steel's own contribution to the
tension zone decreases with increasing corrosion, the multiple-cracking tensile contribution
of the SHCC matrix makes up a progressively larger share of the total tensile resistance, so the
strengthened section becomes comparatively less dependent on the condition of the original
reinforcement. The moment capacity of the SHCC strengthened section in pure bending,
however, remained well below that of the as-built case (ABOP) at both levels of corrosion,
attributed to the lost tensile capacity due to reduction in the cross-sectional area of the

existing longitudinal steel relative to the as-built case (see Figure 5.10 and Figure 5.11).

The benefits of SHCC are concentrated in the tension-controlled region of the interaction
diagram, however, and do not extend to the balanced and compression-controlled regions of
the N-M interaction diagrams. As shown in Figure 5.10 and Figure 5.11, the axial capacity
improvements are moderate compared to STPC60. At the balanced point, SHCC35 reaches a

peak moment of 452 kN-m at 25% corrosion and 441 kN-m at 50% corrosion. This exceeds
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STPC35 but falls short of STPC60 by roughly 7-8% at both corrosion levels. This reflects the

modest increase in compressive strength provided by SHCC.

Compared with the GFRP-reinforced cover discussed in Section 5.2.4, SHCC strengthening is
the more superior only to the unreinforced strengthening configurations. It’s pure-bending
capacity of 305 kN.m at 25% corrosion and 247 kN.m at 50% corrosion remains below that of
the GFRP-reinforced PC60 cover with 350 kN-m and 303 kN-m, respectively, a shortfall of
roughly 14% at 25% corrosion and 23% at 50% corrosion. The distinction lies in the reinforcing
mechanism, where GFRP bars add a discrete, high-strength tensile force at a fixed location
within the cover, whereas SHCC's benefit comes from keeping a distributed, cracked tension
zone stiff and effective over a large strain range. The latter is a more modest contribution to
the flexural capacity but a substantially more valuable contribution to ductility, crack width

control, and post-cracking durability, none of which is captured directly by the N-M envelope.

Overall, SHCC strengthening offers a genuine and consistent improvement in pure-bending
capacity over plain-concrete cover repair at both corrosion levels, with the improvement
becoming proportionally larger as corrosion severity increases. It does not match the peak
axial compressive moment capacity of a higher-grade plain-concrete cover at the balanced
point, nor the pure-bending capacity achieved with GFRP bar reinforcement, but its
combination of a moderate strength gain with substantially enhanced tensile ductility makes
it a valuable strengthening option where crack control and post-cracking resilience in regions

where curvature demands are high.

5.3. Shear Capacity Assessment

Assessment of shear resistance for marine piles is critical for significant lateral demands that
may arise from seismic action, wave action, and geotechnical hazards. This section discusses
the shear capacity predictions obtained from the analytical model developed in Chapter 4,
applied to the representative strengthened pile sections and summarized in the results in
Table 4.4. The discussion presents the results from the analysis considering: the influence of
corrosion level and reinforcement location (longitudinal, transverse, or combined), the
influence of axial load, the influence of the cover material and transverse reinforcement type,

and the resulting implications for the selection of a shear strengthening strategy.
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5.3.1. Influence of Corrosion damage

As shown in Table 4.4 of Chapter, the effect of corrosion on the existing longitudinal steel had
the least impact on total predicted shear capacity of the strengthened sections, compared to
other configurations where the effect of corrosion was applied to only the existing transverse
reinforcement or both longitudinal and transverse reinforcement at the same time. At zero
axial load, the reference configuration (plain C60 cover with new steel bars and hoops)
predicts Vi, = 360 kN for 25% longitudinal corrosion (25LS) and 351 kN for 50% longitudinal
corrosion (50LS), a reduction of only 2.4% for a doubling corrosion level applied to the existing
longitudinal steel. Corrosion of the existing transverse spiral reinforcement, on the other
hand, has a substantially larger effect such that: 25% and 50% transverse corrosion (25TS,
50TS) reduce Vg, to 345 kN and 323 kN, respectively, a 4.1% reduction at 25% corrosion and
10.2% reduction at 50% corrosion relative to the longitudinally corroded case (25LS and 50LS),
respectively. The combined longitudinal-and-transverse corrosion cases (25LTS, 50LTS)
produce the largest reductions, at 338 kN and 307 kN respectively, with a 14.6% reduction in
shear capacity at 50% combined corrosion relative to 25% corrosion on only the longitudinal
bars (25LS), which indicates that the effect of the two corrosion degradation mechanisms on
the shear capacity of the cross-sections is more severe in a combined damage configuration
than independently damaged configurations. Longitudinal steel loss only affects the concrete
term Vg4 e, through the reinforcement ratio while transverse steel loss affects both Vg, ,
through the effective width, and the stirrup term Vg, ¢ directly. It is further observed that this
corrosion sensitivity applies only to Vg, ., as the strengthening-domain term Vg, ; remained
unchanged across every corrosion level and reinforcement combination for a given cover
configuration and axial load level. This is because the strengthening domain is entirely new,
with undamaged reinforcement in the repaired cover. This is consistent with the logic of the
proposed analytical model, where deterioration of the old core does not affect the shear
resistance of the new strengthening layer. This observed corrosion sensitivity was consistent
in all four configurations examined. Comparing the most favourable (25% longitudinal only)
and least favourable (50% combined longitudinal-and-transverse) corrosion cases at Ngq =0,
total resistance falls by 14.6% for steel bars/hoops, 18.8% for GFRP bars/hoops, 17.3% for
SFRC without discrete hoops, and 16.1% for SFRC with discrete hoops. At Ngq = 0.6NRg, the

same comparison in the predicted shear capacity showed a consistent pattern with reductions
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of 5.7%, 6.2%, 6.5% and 8.1% in all the four strengthening configurations; PC60 + steel
bars/hoops, PC60 + GFRP bars/hoops, SFRC (3¢/60) + GFRP without hoops and SFRC (3¢/60) +
GFRP with hoops, respectively.

5.3.2. Influence of Axial load on the predicted shear capacity

The influence of axial load on shear capacity is very substantial, and considerably larger in
absolute and relative terms than the influence of corrosion. For the reference steel-hoop
configuration, increasing the axial load from Ngy = 0 to Ngy = 0.6Ng4 increases the existing-core
term Vpg4 . from approximately 157 kN to 523 kN at 25% longitudinal corrosion, and increases
the strengthening-domain term Vg, from 202 kN to 497 kN over the same range. The
corresponding total shear resistance increases from 360 kN to 1,020 kN, an increase of 184%.
This magnitude of enhancement reflects the combined implicit and explicit axial load channels
established in Chapter 4: the implicit channel, through which increasing compressive axial load
deepens the neutral axis and increases the effective shear depth d;., used in both the
concrete and transverse reinforcement terms, and the explicit channel, through the direct
axial compressive stress term entering the critical-shear-crack-theory concrete resistance
equation. Fundamentally, as the section is axially compressed, the diagonal shear cracks
tighten and close, thereby increasing the shear friction and the overall contribution of the
aggregate interlock. The deepening of the neutral axis also increases the effective lever arm,
resulting into a more favourable strut inclination accounted for through the transverse
reinforcement term. The combination of these effects produces a substantial increase in the

total shear resistance at Ngy = 0.6Ngq.

