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ABSTRACT

With climate change driving higher sea levels and more frequent extreme weather occurrences,
coastal megacities are facing a growing scarcity of land. On the other hand, the demand for
infrastructure to support urban economic development is increasing, intensifying the conflict
between land supply and infrastructure needs. Developing and utilizing ocean space is
emerging as a viable solution. The development of high-performance and durable marine
infrastructure is of great significance to the economic advancement of coastal cities. However,
marine environments present conditions that are much harsher than those on land. Structures
are subjected to long-term effects from wind, waves, and currents while being exposed to a
highly corrosive environment. Widely used steel-reinforced concrete and steel structures
inevitably suffer from corrosion. The combined effects of loading and corrosion can
significantly reduce the safety and durability of these structures, posing considerable

challenges for the development and application of marine engineering.

To address the aforementioned issues, the development of marine infrastructures using high-
performance materials has emerged as a significant field. This thesis aims to explore the
feasibility of two emerging materials, Fiber Reinforced Polymer (FRP) and Engineered
Cementitious Composites (ECC), for use in marine infrastructure applications. The research
employs polyethylene (PE) fibers and a high-strength cement matrix to create ultra-high-
performance Engineered Cementitious Composites (UHPECC) with high tensile strength and
deformation capacity. Initially, the fatigue performance of UHPECC under different load
conditions is investigated through experiments, considering variables such as stress levels and
loading frequencies. The influence of initial static tensile strength is also introduced, and a

probability of failure-stress level-fatigue life (P-S-N) model is established using data from



tensile fatigue tests. Subsequently, to account for the stress ratio, particularly the influence of
stress reversal on fatigue life, an additional set of fatigue load tests under different stress ratio
conditions was conducted. The adverse impact of a negative stress ratio on the fatigue life of
ECC was examined. A cumulative fatigue damage model was developed based on the fatigue
deformation history of the specimens to assess fatigue damage under various loading

conditions.

At the component level, this study investigates the mechanical performance of flexural
members made of UHPECC reinforced with FRP bars, which are particularly suitable for
marine infrastructure. These novel structural members offer the following advantages over
steel reinforced members: (1) steel corrosion is completely avoided by replacing steel bars with
FRP bars; (2) the tensile strength of FRP reinforcement could be completely utilized due to the
ultra-high strength of UHPECC; (3) UHPECC’s high ductility and tensile toughness ensure
excellent deformation compatibility with FRP bars; (4) using locally available sea sand
dramatically reduces the transportation cost and energy consumption. To demonstrate the
above advantages, FRP-reinforced UHPECC beams were fabricated and tested. The influences
of FRP reinforcement ratio, fiber dosage of UHPECC, and loading scheme on the behaviors of
the beam specimens were investigated in detail. The crack development in UHPECC, load-
displacement responses, failure modes, energy dissipation capacities, deformation capacities,
and strain evolutions were measured and discussed. The test findings demonstrated that the
incorporating of fibers significantly reduces the relative slip between FRP and UHPECC,
enhancing the deformation capacity of the specimens. However, cyclic loading damages the

fibers' bridging effect, thereby reducing the performance of the specimens.



On the structural scale, this study proposes an offshore placement scheme for storage tanks, a
widely used industrial structure, to achieve large-scale storage. The newly proposed offshore
storage tank can remain stable in a marine environment, and its feasibility is verified under
various potential failure scenarios. The research subsequently examines how hydrodynamic
pressure is distributed across the cylindrical shell of the storage tank as a result of wave loads,
and it determines the stresses induced in the shell by these wave loads. The findings reveal that
the ultimate stress levels of the proposed structures fall within the range that the new materials
can withstand. This preliminary evidence confirms the feasibility of using these emerging

materials in marine infrastructure applications.

Finally, the conclusions are outlined and suggestions for future research are emphasized.
Overall, the developed work provides a foundational exploration into the application of

emerging materials in marine infrastructures.
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CHAPTER 1 INTRODUCTION

1.1 BACKGROUND

Over the past few decades, coastal cities such as Hong Kong, Singapore, and Tokyo have
experienced rapid development. The land supply in these cities is becoming increasingly
limited. However, the demand for developable land in these cities continues to grow, driven by
various needs including industrial development, residential expansion, and logistical
requirements. In addition, the sea level rise induced by climate change presents growing
challenges to these cities. The globally averaged sea level height derived from satellite
monitoring has exhibited a rising trend for over thirty years, as illustrated in Fig. 1.1.
Furthermore, the global average sea level rise has increased from 2.1 +1.1 mm/year between
1993 and 2003 to 4.3 £0.6 mm/year between 2013 and 2023, representing a 105% increase
(Cazenave et al. 2018; Dieng et al. 2017). Prolonged sea level rise is anticipated to intensify
coastal erosion, flooding, and storm impacts (Cazenave and Cozannet 2014).

Mean sea level globally

12em

Trend: 3.4+0.3 mm/yr
Acceleration: 0.11+0.05 mmfyr?

2013-2023

+4.3 mmiyr

+2.1 mm/fyr

1955 2000 2005 2010 2015 2020

Fig. 1.1 Satellite derived variation of global mean sea level: 1993 - present (source:
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Against the above challenges, many coastal cities heavily rely on land reclamation to expand
their land supply. However, such projects incur significant time and economic costs and can
have negative impacts on ecosystems. Additionally, reclaimed areas are more susceptible to
natural disasters (Watanabe et al. 2004). Rather than depending on land reclamation, an
alternative strategy is to use sea space by installing marine structures, especially in nearshore
waters. Coastal shallow waters typically experience mild sea state, making them well-suited

for the construction of marine structures.

Recently, many researchers and companies have proposed various designs for offshore and
marine structures. Considering residential preferences and transportation requirements, coastal
and offshore marine structures are typically more suitable for industrial and public purposes,
including airports, factories, ports, wind turbines, and other similar facilities. For example,
Japan has adopted a steel-made floating oil storage system for strategic reserves as shown in
Fig. 1.2 (Ueda 2014). A floating bridge operates in Norway (Wan et al. 2017; Eidem 2017).
Benefiting from benign sea conditions, Singapore has undertaken many attempts in the field of
marine structures. They placed a floating performance platform in reservoir condition
(Sulaiman et al. 2013). They also proposed floating breakwaters (Jiang et al. 2018). A floating
solar farm was also constructed in the coastal region (Zhang et al. 2022). Due to its proximity
to one of the world's busiest shipping straits and its advanced petrochemical industry,

Singapore has a substantial need for oil storage facilities. A collaborative team from Singapore
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and Norway has developed an innovative concept called the Floating Hydrocarbon Storage
Facility (FHSF), illustrated in Fig. 1.3. This novel FHSF concept features a modular design
that allows for scalable construction to meet various capacity requirements, ranging from 5,000
m? to 35,000 m® (Zhang et al. 2019). The floating tanks are constructed using prestressed
concrete, consisting of a central storage tank surrounded by four or eight empty floaters
attached along the perimeter to provide additional buoyancy to the central tank. These floating
tanks are of the single hull type, with skirts introduced at the tank's bottom to slow down motion
response. The floating tank is housed within a frame-like structure barge with mooring systems
connecting to the frame. The entire system is equipped with a station-keeping system to

effectively respond to environmental forces.

(@) Shirashima (b) Kamigoto

Fig. 1.2 Floating fuel base in Japan (Ueda 2014)

Fig. 1.3 Floating hydrocarbon storage facility (CHI 2020)
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With the development of offshore engineering structures, some structures experience more
complex loading conditions and severe environments, providing opportunities for the
application of high-performance materials. Marine structures represent a significant and
promising application for advanced materials, with engineered cementitious composites (ECC)
and fiber reinforced polymer (FRP) being two notable examples. The integration of these high-
performance materials can significantly minimize the overall dimensions of structural members,
decrease self-weight, and enhance loading capacity and durability. This study aims to explore
the feasibility of utilizing high-performance materials in marine engineering structures,

considering the scales of materials, components, and entire structures.

1.2 FIBER-REINFORCED POLYMER (FRP)

Corrosion of steel reinforcements is a major cause to the deterioration of concrete structures.
Marine environments subject structures to more severe corrosion and cyclic loads over
extended service periods compared to inland civil structures. Consequently, the corrosion and
performance degradation of steel reinforcement in marine structures are significant concerns.
Although some researchers have proposed methods such as electroplating protective coatings
on steel surfaces or using epoxy resin coatings on steel surfaces to resist corrosion, these
methods often fail to achieve ideal results in marine engineering structures. While some
researchers have proposed methods such as electroplating protective coatings on steel surfaces
or applying epoxy resin coatings to resist corrosion, these approaches often do not meet
expectations in marine engineering structures. The utilization of fiber-reinforced polymer (FRP)

reinforcement has become a promising method to overcome these shortcomings.



FRP is manufactured by combining fibers and resin matrix through a specific preparation
process to achieve desired shapes and properties. The typical structure of FRP is shown in Fig.
1.4, Starting in the 1940s, material scientists began integrating high-strength, high-stiffness
glass fibers as reinforcement into cost-effective, lightweight, and corrosion-resistant polymer
resins. This process, typically achieved through pultrusion methods, achieves lightweight,
high-strength composite materials known as glass fiber-reinforced polymers (Xue et al. 2016).
Various types of FRP have emerged in the following decades, driving developments in defense
and aerospace industries (Yang et al. 2020). With the production process of FRP matured the
cost of products gradually decreased, leading to the gradual expansion of FRP materials into
other industrial sectors, including civil engineering. The adoption of FRP in civil engineering
has rapidly developed, with FRP material appearing more and more frequently in buildings,

bridges, hydraulic structures, and port facilities.

- /////////////Z;: ‘ 7

Fig. 1.4 Typical FRP structural diagram

FRP offers several advantages, including: (1) Lightweight and high strength. Utilizing FRP
bars can considerably decrease the structure’s self-weight while enhancing their loading
capacity. (2) Excellent corrosion resistance. FRP bars can serve for a long time acidic, alkaline,

chloride, and humid environment which is incomparable to steel. (3) Outstanding elastic
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properties. Due to its linear elastic mechanical characteristics, FRP possesses strong
recoverability upon unloading, making it suitable for structures subjected to dynamic, cyclic,
or impact loads. (4) excellent design flexibility. FRP as a man-made material, FRP can be
designed with various strength levels, elastic modulus, and cross-sectional forms by controlling

parameters such as fiber type and content (Xiong et al. 2011; Liu et al. 2015).

FRP also has several notable disadvantages that need to be improved and avoided in design:
FRP reinforcement is an elastic-brittle material, distinct from steel reinforcement in its
tendency for brittle failure without a yield plateau (Peng and Xue 2018). The strength of FRP
is primarily contributed by the fibers. In directions without fibers, the strength is determined
by the properties of the matrix, resulting in reduced shear strength and interlaminar shear
strength. FRP has a relatively low elastic modulus and its ultimate strain is significantly smaller
than that of steel reinforcement (Hollaway and Teng 2008). Therefore, concrete structures
reinforced with FRP may exhibit reduced stiffness and ductility. The matrix material of FRP
reinforcement is epoxy resin, which tends to soften or even decompose at high temperatures.
Therefore, FRP reinforcements are unsuitable for environments exceeding 60<C (Fang et al.
2020). Additionally, the material cost of FRP reinforcement remains high, with its unit mass

price being approximately 8 to 12 times greater than that of steel reinforcement (Huang 2018a).

Although FRP provides promising durability and strength when used as reinforcement in
concrete structures, its lower elastic modulus can result in a notable reduction in the stiffness
of structural members. This reduction of stiffness may increase the risk of shear failure or
premature concrete crushing. Meanwhile, strain in FRP reinforcement can develop unevenly:

it tends to increase rapidly near crack locations, which can lead to early stress concentration
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and potential fractures, while strain in other areas of the reinforcement may remain low until
failure. These shortcomings limit its application in the field. To fully leverage the high strength
of FRP and achieve a ductile failure structure, many approaches have been proposed (Grace et
al. 2013; Zhao et al. 2016; Sonobe et al. 1997; Theriault and Benmokrane 1998). These
methods can be summarized into two categories: the introduction of steel, which conflicts with
the need for corrosion resistance in the marine environment, and the use of excess FRP

reinforcement, which results in low utilization of materials.

1.3 ULTRA-HIGH PERFORMANCE ENGINEERED CEMENTITIOUS

COMPOSITE (UHPECC)

In recent decades, the application of high-performance concrete presents as a potential solution
for severe conditions. A category of high-performance engineered cementitious composites
(ECC) has been developed to exhibit greater ductility in both compression and tension
compared to normal concrete. By incorporating fibers, ECC can mitigate the quasi-brittle
behavior of concrete and improve mechanical performance. The addition of fibers allows the
material to sustain the tensile load even after cracking. As the load increases, multiple cracks
will initialize and open to a certain width gradually (Lee and Barr 2004; Paskova and Meyer
1997; Grzybowski and Meyer 1993; Otter and Naaman 1988). The formation of multiple cracks
prevents ECC from brittle fracture and exhibits strain-hardening behavior. Taking advantage
of fibers, ECC can typically achieve an ultimate strain of over 3% before one particular
localized crack grows wide enough followed by softening behavior (Zhang et al. 2011).
Normal-strength ECC typically has a compressive strength ranging from 20 to 80 MPa, while
high-strength ECC can achieve compressive strengths of 80 to 160 MPa (Huang et al. 2020).

Compared to conventional concrete, ECC demonstrates superior performance under various
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loading conditions, including monotonic, cyclic, fatigue, and impact loads. The formation of
multiple fine cracks in the tensile zone contributes to ECC's notable ductility. The high spalling
resistance with larger ultimate strain can prevent brittle failure due to crushing (Yuan et al.
2014). To ensure workability, the volume ratio of short fibers is lower than 2.5%. The
micromechanics-based design theory for this material was initially introduced by Li and Leung
(1992). ECC is also known as ultra-high toughness cementitious composites (UHTCCs)
(Huang et al. 2020), or strain-hardening cementitious composites (SHCCs) (Peng et al. 2023).
Due to its high performance, ECC has demonstrated potential for applications in structures
under complex loading (Sahmaran et al. 2010; Leung et al. 2007; Zanuy et al. 2009; Ahlstrém
et al. 2005; Wang et al. 1997). In structural applications, replacing normal concrete with ECC
in the entire structure would result in significantly higher costs, mainly due to the expense of
polymeric fibers compared to conventional cementitious materials and sands. To control costs,
solutions include optimizing structural design, and using this material in critical loading areas

(Takewaka et al. 2003; Matsumoto et al. 2004; Li et al. 2009).

The previous studies mainly focus on the normal strength ECC. However, in the complex long-
term loading environment of marine applications, the application of ultra-high performance
engineered cementitious composite (UHPECC) is expected to be more effective and suitable.
Currently, research on the mechanical properties of UHPECC is still limited, and studies on
UHPECC structural components are even rarer. In these cases, investigating the behavior of
UHPECC is urgent and important for the design and application of structures utilizing this

material.



1.4 FRP-REINFORCED UHPECC STRUCTURE

The aforementioned offshore engineering structures must withstand significant marine
environmental loads and meet durability requirements for long-term service. This imposes high
demands on both their mechanical behavior and durability. The advancement of high-
performance and durable marine infrastructure is crucial for the economic development of
coastal cities. However, conventional marine infrastructure is constructed mainly of steel-
reinforced concrete (RC) and thus faces a major challenge of deterioration due to steel
corrosion (Rodrigues et al .2021). Due to their excellent corrosion resistance and high strength-
to-weight ratios, fiber-reinforced polymer (FRP) composites (e.g., FRP bars and tubes) have
emerged as a promising material in replacing steel in conventional steel RC structures in
aggressive environments (Chen and Teng 2008). Typically, concrete structures reinforced with
FRP bars (referred to as FRP-RC structures) are a promising form of structures for marine

infrastructure.

Because FRP reinforcement is inherently brittle, structures reinforced with FRP exhibit
significantly lower ductility compared to those reinforced with steel. To ensure a certain level
of ductility, it is more desirable that the failure of an FRP-RC flexural member is governed by
concrete crushing, by utilizing the inelastic behavior of concrete, although the failure mode of
FRP bar rupture is also allowed in the current design codes/standards for FRP-RC flexural
members (e.g., ACI 440.1R 2015). Note that in ACI code, a strength reduction factor of 0.55
is employed for FRP-RC flexural members governed by FRP bar rupture, which is smaller than
that for members governed by concrete crushing (i.e., 0.65). However, for the members
governed by concrete crushing, the strength of FRP reinforcement generally could not be fully

utilized (i.e., the tensile strength of FRP bars is not reached when the member fails).
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Furthermore, the energy dissipation capacity of an FRP-RC member is usually lower than that
of a steel-RC counterpart, due to at least the following issues: (1) the linear elastic behavior of
FRP reinforcement; (2) the inferior bond performance between FRP bar and concrete,

especially under cyclic loading (Yan et al. 2016).

To address the above issues with FRP-RC flexural members, researchers have made plenty
efforts in material and structural improvements. The present study adopted method from
improve material performance, i.e. introduce ultra-high performance engineered cementitious
composite (UHPECC). As a high performance material, the use of UHPECC with FRP bars
leads to the following benefits of the reinforced members: (1) the tensile strength of FRP bars
could be more easily fully utilized by capitalizing the ultra-high strength of UHPECC
(commonly with a compressive strength of larger than 120 MPa); (2) good deformation
compatibility between FRP bars and ECC due to the excellent ductility and toughness in
tension caused by the presence of fibers; (3) better energy dissipation capacities of the members
are anticipated due to the tensile toughness and multiple cracking behavior of ECC, as well as
better bond performance between FRP and ECC compared with that between FRP and normal
concrete. FRP and ECC, as high-performance materials, possess excellent mechanical and
durability properties. With proper design, they can be combined to create high-performance
components. These components can then be used to design marine infrastructure that meets

long-term service requirements.

1.5 OBJECTIVES, SCOPE, AND LAYOUT OF THE THESIS

Against the above background, the main goal of this thesis is to assess the feasibility of using

emerging materials in offshore infrastructures. The study began with an investigation at the
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material scale, focusing on the fatigue performance of UHPECC. Subsequently, the research
combined UHPECC with FRP at the component scale to examine the mechanical properties of
structural members. Finally, using numerical methods, the research analyzed the structural
performance of offshore storage tanks in marine environments to explore the potential
applications of these emerging materials at the structural scale. More specifically, the thesis

aims to:

1) Investigate the tensile fatigue behavior of UHPECC through experimental tests.

2) Develop a fatigue model to describe the degradation of UHPECC.

3) Examine the behavior of FRP-reinforced UHPECC flexural members under cyclic loading.

4) Explore the effect of cyclic deformation histories on FRP-reinforced UHPECC beams.