It was also observed that the influence of corrosion damage on the shear capacity of the pile
section diminished with an increasing axial load in that: at Ngy4 = 0, the combined longitudinal-
and-transverse configuration with 50% damage (50LTS) reduces Vi, by 14.6% relative to the
25% longitudinal-only case (25LS); while at Ngy = 0.6Ngq4, the equivalent comparison (50LTS
against 25LS) shows a reduction of only 5.7%. This behaviour follows directly from the growing
dominance of the axial-load-driven component of both Vi, . and Vi, s as Ng4 increases: once
the compressive stress field and the associated neutral-axis increased, the resistance
contributed by this mechanism compensated for the comparatively modest reduction

associated with reinforcement section loss. The practical implication is that piles carrying a
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substantial permanent axial compressive loads remain less sensitive to reinforcement
corrosion, retaining a proportional amount of their shear capacity as corrosion progresses
than would be inferred from an assessment conducted at zero or low axial load; conversely,
the zero axial load condition, is still more critical one for shear design especially where lateral
loads are considered, and should be treated as the more corrosion-sensitive and hence

potentially governing shear design case.

The magnitude of the axial-load benefit varied noticeably for the different configurations, in
the existing and strengthening domains, respectively. With reference to the case study of the
pile sections at 25% corrosion on the existing longitudinal steel, the shear resistance of the
existing domain (Vg4 ) grows by almost exactly the same proportion in every configuration
between Ngy = 0 and Ngy = 0.6NRy, from about +233% to +237%, as this term and its axial-load
dependence are shared by all four configurations and are not affected by the cover material.
The strengthening-domain (Vg4 ), on the other hand, grows very differently depending on the
reinforcement mechanism as: 146% for steel hoops in PC, 236% for GFRP hoops in PC, 158%
for SFRC without discrete hoops, and by only 16% for SFRC with discrete hoops. As a result,
total capacity increases by 184% for steel hoops in PC, 235% for GFRP hoops in PC, 199% for

SFRC without hoops, and only 124% for SFRC with hoops, over the same axial load range.

5.3.3. Influence of Cover Material and Transverse Reinforcement Type

Comparing the four cover-reinforcement configurations at N=0 and 25% longitudinal
corrosion, the total predicted shear resistance ranks as follows: plain concrete with steel
hoops (360 kN) > SFRC with discrete GFRP (319 kN) > SFRC without discrete GFRP hoops (296
kN) > plain concrete with GFRP hoops and bars (277 kN). At N =0.6Ng4, the same four
configurations rank as: steel hoops and bars in PC (1,020 kN) > GFRP bars and hoops in PC (928
kN) > SFRC without discrete hoops (886 kN) > SFRC with discrete hoops (713 kN).

Two key observations were made; first, the GFRP reinforced SFRC strengthening
configurations predicted a lower shear resistance at 0.6Ngy, relative to the PC strengthening
configurations the GFRP reinforced PC configurations, which is not the case at zero axial load
condition (N =0). This is because at zero axial load, the SFRC cover provides a distinct

advantage, in that the steel fibres actively bridge opening cracks, supplementing aggregate
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interlock through a dedicated post-cracking shear-transfer mechanism by the fibres in the
concrete matrix, explicitly incorporated in the model through the residual tensile strengths of
SFRC. Since the shear crack widths are larger at zero axial load, the fibre bridging mechanism
is fully mobilized, and the SFRC strengthening contributes significantly to the concrete shear
resistance, consequently outperforming plain-concrete, in all the configurations where both
materials are reinforced with GFRP. However, at 0.6Ngy, axial compression reduces crack
widths, tightening the critical shear crack, which greatly increases aggregate interlock and
activates the confinement provided by the transverse reinforcement. Under these conditions,
the model amplifies the concrete contribution through the axial-stress term, which becomes
dominant. Because this axial-stress-driven enhancement is more pronounced in plain
concrete than the fibre-driven mechanism in SFRC, which is particularly effective during crack
opening, the relative advantage of SFRC diminishes as the fibres are no longer fully mobilized.
This explains why, at 0.6Ngq4, plain-concrete strengthened sections with GFRP reinforcement

surpass the SFRC strengthened cases, contrary to the trend observed at zero axial load.

Second, the strengthening configuration comprising SFRC with transverse GFRP reinforcement
outperformed the case without GFRP transverse reinforcement, particularly at zero axial lad.
This demonstrates that the presence of transverse reinforcement increases the shear
resistance of the reinforced concrete element. However, moving from N =0 to N = 0.6Ngq, a
comparatively minor, axial-load sensitivity in the predicted shear resistance of its
strengthening-domain term (Vrg4s). Vgas increases from only 164 kN at N =0 to 190 kN at
N = 0.6Ngq, an increase of just 16%, far smaller than the 146-236% increases observed for
other configurations. Because this configuration combines the fibre matrix contribution and
the discrete GFRP hoop contribution within a single Annex L Equation L.21 formulation rather
than through direct superposition of the two mechanisms evaluated separately, its total
resistance at N=0 is overtaken by the GFRP-in-PC and SFRC-without-transverse-
reinforcement configurations at high axial load, leaving it the lowest-performing configuration

at N = 0.6Ng4 despite combining two nominally beneficial mechanisms.

In general, the predicted shear resistance of the sections strengthened with steel hoops and
bars was much higher than the sections strengthened with GFRP. This is because the flexural
and shear stiffness of steel is much higher than that of GFRP, hence, the dowel action of the

steel reinforcement is more effective than that of the GFRP reinforcement, resulting into a
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high shear resistance than in GFRP strengthening configurations. Additionally, GFRP does not
yield like steel, and bending of the GFRP hoops reduces their effective strength, thereby
affecting the overall shear resistance of the GFRP strengthened sections relative to steel

strengthened configurations.

5.3.4. Implications for shear strengthening strategy

The results discussed above lead to the following practical conclusions, relevant to the
selection of a shear repair or strengthening strategy for a deteriorated marine prestressed pile
of this type. First, restoring or providing new discrete transverse reinforcement (steel or GFRP
hoops) in the strengthening cover is an effective and predictable strategy because the
resulting strengthening-domain resistance is, by the two-domain model's own internal logic,
immune to the corrosion state of the pre-existing core, so the designer can rely on the full
undamaged capacity of the new hoop reinforcement regardless of the assessed corrosion
level of the original pile. Second, where the governing shear demand occurs at low axial load,
for example in lateral-dominated loading with limited concurrent axial compression, SFRC
cover without discrete hoops is a competitive and comparatively simple strengthening option,
as it slightly outperforms a sparse GFRP hoop layout in this regime. Third, where the governing
shear demand occurs under substantial concurrent axial compression, which is the typical
condition for an in-service foundation pile, discrete hoop reinforcement, in steel or GFRP, is
preferable to a fibre-only SFRC cover, because the truss-type mechanism benefits far more
from the axial-load-driven increase in effective shear depth than the fibre-bridging
mechanism does. Fourth, the combined SFRC-with-GFRP-hoops configuration should not be
assumed to provide the cumulative sum of its constituent benefits; as the model predicts a
saturated, low axial-load-sensitivity response for this specific combination that leaves it
under-performing simpler single-mechanism alternatives at high axial load, and this prediction

should be further verified experimentally.

5.4. Summary

The strengthening strategies evaluated in this study demonstrate distinct and predictable

patterns of structural improvement, each governed by the specific mechanical pathway
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through which the intervention restores or enhances sectional behaviour. Although their
effects differ in magnitude and in the regions of the N-M domain where they are most
influential, the results collectively reveal a coherent hierarchy of effectiveness that is

consistent across both 25% and 50% corrosion levels.

Plain concrete strengthening provides reliable geometric restoration by rebuilding the lost
cover and restoring the compression block. Its effectiveness increases with concrete strength,
with 60 MPa covers consistently outperforming 35 MPa covers. At 25% corrosion, plain
concrete recovers a meaningful portion of the lost capacity, but at 50% corrosion its influence
becomes more limited because it cannot compensate for the reduced steel area or shortened

lever arm. Its role is therefore foundational but not transformative.

SFRC strengthening provides balanced improvements in bending resilience and crack control.
Its post-crack residual tensile behaviour stabilizes the tension zone and enhances ductility, but
the increase in peak bending capacity between lower and higher performance classes (3a to
8a) remains modest because the prestressing steel continues to dominate the tensile
resistance. At 50% corrosion, where steel deterioration is more severe, SFRC’s proportional
benefit increases, making it a valuable strategy for improving bending performance and

durability in more degraded sections.

GFRP bar strengthening enhances the tension zone and improves bending performance more
effectively than plain concrete alone. The elastic behaviour of GFRP allows the section to
sustain higher tensile strains without yielding, producing a more resilient bending response.
At 25% corrosion, GFRP acts as supplementary reinforcement; at 50% corrosion, where the
steel contribution is significantly diminished, its proportional benefit becomes more
pronounced. Even so, its influence remains primarily flexural, with limited impact on axial

resistance.

FRP confinement delivers the most comprehensive improvement in overall sectional
performance. By enhancing the compressive strength, stiffness, and ultimate strain of both
the cover and the core, confinement produces substantial gains in axial capacity and balanced
moment capacity. The confined specimens consistently outperform their unconfined
counterparts by 30-40% at 25% corrosion and often exceed 40% improvement at 50%
corrosion, while remaining within the realistic strengthening bounds corresponding to 40-50%

of the existing capacity. Confinement is therefore the most effective strategy for restoring
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global capacity, particularly in heavily deteriorated sections where compressive degradation

is severe.

SHCC strengthening produces a significant enhancement of pure-bending capacity, exceeding
both plain-concrete cover options and SFRC at every corrosion level examined, with the
relative benefit growing as corrosion severity increases. Its sustained tensile hardening
behaviour keeps the tension zone effective over much larger curvature demands than a plain
or steel-fibre-reinforced cover, though its peak flexural capacity at the balanced point remains
below that of a higher-grade plain-concrete cover, and its pure-bending capacity remains
below that achieved with GFRP bar reinforcement. Its principal value lies less in maximizing
peak capacity than in the ductility, distributed cracking, and post-cracking resilience it
provides, which are particularly relevant to the long-term durability of flexural-critical regions

of deteriorated piles.

Overall, the results show that each strengthening strategy performs well in addressing specific
capacity demands of the deteriorated pile sections. FRP confinement is the most effective for
restoring axial and combined axial-moment capacity; GFRP bars provide the largest gain in
pure-bending capacity; SHCC provides a substantial pure-bending improvement together with
superior tensile ductility and crack control; SFRC offers balanced improvements in ductility
and bending resilience; and plain concrete provides essential geometric restoration and
remains the most effective route to compression-zone capacity short of confinement. The
optimal strengthening solution therefore depends on the structural demands of the pile and
the severity of deterioration, with the results of this study offering a clear and technically

grounded basis for selecting the most appropriate intervention.

With respect to shear, the analytical model developed in Chapter 4 shows that the existing-
core shear resistance deteriorates systematically with the influence of corrosion damage,
degrading moderately in the configurations where corrosion affected only the existing
longitudinal reinforcement, and more substantially when the damage affected both the
transverse and longitudinal reinforcement in a combined configuration. The predicted shear
resistance of the strengthening-domain remains essentially unaffected by the corrosion state
of the pre-existing core, since it is generated governed entirely by the new, undamaged repair
reinforcement. Across all strengthening configurations, the axial load exerted a far larger

influence on shear capacity than corrosion, increasing the total resistance greatly between
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the unloaded and service-loaded condition, and this axial-load sensitivity differs materially
between various reinforcement types and shear transfer mechanisms. Under high axial
compression, the dominant mechanisms are crack-closure, aggregate interlock, and
confinement, which favour discrete transverse reinforcement, particularly steel hoops and, to
a lesser extent, GFRP hoops. Steel’s higher flexural and shear stiffness, superior dowel action,
and ability to yield allow it to mobilize substantially greater shear resistance than GFRP, whose
lower shear stiffness and bending-induced strength reduction limit its effectiveness. At low
axial load, however, the cracks open and aggregate interlock reduced, distributed fibre
bridging in SFRC becomes the primary shear-transfer mechanism in SFRC strengthened
sections, outperforming the plain-concrete GFRP strengthened configurations, as the fibres

actively bridge cracks and compensate for the lower dowel action of GFRP bars and hoops.
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6. CONCLUSIONS AND FURTHER DEVELOPMENTS

This dissertation has developed and applied an integrated analytical framework for the

flexural and shear capacity assessment of deteriorated and FRP/steel-repaired octagonal

steel-prestressed concrete marine piles, using nine pile specimens extracted from the Earl C.

Davis Memorial Bridge at Harkers Island, North Carolina, as the reference case study. This

closing chapter draws together the main conclusions arising from the analytical developments

of Chapters 3 and 4 and the case-study results and discussion of Chapter 5, and proposes

further developments, in particular the experimental and finite element validation,

considered necessary to confirm and extend the findings of this work.

6.1.

6.1.1.

Main Conclusions

Analytical Framework Developed

A layered sectional analysis framework, implemented within the DOCROS software,
was successfully applied to predict the axial load-moment (N-M) interaction response
of the pile sections across its as-built, corrosion-deteriorated, and strengthened states,
incorporating constitutive models for plain concrete, steel-fibre-reinforced concrete
across six performance classes (3a, 3¢, 3e, 6a, 8a, 8e), strain-hardening cementitious
composites, reinforcing steel, GFRP bars, and FRP-confined reinforced concrete, the

latter through the design-oriented dual-confinement model of Shayanfar et al. [36].

An analytical shear model was formulated for circular strengthened RC sections,
superposing the shear resistance of the existing deteriorated core and the new
strengthening cover, each combining a critical-shear-crack-theory concrete term and
a transverse-reinforcement term appropriate to the material present (steel or FRP
hoops, or SFRC with or without discrete hoops), with the influence of axial load
incorporated through both the implicit neutral-axis-depth channel and the explicit
axial-stress channel. No equally general, physically consistent closed-form model of

this kind was identified in the literature for the combined case of a circular,
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deteriorated, and FRP/steel-strengthened section, providing a feasible research gap

explored in this work.

Both frameworks were successfully applied to the full matrix of configurations relevant to the

Harkers Island case study: two corrosion levels (25% and 50% cross-sectional loss), applied

individually or in combination to the longitudinal and transverse reinforcement; and multiple

cover and strengthening options (plain concrete at two grades, six SFRC performance classes,

GFRP bar reinforcement, and FRP/steel confinement), demonstrating that the proposed

methodology is sufficiently general and computationally tractable for systematic, multi-

variable structural assessment of this class of marine pile.

6.1.2. Flexural and Axial Capacity Predictions

Marine deterioration reduces the flexural and axial capacity of the as-built pile
substantially and non-uniformly: the reference axial compressive capacity fell by
approximately 40-80% and the pure-bending moment capacity fell by approximately
31% at 25% corrosion and 49% at 50% corrosion, confirming that loss of the concrete
cover and the cross-sectional area of the longitudinal reinforcement contribute to the
loss in axial compressive capacity and flexural capacity of the pile section. Additionally,
at service limit state conditions, the loss of prestressing force in the corroded steel
strands directly leads to premature and uncontrolled concrete cracking, excessive

deflections, and reduced structural stiffness

Cover reconstruction with plain concrete recovers a meaningful share of the lost axial
compressive capacity, with the balanced moment capacity increasing by 35-52% and
the pure-bending moment capacity increasing by 9-20% relative to the unrepaired
deteriorated section, and with the higher-grade (C60) cover consistently
outperforming the lower-grade (C35) cover, particularly in the compression-controlled

region of the interaction diagram.