5) Propose an appropriate scheme for offshore storage tanks and assess their feasibility.

The thesis is structured into eight chapters, with a summary of each chapter as follows:

Chapter 2 begins with a comprehensive review of existing studies on material-scale
investigations, focusing on the fatigue performance of ECC and the current models describing
concrete fatigue degradation. Following this, to guide the structural-scale research of FRP-
reinforced ECC members, the chapter reviews researches on the cyclic behavior of FRP/steel-
reinforced ECC/concrete beams. Finally, it examines existing studies on the characteristics of
above-ground tanks and floating storage tanks, along with their potential failure modes and

application challenges.
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Chapter 3 presents a material test on the tensile fatigue behavior of ultra-high-performance
ECC using a direct tensile test set-up. This chapter focuses on the effects of stress levels and
loading frequencies and on the fatigue performance of UHPECC. The test reveals that fatigue
life increases with higher loading frequencies and decreases with higher stress levels. The
analysis of the test results includes the examination of failure modes, fatigue life, deformation,
and secondary strain rates. Using the fatigue life data, a probabilistic model for fatigue failure
is proposed, incorporating the variability of initial tensile static strength. This model aligned
well with the experimental results, offering important perspectives on the behavior of UHPECC

under tensile fatigue conditions.

Chapter 4 further advances the foundation of Chapter 3 by introducing the stress ratio R and
examining its impact on the fatigue life of ECC. Unlike most experimental investigations that
set the stress ratio (the ratio of minimum to maximum stress during fatigue loading cycles) at
0.1, this study considers three different cases: 0.1, -0.1, and -1. Under a stress ratio of -0.1 and
-1, it is evident that the stress experienced by the specimen has reversed. The experimental
results indicate a significant reduction in the fatigue life of ECC when the stress ratio is less
than zero. Building on the experiments from this and the previous chapter, and taking into
account stress level, stress ratio, and loading frequency, a method for defining tensile fatigue
damage in ECC is proposed. This method aims to predict ECC's fatigue life under random

fatigue loading conditions.

Chapter 5 turns to the component level, studying the flexural performance of FRP-reinforced

ECC members under cyclic loading. In this chapter, eight GFRP-reinforced ECC beams were
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cast, along with two additional beams without fiber addition to serve as references. The beams
were subjected to four-point bending tests to analyze factors such as the reinforcement ratio,
the fiber volume ratio, and the loading methods affecting their flexural performance. By
comparing the results of the tested beams, this research aims to provide a comprehensive
understanding of how these factors affect the overall flexural performance of the beams

subjected to cyclic loading conditions.

Chapter 6 investigates the impact of various loading histories on the cyclic performance of
FRP-reinforced ECC members. In Chapter 6, all cyclic loading specimens employed a
conventional loading protocol, where the applied loading displacement increased step by step.
Based on this, Chapter 7 introduces two different loading histories, defined as cyclic loading
with small initial pulses and large initial pulses. The cyclic performance of specimens under
these different loading histories is compared, with a focus on hysteresis curves, crack

development, and strain evolution.

Chapter 7 proposes an innovative storage tank designed for placement in coastal shallow waters.
This scheme combines the advantages of both above-ground tanks and floating storage tanks,
offering substantial storage capacity while maintaining stability in the sea. To substantiate the
viability of this concept, the chapter outlines and examines the potential failure modes of the
new structure. Given that wave load is the most critical factor for the overall design, an
analytical method based on potential flow theory is adopted to determine the wave-induced

hydrodynamic pressure on the cylindrical shell. Subsequently, numerical models of tanks are
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constructed to evaluate and assess the feasibility of the proposed scheme. The results confirm

the feasibility of the tank with a well-designed configuration.

The thesis concludes with Chapter 8, which reviews and summarizes the main findings drawn
from the previous chapters. Additionally, it highlights several areas that warrant further

investigation.
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CHAPTER 2 LITERATURE REVIEW

2.1 INTRODUCTION

This chapter aims to offer a comprehensive literature review to support the following chapters
in this dissertation. First, this chapter examines the fatigue characteristics of ECC, specifically
emphasizing tensile fatigue and various fatigue modes, as ECC is the construction material
used in this study. Next, existing studies on the cyclic performance of concrete flexural
members, including both steel-reinforced and FRP-reinforced beams, are reviewed. Following
this, different storage facilities are examined, including above-ground tanks and offshore

floating tanks.

2.2 FATIGUE PERFORMANCE OF CONCRETE/ECC

The fatigue performance of concrete has been extensively studied due to its crucial impact on
the durability and longevity of structures. Repeated loading over time can cause concrete to
deteriorate, compromising the safety and functionality of the infrastructure. This section offers
a concise review of the tensile fatigue behavior of concrete. According to literature reports,
most researchers indicate that incorporating fibers can improve the fatigue performance of

concrete.

2.2.1 Fatigue behavior of normal concrete

Early studies on the tensile fatigue performance of concrete were constrained by the limitations

of loading equipment, leading scholars to primarily use bending and splitting test methods.
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Around 1980, with improvements in equipment, researchers began to study the axial tensile

fatigue performance of concrete.

In 1979, Tepfers (1979) performed axial tensile fatigue tests on 150mm cubic specimens with
strengths of 40.8MPa and 56.7MPa, using stress ratios of 0.2, 0.3, and 0.4. A total of 60
specimens underwent testing. The findings revealed that the tensile fatigue performance of
concrete could be accurately described using Wohler curves typically applied to compressive
fatigue. Furthermore, the experimental data yielded predictive equations for the tensile fatigue
life of both types of concrete. In 1983, Satiol (1983) employed custom-made friction fixtures
to achieve direct tensile fatigue loading on concrete specimens. They derived the S-N curve
equation for tensile fatigue in concrete. In 1993, Zhao et al. (1993) conducted comparative
fatigue experiments on high-strength concrete using splitting, axial, and flexural loading. Their
study revealed no notable difference in the fatigue performance of high-strength concrete under
these loading conditions. Furthermore, they derived S-N curve equations for each loading
condition and demonstrated a strong linear relationship between the growth rate of fatigue
strain in the second stage and fatigue life. Lyu P.Y. (2002) investigated the axial tensile fatigue
performance of concrete with a compressive strength of about 24.64 MPa using variable cross-
section prismatic specimens. In the experiments, the minimum stress level was varied at 0, 0.15,
and 0.30, while the maximum stress level ranged between 0.6 and 0.85. The study derived the
S-N curve equation for axial tensile fatigue, taking into account the influence of both maximum
and minimum stress levels. Feng and Song (2006), using data from axial tension-tension and
tension-compression fatigue tests conducted under constant amplitude repeated loading on 76
concrete specimens from the literature (Lyu 2002), derived the correlation between the fatigue

strength reduction factor of concrete after 2 million cycles and the minimum stress level. They
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also provided fitting equations for the three-stage development patterns of fatigue strain and

deformation modulus.

2.2.2 Fatigue behavior of fiber-reinforced concrete

In the last twenty years, research on the fatigue performance of concrete with various added
fibers has gradually increased. Behloul et al. (2005) conducted fatigue tests using a three-point
bending setup on commercial steel fiber-reinforced reactive powder concrete known as Ductal.
The specimens were initially exposed to quasi-static bending loads until the tensile strain at the
bottom edge reached 0.30%. This was followed by bending fatigue tests with upper and lower
stress limits set at 0.9 and 0.1 times the elastic limit strength, respectively. The results indicated
that after 10 million fatigue cycles, the specimens exhibited only minor damage, with a
corresponding fatigue limit of approximately 0.54 times the elastic limit strength. Lappa et al.
(2006) performed four-point bending tests on another commercial ultra-high-performance
concrete. Their findings revealed a linear relationship between the rate of deformation growth
during the second stage and the number of cycles, and they provided the corresponding
expression. However, due to variability in specimen strength, they did not provide the fatigue

strength for 10 million cycles.

Parant et al. (2007) conducted bending tests of ultra-high-performance concrete reinforced with
three different types of fibers. The findings revealed that fatigue strength after 2 million cycles
was roughly 0.65 times of the static flexural strength. Shaheen and Shrive (2007) performed
four-point bending fracture toughness tests as well as high and low cycle fatigue tests on Ductal
commercial steel fiber reinforced concrete with a strength level of 150MPa. They derived a

series of fracture mechanical parameters for Ductal commercial steel fiber-reinforced concrete.
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The fatigue test results showed that reactive powder concrete (RPC) exhibited superior low and
high cycle fatigue performance compared to ordinary concrete. This was due to the dense
microstructure of RPC and the restraining effect of steel fibers, resulting in slower crack

propagation.

Fitik et al. (2022) conducted uniaxial tension-compression fatigue tests on four different
mixtures of ultra-high-performance concrete. They observed that the development of fatigue
deformation in ultra-high-performance concrete followed a pattern similar to ordinary concrete,
exhibiting three distinct stages. However, the presence of initial defects in the specimens
resulted in significant variability in the test results and accelerated fatigue failure. Makita and
Brihwiler (2014) in Switzerland conducted axial tensile fatigue tests on three groups of ultra-
high-performance concrete, each containing 3% steel fiber by volume. The fatigue tests
reached a maximum of 10 million cycles. Based on their experimental findings, they provided
the S-N relationship curve for the axial tensile fatigue of ultra-high-performance concrete.
Makita and Brihwiler (2015) introduced a bilinear form of the damage evolution equation for
RPC, grounded in experimental findings. Furthermore, they developed a formula for the

damage coefficient, which is indicated by the maximum total fatigue strain.

In recent decades, research on the fatigue properties of ECC has revealed that it exhibits a much
longer fatigue life and greater ductility in deformation when subjected to flexural or
compressive fatigue load, in contrast to conventional concrete (MUler and Mechtcherine 2017).
Numerous researchers also have examined the fatigue property of ECC when subjected to
tensile loads. Matsumoto et al. (2003) explored the tensile fatigue characteristics of ECC using

a constant displacement amplitude. Huang et al. (2017) investigated the tensile fatigue crack
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bridging in ECC. Matsumoto et al. (2010) also examined the uniaxial tension-compression
fatigue properties of fiber-reinforced cementitious composites. Most prior studies on the
fatigue behavior of ECC have employed polyvinyl alcohol (PVA) fibers with normal concrete
strength. However, there is a scarcity of research on the fatigue behavior of high-strength ECC
incorporating ultra-high-molecular-weight polyethylene (PE) fibers. To the author's knowledge,
Zhou et al. (2020) investigated the impact of cyclic loading on the tensile fracture properties
of ultra-high-performance ECC. Guo et al. (2020) examined the flexural fatigue performance
of high-strength lightweight ECC. However, a more thorough understanding of the tensile

fatigue behavior of high-strength ECC is needed.

Research has found that fatigue deformation under constant amplitude loading, regardless of
whether the material is ordinary concrete, high-strength concrete, fiber-reinforced concrete, or
other types of reinforced concrete, adheres to a three-stage deformation pattern that is
unaffected by the stress ratio (Kou et al. 2018). The parameters explored in the fatigue tests
include the stress level (S, the ratio of maximum loading stress to the ultimate strength), stress
ratio (R, the ratio of minimum loading stress to the maximum loading stress), and loading
frequency (f). The relationship established between fatigue life (N, the number of loading
repetitions) and stress level is represented by the S-N curve. While the S-N curve is suitable
for describing the fatigue behavior of steel, for concrete, other factors may also have an impact.
The loading frequency can affect both fatigue life and the creep behavior of concrete (Nordby
1958). When examining the coupling effect of stress level and loading frequency, it was
observed that for stress levels below 0.75, frequencies ranging from 1 to 15 Hz had minimal
impact on fatigue life (Hanson et al. 1974). However, for stress levels exceeding 0.75, Sparks

and Menzies (1973) found that the loading frequency demonstrated a notable impact on fatigue
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life. Several researchers have proposed or adapted models to account for the influence of
frequency (Zhang et al. 1996). Saucedo et al. (2013) investigated compressive fatigue behavior
of fiber-reinforced concrete and developed a probabilistic model including loading frequency
impact. Huang et al. (2017) investigated the loading frequency effect on the compressive

fatigue behavior of ECC and also conducted a probabilistic analysis.

2.2.3 Fatigue model concrete

The primary reason for the gradual deterioration of mechanical properties during the fatigue
loading of concrete is the internal accumulation of fatigue damage (Chen 2007). The
incorporation of fibers can slow the accumulation of fatigue damage in concrete to some extent,
thereby improving its fatigue performance. The most effective approach to studying the fatigue
damage accumulation of fiber-reinforced concrete is to utilize microscopic quantities to reflect
the deterioration of macroscopic mechanical properties. This involves treating fibers as a
component and investigating the accumulation of damage in fiber-reinforced concrete from a
microscopic level based on the fiber crack resistance mechanism. However, this method faces
significant challenges due to the presence of numerous microcracks and micropores within the
concrete itself, as well as the inherent randomness in fiber distribution (Batson et al. 1972).
Therefore, it is crucial to develop a model that combines mechanical laws with characteristics
observed through experimental research. This model should accurately depict the evolution of
fatigue accumulation damage within fiber-reinforced concrete and its resulting deterioration in

macroscopic mechanical properties (Bazant and Hubler 2014).

Numerous models describing the concrete fatigue damage process have been proposed. Whaley

and Neville established an exponential function prediction model for fatigue inelastic
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deformation in relation to loading stress and time based on fatigue tests of concrete prisms
(Whaley and Neville 1973). Spark identified a strong linear relationship between the increasing
rate of maximum fatigue strain in the second stage and fatigue life through uniaxial
compression fatigue tests conducted on concrete specimens. Moreover, Sparks (1982)
developed correlation equations in index form based on test data. Holmen conducted a study
on the compressive fatigue behavior of concrete subjected to both constant and variable
amplitude cyclic loads. From the test results, they established S-N-P fatigue life prediction
curves that accounted for survival rate. Additionally, a segmented function form of the strain
prediction method was derived from the fitted fatigue strain development curve. However, the
complexity of this method limits its utility, as it does not provide corresponding prediction
equations for strains beyond 80% of the cycle number (Holmen 1982). Maekawa introduced a
fatigue constitutive model grounded in fracture micromechanics, assuming that the evolution
of macroscopic deformation in concrete fatigue originates from the development of
microcracks and defects (Maekawa et al. 2003). They further developed the nonlinear analysis
software COM3, which can be employed to predict both low and high cycle fatigue
performance in concrete structures (Maekawa et al. 2006a; Maekawa et al. 2006b; El-Kashif
and Maekawa 2004). Bazant et al. (2014) proposed a fatigue fracture mechanics model for
concrete, utilizing the Paris formula (Paris and Erdogan 1963). They calibrated the model
parameters using experimental data and applied it to predict fatigue damage in real bridges.
Kindrachuk et al. (2015) characterized the degradation of concrete materials under fatigue
loading by evolving damage variables. They established a fatigue prediction model that

includes yield surfaces, yield criteria, and rules for damage and hardening.
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Recent years have seen substantial interest in examining the fatigue properties of fiber-
reinforced concrete. Incorporating fibers into concrete can improve its fatigue performance,
leading to an extended fatigue lifespan and increased deformation compared to conventional
concrete (Zhang and Li 2002; Huang 2018b; Huang et al. 2018). Few models have been created
and effectively predict the fatigue lifespan of fiber-reinforced concrete subjected to flexural
loading. Qiu and Yang (2016) introduced a multiscale model to depict the fatigue behavior of
the fiber-reinforced cementitious composites, focusing on the effects of fiber bridging. Li and
Matsumoto (1998) developed a model to predict the fatigue life of brittle matrix composites
reinforced with short fibers, relying on the phenomenon of fiber bridging during cyclic loading.
Huang et al. (2019a) proposed an innovative model utilizing the three-parameter Weibull
function to characterize the three-stage fatigue deformation behavior in both plain and fiber-
reinforced concrete. Additionally, they presented a deformation-based approach for forecasting

the fatigue life.

In summary, research on concrete fatigue mainly focuses on compressive and flexural fatigue,
proposing various models. However, there is a noticeable gap in the exploration of concrete
tensile fatigue, particularly concerning the tensile fatigue performance of fiber-reinforced

concrete. Therefore, further investigation in this area is necessary.

2.3 FLEXURAL PERFORMANCE OF ECC MEMBERS

2.3.1 Flexural performance of ECC beam reinforced with steel or FRP bars

Due to its crack control capabilities and outstanding ductility, ECC has seen extensive use in
building, transportation, and hydraulic engineering over the past two decades. Reinforced ECC

beams, when using either steel or FRP reinforcement bars, is well-suited for structural
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applications demanding high tensile strength. In the current study, the term ‘“reinforced”
denotes concrete reinforced with either steel bars or FRP bars. The fiber reinforcement effect
within the ECC is implied. The presence of reinforcement bars complicates the analysis of
structural responses due to their interaction with the composite material. Consequently,
research on ECC members has been steadily emerging in recent years, though it remains
relatively limited compared to studies on normal concrete members. This section, therefore,
reviews ECC components reinforced with either steel or FRP, with a focus on their flexural

cyclic behavior.

Reinforced ECC members are becoming more prevalent in construction, especially in elements
subjected to severe conditions such as significant deformations or high shear stresses. These
structures demand materials with exceptional damage tolerance, energy dissipation capacity,
and ductility to withstand large cyclic deformations effectively. ECC possesses properties that
align closely with these structural requirements. Its high ductility and ability to absorb energy
make it suitable for flexural elements that must endure substantial cyclic forces. By
incorporating these advanced materials into construction practices, infrastructure performance

can be significantly enhanced in various severe conditions.

Several studies have examined the flexural performance of ECC members reinforced with FRP.
By incorporating fibers in concrete, the compatible deformation between ECC and FRP
reinforcement can reduce interfacial bond stresses and relative slip which can mitigate bond
splitting cracks development and surface spalling (Li and Wang 2002; Maalej and Leong 2005).
Another benefit of using ECC is a notable enhancement in ultimate compressive strain which

reduces the risk of premature crushing of concrete. The ultimate compressive strain of concrete
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with the incorporation of fibers ranged from 4000 to 5000 microstrains, compared with 2700
to 3000 microstrains for concrete without fibers (Wang and Belarbi 2011). Given that FRP is
a high-strength material, employing high-strength ECC is more favorable for using the material
properties of FRP. This can be evident in both improved cross-sectional bearing capacity and
enhanced bonding reliability. Meanwhile, ECC is anticipated to develop multiple cracks on the
tensile side. The tension stiffening characteristic of ECC allows it to continue carrying load
even after cracking. These micro-cracks help distribute the stress, thereby increasing the
stiffness of the cracked section. In contrast to normal concrete, which typically undergoes a
sudden reduction in stiffness post-cracking, this behavior differs significantly. Moreover, the
presence of multiple cracks in ECC aids in evenly distributing strain and delaying stress
concentration on FRP reinforcement in the longitudinal direction. Consequently, tension
stiffening in ECC significantly enhances structural performance under various loading

conditions.