SFRC cover repair provides a balanced enhancement of bending resilience and ductility
rather than a large increase in peak flexural capacity, with the highest-performance
class (8e) consistently producing the largest pure-bending enhancement, and with the

proportional benefit of fibre reinforcement increasing, rather than decreasing, as
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6.1.3.

corrosion severity increases, since the fibre crack-bridging mechanism becomes
proportionally more important to the tension zone as the prestressing steel area is

lost.

GFRP longitudinal bar reinforcement in the repaired cover produces a substantial,
corrosion-level-dependent enhancement of pure-bending capacity, of the order of
32% at 25% corrosion and 34% at 50% corrosion, concentrated in the tension-
controlled region of the interaction diagram, with limited direct contribution to axial

or balanced-point capacity.

CFRP confinement of the core and cover provides the most comprehensive capacity
restoration of all strategies assessed, increasing combined axial-moment capacity by
up to 49% relative to the unconfined repaired section at 25% corrosion and by up to
45% at 50% corrosion, and is the only strategy examined that materially expands the
compression-controlled branch of the interaction envelope, making it the preferred

strategy wherever the pile is subject to substantial concurrent axial compression.

SHCC cover repair produces significant gain in pure bending capacity, exceeding both
plain-concrete cover and SFRC options at every corrosion level examined. However, it
falls short of the higher-grade plain-concrete cover (STPC60) at the balanced point by
7-8%, and remains below the pure-bending capacity achieved with GFRP bar
reinforcement, positioning it as a ductility and durability-oriented strengthening

options.

Shear Capacity Predictions

Existing-core shear resistance is more sensitive to corrosion of the transverse (spiral)
reinforcement than to corrosion of the longitudinal reinforcement, because transverse
steel loss simultaneously reduces the truss-model stirrup term and the effective width
of the concrete term, whereas longitudinal steel loss affects only the concrete term
through the reinforcement ratio; field condition assessment intended to support
shear-critical repair decisions should accordingly prioritize transverse reinforcement

condition.
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e The shear resistance contributed by the new strengthening in the cover is, by
construction and as confirmed numerically across all configurations examined,
insensitive to the corrosion state of the pre-existing core, since it derives entirely from
undamaged new reinforcement; this cleanly validates the internal consistency of the

two-domain superposition philosophy adopted for the proposed model.

e Between 0% to 60% of the applied axial load, the axial load exerts a substantially larger
influence on total shear capacity than corrosion does, increasing total shear resistance
substantially between Ngq = 0 and Ngyq = 0.6Ngy, and this sensitivity is itself dependent
on the transverse reinforcement mechanism, with the presence of discrete steel or
GFRP hoops benefiting far more from increasing axial load than in the case for

distributed SFRC fibre bridging without transverse reinforcement.

e The behaviour of the different shear-strengthening configurations varies strongly with
the axial load. At zero axial load, the SFRC cover benefits from fibre bridging and
therefore outperforms plain-concrete GFRP configurations. Adding sparse GFRP hoops
provides a modest additional gain in shear resistance but does not alter the
fibre-dominated mechanism. Under high axial compression, however, crack-closure
and confinement become the governing mechanisms, favouring the resistance of the
aggregate interlock over the fibre bridging mechanism, while the discrete transverse
reinforcement enhances dowel action of the longitudinal reinforcement. Therefore,
GFRP reinforced plain concrete outperforms the SFRC configurations. The hybrid
combined SFRC-with-GFRP-hoops system shows an unexpectedly muted axial-load
sensitivity in that the fibre-driven mechanisms diminish as cracks tighten, while GFRP
hoops offer limited confinement due to their lower shear stiffness and
bending-induced strength reduction. This leaves the hybrid system as the
lowest-performing configuration at high axial load, a model-based trend requiring

experimental verification rather than a definitive design conclusion.

6.1.4. Repair Selection Strategy

Combining the flexural and shear findings above, the results of this dissertation support a

load-demand-dependent hierarchy of repair strategy selection for deteriorated marine
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prestressed concrete piles of this geometry and construction type. Where the governing
demand is predominantly axial with low lateral (flexural and shear) demand, cover
reconstruction with plain concrete, at the highest practicable grade, provides adequate and
cost-effective capacity restoration. Where meaningful lateral demand is present at low-to-
moderate axial load, SFRC or GFRP-reinforced cover options provide a materially larger
flexural capacity than plain concrete alone, with the choice between the two guided by non-
structural considerations such as constructability and long-term durability. Where the pile
must sustain significant axial compression together with lateral demand, whether from wave
action, vessel impact, or seismic loading, FRP or steel confinement of the core is indispensable,
since it is the only strategy examined that materially expands both the flexural compression-
controlled branch and, through discrete hoop reinforcement, the axial-load-dependent shear
resistance of the section. In all cases, restoration or provision of new discrete transverse
reinforcement in the repaired cover should be regarded as a reliable and corrosion-
independent contribution to shear capacity, largely decoupled from the condition of the pre-

existing core.

6.2. Further Developments

While the analytical frameworks developed in this dissertation are internally consistent,
grounded in established mechanics, and applied systematically to a realistic and practically
significant case study, they remain, at this stage, unvalidated against direct physical
measurement on the specific pile geometry, material combinations, and damage states
considered. The following developments are identified as relevant for future work, broadly
grouped into experimental validation, numerical (finite element) validation, and further

analytical refinement.

6.2.1. Experimental Validation

The most direct and valuable extension of this work is a program of physical testing on the
nine extracted Harkers Island pile specimens, or on companion specimens fabricated to match
their geometry and material properties, designed specifically to validate the analytical

predictions of Chapters 3, 4 and 5. The following experimental activities are recommended:
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Combined axial-flexural (eccentric compression) testing of representative pile
segments in the as-built, artificially or naturally corrosion-deteriorated, and
repaired/strengthened conditions, instrumented to capture the full moment-
curvature response and the axial load-moment interaction envelope, in order to
validate the DOCROS-based flexural predictions of Chapter 3 and the comparative
repair-strategy results of Chapter 5 directly against measured capacity, stiffness, and

failure mode.

Shear-critical testing of short pile segments, using a shear span-to-depth ratio in the
range identified as critical for this section, for each of the strengthening configurations
examined in Chapter 4, at varying axial loads, in order to validate the proposed
analytical shear model directly, including the relative contribution of the existing and
strengthening domains, and the axial-load sensitivity of each transverse reinforcement

mechanism.

Material characterization testing of the corroded prestressing strands recovered from
the most severely deteriorated pile specimens, including residual tensile strength,
ductility, and stress-strain response, to verify or refine the assumptions, adopted in
this dissertation, that the corroded strand retains an as-built constitutive response at
the assessed damage levels, an assumption expected to become progressively less

conservative as the corrosion level increases beyond those explicitly modelled here.

6.2.2. Finite Element Validation

Complementary to physical testing, nonlinear finite element modelling, using an appropriate

concrete damaged plasticity or smeared-crack constitutive formulation, is recommended as

an intermediate validation step, both to cross-check the analytical predictions prior to the

availability of experimental data and to extend the parametric coverage of the assessment

beyond what is practically achievable through physical testing alone. The following finite

element activities are recommended:

Development and validation of a three-dimensional finite element model of the
octagonal and circular pile section, incorporating the discrete longitudinal prestressing

strand and spiral reinforcement, the repaired cover and any GFRP or SFRC
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reinforcement, and, where applicable, an externally bonded FRP jacket or steel
confinement system, in order to verify the flexural (N-M interaction) predictions of

Chapter 5 for the repair configurations considered.

Development of a finite element model specifically configured for shear-critical
response, using a shear span critically consistent with the pile sections evaluated in
Chapter 4, with displacement-controlled loading and a mesh strategy sufficiently
refined to capture diagonal shear cracking, in order to verify the analytical shear model
proposed in Chapter 4, and in particular to resolve, ahead of or in parallel with physical
testing, the physical mechanism underlying the anomalous axial-load sensitivity
predicted for the combined SFRC-with-discrete-hoops configuration identified in

Chapter 5.

Use of the validated finite element model to extend the parametric assessment
beyond the specific corrosion levels, axial load levels, and reinforcement
configurations examined analytically in this dissertation, including intermediate
corrosion levels, non-uniform (localized) corrosion patterns more representative of
real tidal-zone pitting, and combined flexure-shear-axial load paths representative of
lateral wave or vessel impact loading, which could not be addressed within the scope

of the present sectional and truss-model-based analytical framework.

6.2.3. Further Analytical Refinement

Beyond experimental and numerical validation, several specific refinements to the analytical

framework itself are identified as valuable extensions of this work:

Incorporation of an explicit corrosion-dependent constitutive model for the
prestressing steel at extensive damage levels, capturing the reduction in uniform
elongation and ductility associated with uniform or pitting corrosion, to extend the
validity of the flexural and shear predictions beyond the moderate damage levels (up

to 50% cross-sectional loss) explicitly assessed in this dissertation.

Explicit modelling of bond-slip behaviour at the interfaces between the existing core,
the new cover material, and any externally bonded FRP or GFRP reinforcement,

relaxing the perfect-bond assumption adopted throughout this work, since imperfect
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bond is expected to reduce the effectiveness of the SFRC and GFRP cover-based
strengthening strategies more than that of the FRP confinement jacket, as discussed
in Chapter 5, and this effect could not be quantified within the present layered

sectional and truss-model formulations.

6.2.4. Cost Assessment and Life Cycle Analysis

The use of strengthening solutions adopted during the service life of the deteriorated
structures is mainly because they not only increase and restore the structural capacity of the
existing structure, but are also less costly and less disruptive compared to total replacement.
This has been discussed briefly in this work without substantial quantification. Therefore,
future extensions of this work should explore a combined cost and life-cycle assessment (LCA)
to compare the cost of materials, labour, logistics and other miscellaneous factors considered
in the installation of the different strengthening techniques explored in this work, particularly
in underwater conditions, and the environmental costs relating to carbon and resource
consumption in repair considerations against full pile replacement. This can be normalized

with respect to the restored structural capacity and the extended service life of the structure.

In summary, this dissertation has demonstrated that a physically based, layered sectional and
shear analytical framework can provide a consistent, comparative, and practically actionable
basis for the structural assessment and repair strategy selection of deteriorated marine
prestressed concrete piles, using the Earl C. Davis Memorial Bridge piles at Harkers Island as a
representative case study. The experimental and finite element validation program outlined
above is identified as the necessary next step to confirm the quantitative predictions of this
work and to extend its applicability with confidence to the wider population of ageing marine
prestressed concrete piles that share the geometry, construction, and deterioration

mechanisms examined in this dissertation.
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Annex

ANNEX | - DERIVATION OF THE COMPRESSION SEGMENT AREA AND

CENTROID FOR A CIRCULAR SECTION

1.1 Area of Compression zone segment

The compression zone formed above the neutral axis in a circular cross-section corresponds
to a circular segment, bounded by a chord and the arc of the circle. Consider a circular section
of radius r, with the neutral axis or linear chord intersecting the section such that the
compression zone subtends a central angle w (in radians), as shown in Figure I. 1.

Sector Segment
Triangular region

rsinw/2

Figure . 1: Geometrical representation of the compression zone

The area of this segment is obtained by decomposing it into two fundamental geometric
components: a sector and an isosceles triangle. The difference between these two areas yields
the exact area of the compression segment. Since the sector occupies a fraction of the area of

the full circle, its geometrical area is therefore determined as:

.1
Asector = ETZ (1-1)

The second component is the triangle formed by the two radii enclosing the angle w, and the
chord that defines the neutral axis. As shown in Figure I. 1, for an isosceles triangle with two

sides of length 7, and an internal angle w, its area can be expressed as:

1 1 . w w
Atriangle = Ebh =2 (Ersm;.rcos 3) (I.2)
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Substituting the trigonometrical identity for % = sin%cos% in Eq. (I. 2), the final formula

for the area of the triangular region is calculated as:

1 .
Atriangle = ~r?sinw (1.3)
2
Since the compression zone corresponds to the region of the sector excluding the triangle,

therefore, the area of the compression zone is obtained by:

Ac = Asector — Atrl’angle (. 4)

1
A, = Erz(w — sinw) (I-3)

1.2 Distance of the Centroid of the Segment from the Neutral Axis

For any given circle, the distance of the centroid of its segment (y) measured from the centre

of the circle is given as:

4rsind (%) (1. 6)

Y= 3(w — sinw)

where r is the radius of the circle, and w is the internal angle. Considering the triangular

region, the distance of the chord from the centre of the circle is expressed as:

a)) (|. 7)

Ychorda = TCOS (E

Considering the relationship between y and y 04, @s shown in Figure I. 2, the distance from

the centroid of the compression segment to the chord (y,) can be determined as:

4rsin3 (%) w (I.8)

Ye = 3(w — sinw) reos (E)

106



Annex

Compression segment

rsinw/2

< y — centroid
8 T
£

— Fbl,.lD

— FbLlS
* Foen

Figure I. 2: Geometrical relationship between the centroid of segment and the neutral axis

The depth of the neutral axis (x), measured from the extreme compression fiber at the top of

the circle, is given by the geometric relation:

w=r(1-cos(3)) -9

such that;
ONN_ X (. 10)
cos (2) = "

Substituting Eq. (I. 10) into Eq. (I. 8), with the radius (r) expressed as r = g, the distance of

the centroid measured from the neutral axis can be calculated as:

_ 2Dsin? (%)

(1.11)
Ye = 3(w = sinw) (g_x)

107



Annex

ANNEX Il - DERIVATION OF THE AXIAL FORCE DISTRIBUTION BETWEEN

THE EXISTING AND STRENGTHENING DOMAINS

Consider a composite section in which the applied axial force Ng,; is carried jointly by the

existing core and the strengthening cover, as shown in Figure Il. 1.

Nsd
v
l N l
N i sd,e
sd.s ‘ Nsd,s
V“ """""" T N

existing concrete
core (A,)

Strengthening cover (Ay)

Figure Il. 1: Axial load distribution in the strengthened pile section

The force equilibrium across the entire section is such that:

Ngq = Ngq e + Nsq s (1. 1)

where Ng; . and Ngg ¢ is the axial load carried by the existing core and strengthening cover,

respectively. Within the elastic range, the materials in each domain obey Hooke's law, such

that:

o = Ee (II. 2)

where E and € is the modulus of elasticity and strain of the material in each domain,

respectively. But strain is itself defined physically as the elongation of a member divided by its

original length,
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. =% (I1. 3)

where u denotes the elongation of the domain under consideration, and L its original length.

Given that o = %, combining the relationship between Eq. (ll. 2) and Eq. (II. 3),

=E

| =

H NL (II. 4)
.= > U=—
L EA

Applying Eq. (Il. 4) separately for each domain:

_ Nsael (II. 5)
Hee = B ohes

_ Ngq sL (1. 6)
#C'S EC,SAC,S

where .. and . s is the elongation of the existing and strengthening domain, respectively;

E.. and E ¢ is the modulus of elasticity of the existing and strengthening domain,
respectively; A; . and A ; is the cross-sectional area of the existing and strengthening domain,

respectively.