A series of static behaviors of FRP-reinforced ECC flexural members have been reported as
mentioned before, but there is a notable gap in research concerning their cyclic behavior,
particularly for FRP-reinforced high-strength ECC under cyclic loading. Fischer and Li (2003)
investigate the cyclic performance of ECC columns reinforced with FRP, which are of normal
strength. Peng et al. (2023) tested the cyclic behavior of normal strength concrete beams
reinforced with polypropylene fibers, utilizing both prestressed CFRP tendons and
nonprestressed steel bars. Xue et al. (2008) investigated the cyclic performance of prestressed
fiber-reinforced concrete beams compared to prestressed conventional concrete beams. They
found that incorporating polypropylene fibers greatly enhances the energy dissipation and

ductility of steel prestressed concrete beams.
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Although research on the cyclic behavior of FRP-reinforced ECC members is limited, studies
on steel-reinforced ECC members can be reviewed for reference. Fischer and Li (2002b)
demonstrate that integrating ECC with steel reinforcement leads to compatible deformations
when subjected to uniaxial tension. This combination mitigates interfacial bond stresses and
helps to prevent bond-splitting cracks as well as cover splitting. They later explored how the
ductile deformation characteristics of ECC influence the performance of steel-reinforced
flexural members subjected to lateral load reversals. Their research revealed that integrating a
ductile cementitious matrix with steel reinforcement improves energy dissipation capacity,
lessens the necessity for transverse steel reinforcement, and encourages damage-tolerant
inelastic deformation characteristics (Fischer and Li 2002a). Canbolat et al. performed
extensive tests to assess the damage tolerance and stiffness retention ability of ECC coupling
beams. Thanks to the confinement provided by the ECC material, they were able to eliminate
the transverse reinforcement around the diagonal bars (Canbolat et al. 2005). Kesner and
Billington (2005) employed ECC for producing precast panels as substitutes for conventional
reinforced concrete or masonry. They conducted FEM and structural scale examinations,
demonstrating that modifying the ECC material composition and the quantity of reinforcement
in the panels can achieve different degrees of panel strength and rigidity. Billington and Yoon
(2004) proposed system utilizes unbonded post-tensioning to join precast segments, facilitating
the incorporation of ECC in segments that may experience plastic hinging. Research revealed
that incorporating ECC enabled the system to dissipate a greater amount of hysteretic energy
compared to conventional concrete, particularly at drift levels ranging from 3% to 6%.
Furthermore, ECC demonstrated superior structural integrity compared to reinforced concrete

when subjected to high cyclic tensile-compressive loads. Yuan et al. (2014) carried out
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experiments on several RC/ECC composite beam-column joints subjected to reversed cyclic
loading. They aimed to investigate how replacing conventional concrete with ECC in the joint
area impacts the seismic performance of composite structures. Their results indicate that ECC
can notably enhance both the load-bearing capacity and ductility of the beam-column joints, as
well as enhances energy dissipation, owing to the material’s high ductility and shear strength.
Prior research consistently validates that substituting concrete with ECC enhances energy
dissipation capacity and ensures better structural integrity. ECC, with its distinctive
characteristics, can synergize with steel reinforcement to enhance the ductility of steel-

reinforced elements.

2.3.2 Effect of deformation history on reinforced concrete members

The deformation history describes the sequence, magnitude, and frequency of deformation
cycles undergone by a test specimen during testing or by an engineering structure throughout
its service life. When analyzing structures subjected to loads such as waves, earthquakes, etc.,
it becomes essential to conduct a statistical analysis of the structure’s response under numerous
random loading conditions. In experimental studies, structural deformation history is typically
controlled by applying controlled displacements or forces. However, due to constraints such as
time and cost, experiments can only explore the response of test specimens under several types
of loading histories. To calibrate structural analysis based on the results from limited
experimental loading histories to real random loading histories, it becomes crucial to choose

loading histories and understand their impact on the loading capacity (Krawinkler 2009).

A deformation history that encompasses the hazardous conditions experienced by the structure

under actual loading conditions would be considered appropriate. Identifying hazardous
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conditions can be challenging in most cases. Therefore, during experimental testing, it is often
necessary to rearrange the cycling periods so that the smallest amplitude occurs first, followed

by a monotonically increasing amplitude of cycles (Hutchinson and Wood 2013).

Certain deformation histories are specifically associated with construction materials, such as
wood (ISO/TC 165 2003), whereas others are suggested for application to components
regardless of the material used (FEMA 2007). Due to the complexity of deformation histories,
researchers often resort to alternative deformation histories. So far, there is presently no
deformation history specifically designed for ECC. Previous researchers have utilized
alternative deformation histories to study ECC components as depicted in Fig. 2.1. The varying
number of cycles for each amplitude level and the growth rate between successive amplitude
levels make it challenging to compare different loading histories. Nevertheless, the amplitudes
of these loading histories all demonstrate a monotonic increase. Consequently, deformation
histories that include initial impulses are usually not taken into consideration. However, in
practical engineering, structures may be impacted by initial impulses at an early stage. For
instance, when subjected to seismic loads, the comparable speeds of rupture and shear waves
cause most of the seismic energy reaching the structure in a single pulse (Krawinkler et al.
2001), or when, marine structures may encounter focusing waves (Chen et al. 2022). The
susceptibility of FRP-reinforced ECC members to initial deformation pulses, which might
cause crack localization, remains uncertain. In other words, it remains uncertain whether the
results from an FRP-reinforced ECC component experience a monotonically increasing
amplitude deformation history can be used to predict the behavior of the same component under

a variety of unpredictable deformation histories.
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Fig. 2.1. Deformation histories employed in cyclic testing of reinforced ECC components by
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(2013)

Although there have been no reported studies specifically on the effect of deformation history
on FRP-reinforced beams, existing research on the deformation history effects on steel-
reinforced concrete and steel-reinforced ECC can provide valuable guidance for the present

study.

Hwang and Scribner investigated how different sequences and magnitudes of displacement
history influence the flexural cyclic behavior of reinforced concrete elements. The findings
showed that the amplitude of the maximum displacement experienced by the specimen had a
considerable effect on the reduction in strength and stiffness, while the order of loading cycles
had minimal impact (Hwang and Scribner 1984). Kawashima and Koyama (1988) conducted
a series of tests using large-scale reinforced concrete piers with dynamic loading. This study
primarily focused on the number of cycles required for each displacement amplitude step,
varying from 3 to 10. The results showed that a higher number of cycles per displacement
amplitude step led to increased buckling and fracture occurrences in the steel reinforcement.
Lukkunaprasit and Thepmangkorn (2004) studied the influence of two typical loading histories
on the ductility and energy dissipation capacity of concrete columns. The findings indicated
that an increased rate of loading amplitude between two steps was positively correlated with
the ultimate drift. For a specific level of drift, the accumulated plastic deformation in steel
decreased as the rate of amplitude increase rose, leading to reduced overall deterioration in the
concrete. The delaying concrete deterioration proved advantageous in achieving the specimen's

ultimate drift capacity.
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Several researchers have investigated how deformation history impacts steel-reinforced ECC
members. Lignos et al. (2014) developed an innovative system for retrofitting existing steel
moment-resisting frames after earthquakes, employing high-performance fiber-reinforced
cement-based composite infill panels. This system aims to enhance dissipated energy during
cyclic loading. Their findings indicate that the concrete's cracking pattern under recorded
ground motions notably differs from that observed under gradually increasing deformation
histories. Frank et al. (2018) tested eighteen steel-reinforced ECC flexural members under
cyclic loading with three different loading histories. The results indicate that the deformation
history has a wide range of effects on cracking patterns, strain accumulation in steel
reinforcement, and fiber damage while having minimal impact on specimen ductility and
failure modes. The monotonic increasing amplitude loading protocol may serve as a

conservative method for testing steel-reinforced ECC members.

Compared to steel-reinforced concrete components, steel-reinforced ECC components exhibit
distinct responses to various cyclic deformation histories. ECC demonstrates strain
compatibility beyond steel yield, unlike their counterparts in normal concrete (Moreno et al.
2014). The enhanced bond strength in ECC contributes to this strain compatibility by limiting
splitting cracks and mitigating or minimizing debonding from the steel bars. Conversely, ECC
components reinforced with FRP might exhibit differences compared to those reinforced with
steel, primarily due to FRP's linear elastic nature, which lacks a yield plateau. Consequently,
the evolution of energy dissipation capability differs significantly between FRP reinforcement
and steel reinforcement. Additionally, the bond between FRP and ECC is typically weaker
compared to that between steel reinforcement and ECC. These differences necessitate further

study to understand their respective impacts fully (Bandelt and Billington 2016a).
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Under cyclic loading, the early stages often see initial pulses that can quickly lead to crack
localization and fiber pull-out in the deformation process. This phenomenon alters the behavior
of reinforced ECC specimens compared to those experiencing deformation histories with
steadily increasing cycle amplitudes. The magnitude of the initial pulse can indicate
occurrences such as splitting, debonding, crack localization, and fiber failures. After crack
localization, the quantity and intensity of cycles in the deformation history are anticipated to
influence residual stiffness, energy dissipation, strain localization, and strain accumulation in
the FRP reinforcement. These response traits could play a crucial role in determining failure

during random hazard events and guide decisions on post-failure repairs.

2.4 EXISTING METHODS OF STORAGE FACILITIES

2.4.1 Storing oil in sea space

Storing oil in the ocean offers a compelling option for oil storage, especially for coastal cities.
This idea has captured the interest of the oil and gas industry for many years. In 1969, Dubai
constructed an underwater fuel storage installation known as Khazzan No.1, depicted in Fig.
2.2. This storage tank, designed with a bottomless, inverted funnel shape, was intended for the
storage of cured oil by employing the water displacement principle (Curtis and Shepler 1970).
Galbraith et al. (1993) later applied the same principle in designing the gravity-based Condeep

oil storage platforms as shown in Fig. 2.3.
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Fig. 2.3 An illustration of Condeep oil storage platform (source: Galbraith et al. 1993)
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While gravity-based offshore oil storage facilities are stable in severe environmental conditions,
their use is considerably restricted by the conditions of the seabed. To enable fuel storage in
calm waters, Hirata (1973) introduced the idea of floating bottomless tanks, referred to as the
“Floating oil storage installation”, depicted in Fig. 2.4. The principle of water displacement
ensures floating ability, with the roof providing buoyancy when the oil level is low. However,
one major issue with using the water displacement principle is the potential for contaminating
both the marine environment and petrochemical products, making it unsuitable for storing clean

petrochemical products (CPP).

ES

9

Fig. 2.4 Floating oil storage systems featuring a floating tank secured to fixed anchors

(source: Hirata 1973).

Technology involving very large floating structures (VLFS) has also been utilized in the oil
and gas sector. Japanese deployed two floating fuel storage facilities: the Kamigoto Oil Storage
Base and the Shirashima Oil Storage Base (Fig. 1.2). These facilities are made up of several
large, box-like steel storage modules, each divided into several oil tanks (Bhattacharya et al.
2006). Additionally, a comparable large prestressed concrete floating production unit (FPU)
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for crude oil storage is deployed at the N’Kossa field in Congo, as illustrated in Fig. 2.5 (Collet

et al. 2014).

Fig. 2.5. N’Kossa floating prestressed concrete barge (Source: Oil&Gas Journal 2019)

The VLFS storage facilities previously mentioned offer a robust method for both long-term
and emergency oil storage at sea. However, these facilities are intended to support onshore oil
fields and are not equipped for regular processing and trading activities. Maintaining the full
capabilities of a land-based oil terminal remains highly advantageous. To tackle this issue,
researchers in Singapore have introduced a novel design known as the “Floating Hydrocarbon

Storage Facility” (Zhang et al. 2019). An overview of the scheme is presented in Fig. 2.6.

34



Al Concrete tank 1 FB. Floating berth MD. Mooring dolphins
FP

A2, Concrete tank 2 ; Floodlights pole M Manifold
B. Barges w/wo processing equipment HS. Hose towers OT. Oil tanker
EB. Equipment boat LA Loading arms P. Pipelines

Fig. 2.6. 3D architectural view of FHSF (Source: Zhang et al. 2019)

This concept is comprehensive and includes all necessary facilities, including a power
generation plant, control room, warehouse, and worker accommodations, all situated on the
floating offshore base. Additionally, it features floating berths on the sides for oil tanker to
load/unload hydrocarbon products. These floating berths and barges also help protect the
storage tanks from wave action and the forces exerted during ship berthing. The dimensions
can be modified based on local design standards, the size of the tank, environmental conditions,

and other relevant factors.

In the scheme proposed by Singapore researchers, the FHSF system spans roughly 300 meters
in length and 310 meters in width, with a total storage capacity of 300,000 m3. The FHSF
system consists of floating storage tanks and floating barges. There are two proposed types of

FHSTs: smaller tanks with storage capacities between 5,000 and 15,000 m3, and larger tanks
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with capacities between 30,000 to 35,000 m3 as shown in Fig. 2.7. The smaller FHST features
a central cylinder, referred to as the central tank, which is used for hydrocarbon storage,
surrounded by four side cylinders, or floaters, which provide additional buoyancy, enhance
hydrostatic stability, and protect the central tank. The larger FHST follows a similar design but
has an octagonal outer shape. Both variants of FHSTSs are constructed as single-hull concrete
structures, with a design lifespan of 60 years. The single-hull design allows for balanced
hydrostatic pressure both inside and outside the tank, thereby minimizing the necessary wall
thickness. The FHSTs are secured using a mooring system, including mooring fenders or
hawsers, which are connected to the floating barges. These barges serve multiple purposes:
they provide anchor points, protect the FHSTs from potential ship collisions, act as breakwaters,
and support the daily operational access. The floating tanks are contained within the floating
berths, allowing each tank to float freely and self-stabilize in the sea. These tanks could be built
in conventional dockyards and deployed to their service position via tugboats. Each tank can
operate independently for loading or unloading without affecting the others. The tank is

designed to float freely on the water surface under any circumstances.

(@) small tank (b) large tank

Fig. 2.7. Isometric view of hydrocarbon storage tank (Source: Dai et al. 2019)
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The floating barges are constructed from concrete, but their very flat and wide structure—
approximately 310 meters in length and 6 to 8 meters in depth—faces challenges from wave
bending. To address this, the barge design incorporates a modular approach, with the modules
connected by flexible connectors. These flexible connectors are anticipated to greatly reduce
the sectional bending moments on the barges, thereby decreasing stress on both the deck and
the bottom. The floating barges will be secured using mooring dolphins anchored to the
seafloor, which will restrain the horizontal movement of the entire barge system. The system
can move freely in the vertical direction, effectively accommodating tidal influences. Although
initially intended for shielded coastal environments, this concept is adaptable for open sea
applications and various other uses with only slight modifications, demonstrating its versatility

as a modular compliant structure.

As the FHSF is a newly proposed concept, the research team at NUS has conducted extensive
efforts on it. They began by studying the hydrodynamic response of a single floating tank
induced by hydrodynamic loads. To verify the feasibility of a single FHSF, the research team
designed scaled model tests for two different bottom plate shapes of the FHST, one of which
featured a bottom skirt. They conducted decay tests, as well as regular and irregular wave tests,
under the designed sea conditions. The motion of the rigid body in six degrees of freedom and
the total reaction force of the skirts were measured. Then, a numerical model of the single
FHST was developed and subjected to both frequency-domain and time-domain analyses (Wan
et al. 2018a). Then, they focused on the mooring system between the barge and the storage
tank. Starting with a single tank, they considered both empty and fully loaded conditions,
designing various mooring fender configurations. They investigated the dynamic performance

of storage tanks by changing the parameters of the fender mooring system across different
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regular wave scenarios (Wan et al 2018b). In addition to fenders, another proposed mooring
system involves multiple mooring ropes. These mooring ropes are elastic and capable of
bearing mooring loads under all loading and environmental conditions. The research
investigated the motion response of a single floating tank under linear and nonlinear mooring

constraints, while also considering the scenario of one mooring cable failure (Wan et al. 2018c).

Their research expanded from analyzing a single tank to examining the entire modular system,
which includes multiple tanks and barges while considering their interactions under wave load.
They established a simplified model to verify the hydrodynamic response of the entire system.
They acquired both the free surface elevations within the moonpool/gaps, as well as the
hydrodynamic performance of the three floating structures (Zhang et al. 2020a). Additionally,
the study examined various scenarios, including systems with two, three, and four barges, to
analyze fluid dynamics interactions between different objects and optimize their configurations.
They assessed the dynamic response of the storage tanks, considering both scenarios with and

without fluid dynamics interactions (Amaechi et al. 2022).

Of course, there are still some issues with this newly proposed structure that require further
study. For example, the coupling between liquid sloshing in the tanks and wave loads needs to
be examined, especially given the potential for varying storage levels during the operation of
oil tanks. In the above research, this issue has been simplified. Additionally, the detailed
structural design and stress analysis of the tanks which are made of prestressed concrete, also
require further exploration. In summary, they have conducted meaningful explorations in the

utilization of ocean space.

38



2.4.2 Performance of above-ground tanks

Above-ground storage tanks (ASTs) are the most commonly utilized facilities for storing oil,
petrochemical products, and other hazardous materials. Due to economic and logistical
considerations, ASTs are typically placed in coastal areas. Given the catastrophic consequences
of the leakage of storage tanks, ensuring the safety of these tanks under various disaster
scenarios is of particular importance. Against this background, several studies have addressed
safety problems associated with ASTs in relation to different extreme events, including

earthquakes, hurricanes, and floods.

For instance, Haroun and Housner (1981) performed a numerical analysis of flexible
aboveground storage tanks (ASTs) employing finite element methods and boundary solution
techniques. Niwa and Clough (1982) performed experimental study on the performance of
ASTs subjected to seismic excitation. Barton and Parker (1987) conducted a finite element
analysis to evaluate the seismic behavior of both anchored and unanchored storage tanks. Sakai
et al. (1984) investigated the issue of sloshing in ASTs equipped with floating roofs. These
studies aid in the creation of guidelines for the seismic design and assessment of ASTs (ASCE
2011; API 2013). Additionally, several seismic risk assessment studies have been conducted
on ASTs (Fabbrocino et al. 2005; Salzano et al. 2003), utilizing historical earthquake
performance data of ASTs to create empirical fragility curves through probabilistic analysis.

These fragility curves are subsequently integrated with seismic hazard curves to evaluate risk.