By assuming perfect bond between the materials, the core and the strengthening cover are
therefore bonded together and cannot elongate independently, a point at their shared
interface must undergo the same physical displacement whether considered part of the core

or part of the cover. This condition is expressed as:

Hi= Hce = Hes (1.7)

Equating the two expressions of Eq. (II. 5) and Eq. (Il. 6) in accordance with Eq. (ll. 7),

Ngg,eL _ Ngq,sL (1. 8)
EceAce EcsAcs

Therefore:

E. A, (1. 9)
C,S CSNSd’e

N, =
sd,s A
Ec,e ce

Substituting Eq. (II. 9) into the equilibrium condition in Eq. (II. 1),
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Ec,sAc,s) (. 10)

Ngq = N, 1+
Sd Sd,e ( Ec,eAC’e

Simplifying Eq. (II. 10) by making Ng4 . the subject, and applying an equivalent deduction and

substitution for Ng4  from Eq. (lI. 9), we obtain:

New = Ngq (1. 11)
Sd‘e B 1 + EC,SAC,S
Ec,eAc,e

Nsq .12

Nsas = W —

Further simplified as:

EceAce (1. 13)
N = — N
sde EceAce + EcsAcs 5
E..A .14
Nsq,s = == Nsq ( )

EC,SAC,S + Ec,eAc,e

Equations (II. 11) - (II. 14) show that each domain's share of the applied axial force is governed
by its axial rigidity, E.A_, relative to the combined rigidity of the composite section. A domain
of higher concrete modulus attracts a proportionally greater share of Ng; independently of its
cross-sectional area, which is essentially relevant especially in the strengthening
configurations where the strengthening cover and the existing core are cast from concretes

of markedly different grade.
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  137.500 ×    10  -3


   ε  ct1


  135.722 ×    10  -6


   ε  ct2


  15.400 ×    10  -3


   ε  ct3


  77.000 ×   10  -3


   ε  ct4


  107.800 ×    10  -3


   ε  ct5


  138.680 ×    10  -3


   E  sh


  (   f  p u )


    f  s y = 0 . 85 ×   f  p u  


    𝜀  u k = 35×   10  -3


    f  p u d =     f  p u    𝛾  s


    f  s y d =     f  s y    𝛾  s


    𝜀  s y d =     f  s y d    E  s


    𝜀  u d = 0 . 9   𝜀  u k


    f  p u d


    f  s y d


   γ s =1.15


    𝜀  s y


   E s


   f  su


   f  sh


   ε  su


  31.500×    10  -3


   ε  sh


  8.000 ×    10  -3


   E  sh


  10.314


   ε  sh  =   ε  sy +0.15  ε  sy


   f  sh  =   f  sy


  C E = 0 . 70


   f  fu  


   E f


   t f  = 0.171


    f  c  c o r e =  [   A 1  F S    (     𝜀  c    𝜀  c t r  F S )  n d +   A 2  F S  (     𝜀  c    𝜀  c t r  F S ) ]   f  c t r  F S       for     𝜀  c ≤     𝜀  c t r  F S


    f  c  c o r e =   f  c t r  F S +   E 2  F S  (   𝜀  c −   𝜀  c t r  F S )     for     𝜀  c ≥     𝜀  c t r  F S


  " F S "


    A 1  F S


    A 2  F S


    A 1  F S =     1 −     E 2  F S    E  c t r  F S  1 −   n  d


    A 2  F S =     E 2  F S    E  c t r  F S −     n  d  1 −   n  d  ( 1 −     E 2  F S    E  c t r  F S )


    E  c t r  F S =     f  c t r  F S    𝜀  c t r  F S


  (   n  d > 1 )


  (   n  d =   n  d 0 .   𝜓  f .   𝜓  s )


  " F "


  " F S "


    f  c  c o v e r =  [   A 1  F    (     𝜀  c    𝜀  c t r  F )  n d +   A 2  F  (     𝜀  c    𝜀  c t r  F ) ]   f  c t r  F       for     𝜀  c ≤     𝜀  c t r  F


    f  c  c o v e r =   f  c t r  F +   E 2  F  (   𝜀  c −   𝜀  c t r  F )     for     𝜀  c ≥     𝜀  c t r  F


    A 1  F


    A 2  F


    A 1  F =     1 −     E 2  F    E  c t r  F  1 −   n  d


    A 2  F =     E 2  F    E  c t r  F −     n  d  1 −   n  d  ( 1 −     E 2  F    E  c t r  F )


    E  c t r  F =     f  c t r  F    𝜀  c t r  F


  (   f  c t r  F )


  (   𝜀  c t r  F )


  (   K  L F )


  (   f  c 0 )


      f  c t r  F    f  c 0 = 1 + 0 . 043    (     K  L f    f  c 0 )  0 . 4  


      𝜀  c t r  F    𝜀  c 0 = 0 . 045   𝜓  K   f  c 0  0 . 25 + 0 . 0075   K  L F  0 . 37


    𝜓  K = 0 . 7   K  L F  0 . 07 ≤ 1


    K  L f = 2     n  f   t  f   E  f  D


    n  f


    t  f


    E  f


    f  c t r  F S


    𝜀  c t r  F S


    𝜂  f


    𝜂  s


      f  c t r  F S    f  c t r  F = 1 +    Δ  f , s  1 +   𝜂  f  


      𝜀  c t r  F S    𝜀  c t r  F = 1 + 5    Δ  f , s  1 +   𝜂  f


    𝜂  f


    𝜂  s


    E 2  F = 3 . 38   𝛾  f c   E  f  0 . 15   K  L f  0 . 47   f  c 0  0 . 31


  0.8 ≤   𝛾  f c =     f  c 0  25 ≤ 1


    E 2  F


    𝜂  E


    E 2  F S =   𝜂  E   E 2  F


    𝜂  E = 1 . 7     K  L s  0 . 1   f  c 0  0 . 08    𝜆  E   K  L f  0 . 1   f  y h  0 . 1 ( 1 . 15 − 1 . 85   c  D )


    𝜆  E = 1


    K  L s


    f  y h


    c  D


    𝜀  h , r u p


      𝜀  c u , r    𝜀  c 0 = 17 . 7   f  c 0  − 0 . 27   𝜌  K , f  0 . 61   𝜌  𝜀 ≥ 1 . 5


    𝜌  K , f


    𝜌  𝜀 =     𝜀  f u    𝜀  c 0


      𝜀  c u , c  F P C    𝜀  c 0 = 1 . 5 + 4  (     𝜀  c u , r    𝜀  c 0 )  ( 1 −   R  f ) ≥ 1 . 5


    R  f =     s  f  D


    s  f = 0


    R  f = 0


    𝜀  c u = m i n  (   𝜀  c u , r ,   𝜀  c u , c  F P C   )


    f  c 0


    f  c , e q =    (   f  c 0 , c o r e .   A  c , c o r e +   f  c 0 , c o v e r   A  c , c o v e r ) R    A  c , c o r e +   A  c , c o v e r


    f  c 0 , c o r e


    f  c 0 , c o v e r


    A  c , c o r e


    A  c , c o v e r


  R


  R ≤ 1


  R = 1


    f  c , e q


    f  c , e q =   f  c , c o r e =   f  c 0 ′


    f  c , e q


    f  c 0 ′


    f  c 0


    f  c 0 = 1 . 063    (  150  D )  0 . 122    (   D  L )  0 . 088   f  c , e q


  (   f  c 0 ′ =   f  c 0 , c o r e =   f  c 0 ,   c o v e r = 35MPa )


  (   f  c c ′ )


  (   f  c , e q )


  (   f  c 0 ′ )


    f  c 0 ′


  (   f  c c ′ )


   f  cc


   ε  cc


  -2.000 ×    10  -3


  -2.000 ×    10  -3


  -2.000 ×    10  -3


  -2.000 ×    10  -3


   ε  ccu


  -9.510 ×    10  -3


  -9.510 ×    10  -3


  -7.400 ×    10  -3


  -7.440 ×    10  -3


  n


   f  ct1


   f  ct2


   f  ct3


  1.000 ×    10  -3


  1.000 ×    10  -3


  1.000 ×    10  -3


  1.000 ×    10  -3


   f  ct4


  100.000 ×    10  -6


  100.000 ×    10  -6


  100.000 ×    10  -6


  100.000 ×    10  -6


   ε  ct1


  50.338 ×    10  -6


  49.107 ×    10  -6


  53.241 ×    10  -6


  52.184 ×    10  -6


   ε  ct2


  100.676×    10  -6


  98.216 ×    10  -6


  106.482 ×    10  -6


  104.368 ×    10  -6


   ε  ct3


  1.000 ×   10  -3


  1.000 ×   10  -3


  1.000 ×   10  -3


  1.000 ×   10  -3


   ε  ct4


  5.000 ×    10  -3


  5.000 ×    10  -3


  5.000 ×    10  -3


  5.000 ×    10  -3


   ε  ct5


  10.000 ×    10  -3


  10.000 ×    10  -3


  10.000 ×    10  -3


  10.000 ×    10  -3


    V  R d s


    V  R d c


    V  R d


    V  R d c


    V  R d s


    V  R d =   V  R d c +   V  R d s


    V  R d c


    V  R d s


    V  R d c


    V  R d s


    V  R d s


    V  R d s =       A  s w ∙   f  s y d w  s ∙ z ∙  ( c o t 𝜃 + c o t 𝛼 ) ∙ s i n 𝛼


  𝜃


  𝛼


    A  s w


  s


    f  s y d w


  0 . 9 d


    V  R d c =     𝜏  R d c ∙   b  w ∙ d


    𝜏  R d c


    b  w


  d


    𝜏  R d c


    𝜏  R d c =     0 . 66    𝛾  v ∙    ( 100 ∙   𝜌  l ∙   f  c k ∙     d  d g  d )   1 3 ≥   𝜏  R d c , m i n


    𝛾  v


    𝜌  l


    𝜌  l =     A  s l    b  w . d ≤ 0 . 02


    f  c k


    d  d g


  d


    𝜏  R d c , m i n =  11    𝛾  v ∙      f  c k    f  y d ∙     d  d g  d


  (   𝜎  c p )


    ( 𝜏  R d c )


    𝜏  R d c , m i n ≤   𝜏  R d c =   𝜏  R d c , 0 −   k 1   𝜎  c p ≤   𝜏  R d c , m a x


    𝜏  R d c , 0


    𝜏  R d c , m a x  


    𝜎  c p


    𝜎  c p =     N  E d    A  c


    N  E d


    A  c


    k 1


    k 1 =   0 . 5    𝛼  c s , 0  (   e  p +   d 3 ) ∙     A  c    b  w . z ≤ 0 . 18 ∙     A  c    b  w ∙ z


    e  p


    𝛼  c s , 0


    𝛼  c s , 0 =     M  E d    V  E d ≥ d


    𝜏  R d c , m a x = 2 . 15 ∙   𝜏  R d c 0    (     𝛼  c s , 0  d )   1 6 ≤ 2 . 7 ∙   𝜏  R d c 0


  (   𝜏  R d , c F )


    𝜏  R d , c F =   𝜂  c F .   𝜏  R d c +   𝜂  F .   f  F t u d


    𝜏  R d c


    f  F t u d


    𝜂  F = 1


    𝜂  c F


    𝜂  c F = m a x  { 1 . 2 − 0 . 5   f  F t u k ; 0 . 4 } ≤ 1 . 0


    f  F t u k


    f  F t u d


  (   𝜏  R d c )


  (   𝜏  R d , s F )


    𝜏  R d , s F =  (   𝜂  s w .   𝜌  w .   f  y w d +   𝜂  F .   f  F t u d ) . c o t 𝜃 ≥   𝜌  w .   f  y w d . c o t 𝜃


    𝜂  s w = 0 . 75


    𝜂  F = 1


    𝜌  w =     A  s w  s .   b  w


    f  y w d


  𝜔


  (   b  w )


  𝜔


    F  c d


    F  c d =   0 . 9 .   𝜂 . f  c d .   A  c


    f  c d


    A  c


    A  c = 0 . 5   r 2 ( 𝜔 − s i n 𝜔 )


  x


  𝜔


  𝜆 = 0 . 8


   cos ⁡   (   𝜔 2 ) =   ( r − 𝜆 x )  r


  x =   r  ( 1 −  cos ⁡   (   𝜔 2 ) )  𝜆


   ( r =   D 2 )


    y  c =   2 D   s i n 3 (   𝜔 2 )  3 ( 𝜔 − s i n 𝜔 ) −  (   D 2 − X )


  d


  i


    d  i


    ( d  i > x )


    ( d  i < x )


    𝜀  s , i =   𝜀  c u     d  i − x  x ,     for     d  i > x


    𝜀  c u


    f  s , i = min ⁡  (   E  s   𝜀  s i ,     f  y d )


    E  s


    f  y d


    F  b t , i =   A  s i .   f  s i


    A  s i


  i


    F  t d =   ∑  i = 1  n    F  b t , i


    y  t =     ∑  i    F  b t , i  (   d  i − x )    F  t d


  z =   y  c +   y  t


    y  c


  (D)


  (0.8D)


    ( b  w )


  (   X  s b )


  (  b w  ≤    D h )


    b  w


  (  b w  /    D h )


    (A  sw )


    ( b  w , e q , e )


    b  w , e q , e =    𝜋   D  c 2 4


    D  c


    D  c = D − 2 c


  D


  c


    ( b  w , e q , s )


  ( c )


    b  w , e q , s = 2 c


  (   V  R d , e )


   (   V  R d , s ) ,


    V  R d =   V  R d , e +   V  R d , s


    V  R d , e


    V  R d , s


    V  R d , e =   V  R d c , e +   V  R d w , e


    V  R d , s =   V  R d c , s +   V  R d w , s


    V  R d f , s =   V  R d c , s +   V  R d f w , s


    V  R d c , e


    V  R d c , s


    V  R d w , e


    V  R d w , s


    V  R d f w , s


    V  R d w , e =       A  s w , e .   f  s y d w , e    s  w , e .   Z  e .  ( c o t 𝜃 + c o t   𝛼  w , e ) . s i n   𝛼  w , e


    V  R d w , s =       A  s w , s .   f  s y d w , s    s  w , s .   Z  s .  ( c o t 𝜃 + c o t   𝛼  w , s ) . s i n   𝛼  w , s


    V  R d f w , s =       A  s f , s .   f  f y d w , s    s  w f , s .   Z  f , s .  ( c o t 𝜃 + c o t   𝛼  w , s ) . s i n   𝛼  w f , s


    f  s y d w , e


    f  s y d w , s


    f  f y d w , s =   E  f .   𝜀  f e


    s  w , e


    s  w , s


    s  w f , s


    Z  e


    Z  s


    Z  f , s


  (   d  l , e q )


    Z  e = 0 . 9   d  l , e q , e


    Z  s = 0 . 9   d  l , e q , s


    Z  f , s = 0 . 9   d  l , e q , s


    d  l , e q , e


    d  l , e q , s


  (   d  i > x )


    d  l , e q , e


    d  l , e q , s


    d  l , e q , e =     ∑  i = 1  n l , e     (   d  l , e 2   A  l , e )  i    ∑  i = 1  n l , e     (   d  l , e   A  l , e )  i


    d  l , e q , s =     ∑  j = 1  n l , s     (   d  l , s 2   A  l , s )  j    ∑  j = 1  n l , s     (   d  l , s   A  l , s )  j


  i


  j


  1


  n l , e


  n l , s


  n l , e


  n l , s


  n l , s


    V  R d c , e =     𝜏  R d c , e .   b  w , e q , e .   d  l , e q , e


    V  R d c , s =     𝜏  R d c , s .   b  w , e q , s .   d  l , e q , s


    𝜏  R d c , e


    𝜏  R d c , s


    𝜏  R d c , e =     0 . 66    𝛾  v .    ( 100 .   𝜌  l , e q , e .   f  c k , e .     d  d g , e    d  l , e q , e )   1 3