While the seismic behavior of ASTs is well-documented, their response to various hurricane-
induced hazards remains relatively limited. Attention was drawn to this issue following

hurricanes Katrina and Rita, as numerous tanks situated in coastal areas experienced severe
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failures. The most commonly observed failure modes were tank flotation and shell buckling
caused by excessive wind pressure (Qin et al. 2020). A large storage tank at the Murphy Oil
Refinery experienced flotation, causing the release of approximately 4,000 cubic meters of
crude oil. This incident made around 1,800 homes uninhabitable across an area of roughly 2.6
square kilometers (Bernier and Padgett 2018). In 2017, Hurricane Harvey caused 47 instances
of tank damage, leading to the release of two million liters of oil and other chemicals. Cozzani
et al. (2010) investigated more than 272 industrial accidents related to flooding and found that
ASTs were among the most vulnerable components. They attributed tank failures to flotation,
debris impact, tank collapse caused by water pressure (i.e., buckling), and floating roof collapse.
During Hurricanes Katrina and Rita, ASTs failed, leading to the discharge of over seven million
gallons of petroleum products into the surrounding area (Maki 1991). These spills have
detrimental impacts on the environment and natural habitats, both in the short and long term
(Kingston 2002). Beyond environmental harm, Oil spills not only cause environmental damage
but can also negatively impact the mental and physical health of nearby communities (Palinkas
et al. 1993) and entail expensive cleanup efforts. For instance, the Murphy oil spill during
Hurricane Katrina resulted from the failure of one large AST, released over one million gallons
of crude oil and affected approximately 1,700 homes. Furthermore, the costs associated with

cleaning, lawsuits, and economic loss following such disasters are also substantial.

Several studies have already identified the significant impact of hurricanes and their
accompanying storm surges on ASTs. Kameshwar and Padgett (2015) conducted a fragility
assessment of a case study tank subjected to storm surge conditions, examining both flotation
and buckling failure. During Hurricane Katrina, numerous ASTs were noted to have suffered

damage from wind-induced buckling (Godoy 2007). This damage impairs the operational
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capability of these structures following the event, and in extreme situations, the rupture of the
tank shells can result in catastrophic spills. The buckling performance of storage tanks often
becomes a critical factor (Godoy et al. 2002; Chen and Rotter 2012; Flores and Godoy 1998)
due to the heightened external pressure from wind and waves, which can easily induce buckling
failure. Khakzad and VVan Gelder (2017) revealed that storage tanks that are empty or have low
liquid levels have been found to be more vulnerable to damage from wind, floods, and rain due
to the large net pressure from external forces. Recommendations propose filling storage tanks
with water before hurricanes to lessen their susceptibility. Nonetheless, this approach could
compromise the quality of the stored chemicals and lead to extra expenses for water removal
and treatment post-hurricane. Research on this aspect remains limited. At the same time, as
thin-walled structures, the buckling performance of tanks can be easily affected by
imperfections. Previous research relies on eigen or buckling mode configurations to illustrate
imperfections (Portela and Godoy 2005a; Portela and Godoy 2005b), which tend to
underestimate the buckling resistance of ASTs (Greiner and Derler 1995). Alternative
approaches for imperfection modeling in buckling analyses are available beyond eigenmode
shapes. For instance, one alternative method involves utilizing the Fourier representation of
imperfections, as proposed by Teng et al. (2005) and Hornung and Saal (2002). Nevertheless,
these representations introduce a degree of bias in imperfection modeling since factors such as

imperfection amplitudes are still manually selected.

Additionally, many design guidelines, such as API 650 (2013), primarily focus on preventing
wind-induced buckling of tank shells and mitigating tank tipping during earthquakes by
recommending the use of anchors. Tank owners are generally given the responsibility to

implement measures for preventing flotation failure caused by storm surges and floods, as per
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these guidelines. The previous research has deepened our comprehension of the behavior of
above-ground tanks when exposed to various hazards. The proposed offshore storage tanks are
expected to experience similar loading conditions in coastal shallow water areas, particularly
considering that the types of loads from wave action and hurricane-induced storm surges are

similar.

2.5 CONCLUSIONS

As previously described, the FHSF involves a complex soft-connected multibody system that
demands substantial effort to control the motion of the floating tanks. Even in relatively calm
sea states in Singapore, various hydrodynamic challenges must be thoroughly studied and
experimentally verified. These challenges include multi-body interactions, sloshing effects
within the floating tank, and the effectiveness of the mooring systems. The research team in
Singapore has devoted significant effort to addressing these areas of study. While the situation
differs for other countries. Higher latitude regions like China and the USA, inevitably face the
impact of typhoons or hurricanes during the summer, resulting in significantly larger surges or
storms along coastal areas compared to tropical regions like Singapore. Additionally, countries
in East Asia have a huge demand for oil imports. The supply chain of crude oil is of vital
importance to national security. Importing and storing large amounts of crude oil has become
an essential choice for these countries. However, floating tanks encounter greater design

challenges, economic constraints, and limitations on storage capacity in these scenarios.

Furthermore, it should be emphasized that storage facilities have particularly stringent safety
requirements (Sengul et al. 2012). At industrial locations like petrochemical and oil & gas

facilities, storage tanks are commonly employed to hold large quantities of hazardous
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substances, including a range of fuels and chemicals. Above-ground tanks are essential for the
functioning of oil refineries, petrochemical plants, and other industrial sites, as they are used
to store both raw and processed materials. Typically, these tanks are made from thin steel plates
that are welded together to create a vertical cylindrical structure, capable of storing millions of
liters of chemicals. They are the most widely used equipment for storage in the industry. For
economic and logistical reasons, these facilities are typically situated in coastal areas. The
consequences of crude oil leakage resulting from overturning or damage can be extremely
serious. For example, following Hurricanes Katrina and Rita, around 5 million liters of oil
remained unrecovered, leading to contamination of wetlands and marshes, as well as affecting
wild animals. Federal agencies spent over $175 million, along with an additional $150 million
from the private sector, to address cleanup costs, lawsuits, disruptions to port activities, and
product losses (Pine 2006; Davis 2006). Based on these reasons, the difficulties encountered in

researching and field application of floating tanks in these countries will significantly increase.

Therefore, the authors believe that designing an emerging offshore oil storage tank based on
UHPECC and FRP, which can be stably deployed in coastal areas for large-scale oil storage,
holds significant application potential. Oil storage tanks made of FRP and ECC will be capable
of maintaining stability in marine environments, withstanding long-term loads such as wind,
waves, and currents, and ensuring durability. To achieve this, it is essential to investigate the
performance of the materials and components of this structure. Structures in marine
environments will inevitably be subjected to long-term cyclic loads, and there is currently very
limited research on the tensile fatigue performance of UHPECC in the literature. Additionally,
the cooperative working mechanism and mechanical properties of flexural components formed

by UHPECC and FRP are rarely studied. Furthermore, as a large cylindrical shell, the possible
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failure modes, optimal structural dimensions, and mechanical performance of the oil storage
tank under wave loads in marine environments also need to be investigated. The following

studies aims to address all this research gaps.
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CHAPTER 3 EFFECT OF LOADING FREQUENCY ON
TENSILE FATIGUE BEHAVIOR OF ULTRA-HIGH-
PERFORMANCE ENGINEERED CEMENTITIOUS

COMPOSITES

3.1 INTRODUCTION

Concrete is extensively utilized as a construction material worldwide. Interest in the fatigue
behavior of concrete materials dates back over a century, originating with the construction of
reinforced concrete bridges (Huang et al. 2018). Since the 1960s, researchers have begun
focusing on concrete structures exposed to earthquakes (Sinha et al. 1964). These structures
can experience cyclic loads that vary from a few cycles to several thousand cycles. As
infrastructure development progresses, concrete structures are increasingly exposed to
numerous cycles of repeated loading, including vehicle loads, wave loads, etc. To distinguish
different cyclic behaviors, cycles fewer than 1000 times are defined as low-cycle fatigue, while

high-cycle fatigue is defined as cycles ranging from 1000 to 10,000,000 times (Hsu 1981).

The quasi-brittle behavior stands as a major limitation for concrete, with this shortcoming being
more pronounced in tension. Tensile stress in concrete induced by fatigue loads can result in
premature cracking, deterioration of mechanical properties, and a decrease in the structure's
durability and safety. To address this issue, enhancing material characteristics becomes
imperative. Utilizing high ductility fiber-reinforced cementitious composite proves to be an
effective solution for mitigating fatigue problems, given its combination of high strength,

ductility, and excellent fatigue resistance.
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In recent decades, research on the fatigue performance of ECC has revealed that it exhibits a
much longer fatigue life and greater ductile deformation under flexural or compressive fatigue
loads compared with plain concrete. A better understanding of tensile fatigue performance of
high-strength ECC is required. Studies have found that, whether it is normal concrete, fiber-
reinforced concrete, or other reinforced concrete materials, the fatigue deformation under
constant amplitude loading follows a three-stage deformation pattern that is independent of the
stress ratio (Kou et al. 2018). The fatigue test examined parameters such as the stress level (S),
defined as the ratio of maximum loading stress to ultimate strength, the stress ratio (R), which
is the ratio of minimum to maximum loading stress, and the loading frequency (f). The
relationship established between fatigue life (N, representing the number of loading repetitions)
and stress level is referred to as the S-N curve. Although the S-N curve effectively describes

the fatigue behavior of steel, concrete's fatigue behavior can be influenced by additional factors.

In the laboratory, we often use higher loading frequencies to shorten testing time. Examining
the impact of loading frequency on fatigue behavior is essential, especially for ECC, where the
utilization of its tensile performance is crucial. Meanwhile, tensile strength in concrete shows
greater variability compared to compressive strength, making it necessary to incorporate the
discrete distribution of tensile strength into the fatigue model. In this study, PE fiber and ultra-
high-strength cement matrix were chosen. The matrix, initially developed by Huang et al.
(2020), was slightly modified to align with the characteristics of locally available raw materials.
A series of fatigue tests were performed under varying stress levels and loading frequencies to
assess how frequency affects the fatigue behavior of UHPECC. The analysis includes the

examination of failure modes, fatigue lifespan, deformation, and secondary strain rates.
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Furthermore, P-S-N (probability of failure-stress level-fatigue life) models are introduced,
taking into account the effects of loading frequency and the initial static strength distribution

to ensure the material's reliable application. Finally, the study concludes with pertinent findings.

3.2 EXPERIMENTAL PROGRAM

3.2.1 Preparation of concrete test specimens

The specimens utilized in the experiments were prepared with identical mix proportions. The
specific mix proportions by weight for the ECC employed in this research are outlined in Table
3.1. Furthermore, a 2% volume ratio of polyethylene (PE) fiber was incorporated, and the
properties of the PE fiber can be found in Table 3.2. The mixing process proceeded as follows:
an initial 3-minute dry blending of all powders and sands, succeeded by the addition of water
and superplasticizer, and an ensuing 5 minutes of mixing. Subsequently, PE fibers were
gradually introduced and mixed for an additional 10 minutes. The resulting freshly mixed
concrete was poured methodically into 50 mm cube steel molds and steel molds shaped like
dog bones (dimensions specified in Fig. 3.1). To eliminate air voids, each specimen underwent
2 minutes of vibration. Following 24 hours within the molds, the specimens were removed and
subsequently immersed in water for curing until reaching 28 days. Before the testing, aluminum
plates were affixed to both ends of the specimens to forestall failure induced by stress
concentration.

Table 3.1 Proposition of the UHPECC mixture by weight ratio

Cement Silica fume Sea sand Water Superplasticizer PE
(kg/m®)  (kg/m®)  (kg/m*)  (kg/m’) (kg/m?) (Vol.)
1210 303 454 303 20.5 2%
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Table 3.2 Properties of PE fiber

Tensile strength Modulus Length Diameter Density (g/
(GPa) (GPa) (mm) (nm) cm?®)
3 116 12 24 0.97

13
85
40
80
40
Unit: mm 85

Side view Plain view

Fig. 3.1. Dimension of tensile specimen

3.2.2 Test method

The tests were conducted using a servo-hydraulic control machine, with the setup illustrated in
Fig. 3.2 employed for static and fatigue testing. The specimen's deformation during the test
was measured using two extensometers attached to the specimen, with a net spacing of 80 mm
between them. Two linear variable differential transformers (LVDTSs) were installed on a fixed
steel frame. The relative displacement of the specimen’s central part, with a gauge length of 80
mm, was measured in real-time. Each batch of tests contains 10 specimens including 3 for static
tests and the rest for fatigue tests. The static tests were conducted first, using displacement

control at a steady rate of 0.20 mm/min. The tensile strength of different batches of concrete
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ranged from 5.72 to 7.25 MPa. Standard concrete cube tests were performed following ASTM
C109/C109M-16a (2016). For each batch, three specimens underwent testing at a loading rate
of 1 MPa/s, resulting in an average compressive strength between 133.1 and 140.8 MPa. For
the fatigue tests, a sinusoidal waveform with constant amplitude was used to apply the fatigue
load. Three different loading frequencies (i.e., 1, 4, and 16 Hz) and three different stress levels
(i.e., 0.9, 0.8, and 0.7) were examined in this study. The stress ratio, defined as the ratio of
minimum stress to maximum stress, was set at 0.1. Load control was employed in the fatigue
test, and to monitor the specimen’s real-time deformation, the sampling frequency of the
LVDTs was set to eight times the loading frequency. Each fatigue test condition was repeated

with five specimens.

Fig. 3.2. Test setup

3.3 FATIGUE TEST RESULTS AND DISCUSSIONS

3.3.1 Failure mode
Fig. 3.3 and Fig. 3.4 depict typical crack patterns observed in the specimen under static and

fatigue loads in various states. When subjected to static loads, multiple visible cracks appear
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in the necked region of each specimen. In contrast, specimens under fatigue loads initially
develop parallel hairline cracks, which subsequently widen over time. One of these cracks
evolves into the main crack, ultimately leading to fracture. Notably, the specimens under
fatigue load exhibit fewer visible cracks compared to static specimens. This phenomenon can
be illustrated by the mode of crack development. During the static test, the specimen
demonstrates strain-hardening behavior owing to the fiber bridging effect. As stress and strain
develop in the strain-hardening stage, multiple cracks gradually widen and become visible. In
contrast, under fatigue loading, the maximum stress, determined by the stress level, is lower
than the tensile strength. Consequently, the maximum stress may not reach the stage of strain
hardening. Instead, microcracks occur, and fibers are gradually ruptured or pulled out under
the fatigue load at the weakest section. The main crack in Fig. 3.5 shows the fiber pull out

process of the specimen under fatigue loading.

N=500 N=1000 N=2000 N=2154
Fig. 3.3. Fatigue crack development at different stress levels for specimen F04-S09-5 in

Table 3.4

50



Fig. 3.4. Typical crack patterns observed in specimens under static and fatigue loading

conditions

Fig. 3.5. Main crack at fatigue specimen

3.3.2 Fatigue life
Fatigue lives for each specimen under various loading conditions are detailed in Table 3.3 to
Table 3.5. The test data indicates clear discrete characteristics in fatigue lives. In the realm of
metal materials, the stress range is crucial in determining the fatigue life. Therefore, fatigue
performance is commonly represented by the S-N curve, also known as the Wdhler curve.
Some researchers have also extended the applicability of this S-N curve to concrete materials,
and it can be expressed as follows (Oh 1991):

S=a—b-IgN (3-1)
where S represents the stress level, N denotes the fatigue life, and a and b are empirical

constants. The S-N curves, derived from Eq. (3-1) and informed by the data contained in Table
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3.310 3.5, are presented in Fig. 3.6. It is evident that the relationship for each loading frequency

follows a log-linear function. The fitted equations are presented as follows:

f=1hz, §S=-0061-IgN+1051, R?=0.948 (3-2)
f=4hz, S=-0063-IgN+1.090, R?=0.964 (3-3)
f=16hz, S=-0.063-IgN+111, R?*=0916 (3-4)

Across diverse loading frequencies, the fatigue life decreases as stress increases. Specimens
exposed to higher loading frequencies endure a larger number of repetitive cycles when
exposed to tensile fatigue loads at an equivalent stress level. This suggests that the inclusion of
fibers provides ECC with distinct advantages in high-frequency fatigue loads. This
phenomenon can be ascribed to the influence of the loading rate, where the dynamic strength
of concrete surpasses its static strength (Chen et al. 2017; Malvar and Ross 1998). Specimens
under high loading frequencies possess a high dynamic strength, translating to a lower real
stress level in comparison to the original stress level. This dynamic strength contributes
significantly to the fatigue life N of ECC when subjected to high-frequency loading conditions.

Table 3.3 Results of fatigue tests under the loading frequency of 1 Hz

No. Stress level (S) Fatigue life (N) IgN p
F01-S09-1 236 2.373 0.167
F01-S09-2 299 2.476 0.333
F01-S09-3 0.9 328 2.516 0.500
F01-S09-4 622 2.794 0.667
F01-S09-5 1170 3.068 0.833
F01-S08-1 4332 3.637 0.167
F01-508-2 o 4756 3.677 0.333
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F01-S08-3 7692 3.886 0.500
F01-S08-4 15345 4.186 0.667
F01-S08-5 35441 4.550 0.833
F01-S07-1 246887 5.392 0.167
F01-S07-2 429317 5.633 0.333
F01-S07-3 0.7 743157 5.871 0.500
F01-S07-4 883859 5.946 0.667
F01-S07-5 1047560 6.020 0.833
Table 3.4 Results of fatigue tests under the loading frequency of 4 Hz
No. Stress level (S) Fatigue life (N) IgN P
F04-S09-1 469 2.671 0.167
F04-S09-2 1154 3.062 0.333
F04-S09-3 0.9 1587 3.201 0.500
F04-S09-4 1611 3.207 0.667
F04-S09-5 2154 3.333 0.833
F04-S08-1 13935 4.144 0.167
F04-S08-2 24290 4.385 0.333
F04-S08-3 0.8 41547 4.619 0.500
F04-S08-4 42123 4.625 0.667
F04-S08-5 115859 5.064 0.833
F04-S07-1 704951 5.848 0.167
F04-S07-2 0.7 1450447 6.162 0.333
F04-S07-3 1584601 6.200 0.500
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F04-S07-4 1856231 6.269 0.667

F04-S07-5 2000000 6.312 0.833

Table 3.5 Results of fatigue tests under the loading frequency of 16 Hz

No. Stress level (S) Fatigue life (N) IgN P
F16-S09-1 445 2.648 0.167
F16-S09-2 2301 3.362 0.333
F16-S09-3 0.9 2351 3.371 0.500
F16-S09-4 4962 3.696 0.667
F16-S09-5 7280 3.862 0.833
F16-S08-1 26608 4.425 0.167
F16-S08-2 39588 4.598 0.333
F16-S08-3 0.8 64566 4.810 0.500
F16-S08-4 136707 5.136 0.667
F16-S08-5 256972 5.410 0.833
F16-S07-1 200000* 6.301 -
F16-S07-2 0.7 200000* 6.301 -
F16-S07-3 200000* 6.301 -

Note: * indicates that fatigue failure did not occur even after the number of load cycles

reached 2 million.
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Fig. 3.6. The S-N relation under different loading frequencies

While, for concrete, factors such as stress level, stress ratio, and loading frequency all play a

key role in fatigue performance (Oh 1991; Chen et al. 2017). To account for the influence of

these factors, modifications to the log-linear S-N curve become imperative. Aas-Jakobsen

(1970) proposed a classical equation incorporating the influecne of stress ratio, as expressed in

Eq. (3-5). Zhang et al. (1996) proposed an alternative model that takes into account the impact
of loading frequency, as shown in Eq. (3-6).

S=1-B-(1—R)-IgN (3-5)

§=(ab"¥0 +c)[1- - (1-R)-IgN] (3-6)

where £, a, b, and c are adjusting parameters, R denotes the stress ratio, and f represents the

loading frequency.

Typically, aforementioned models are validated for concrete fatigue in compression, bending,

or splitting (Tepfers and Kutti 1979; Li et al. 2016). However, these models are rarely tested in
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direct tensile fatigue scenarios. Moreover, despite the incorporation of fibers, the concrete’s
tensile strength remains notably inferior to its compressive strength. Even a slight variation in
the absolute value of tensile static strength can result in a significant shift in the real stress level,
particularly for specimens exposed to high stress levels. However, the dispersion of static

strength is not accounted for in the aforementioned models.

In this study, the authors proposed a revised S-N relation aimed to characterize the fatigue
behavior of ECC subjected to direct tensile loading. Starting from the classic Eq. (3-5), by
substituting the dynamic strength f;; . for the static strength in the stress level S, the following

equation can be obtained:

Sdzamale—ﬁ-(l—R)-lgN (3-7)
far

The relationship between dynamic strength and static strength is established using the formula
outlined by the FIB Code (Taerwe and Matthys 2013):

. 0.018
G 400 GPa
") Gg < ——— (3-8)

fae = fst (0_5
where g, represents the loading rate for the static test, while 6, denotes the loading rate for the
fatigue test. Additionally, f; . represents the static tensile strength, whereas f; , indicates the
dynamic tensile strength. The stress rate g, for various fatigue loading conditions can be

derived as follows:

Oq = Zf(l — R)Opax (3-9)

The static tensile test in this research was conducted with a loading rate of 0.33 MPa/s. The

stress rates for the fatigue test varied from 8.3 to 171.7 MPa/s, depending on different loading
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frequencies and stress levels. By combining Egs. (3-7), (3-8), and (3-9), the resultant equation

_ Omax . S _ S B
Sa = . 0018 . 0018 0018 1-p (1 - R) lgN (3-10)

f (3 (3 <2f (1-R)- amax>

Os

The modified S-N relation in Eq. (3-10) incorporates stress level and stress ratio. Through the
introduction of dynamic strength, the equation accounts for the effects of loading frequency.
Additionally, the static strength remains which can be used for probabilistic analysis in the later
part of this research. Regression analysis, based on the data from Table 3.3 to Table 3.5, yields
the parameter B of 0.0648, as shown in Fig. 3.7, with a correlation coefficient of 0.9994. The
regression results demonstrate consistent performance across various loading frequencies,
suggesting that the modified S-N relationship can effectively predict fatigue life at arbitrary

loading frequencies within a certain range.

= f=1hz
T * f=4hz

4 f=16hz
Regression line

0.85 4

0.80 A

0.75 1

0.70 1

0.65

060 T T T T T T T T 1
2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

(1-R)lgN

Fig. 3.7 Modified S-N relation of all tested specimens
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3.3.3 Fatigue deformation

Throughout the fatigue test process, the deformation of the necked region of most specimens
was measured. Numerous studies have demonstrated that the fatigue deformation of both plain
concrete and fiber-reinforced concrete typically exhibits an S-shaped evolution (Cornelissen
and Reinhardt 1984; Isojeh et al. 2017). The specimens evaluated in current research also
follow this characteristic pattern. The overall evolution process can be categorized into three
phases, namely, the initial phase of rapid growth, the subsequent phase of stable development,
and the final phase of unstable growth. The initiation of crack development in the first phase is
attributed to material flaws such as microcracks and pores, with several cracks becoming
visible, as shown in Fig. 3.4. This phase, similar to that observed conventional normal concrete,
progresses rapidly and typically constitutes less than 10% of the fatigue life. As the cyclic
process continues, strain and deformation accumulate steadily, marking the stable development
phase. During this phase, the strain and deformation increase at a relatively consistent rate,
encompassing about 80% of the entire fatigue life. Microstructural changes during this phase
are characterized by the deterioration of bonding between fibers and matrix, along with fiber
rupture, playing key roles in the deterioration and growth of microcracks (Qiu et al. 2016; Qiu
et al. 2017). The third phase is the failure phase, associated with the growth of the major crack.
Due to the accumulated damage in the preceding two phases, one of the weakest cracks
develops unsteadily until fatigue failure occurs. This phase progresses rapidly and constitutes

less than 10% of the overall lifespan.

In the fatigue test, the location of the main crack occurs randomly, either within or beyond the
measured length, or even directly at the LVDTSs' contact points. Although this typically happens

in the late stage of fatigue life, it can still introduce errors in the measured deformation. To
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address this, several typi

cal deformation evolution curves of fatigue specimens, in which the

main crack is located within the measured necked region, are selected and presented in Fig. 3.8.

Each figure includes the envelope of maximum deformation and minimum deformation

corresponding to the maximum and minimum fatigue load, respectively.
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Fig. 3.8

Evolution curves of fatigue deformation of S-shape
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The deformation evolution in Fig. 3.8 exhibits strain-hardening behavior after crack initiation.
However, for specimens under high stress level fatigue loads, the maximum fatigue load in
fatigue cycles may exceed the specimen's cracking strength, particularly considering the
dispersion of tensile strength. Under these circumstances, the first stage and part of the second
stage in the S-shaped evolution might disappear, leaving an exponential-shaped evolution
curve, as illustrated in Fig. 3.9. This kind of specimen experienced significant damage in the
first cycle, resulting in a much shorter fatigue life compared to a specimen with an S-shaped
deformation evolution curve, even when both are exposed to same loading conditions. This

discrepancy is attributed to the dispersion of tensile strength.
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Fig. 3.9. Evolution curve of fatigue deformation under high-stress level

3.3.4 Secondary strain rate

In the evolution curves of fatigue deformation, a nearly linear segment is evident, as illustrated
in the previous section. This linear segment, also known as the secondary strain rate, has been
reported in compressive or tensile fatigue tests on both plain and fiber-reinforced concrete
(Cachim et al. 2002; Do et al. 1993). The deformation increment per cycle in this segment
remains steady, as illustrated in Fig. 3.10. The secondary strain rate can be determined using
the following equation (Huang et al. 2017):

. 0€sec _ Esec2 T Esec

T e T (nz_nl)

f

where n, and n, are two values of the cycles in the linear part of the S-shape evolution curve,

(3-11)

and &5 > and &g, 1 are the two corresponding strains on the linear part.
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Ratio of cycles

Fig. 3.10 Secondary strain rate

The secondary strain rate demonstrates a strong correlation with the fatigue life (Hordijk et al.
1995; Cornelissen 1984). As the secondary strain rate decreases, the fatigue life increases.
Moreover, fatigue life can be estimated using the secondary strain rate, and this relationship
can be described by the following formula. The relationship between the secondary strain rate
and fatigue life can be described by the following formula (Taerwe and Matthys 2013):

g =ebNa (3-12)

By dividing the recorded displacement by the measuring length, the secondary strain rate can
be determined through Eg. (3-11). Fig. 3.11 demonstrates the correlation between the
secondary strain rate and the fatigue life. Table 3.6 lists the regression parameters for various
loading frequencies as given in Equation (3-10). Notably, the regression lines are almost
parallel, and the intercept decreases with the decrease in loading frequency. From the preceding
analysis, the secondary strain rate measurement of the specimen can be utilized to estimate its

fatigue life.
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Fig. 3.11 Secondary strain rate plotted against the fatigue life

Table 3.6 Regression parameters of secondary strain rate

Frequency (Hz) a b
16 -0.9756 -1.6073
4 -0.9933 -2.1365
1 -0.9839 -2.7434

3.4 FATIGUE LIFE AND P-S-N MODELS

As mentioned before, the longevity of concrete under fatigue conditions is affected by multiple
factors, including stress level, stress ratio, and loading frequency. In practice, the dispersion of
the concrete's static strength also significantly affects fatigue life. The Weibull function is
commonly employed to characterize concrete strength (Poveda et al. 2017; Medeiros et al.
2015) and has proven to be suitable for analyzing the fatigue life of cementitious materials
(Zhou et al. 2015). Saucedo et al. (2013) proposed a probabilistic model to account for the
initial static strength distribution for concrete compressive fatigue tests. Additionally, Huang
et al. (2018) proposed a novel probabilistic model that accounts for the influence of static

strength dispersion, stress levels, and stress ratios in tensile fatigue tests of fiber-reinforced
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concrete. The fatigue lives presented in Table 3.3 to Table 3.5 exhibit considerable scatter.
Therefore, our objective is to develop a tensile fatigue model for fiber-reinforced concrete,
considering the initial static strength dispersion, as well as the influences of stress level, stress

ratio, and loading frequency.

3.4.1 Distribution of static tensile strength and fatigue life
In the current work, the static strength is modeled using the Weibull distribution. The failure
probability (PF) at various tensile stresses can be described using a two-parameter Weibull

distribution, with the cumulative distribution function represented as follows:

PF (Gygauic) = 1= exp <— (“S;fic)k") (3-13)
where A, and k, represent the scale and shape parameters respectively, and g, denotes the
static tensile strength of fiber reinforced concrete. The probability of failure determined by Eg.
(3-13) which ranges from 0 to 1 is the initial distribution of the material property. It is
determined through multiple static experimental characterizations. The variations in measured
static tensile strength and their corresponding failure probabilities are listed in Table 3.7. The
Weibull distribution of tensile strength fitted by Eq. (3-13) is plotted in Fig. 3.12. The
corresponding parameters A, and k, are 6.8579 and 13.4953 respectively. The correlation
coefficient r is 0.9901 suggesting that the tensile strength follows the Weibull distribution in

general.

Table 3.7 Direct tensile test for static strength

Tensile strength
PF
(MPa)

5.717 0.0769
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5.890 0.1538

6.143 0.2308
6.524 0.3077
6.541 0.3846
6.579 0.4615
6.721 0.5385
6.883 0.6154
6.965 0.6923
7.116 0.7692
7.161 0.8462
7.254 0.9231
10 Fittied model

® Experimental data
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Fig. 3.12 Distribution of tensile strength fitted with the experimental measurements

For the fatigue life, the cumulative distribution function of a two-parameter Weibull function

can be expressed as follows:

kn
PF(N) =1 —exp (- (%) ) (3-14)
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where A, represents the scale parameter, and k, denotes the shape parameter. N denotes the
fatigue life under specific loading conditions. Based on the test results in Table 3.3 to Table
3.5, the Ay and ky for various stress levels and loading frequencies are presented in Table 3.7.
The mean fatigue life can be defined as fatigue life with a failure probability of 0.5. By setting
the PF = 0.5, the calculated mean fatigue lives are also presented in Table 3.8, including the
corresponding Weibull distribution parameters. The coefficient of correlation r is also listed
indicating that the fatigue life under different loading conditions generally conforms to the
Weibull distribution. The scale parameters exhibit a correlation with fatigue life, increasing
with frequency and decreasing with stress level. Conversely, the shape parameter is minimally
influenced by loading conditions.

Table 3.8 Parameters for fitting the Weibull distribution

Loading Fatigue life
Stress level An ky r

frequency at PF=0.5
1 0.9 603 1.476 0.921 470
1 0.8 14825 1.083 0.929 10570
1 0.7 801307 1.520 0.983 629643
4 0.9 1662 1.584 0.951 1319
4 0.8 54557 1.176 0.960 39946
4 0.7 1765598 2.242 0.940 1499285
16 0.9 4174 0.856 0.965 2721
16 0.8 119372 0.990 0.973 82446
16 0.7 - - - -
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3.4.2 P-S-N models

In this section, we aim to obtain the curve of failure probability with respect to the fatigue life
N. The fatigue loading conditions and static material properties serve as parameters in this
expression. Each distinct curve within the plot represents a unique probability of failure

corresponding to specific loading conditions.

As discussed in the preceding section, fatigue performance can be characterized by the
modified S-N relation, expressed by Eq. (3-10). The dynamic-to-static strength ratio is

represented by a, and it is defined as follows:

. . 0.018
_Jae _ (ﬂ)

a = . (3-15)
fse Os
Eqg. (3-10) can be expressed in the following manner:
S
—=1 —b(1—R)IgN (3-16)

To incorporate the impact of static strength on fatigue life, the following relation is assumed:

k
N(S, Oyeatic) = N(S) <Gt—t) (3-17)

Ostatic,ave
where os.q¢ic ave EPresents the average static strength, and k is the parameter. N(S) denotes
the mean fatigue life under a specific failure probability, while N(S, gtq:ic) Signifies the
fatigue life corresponding to a static strength of o;,i.. This assumption is inspired by earlier
works by Huang et al. (2018) and Saucedo et al. (2013), where they utilized the exponential
function to establish a connection between stress and fatigue life which is similar to the S-N

curve. By combining Eqgs (3-16) and (3-17), the following expression can be derived:
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1/k

N(S, Gstatic)
T
108-BR

(3-18)

Ostatic = Ostatic,ave

By substituting Eq. (3-18) into Equation (3-13), we obtain the general expression for the

probability of failure at any stage in the fatigue test:

k
O' .
PF(N;S,R.f)=1—exp| — “at/lljf”e T (3-19)
108(1-R)

where N is treated as the primary variable, whereas the remaining factors are parameters set by
a specific fatigue test or values characterized by static test. It's noteworthy that, due to the
shifting of the cumulative probability distribution from static strength to fatigue life in Egs (3-
13) to (3-19), the shape parameter of static strength k, is preserved in Eq. (3-19). However, the
scale parameter is replaced by A which is influenced by the stress level, stress ratio, and loading
frequency. The expression maintains the form of a two-parameter Weibull function of 1 and k,
proving effective in fitting fatigue test data. The parameters determined in the fatigue test are

incorporated into Eq. (3-19), with the loading frequency reflected by a as follows:

0.018

(3-20)

. <2f (1 —'R) : amax>

Os

Using Eq. (3-19), the fatigue life N for a specified probability of failure and under specific

loading conditions can be easily determined:

k 1-S/a 1 k
N = [-In(1 - PF)]* - 108(1-R) . <—> (3-21)

Ostatic,ave
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In addition, the stress level for a specific failure probability and design fatigue life can also be

predicted as follows:

(3-22)

S
E=1—,8(1—R)lg

= =

2 k
[—In(1 — PF)]Fo - (—>
O-Static,ave

To validate the fatigue model presented in Eq. (3-19), Fig. 3.13 displays the distribution of
fatigue life for different loading conditions, compared with the observed data. Table 3.9
provides the fitting parameters associated with this data. Notably, the model demonstrates
excellent fitting results with the measured data. Fatigue life decreases as stress level increases,
while it increases with higher loading frequency. The model can be used for probability
assessment under specified loading conditions and loading history. Additionally, once the
failure probability is determined, the model allows for estimating the fatigue life for a specific

loading condition.

In summary, the proposed model proves effective in predicting fatigue life by incorporating
the initial strength distribution and various loading conditions. To apply this P-S-N model, it
is necessary to have the initial Weibull distribution of static strength, along with a set of fatigue
lives under varying loading conditions, to obtain the necessary parameters. For future research,
influence of stress ratio R especially for stress reverse is proposed to be taken into further
investigation. It's worth noting that while this study focused on the tensile fatigue behavior of
fiber-reinforced concrete, the same approach can be extended to other cementitious materials

experiencing compression or tension.
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Table 3.9 Fitting parameters of Weibull distribution based on Equation (3-19)

Loading
Stress level A k r
frequency

1 0.9 8.151 10.776 0.921
1 0.8 7.431 14.430 0.929
1 0.7 8.049 9.183 0.983
4 0.9 6.985 9.425 0.951
4 0.8 6.808 12.438 0.960
4 0.7 6.773 6.821 0.939
16 0.9 7.142 16.920 0.965
16 0.8 6.922 14.388 0.973
16 0.7 - - -

3.5 CONCLUSIONS

The tensile fatigue characteristics of fiber reinforced concrete across various loading conditions
were investigated by performing various stress levels and loading frequencies in this chapter.

The main conclusions are summarized below:

Like plain concrete and fiber-reinforced concrete, the fatigue life of UHPECC diminishes as
the frequency decreases. This is due to the increase in the actual loading rate. An increase in
stress level at the same loading frequency leads to a reduced fatigue life, resulting from a larger
accumulation of damage per cycle under higher stress levels compared to lower stress levels.
The relationship between stress level and fatigue life follows a log-linear pattern at the

specified loading frequency.
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The stress level affects the deformation behavior during fatigue. A higher stress level can

transform the typical three-stage process into an exponential form.

By analyzing the correlation between the secondary strain rate and fatigue life, the fatigue life

can be predicted for a specified loading condition once the secondary strain rate is measured.

It was observed that both the static strength and fatigue life adhere to a two-parameter Weibull
distribution. A probabilistic fatigue model, taking into consideration static strength along with
loading frequencies and stress levels, is proposed. This model could be applied in further

structural applications.
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CHAPTER 4 TENSILE FATIGUE BEHAVIOR OF ULTRA-

HIGH-PERFORMANCE ENGINEERED CEMENTITIOUS

COMPOSITES CONSIDERING STRESS REVERSAL

4.1 INTRODUCTION

Fatigue failure involves the gradual cumulative of damage. When subjected to constant
amplitude alternating stress, the S-N curve of a material or component can be served to quantify
the number of cycles necessary to induce failure at varying stress levels, referred to as fatigue
life. However, in practical engineering, structures are usually exposed to complex, random
fatigue loads. In such scenarios, relying solely on the S-N curve is inadequate for estimating
the fatigue life of the structure. Therefore, along with the S-N curve, employing cumulative

fatigue damage theories is essential for predicting the lifespan of materials.