    𝜏  R d c , s =     0 . 66    𝛾  v .    ( 100 .   𝜌  l , e q , s .   f  c k , s .     d  d g , s    d  l , e q , s )   1 3


    𝜌  l , e q , e


    𝜌  l , e q , s


    𝜌  l , e q , e =       ∑  i = 1  n l , e     (     d  l , e A  l , e )  i    b  w , e q , e   d  l , e q , e 2


    𝜌  l , e q , s =       ∑  j = 1  n l , s     (   d  l , s   A  l , s )  j    b  w , e q , s   d  l , e q , s 2


    d  d g , e


    d  d g , s


    d  d g , e =   16 +   D  l o w e r , e ≤ 40 mm ,       f  c k   ≤ 60 MPa


    d  d g , e =   16 +   D  l o w e r , e    (  60    f  c k , e ) 2 ≤ 40 mm ,       f  c k   > 60 MPa


    d  d g , s =   16 +   D  l o w e r , s ≤ 40 mm ,       f  c k   ≤ 60 MPa


    d  d g , s =   16 +   D  l o w e r , s    (  60    f  c k , s ) 2 ≤ 40 mm ,       f  c k   > 60 MPa


  (   𝜏  R d c )


    𝜏  R d c , e =     𝜏  R d c , 0 ,   e −   k  1 , e .   𝜎  c p , e


    𝜏  R d c , 0 ,   e


    𝜎  c p , e =     N  S d , e    A  c , e


    N  S d , e


    k  1 , e


    k  1 , e =   0 . 5    𝛼  c s , 0 , e  (   e  p +     d  l , e q , e 3 ) .     A  c , e    b  w , e q , e .   z  e ≤ 0 . 18 .     A  c , e    b  w , e q , e .   z  e


    e  p = 0


    A  c , e


    𝛼  c s , 0 , e


    𝛼  c s , 0 , e =   d  l , e q , e


    𝜏  R d c , s =     𝜏  R d c , 0 ,   s −   k  1 , s .   𝜎  c p , s


    𝜏  R d c , 0 ,   s


    𝜎  c p , s =     N  S d , s    A  c , s


    N  S d , s


    k  1 , s


    k  1 , s =   0 . 5    𝛼  c s , 0 , s  (   e  p +     d  l , e q , s 3 ) .     A  c , s    b  w , e q , s .   z  s ≤ 0 . 18 .     A  c , s    b  w , e q , s .   z  s


    A  c , s


    𝛼  c s , 0 , s


    𝛼  c s , 0 , s =   d  l , e q , s


    N  S d


  (   E  c   A  c )


    𝜏  R d , c F , s =   𝜂  c F .   𝜏  R d c , s +   𝜂  F .   f  F t u d


    𝜏  R d c ,   s


    𝜂  F = 1


    𝜂  c F


    f  F t u d


    𝜏  R d , s F , s =  (   𝜂  s w .   𝜌  w , s .   f  y w d +   𝜂  F .   f  F t u d ) . c o t 𝜃 ≥   𝜌  w , s .   f  y w d . c o t 𝜃


    𝜂  s w = 0 . 75


    𝜂  F = 1


    𝜌  w , s


    A  s w , s


    A  s w f , s


    𝜌  w , s =       A  s w , s    s  w , s .   b  w , e q , s


    𝜌  w , f s =       A  s w , f s    s  w f , s .   b  w , e q , s


    ( f  c k , e = 35   MPa )


    ( f  c k , s = 60   MPa )


    f  c k , e   ( MPa )


    f  c k , s   ( MPa )


    D  l o w e r , e   ( mm )


    D  l o w e r , s   ( mm )


    𝜑  e ( mm )


    𝜑  s ( mm )


    f  s y k w , e   ( MPa )


    f  s y k w , s   ( MPa )


    𝜑  s ( mm )


    E  f     ( GPa )


    f  f u k ( MPa )


    𝜀  f e


  𝜃 = 45 °


    𝛼  w , e = 90 ° −  arctan ⁡   (     S  w , e  𝜋   D  c ) ,   𝛼  w , s =   𝛼  w f , s = 90 °


    V  R d , e


    V  R d , s


    V  R d


   N  S d


    V  R d , e   ( kN )


    V  R d , s   ( kN )


    V  R d   ( kN )


   N  S d


    V  R d , e   ( kN )


    V  R d , s   ( kN )


    V  R d   ( kN )


  0.6  N  Ed


  0.6  N  Ed


  0.6  N  Ed


  0.6  N  Ed


  0.6  N  Ed


  0.6  N  Ed


  0.6  N  Ed


  0.6  N  Ed


  0.6  N  Ed


  0.6  N  Ed


  0.6  N  Ed


  0.6  N  Ed


  0.6  N  Ed


  0.6  N  Ed


  0.6  N  Ed


  0.6  N  Ed


  0.6  N  Ed


  0.6  N  Ed


  0.6  N  Ed


  0.6  N  Ed


  0.6  N  Ed


  0.6  N  Ed


  0.6  N  Ed


  0.6  N  Ed


  Corrosion   specification  {      L   −   Longitudinal   reinforcement   T   −   Transverse   reinforcement     LT   − Longitudinal + Transverse


    V  R d =   V  R d c +   V  R d s


  (  N  Sd =0.6  N  Ed )


  0 . 6  N Ed


  (  N  Sd  = 0  N  Rd ,   0 . 1   N  R d ,   0 . 2   N  R d ,   0 . 3   N  R d ,   0 . 4   N  R d ,   0 . 5   N  R d ,   … ,     N  R d )


    N  R d =   A  c   f  c +   A  s   f  s


    N  R d =   A  c   f  c


  (  N Rd )


    N  R d =   A  c   f  c +   A  s   f  s


    N  R d =   A  c   f  c


    V  R d = 360 kN  


  351 kN


    V  R d


  345 kN


  323 kN


  338 kN


  307 kN


    V  R d , e


    V  R d , e


    V  R d , s


    V  R d , e


    V  R d , s


   N  Sd  = 0


   N  Sd  = 0.6  N  Rd


   N  Sd  = 0


   N  Sd  = 0.6  N  Rd


    V  R d , e


    V  R d , s


    d  l , e q


   N  Sd  = 0.6  N  Rd


   N  Sd  = 0


    V  R d


   N  Sd  = 0.6  N  Rd


    V  R d , e


    V  R d , s


    N  S d


    V  R d , e


   N  Sd  = 0 


   N  Sd  = 0.6  N  Rd


    V  R d , s


  N = 0


  N = 0.6  N  Ed


  0.6  N  Ed


  ( N = 0)


  0.6  N  Ed


  0.6  N  Ed


  N = 0


  N = 0.6  N  Ed


    V  R d , s


    V  R d , s


  N = 0


  N = 0.6  N  Ed


  N = 0


  N = 0.6  N  Ed


   N  Sd  = 0


   N  Sd  = 0.6  N  Sd


  𝜔


    A  s e c t o r =   𝜔 2   r 2


  𝜔


  r ,  


  𝜔


    A  t r i a n g l e =  1 2 b h


  2  (  1 2 r s i n   𝜔 2 . r c o s   𝜔 2 )


    s i n 𝜔 2 = s i n   𝜔 2 c o s   𝜔 2
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