Given the context of this research, wave loads experienced by marine structures demonstrate
randomness and continual variation over time. These loads fluctuate in intensity, frequency,
and direction in real time. Consequently, the fatigue stress induced by wave loads also varies
dynamically across different directions, intensities, and frequencies. In describing random
fatigue stress, in addition to assuming the vibrational mode as a sine function, it is essential to
know the loading frequency, stress level, and stress ratio. The preceding chapter explored how
loading frequency and stress levels affect the tensile fatigue behavior of UHPECC. This chapter
will expand these findings by introducing the influence of stress ratio, particularly considering

stress reversals.
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This chapter begins by supplementing a set of fatigue experiments on UHPECC, focusing on
stress ratios of -0.1 and -1. In most previous test studies, the stress ratio is typically set at 0.1,
representing tension-tension or compression-compression cycles. The introduction of the
negative stress ratio in this chapter will lead to stress reversal during fatigue test, which
constitutes an important addition to the study of fatigue performance. Subsequently, the chapter
provides an overview of fatigue damage theories, selecting appropriate methods to develop the
fatigue damage model that can be used for UHPECC. Finally, it explores the application

method of the damage model under random loading conditions.

4.2 EXPERIMENTAL PROGRAM

4.2.1 Material

The proportion of UHPECC used for casting specimens, along with their dimensions, adhered
to the specifications outlined in Chapter 3. Following the same casting process described in
Chapter 3, specimens were removed from their molds after 24 hours and subsequently

underwent curing for a duration of up to 28 days.

4.2.2 Testing method

The test procedures followed were consistent with those outlined in the previous chapter,
except for the applied loading amplitude, which caused stress reversal. The test setup remained
unchanged from Chapter 3. Each group consisted of ten specimens, totaling six groups. Three
specimens were used to determine static tensile strength, while five underwent fatigue tests;
two additional specimens served as backups. The average tensile strength for each group
ranged from 5.51 to 6.88 MPa. Fatigue tests employed force-controlled loading, with the load

amplitude determined by the static tensile strength of each group, along with the preset stress
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levels and stress ratios. The fatigue load waveform for all specimens followed a sine wave. The
loading frequency was fixed at 4 Hz, while the dynamic acquisition system recorded
deformations in the central 80 mm measurement length of each specimen with a sampling rate

of 32 Hz.

4.2.3 Experimental Phenomena

The failure mode of UHPECC specimens under tensile-compressive fatigue cyclic loading
resembles that seen with tensile-tensile fatigue. This type of failure can be categorized as quasi-
brittle. At the fracture section of the specimen, numerous PE fibers can be observed. The fibers
aligned with the load direction mainly support the applied forces, while the transversely

distributed fibers contribute to energy dissipation and maintain the matrix integrity.

Throughout the crack initiation and propagation, particularly when one crack becomes the main
crack, the bridging effect of fibers and Saint Venant's principle has a notable impact on the
surrounding area. Stress transmission facilitates the further extension of cracks, promoting the
internal connection of cracks. In the central area of the specimen, clear evidence of fiber pull-
out and fracture is visible. As the crack develops, the effective cross-sectional area of the

specimen progressively reduces. Consequently, the specimen will quickly reach failure.

The specimen maintained its integrity despite losing the loading capacity, which can be

attributed to the reinforcing fibers enhancing the crack resistance and deformability. The above

performance aligns with the expectations set by the experiment's design.

75



Despite the inclusion of PE fibers, the tensile strength of ECC is notably less than its
compressive strength. The most severe loading condition for all specimens occurred at the

maximum tensile stress during fatigue loading in this study.

4.3 FATIGUE TEST RESULTS AND DISCUSSIONS

4.3.1 Fatigue life

Fatigue performance of materials is typically characterized by the relationship between the
applied stress S and the number of cycles N until specimen failure. In fatigue loading, the
maximum and minimum cyclic stress amplitude (S,,., and S,,;) of a sinusoidal stress cycle
are two fundamental variables describing the stress condition. In this chapter, the study focuses
on tensile fatigue performance, with tensile stress considered positive and compressive stress
considered negative. S,,,, denotes the maximum tensile stress induced in the specimen
throughout the cyclic loading cycle, while S,,,;,, corresponds to the stress at the lower boundary
of the applied load. The S,,,;, could be a negative value for maximum compressive stress or a
positive value for tensile stress. In the following discussion, the parameters used to describe
the fatigue stress are as follows:

Stress ratio:

R = Smin
— (4-1)
Smax
Stress level:
S = Smax
— (4-2)
ft
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To investigate the impact of stress reversal, the test employs stress ratios of -0.1 and -1.
Specifically, a stress ratio of -0.1 indicates that the specimen withstands tensile fatigue stress
amplitude ten times greater than compressive fatigue stress amplitude. When the stress ratio is
-1, itindicates that in symmetric cyclic loading, both tension and compression experience equal
and opposite fatigue loads, referenced around zero. The stress levels are evaluated across three
scenarios: 0.9, 0.8, and 0.7. A stress level of 0.9 means that the maximum tensile stress during
the fatigue load cycle is 90% of the average tensile strength. Each loading condition contains
five specimens. The loading frequency was not taken into consideration in this chapter,
therefore, the loading frequency for all specimens is set at 4 Hz. The analysis will incorporate
the specimens tested under the conditions of a loading frequency of 4 Hz and a stress ratio of
0.1, as detailed in Chapter 3.

Table 4.1 Results of fatigue test with a stress ratio of -0.1

No. Stress level (S) Fatigue life (N) IgN p
S09-RA-1 755 2.878 0.167
S09-RA-2 1050 3.021 0.333
S09-RA-3 0.9 1194 3.077 0.500
S09-RA-4 1356 3.132 0.667
S09-RA-5 1581 3.199 0.833
S08-RA-1 5394 3.732 0.167
S08-RA-2 7465 3.873 0.333
S08-RA-3 0.8 9515 3.978 0.500
S08-RA-4 19577 4.292 0.667
S08-RA-5 30699 4.487 0.833
S07-RA-1 0.7 86957 4.939 0.167
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S07-RA-2 144816 5.161 0.333
S07-RA-3 234232 5.370 0.500
S07-RA-4 281413 5.449 0.667
S07-RA-5 367376 5.565 0.833
Table 4.2 Results of fatigue test with a stress ratio of -1
No. Stress level (S) Fatigue life (N) IgN p
S09-B-1 422 2.625 0.167
S09-B-2 504 2.702 0.333
S09-B-3 0.9 832 2.920 0.500
S09-B-4 944 2.975 0.667
S09-B-5 1217 3.085 0.833
S08-B-1 2663 3.425 0.167
S08-B-2 3257 3.513 0.333
S08-B-3 0.8 3587 3.555 0.500
S08-B-4 4726 3.675 0.667
S08-B-5 5993 3.778 0.833
S07-C-1 23365 4.369 0.167
S07-C-2 39961 4.602 0.333
S07-C-3 0.7 64923 4.812 0.500
S07-C-4 75059 4.875 0.667
S07-C-5 103327 5.014 0.833
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Table 4.1 and 4.2 present the fatigue life with stress ratios of -0.1 and -1, respectively. The
fatigue life of the specimens exhibits significant variability. The Weibull distribution, as
introduced in the previous chapter, is employed to analyze fatigue life under various loading
conditions. For concrete materials, the Weibull distribution equation can be represented in a

simplified form as shown below:
1
In [ln <E>] =bInN—-bInN, (4-3)

whereas p represents the survival rate; N denotes the fatigue life; N, is the parameter defining
the characteristic life; and b is the slope of the linear equation, which can be directly obtained

from the fitted line.

From Eqg. (4-3), it can be observed that In (%) is linearly related to In N. By defining Y =

In [ln (%)] X =InN, c = blnN,, the following equation can be derived:

Y=bX—c (4-4)

The survival rate p of the test specimen can be calculated based on its fatigue life, using the

empirical formula:
[
m+1

p=1- (4-5)

In this formula, i denotes the specimen's position within the group sorted by the number of
failure cycles, ranging from 1 to m, where m represents the total number of specimens in the
fatigue dataset under each loading condition. The calculated survival rater p for each specimen

are provided in the finial columns of Table 4.1 and 4.2.
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When using In (%) as the vertical axis and In N as the horizontal axis, the relationship curve

In (%) —In N can be fitted, as shown in Fig. 4.1 and Fig. 4.2.
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Fig. 4.2 Fatigue life fitted curves at each stress level under the stress ratio of -1

From Fig. 4.1, it can be seen that the relationship curve In [ln (%)] —In N exhibits strong

correlation, with R? values exceeding 0.9 across all loading conditions. This high correlation
indicates a robust fit, suggesting that the Weibull function effectively models the fatigue life

of UHPECC under tension-compression reversal loading conditions. By setting the probability
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of failure to 0.5, we can determine the characteristic fatigue life values corresponding to the
respective fatigue loading conditions, as illustrated in Table 4.3.

Table 4.3 The fatigue life at a failure probability of 0.5 under different loading conditions

Stress ratio (R) Stress level (S) Fatigue life (N)
0.9 693
-1 0.8 3754

0.7 50907
0.9 1117

-0.1 0.8 10960
0.7 186164
0.9 1319

0.1 0.8 39946
0.7 1499285

By combining the data from Chapter 3, which includes fatigue specimens tested at a 4 Hz
loading frequency and a stress ratio of 0.1 under tension-tension conditions, we can derive Fig.
4.3. This figure illustrates how fatigue life varies with changes in stress levels or stress ratios.
From the figure and table, it is evident that under various stress ratio conditions, the
characteristic value of fatigue life decreases as stress levels increase. Under a high tensile stress
of 0.9, the fatigue life under various stress conditions is relatively low, with none exceeding
1500 cycles. As the stress level drops, the impact of the stress ratio on fatigue life becomes
more obvious. At a tensile stress level of 0.7, the characteristic fatigue life for specimens with
stress ratios of 0.1 are 8.1 times and 29.5 times higher than those with stress ratios of -0.1 and

-1, respectively. The stress reversal of fatigue load has a significant negative influence on the
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fatigue life of UHPECC. Specimens subjected to a stress ratio of -1 exhibit very limited fatigue

life across all stress levels examined in this study.
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Fig. 4.3 Fatigue life versus experimental variables

4.3.2 S-N curves

In the past, the tensile fatigue performance of concrete was often regarded as insignificant or
lacking in engineering practicality. However, experimental results with ECC incorporating PE
fibers have demonstrated that they possess good tensile fatigue performance. In this context,
the S-N curve is utilized to analyze the correlation between stress levels and fatigue life. Fig.
4.4 illustrates the comparison of S-N curves under different stress ratio conditions, while Table

4.4 details the corresponding expressions for each fitted line.

Table 4.4 S-N curve fitting expressions

Stress ratio (R) Fitting expression Coefficient of Determination
0.1 S = —0.0630lgN + 1.0902 R? = 0.9643
-0.1 S = —0.0845IgN + 1.1503 R? = 0.9449
-1 S =-0.0997IgN + 1.1716 R? = 0.9334
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Fig. 4.4 The relationship between S and IgN

As shown in Fig. 4.4, there is a clear linear correlation between the fatigue stress level and the
logarithm of the fatigue life for UHPECC. The provided fatigue S-N curve allows for predicting
the fatigue life. In contrast to the previous chapter, where the slopes of fitted S-N curves
remained similar with a fixed stress ratio despite varying loading frequencies, in this chapter,
where the stress ratio varies while the loading frequency remains constant, the slopes of S-N
curves for each condition are not similar. Across varying stress ratios, the correlation between
fatigue life and stress level remains consistent: fatigue life increases as the stress level
decreases. When subjected to the same stress level, specimens with lower stress ratios endure
fewer cycles under fatigue loading. When comparing the test group with a stress ratio of -0.1
to the group with a stress ratio of 0.1, at higher stress levels, the fatigue life is similar. However,
as the stress level decreases, the difference in fatigue life between tension-tension cycles and

tension-compression cycles becomes more pronounced. Specifically, in tension-tension fatigue,
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the fatigue life shows stronger performance increases at relatively lower stress levels. At a
stress ratio of -1, specimens exhibit a significant decrease in fatigue life compared to those

tested under the other two stress ratio conditions, across various stress levels.

The impact of the stress ratio on concrete's fatigue life is more pronounced than its impact on
steel. However, research data on tension-compression reversal fatigue is limited. This is mainly
due to normal concrete's limited tensile strength and brittleness, which leads to its perceived
unreliability and consequent exclusion from fatigue calculations in practical engineering. The
emergence of various fiber-reinforced concrete has enhanced the tensile strength of concrete,
making it more valuable for practical applications. Consequently, accurately evaluating the
effect of stress ratio on fatigue life is especially important. Engineering structures may face
arbitrary fatigue loading conditions, leading to widely varying stress ratios. Specifically, these
conditions can result in tension-tension fatigue, compression-compression fatigue, and tension-
compression fatigue. The latter category can be further subdivided into cases where the
maximum absolute tension stress is greater and cases where the maximum absolute
compression stress is greater. The present study begins with tension-tension fatigue and then
extends to tension-compression fatigue. In all cases discussed, the magnitude of the
compressive stress is smaller than that of the maximum tensile stress. The range of loading
conditions that can be explored through experimental measurements is limited. Therefore, it is
essential to utilize the available experimental parameters as effectively as possible to identify

applicable patterns and laws within this scope.
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Aas-Jakobsen (1970) proposed a classic formula introducing the influence of stress ratio and
attempted to establish the correlation between fatigue life and stress level, as demonstrated
below:

S=1-p-(1-R)-IlgN (4-6)
where only B is the parameter that must be identified by fitting test data. Fitting the
experimental data from this study using the Aas-Jakobsen equation yielded the results shown

in Fig. 4.5.

Fig. 4.5 shows the fitting curves using data from three stress ratios, shown by the black line,

and using only two stress ratios (0.1 and -0.1), depicted by the brown line. The coefficients 3
for the black and brown fitting lines are -0.0359 and -0.0475, respectively. The coefficient of
determination R? are 0.3913 and 0.9196, respectively. The coefficient of determination
obtained by fitting the data for three different stress ratios is significantly lower than the
coefficient obtained by considering only the two stress ratios, R = 0.1 and R = —0.1. This
indicates that, on one hand, the equation has a specific range of applicability. When the formula
was proposed, it was primarily based on the compressive fatigue of concrete (Tepfers and Kutti
1979). It also shows some applicability to fiber-reinforced concrete under tension-tension
fatigue or tension-compression fatigue dominated by tensile stress. On the other hand, the
failure mechanism for a stress ratio of -1 is significantly different from that under the other two
stress ratio conditions. Therefore, for tension-compression fatigue with similar magnitudes of
tensile and compressive stress, it is not appropriate to fit these conditions into the same formula
as those dominated by tensile stress. The author believes that in fatigue cycles dominated by
tensile stress, the microscopic failure mode is primarily characterized by the gradual pull-out

and fracture of the fibers. In fatigue cycles where the magnitudes of tensile and compressive
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stress amplitudes are similar, fibers gradually pull out under tensile stress and are then
subjected to significant compression under compressive stress. This substantially increases the
risk of fiber buckling and fracture. Under these loading conditions, fibers face increasing failure
risks in both tensile and compressive directions. Consequently, the fatigue life of cycles with
approximately equal amplitude in tension and compression at various stress levels is

significantly lower compared to fatigue under pure tension or pure compression conditions.

Our current research is focused on a narrow range of stress ratios. For emerging materials such
as ECC, conducting broader experiments to investigate the stress ratio effect on fatigue life is
essential. This not only facilitates a more precise definition of the connection between fatigue
life and stress level, considering the stress ratio but also provides valuable guidance and

recommendations for engineering applications.
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Fig. 4.5 The S-N relation based on Aas-Jakobsen’s equation
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4.3.3 Fatigue deformation

During the experiment, the real-time deformation of most specimens in the measurement
section was recorded. However, not all specimens were fractured within this section. For each
fatigue loading condition, the deformation evolution of the specimen that fractured within the
measurement section and whose fatigue life is closest to the characteristic fatigue life with a

0.5 failure probability is selected and listed, as shown in Fig. 4.6 to Fig. 4.8.
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Fig. 4.6 Evolution curves of fatigue deformation with stress ratio of -0.1
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Fig. 4.8 Evolution curves of fatigue deformation with stress ratio of 0.1 (tested in chapter 3)
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Fig. 4.6 to Fig. 4.8 shows the envelope representing the evolution of maximum and minimum
deformations throughout fatigue cycles. Under various stress ratio conditions, the deformation
evolution of UHPECC can be divided into three stages: the initial stage of rapid growth, a
subsequent stage of steady development, and a final stage of unstable growth. However, the
proportion of each stage changes depending on the stress levels. At a stress level of 0.9, the
first and third stages are minimal, with the second stage being predominant. At stress levels of
0.8 or 0.7, the first and third stages each account for approximately 10% of the total lifespan,

and the maximum strain demonstrates an inverted S-shaped evolution characteristic.

For specimens subjected to tension-compression fatigue stress reversal, the tensile deformation
exceeds the compressive deformation because the elastic modulus is higher in compression
than in tension. Additionally, as plastic deformation gradually increases on the tensile side, the
overall deformation envelope progressively shifts towards the tensile side. Consequently, with
a stress ratio of -0.1, even when the compressive stress reaches its maximum value in the later
stages, the measured deformation remains greater than zero, indicating that the test section

length exceeds the initial length.

4.4 CUMULATIVE FATIGUE DAMAGE MODEL

4.4.1 Review of existing fatigue models

Similar to ordinary concrete, fiber-reinforced concrete contains numerous initial microcracks
and micropores. As it undergoes repeated cycles of fatigue loading, these microcracks and
micropores gradually expand, resulting in damage to the fiber-reinforced concrete. This

damage manifests in its macroscopic mechanical properties, causing increased inelastic strain,
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loss of stiffness, and diminished strength. Fully understanding the fatigue damage and

mechanical response of fiber-reinforced concrete is highly significant.

An appropriate cumulative damage model that can describe the fatigue development process
forms the basis for structural fatigue design. The Palmgren-Miner linear cumulative damage
theory (Miner 1945), commonly referred to simply as Miner’s rule, is the most classic and
extensively used approach in this field. According to this theory, fatigue damage can be linearly
accumulated under cyclic loads, with each stress level being independent and uncorrelated.
Fatigue damage occurs in specimens or components when the cumulative damage value

reaches 1. This is expressed as:

D:ZADi:Z%:l (4-7)

where AD; represents the damage coefficient at a stress level of S; , n; denotes the count of

cycles associated with this stress level, while N; indicates the fatigue life for that stress level.

Miner's rule is founded on the following assumptions: (1) the energy dissipated per cycle at a
given stress level remains constant; (2) cumulative damage is independent of the prior loading
history; (3) the loading sequence does not impact the material's fatigue life. These assumptions

indicate that Miner’s rule simplifies the mechanism of cumulative fatigue damage.

The cumulative damage of materials under external load is an irreversible deterioration process.
Numerous studies have demonstrated that this damage is influenced by the loading sequence,
material properties, and stress levels. For many materials, the loading sequence plays a crucial
role in influencing fatigue damage. Specimens that experience high-stress cycles first suffer

more damage compared to those that undergo low-stress cycles first (Ou and Lin 1999).
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Miner's linear cumulative fatigue damage theory has proven effective for metallic materials.
Due to its simplicity, intuitiveness, and clarity, Miner’s rule has found widespread application
in engineering. However, its accuracy is limited when analyzing materials with significant
defects, such as concrete or rock. This limitation becomes particularly apparent in two-stage or
multi-stage loading scenarios, as the theory does not consider the effects of loading sequence

or the interactions among different loading conditions.

To address this problem, numerous modified linear cumulative fatigue damage theories
(Hilsdorf and Kesler 1966; Manson and Halford 1986) and nonlinear cumulative theories
(Henry 1955; Marco and Starkey 1954) have been proposed. One notable example is the
Corten-Dolan theory (Corten and Dolan 1956). The Corten-Dolan theory suggests that damage
may occur at multiple locations on the specimen surface, with the number of damage sites
influenced by the stress level the material endures. Under constant amplitude loading, the
damage D resulting from n cycles can be represented as follow:

D = mrn® (4-8)
where m is the number of locations where material damage occurs, which increases with higher
stress levels; r is the crack growth coefficient, which is proportional to the stress level S; n

represents the number of cycles at a specific stress level; and a is a constant.

For different loading histories, the total fatigue damage Dy at failure remains constant.

Therefore, when the same component experiences stress S; and S, respectively, the overall

damage can be represented as:

a.

Dy = mlrlNla1 = m2r2N2 2 (4-9)
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where N; and N, represent the number of cycles at stress levels S; and S, respectively, at

which the component fails.

If the fatigue loading process alternates between stress levels S; and S,, with §; > S, , and
assuming the number of damage locations m depends only on the higher stress level S;, thus,
m, = my. It can be assumed a, = a, = a. If the total number of cycles until failure under
combined actions of S; and S, is Nf, and the percentage of cycles at stress level S; is A, then
the percentage of cycles at the stress level S, is (1 — A,). Therefore,

Ny _ ! 4-10
N N (4-10)

At (rz/rl)a (1 — /11)

1
here, (r,/r;)a depends on the relative magnitudes of the two stress levels, expressed as:
1
2\ _ (%) 4-11
n) T R
where d is a material constant determined by experiments. Substituting Eq. (4-11) into Eq. (4-

10) yields:

Ny 1
L = (4-12)

Mo (1-2) (5275,

generalizing Eq. (4-12) from two stress levels to multi stress levels loading yields Eq. (4-13):

Ny 1
L= (4-13)

s a(sis,)’

where N, represents the total number of cycles to failure under multi-stress levels alternating

stresses, S; represents the highest stress level among several stress levels, N; represents the
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number of cycles to failure under the stress level of S;, 4; is the percentage of cycles at the

stress level S;, and d is a material constant. By rearrangement:

zﬂ =1 (4-14)

Eq. (4-14) resembles the Equation (4-7) from linear damage accumulation theory. In Eq. (4-

d
14), ;N; and N, 51 corresponds to n; and N; in Eq. (4-7), respectively. Rewriting this as
i S

Ny (S1\¢ . : : _
N (S—l) , and taking the logarithm of both sides, we get:

tog Mt — d10g (22 (4-15)
ogNl— og S, -

From the above equation, it is evident that stress level S; and fatigue life N; exhibit a linear
correlation in a double logarithmic coordinate system, with the slope of the line being related
to the material constant d. This applies to a considerable portion of engineering materials.
However, according to the Corten-Dolan theory, damage in materials initiates rapidly within a
short period, followed by a phase of cumulative damage. In contrast, for concrete materials, it
is widely recognized that the initial development of damage accounts for approximately 10%
of its total lifespan. The fatigue damage evolution curve proposed by Corten-Dolan does not
adequately capture or quantify this characteristic. Moreover, the accumulation of damage in
each cycle does not consistently correlate with increasing stress levels. Observing fatigue
damage evolution across various materials reveals a common pattern: damage develops rapidly
in the initial cycles, then gradually decelerates to a stable rate, and finally accelerates sharply

nearing failure, indicating a three-stage progression. Thus, the extent of damage cannot be
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solely explained by the stress level. Other nonlinear models for cumulative fatigue damage
have been proposed by scholars like Subramanyan (1976), Leve (1969), and Gatts (1961).
While, these models typically exhibit greater complexity, posing challenges in parameter

determination.

Many theories have been proven effective and widely used for metals or other materials that
are not directly applicable to concrete materials. Conducting fatigue analysis of ECC materials
requires addressing two key issues: defining damage appropriately and establishing a fatigue

damage cumulative model specific to concrete.

4.4.2 Cumulative fatigue damage model

The dominant fatigue damage theory of concrete suggests that damage results from the
extension of micropores or microcracks (Shah 1984; Hamdy 1997). These discontinuities at
the micro level are regarded as continuous on a broader scale. Damage can induce various
changes in material properties. As damage accumulates, the elastic modulus, strength, and
hardness decrease. Conversely, strain, electrical resistance, and energy dissipation tend to
increase gradually. Therefore, several methods have been developed to quantify damage based
on these changes in material properties. Regardless of the parameters employed, the evolution
of damage must align consistently with the development of microcracks. Thus, the definition
of the damage variable must fulfill these essential criteria: it must have a precise physical
interpretation, be easily measurable for practical engineering, and its changes should mirror the

degradation process of the material.
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In the tests conducted in this research, parameters like elastic modulus and deformation
progression were identified as easily measurable. Given that fatigue loading in this chapter
involves stress reversal, concrete demonstrates notable differences in tensile and compressive
moduli. Hence, choosing deformation as the indicator of damage appears to be more
appropriate. The deformation can be represented by maximum strain and residual strain.
Maximum strain is defined as the strain when tensile stress reaches its peak, while residual
strain is the strain measured when tensile stress hits its lowest point or when compressive stress
is at its maximum during the fatigue cycle. While the experiment in this chapter involves stress
reversal, the residual strain of specimens under a stress ratio of -1 is compressive, with
corresponding measurements being negative. For specimens with a stress ratio of -0.1, the
residual strain fluctuates between compressive and tensile, with measurements near zero. Since
the failure mode of all specimens is a tensile fracture, using residual strain in this experiment
does not reasonably reflect the evolution of fatigue damage. Therefore, the maximum strain is
chosen as the parameter to characterize the progression of damage. The damage variable is

represented as follows:

n
Emax gmax

f _ 0
max — €max

D= (4-16)

&

in the equation, €34, %4y, and e,’;ax represent the initial maximum strain, instantaneous

maximum strain after n fatigue cycles, and the ultimate maximum strain, respectively.

Eq. (4-16) indicates that accurately defining the evolution of strain is crucial for determining
damage progression. As noted in the previous section, the maximum deformation of the
specimens follows an inverted S-shaped pattern: it begins rapidly, then slows down, and finally

accelerates. Various functional forms have been proposed by researchers to fit different
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inverted S-shaped curves (Xiao et al. 2009; Liu and Zhou 2017). In this context, the author
adopts an inverted S-shaped function proposed by Huang et al. (2019a), derived from the
Weibull distribution equation. This function has been proven effective in fitting the fatigue

deformation of concrete under different loading conditions. The expression is as follows:

1
n—1\\*
e=¢gy+A{—-In|1—-——— (4-17)
Ny
where g, represents the initial strain, A, and k are scale parameters and shape parameters

respectively. n denotes the fatigue cycle, Ny represents the fatigue of life at failure.

By dividing the deformation measured in the previous section by the length of the test section

and fitting it using Eq. (4-17), we can obtain the fitting parameters ¢,, A and k under various

loading conditions. Table 4.5 presents the results. Based on the strain evolution curve, further

calculating the damage using Eq. (4-16) requires knowing both £2,,, and s,’;ax. In this context,

we set the fitted , as the initial maximum strain 9,,,.. For the ultimate maximum strain £,

considering that the specimen's deformation becomes extremely unstable in the final stage

before failure—with failure often occurring instantaneously and the slope of strain
f

development increasing significantly—an excessively large &,,, Would result in an

underestimation of damage in the earlier stages. Therefore, we select the strain corresponding
to a relative fatigue life of 0.99 (i.e., when n/N; = 0.99) as e,’;ax. The resulting damage

evolution is depicted in Fig. 4.9.

Table 4.5 Fitted value of maximum strain evolution curve

Stress ratio Stress Fatigue
& A k
(R) level (S) life (N)
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0.9 1117 6.2513 x 107* 2.0086 x 1073 2.0474
0.1 0.8 10960 6.4737 X 1075 23212 % 10-3 3.3544
0.7 186164 2.8422 x 1074 1.5197 x 1073 2.3026
0.9 693 2.6646 x 10~ 3.0121 x 1073 3.1848
-1 0.8 3754 7.3261 x 107° 2.5966 x 1073 3.7720
0.7 50907 2.6451 x 10~* 1.7940 x 1073 2.9874
0.9 1319 6.1392 x 10~* 1.5347 x 1073 1.8518
0.1 0.8 39946 3.8120 x 10~* 1.5083 x 1073 2.3041
0.7 1499285 2.8279 x 10~ 1.3043 x 1073 2.2580
1 :
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(a) Stress ratio of -0.1
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Fig. 4.9 Damage evolution under various loading conditions
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4.4.3 Method for estimating fatigue life under multilevel fatigue loading

The fatigue life of ECC under constant amplitude loading conditions can be estimated using
the S-N curve derived from experimental data. However, for multilevel variable amplitude
fatigue loads typical in engineering applications, a fatigue damage model is necessary to
estimate fatigue life accurately. The procedure involves several specific steps: 1) identify the
critical fatigue-prone areas of the structure; 2) obtain the local stress spectrum at these critical
points; 3) Perform elastoplastic finite element analysis to calculate the local strain spectrum; 4)
Analyze the range of the strain spectrum and corresponding loading conditions; 5) select
representative loading conditions and verify the material strain evolution; 6) Based on the strain
evolution, establish an S-shaped damage evolution curve; 7) Utilize fatigue damage

accumulation theory to assess the fatigue life of the critical areas.

4.5 CONCLUSIONS

The effect of stress ratio on UHPECC, considering stress reversal, was investigated through a
series of experiments in this chapter. Additionally, a tensile fatigue damage model was further

developed. The findings lead to the following conclusions:

Under the stress ratios tested in this chapter, the fatigue failure mode of UHPECC is tensile
fatigue fracture, with the specimens maintaining overall integrity upon failure. Additionally,

under various stress ratios, the fatigue life decreases as the stress level increases.

Reducing the stress ratio to a negative value, resulting in tensile-compressive cyclic fatigue
loading, has a significantly more adverse effect on fatigue life compared to tensile-tensile

cycling. This effect is particularly pronounced when the magnitude of the compressive stress
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is close to that of the tensile stress, as the compressive process can cause significant buckling

of the fibers, thereby increasing the risk of fracture.

For fatigue loading involving stress reversal, the compressive strain is significantly less than
the tensile strain, and the residual deformation caused by tensile strain accumulates
continuously. The progression of the specimen's maximum deformation under various stress
ratios follows an inverted S-shaped curve. A cumulative fatigue damage model was developed
to estimate fatigue life under various loading conditions, based on the evolution curve of

maximum strain.
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CHAPTERS5 CYCLIC FLEXURAL BEHAVIOR OF GFRP

BAR-REINFORCED UHPECC BEAMS

5.1 INTRODUCTION

In East Asia, megacities like Hong Kong, Osaka, and Singapore are facing growing constraints
due to increasingly scarce land resources. Conventional approaches to expanding land supply,
like land reclamation, face escalating costs as water depths increase. Additionally, they pose
risks of environmental degradation, time consumption, and obstruction of shipping channels.
One solution that achieves a balance between economic interests and environmental protection
involves the development of ocean engineering, such as floating structures. So far, researchers
in ocean engineering have proposed various concepts and designs, including floating oil storage
facilities (Wan et al. 2018a), floating bridges (Chen et al. 2018), floating photovoltaic systems
(Li et al. 2023), floating airport (Rognaas et al. 2001), etc. While structures mentioned above
are typically designed as concrete or prestressed concrete structures, they encounter more
severe corrosion environments and cyclic loads from winds and waves during long-term
service periods compared to inland civil structures. Consequently, the corrosion and
performance degradation of steel reinforcement within marine structures emerge as significant

concerns.

FRP reinforcement has gained attention as a promising substitute for steel reinforcement,
offering high strength, superior corrosion resistance, and effective electromagnetic
transparency (Chen and Teng 2008). Although FRP materials offer promising durability and
strength, their relatively lower elastic modules can lead to a significant decrease in stiffness.

This reduction in stiffness may increase the risk of shear failure or premature concrete crushing.
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To overcome these shortcomings, using high-performance concrete presents a potential
solution. In recent years, ECC has been developed to show higher ductility in both compression
and tension (Lepech and Li 2009). Due to the inclusion of fibers, the tensile load capacity can
be sustained even after cracking. With the increasing load, multiple cracks will initialize and
open to a certain width gradually. The formation of multiple cracks prevents ECC from brittle
fracture and exhibits strain-hardening behavior. Taking advantage of fibers, ECC can typically
achieve an ultimate strain of over 3% before one particular localized crack grows wide enough
followed by softening behavior (Zhang et al. 2011). The compressive strength of high-strength
ECC can reach 80-160 MPa (Huang et al. 2020). ECC exhibits enhanced performance over
traditional concrete under different loading conditions, including monotonic, cyclic, fatigue,
and impact loadings. The multiple cracking with fine cracks in the tensile zone makes ECC
exhibits good ductility. The high spalling resistance with larger ultimate strain can prevent

brittle failure due to crushing (Yuan et al. 2014).

A series of static behaviors of FRP-reinforced ECC members have been reported as mentioned
before, but studies on the cyclic behavior of these components remains limited, particularly for
FRP-reinforced high-strength ECC under cyclic loading. However, the cyclic behavior of FRP-
reinforced high strength ECC beams has not been documented yet. Investigating this is crucial
for extending the understanding of FRP-reinforced ECC from its monotonic behavior to cyclic

performance.

In summary, the use of ECC in conjunction with FRP reinforcement can be a potential option
for improving ductility performance and eliminating corrosion problems. This research focuses

on examining the cyclic flexural behavior of UHPECC beams reinforced with FRP. An
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extensive experimental program including eight beams was carried out to assess the influence
of reinforcing ratio, fiber dosages, and loading types. Crack development, load-displacement
response, failure modes, energy dissipation capacity, deformability, and strain evolution are
measured and discussed. The results of this work will enhance the knowledge of the cyclic
flexural behavior of FRP-reinforced UHPECC beams and broaden the scope of application for

both FRP reinforcement and UHPECC.

5.2 EXPERIMENTAL PROGRAM

5.2.1 Materials

To utilize the strength of FRP as much as possible, ultra-high-performance ECC (UHPECC)
was adopted in this study. Table 5.1 presents the mixture proportion for the UHPECC. Portland
cement and silica fume served as the binders. Sea sand with a particle size under 1.18 mm was
used as the fine aggregate. A superplasticizer equal to 1.35% of the weight of the binders was
incorporated to enhance the workability of the ECC. Ultra-high molecular weight polyethylene
(PE) fibers with two different fiber volumetric ratios, i.e., 1% and 2%, were investigated. Table
5.2 provides the details on the properties of the PE fibers. The powders were initially dry-mixed
for 3 minutes, followed by the addition of water and superplasticizers, which were mixed for 5
minutes. Lastly, the PE fibers were gradually introduced and mixed for an additional 15
minutes. Following ASTM C1437-15 (2015), the mini-slump flow for ECC with a 2% PE fiber
volumetric ratio was measured at approximately 180 mm. After casting, the specimens were
immediately covered with plastic sheets and de-molded after 72 hours. They were then
moisture-cured for 28 days. The compressive strength for each ECC batch was assessed by
performing compression tests on 50 mm cubes (Fischer and Li 2003). The mean compressive

strength was measured to be 132.6 MPa. Direct tensile tests on at least three dumbbell samples
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for each batch of ECC were conducted according to JSCE’s recommendation (2008). Fig. 5.1
presents two representative tensile stress-strain curves of ECC with different fiber volume
ratios. The cracking strength is identified at the inflection point from the initial linear segment
to the strengthening segment. The ECC demonstrated strain-hardening behavior, characterized
by high post-cracking strength. The average cracking strengths for the ECC with 2% and 1%

fiber volumetric ratios were 4.2 MPa and 2.2 MPa, respectively.

Table 5.1 Proportions of the ECC mixtures by weight ratio

Silica
Cement Sea sand Water  Superplasticizer
Batch fume PE (Vol.)
(kg/m?) 5 (kg/m®)  (kg/m) (kg/m?)
(kg/m”)
ECC-
1210 303 454 303 20.5 2%
V2.0
ECC-
1210 303 454 303 20.5 1%
Vf1.0
Table 5.2 Properties of PE fibers
Tensile strength Density
Length (mm)  Diameter (um) Modulus (GPa)
(GPa) (g/cm?®)
12 24 3 116 0.97
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Fig. 5.1 Tensile stress-strain curves of ECC

GFRP rebars with two diameters (13.4 mm and 17.2 mm) were employed as the longitudinal
reinforcement in the ECC beams. The tensile characteristics of the GFRP rebars were obtained
through tensile testing methods in accordance with ASTM D7205/D7205M-06 (2016). The
tensile strengths of the GFRP rebars of the two diameters were measured to be 971 and 946
MPa, respectively. The elastic moduli measured were 52 and 55 GPa, respectively. The
ultimate strains of both types of rebars were larger than 1.83%. For ease of fabrication and
given the chapter's emphasis on beam flexural properties, steel reinforcement is utilized as
stirrups instead of FRP reinforcement. The stirrups with a diameter of 8 mm were spaced 12

cm apart.

5.2.2 Specimen design and test setup
Eight rectangular UHPECC beams were fabricated and tested in the experimental program.
The beams featured a clear length of 1800 mm and a cross-section measuring 200 mm by 160

mm. The shear span length is 610 mm. Fig. 5.2 illustrates the cross-sectional geometry and
110



reinforcement details. The steel stirrups were round steel rebars with a diameter of 8 mm. Steel
stirrups, made from 8 mm diameter round rebars, were used with a longitudinal spacing of 120
mm. This arrangement was adopted to achieve a flexural failure mode for the beams according
to theoretical analyses. Table 5.3 provides a detailed overview of the test matrix. The
experimental parameters included the reinforcement ratio p, the fiber volumetric ratio V¢, and
the loading types (monotonic, compression-compression cyclic or tension-compression cyclic).
Each specimen was given the name S-px-Vy-z, where x represents the reinforcement ratio, y
indicates the fiber volumetric ratio and z denotes the loading type. For example, S-p1.88-V2-
M represents the specimen with a longitudinal reinforcement ratio of 1.88% and a fiber

volumetric ratio of 2% under monotonic loading.

i 1800
150 610 ‘ 280 - 610 _ 150
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=
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Fig. 5.2 Specimen details (unit: mm)

(a) Downward loading
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(b) Upward loading

-
aln T ol = 1%,
Details of cyclic loading device
Fig. 5.3 Test set up
Table 5.3 Test matrix
) Reinforcement Fiber volumetric )
No.  Specimen ) ) Loading type
ratio ratio (%)
S-p1.88-V2- .
1 Monotonic
M
S-p1.88-V2- Compression-
2 1.88 2 ) )
C1 compression cyclic
3 S-p1.88-V2- Tension-compression
C2 cyclic
S-pl.13-V2- .
4 1.13 2 Monotonic
M
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S-pl1.13-V2- Compression-

5
C1 compression cyclic
6 S-pl.13-V2- Tension-compression
C2 cyclic
S-p1.88-V1- ]
7 Monotonic
M
1.88 1
8 S-p1.88-V1- Tension-compression
C2 cyclic

A customized loading device for applying the monotonic or cyclic loading on the beams was
designed. As illustrated in Fig. 5.3, this loading device includes screws, supports, and a frame.
At the loading point, two pairs of rotatable supports are arranged at the upper and lower sides
of the test beam. These supports are fastened to the distribution beam using bolts and screws.
Before the formal test loading, the height of the distribution beam is lowered until the
monitored force sensor value reaches 1 kN, after which all bolts connecting the supports are
tightened. Simply supported supports are arranged on both the upper and lower sides of the
beam’s ends. The upper supports are securely connected to the ground through screws, enabling
them to provide reaction forces when upward loads are applied. The monotonic or cyclic loads
were applied and recorded with a servo-controlled hydraulic actuator. The initial loading
involved downward loads. All the tests were performed in a displacement control mode with a
quasi-static loading rate set to 1 mm/min. According to FEMA 461 (2007), the cyclic loading
scheme implemented in this present study is illustrated in Fig. 5.4. The tension-compression
cyclic loading scheme contains two full loading cycles for each deformation amplitude. The
deformation amplitude was 0.1% of the length of the shear span in the initial step and increased
by 40% continuously afterward. The screws and supports for applying upward loading on the

beams were removed when compression-compression cyclic or monotonic loading was
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conducted. The compression-compression cyclic loading scheme was similar to the tension-
compression cyclic loading scheme but only applies downward cycles. During the unloading
process, the actuator was not unloaded to the initial position but to a position with a load of

about 1 kN to prevent the disengagement of supports under the distribution beams.

Three linear Variable Displacement Transducers (LVDTSs) were positioned at the midspan and
the supports to record the vertical deflections of each beam. Strain measurements were
conducted using electrical resistance strain gauges attached to the bottom longitudinal FRP
rebars. A data acquisition system recorded all the measurements, including strains, loads, and
displacements. The development of cracks in the test ECC beams was monitored and the crack

widths were measured with a handheld microscope.

10 ~

Displacement/shear span (%)

0 2 4 6 8 10 12 14 16 18 20
Number of steps

Fig. 5.4 Cyclic loading scheme
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5.3 EXPERIMENTAL RESULTS AND DISCUSSION

5.3.1 Crack patterns

Fig. 5.5 presents the crack patterns observed in all beams at the end of loading. Reinforced
ECC beams exhibit a higher frequency of localized flexural cracks on the tensile side compared
to traditional reinforced concrete beams, with the fibers demonstrating a positive effect by
bridging these cracks. Upon the cracking moment, hairline flexural cracks first appeared near
the bottom surface of the beam under either monotonic or cyclic loading conditions. When the
cyclic amplitudes were relatively small, the cracks tended to be closed upon unloading
indicating a good deformation recovery ability for the beam specimens. As the applied load
increased, the flexural cracks extended deeper into the beam. A substantial number of cracks
was noticeable on the beam surface in the pure bending zone. Most of the cracks were not
further opened after they reached a certain width. The observation suggests that the tensile
stress at the surface of each crack grows gradually to the hardening part of the stress-strain
curve. For the specimens subject to compression-compression cyclic loading, to prevent
loading supports under the distribution beam from being disengaged, the actuator did not return
to its original position when the applied load was decreased to around zero, so cracks at the
tension side could not be completely closed at the end of each cycle. For specimens under
tension-compression cyclic loading, the cracks at the tension side could be closed upon the
reversal of the load. However, as the loading amplitude increased, a larger reverse loading
displacement was required to completely close the cracks on the tension side before the reversal
of loading. This was primarily attributed to the occurrence of slips between FRP reinforcement
and concrete. As the deflection increased, one or two major cracks developed with fibers being

pullout. Thus, the deformation of longitudinal FRP reinforcement tended to be localized near
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the major cracks and rupture occurred once the local strains in the FRP reinforcement reached

the ultimate tensile strain, accompanied by a sudden load drop.

The beams with larger reinforcement ratios exhibited greater load-carrying capacities, which
in turn led to the emergence of larger tensile and shear stresses in ECC before failure.
Consequently, this stress environment of concrete activated the generation of multiple cracks
over a wider range of the specimen. Because of the multiple cracking patterns of ECC, the
density of cracks tended to be unchanged with the same fiber volume ratio even when the
reinforcement ratio differed. The specimens with a smaller fiber volume ratio exhibited more
cracks compared to those with a larger fiber volume ratio, especially for the specimens exposed
to cyclic loading. The discrepancy in crack numbers can be attributed to the distinct cracking
strengths of concrete. An increased occurrence of cracks is notable at the tensile side of the
specimens subjected to tension-compression cyclic loading. The reverse cyclic load caused the
beam to elongate in the longitudinal direction, leading to the development of additional cracks
on the tensile side. Crack localization occurred at the weakest plane with the stress
concentration in the FRP reinforcement when the fiber-bridging capacity reached its ultimate
state. One or few major localized cracks formed within the pure bending zone of the beams in

this study.

Although all specimens failed by FRP reinforcement rupture, significant compressive damage
of ECC occurred, despite the beneficial effect of fiber bridging in mitigating concrete spalling.
For the specimens subjected to tension-compression cyclic loading, the compressive damage
was relatively slight compared to that observed under monotonic or compression-compression

cyclic loading. During the later cycles with substantial deflections, the longitudinal FRP
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reinforcement sustained increased compressive forces, as indicated by the incomplete closure

of flexural cracks under compression upon loading reversal. The slips between concrete and

FRP reinforcement gradually accumulated as the reversal cyclic loading was processed. The

unclosed cracks and accumulated slips allowed the beams to expand axially. This expansion

was beneficial in delaying the concrete compressive damage under tension-compression cyclic

loading.
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Fig. 5.5 Final crack patterns observed in various specimens

5.3.2 Load-deflection curves

Fig. 5.6 compares the load-midspan deflection curves for specimens subjected to monotonic
loading with different fiber volume ratios. It is evident that specimens without fibers exhibit
significantly lower stiffness, loading capacity, and deformability compared to those with added
fibers. It should be highlighted that beams without fibers fail mainly due to concrete crushing
at the outer side of the loading support, whereas beams with fibers added all failed with FRP
rupture. The addition of fibers effectively prevents concrete from splitting and helps maintain
specimen integrity. Furthermore, it enhances the ultimate compressive strain of the concrete,

allowing for the full utilization of FRP strength.
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Fig. 5.6 Load-midspan deflection curves for specimens subjected to monotonic loading
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Fig. 5.7 and Fig. 5.8 compare the load-midspan deflection curves for specimens subjected to
cyclic loading with those subjected to monotonic loading. For all loading conditions, the loads
and the deflections were defined to be positive when the beam was bent downwards (i.e., the

actuator applied a compressive force).

The hysteretic curves of all specimens can be categorized into three stages: the elastic stage,
the crack propagation stage, and the failure stage. Before concrete cracking, there was an
approximately linear correlation between the applied load and the deflection. The hysteretic
loop areas and residual deformation were relatively minor, and the beam's stiffness remained
stable throughout the loading cycles. After concrete cracking, the beam’s stiffness decreased
and the hysteretic curves exhibited a nonlinear behavior with a decreased slope. The expansion
of the hysteretic loops suggested a heightened capacity for energy dissipation. For each
displacement amplitude, the cyclic loading was repeated twice. The load applied during the
first cycle was typically greater than that applied in the second cycle for specimens subjected
to both compression-compression and tension-compression cyclic loading, indicating a slight
degradation in stiffness. For the failure stage, the stiffness degraded apparently and FRP rebars
fractured with splitting sound until the peak load. For specimens subjected to compression-
compression cyclic loading, when the cyclic amplitude is relatively small, i.e. under 50% of
the peak load, the cyclic effect is minimal, and the outer edge of the hysteresis curve closely
follows the monotonic loading curve. However, as the loading amplitude increases,
compression-compression cyclic loading results in a reduction of the specimen's loading

capacity.
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For conventional concrete beams, noticeable pinching was observed during the transition
between compression and tension (Yuan et al. 2014). This can be attributed to two reasons: (1)
poor integrity caused by concrete spalling and slip accumulation between reinforcement and
concrete; (2) plastic strains after yielding of steel in tension which could not be recovered
during compression, leading to the difference in the internal moment arms. The steel-reinforced
concrete beams experienced significant stiffness decreases over a wide range both before and
after loading reversal. In contrast, the decrease in stiffness for FRP-reinforced ECC beams is
limited to a much smaller range, occurring only near the initial loading position. FRP rebars
are linear elastic before rupture with an ultimate strain much larger than the steel yield strain.
During the tension-compression transfer, tensile strains of FRP reinforcement returned to zero
first, but the accumulated slips between FRP and concrete prevented the cracks that were about
to be compressed from being fully closed. Then, until the loading displacement increases
sufficiently to close the cracks on the compression side, the internal moment is solely sustained
by the FRP reinforcement on both sides. The smaller arm length, i.e., the vertical spacing of
the FRP bars, leads to decreased stiffness. After cracks in the compression zone were gradually
closed, the cross-section stress was redistributed similar to that under monotonic loading, and
the stiffness was restored. Furthermore, the inclusion of PE fibers ensured the integrity of the

specimen and multiple cracks of ECC delayed the large localized slip of reinforcement.
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Fig. 5.7 Load versus midspan deflection curves for specimens subjected to tension-

compression cyclic loading
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Fig. 5.8 Load versus midspan deflection curves for specimens subjected to compression-

compression cyclic loading

5.3.3 Skeleton curves and loading capacity
Fig. 5.9 compares the skeleton curves derived from the hysteretic curve envelopes of specimens
under cyclic loading with those of specimens subjected to monotonic loading. Table 5.5.

provides the values for the peak load and ultimate displacement at midspan.
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For monotonically loaded specimens with the same FRP reinforcement ratio, a higher fiber
volume ratio led to a larger loading capacity. The tensile strains of FRP rebars at failure were
around 1.83%. The addition of PE fibers enhanced the tensile strain capacity of concrete,
allowing it to sustain stress until the fracture of FRP. Concrete with different dosages possesses
different tensile strain capacities as shown in Fig. 5.1. ECC with the fiber volume ratio of 2%
had enough tensile strain capacity to maintain the fiber bridging capacity until the beam’s
failure. In contrast, concrete with a fiber volume ratio of 1% did not possess adequate tensile
strain capacity to persist through to the beam'’s failure stage. Several main cracks went fully
opened resulting in the fiber-birding capacity being exhausted. The estimated peak load without

considering the tensile contribution of concrete is closer to the measured value of specimen S-

p1.88-V1-M. However, for specimens with a fiber volume ratio of 2%, the estimated peak

loads considering concrete tensile contribution closely match the experimental values.

As expected, the specimens with a lower reinforcement ratio possessed a lower peak load
because of a smaller flexural sectional capacity. The drift capacities, which are the ratio of mid-
span deflection to shear span length, were comparable across specimens with varying
reinforcement and fiber volume ratios. This similarity is attributed to the failure being
controlled by the fracture of tensile FRP rebars, which shared similar ultimate strains. The
addition of PE fibers made multiple localized cracks evenly distributed along the flexural
tensile side leading to a complete utilization of the elongation of FRP rebar. Although the
tensile strain capacity of ECC with 1% fiber volume ratio is limited compared to a 2% fiber

volume ratio, it allows the cracks to develop sufficiently dispersed before the FRP fracture.
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The strength envelops of specimens subjected to cyclic loading display differences compared
to those subjected to monotonic loading. For example, in specimens with a fiber content of 2%,
those subjected to cyclic loading demonstrated reduced strength compared to their counterparts
subjected to monotonic loading. One contributing factor to this discrepancy is the damage
inflicted on the fiber bridging effect by cyclic loading. Additionally, cyclic loading may lead
to larger accumulated slips between concrete and FRP bars, resulting in more severe strength
deterioration for the same loading displacement. The concrete offers less tensile force at the
failure stage compared with monotonic loading. The strength envelope of specimens subjected
to tension-compression cyclic loading exhibits a more significant reduction compared to those
subjected to compression-compression cyclic loading. However, for specimens with a fiber
volume ratio of 1%, the tensile strain capacity of concrete is close to the ultimate strain of FRP
bars. The fiber bridging effect failed for both loading conditions at the final stage; thus, only
the concrete in the compressive zone and FRP reinforcements were working and the peak loads

of cyclic loading and monotonic loading were similar.
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Fig. 5.9 Skeleton load-deflection curves of specimens
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5.3.4 Energy dissipation

The energy dissipation is determined by calculating the area enclosed within the load-
deflection curve for each cycle, as shown in Fig. 5.10. Note that for each displacement
amplitude, the average energy of two cycles was adopted. Fig. 5.11 illustrates the cumulative
dissipated energy of the beam specimens under tension-compression cyclic loading. In the early
stages of loading, a higher fiber volume ratio leads to greater energy dissipation, mainly
attributed to fiber pull-out or fracture. However, the variation in energy dissipation among
specimens of different fiber volume ratios is relatively small, suggesting that the dominant
contributors to energy dissipation are the FRP reinforcement and compressed concrete. As
expected, a higher FRP reinforcement ratio result in a greater capacity for final energy
dissipation. Overall, FRP-reinforced concrete specimens exhibit lower energy dissipation
capacities than steel-reinforced concrete specimens, due to the brittle characteristic of FRP
reinforcement. The addition of fibers can enhance energy dissipation to a certain extent.
However, further increases in the specimen's total energy dissipation capacity depend on

increasing the diameter of the FRP reinforcement.
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Fig. 5.10 Calculation of energy dissipation
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Fig. 5.11 Accumulated energy dissipations of specimens subjected to tension-compression

cyclic loading

5.3.5 Deformation capacity

The ductility characterizes the deformation ability of a structure, which is a crucial criterion to
assess the safety of the structure. A structure's ductility is influenced by the properties of the
materials used. Unlike steel, FRP is a typical brittle material. FRP-reinforced structures
generally exhibit lower ductility compared to those reinforced with steel. Thus, the commonly
adopted ductility index for steel-reinforced concrete structures might not be suitable for FRP-
reinforced concrete structures. Instead of using ductility, researchers often use the term
deformability to describe the deformation capacity of structures reinforced with FRP. However,
there remains a lack of consensus on the methods for quantifying and assessing the
deformability of concrete structures reinforced with FRP. Various approaches for analyzing

deformation capacity have been proposed in the open literature, including deflection-based
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methods (Fischer and Li 2002a; Shao and Billington 2021), moment and deformation-based
methods (Hung and Chueh 2016; Au and Du 2008), and energy-based methods (Abdelrahman

et al. 1995; Rashid et al. 2005).

Considering the accuracy of various methods reported in the above literature, the authors
believe that the energy-based method is preferable for examining the beam’s deformation

capacity in this study.

The energy-based approach for structural ductility was first introduced by Naaman and Jeong
(1995), in which the ductility factor is calculated as follows:

E/E,; +1
by ==

(5-1)
where u, is the ductility factor; the total energy E, consists of the elastic energy E,; and the
plastic energy E,,;. The energy can be calculated as the area enclosed by a load-deflection curve

as illustrated in Fig. 5.12. For the cyclically loaded specimens, the energies in Eq. (5-1) were

calculated based on the loading envelope of the hysteretic curves.

Regarding the unloading stiffness, the slope S used to assess the elastic energy is defined as an
equivalent unloading slope for all specimens. The calculation formula adopted from Naaman
and Jeong (1995) is expressed in the following Eq.(5-2), in which S; and S, represent the
slopes of the first two linear branches, respectively, as shown in Fig. 5.12; P, and P, are the

corresponding loads at the inflection point.

P.S,+\P,—P,)S
g1t (1 2)2 (5-2)
P,
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Fig. 5.12 Schematic diagram for energy calculation

Table 5.4 Deformation capacity of the test beams

=z
o

Specimen Un
1 S-pl.88-V2-M 1.51
2 S-pl.88-V2-C1 1.39
3 S-p1.88-V2-C2 1.18
4 S-pl.13-V2-M 1.91
5 S-p1.13-V2-C1 1.16
6 S-p1.13-V2-C2 1.13
7 S-pl.88-V1-M 1.63
8 S-p1.88-V1-C2 1.17

The calculated deformation capacity indexes (u,) for the test specimens are compared in Table
5.4. For specimens experienced cyclic loading, the deformation capacity is effectively captured
by u, because the elastic energy was obtained based on the unloading stiffness. For specimens
subjected to monotonic loading, due to the uncertainty of the cracking load, there will be some

variability in the equivalent unloading stiffness S and deformation capacity index py. In
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general, the test beams demonstrate a certain level of deformation capacity, but it is still less
than that of properly designed steel-reinforced concrete members which typically possess a
deformation capacity index around 4 or 5. This suggests that while adding fibers increased the
ductility of the concrete, it did not necessarily enhance the beams' flexural deformation capacity
at the structural level. Table 4 also indicates that cyclic loading reduced the deformation
capacity of the beams significantly. To enhance the beam's deformation capacity, approaches
such as increasing the reinforcing ratio or reducing the thickness of the protective layer can be
employed to shift the failure mode to compressive concrete crushing, which can make greater

use of the compressive plastic strain of the ECC.

5.3.6 Strain development in FRP reinforcement

The strain development in the bottom FRP reinforcement of tension-compression cyclic
specimens with the increase of deflection is shown in Fig. 5.13. Tensile strains are considered
positive, whereas compressive strains are regarded as negative. For specimens subjected to
reversed cyclic loading, the bottom reinforcement also endures tensile stress during the load
reversal when the loading amplitude is large enough, indicating a small height of the
compression zone. The strains of FRP rebars developed approximately linearly with the
deflection until failure for all loading conditions. The excellent deformation compatibility
between ECC and FRP reinforcement ensured that the strain capacity of FRP reinforcement
could be fully utilized. Observations indicate that, with a constant fiber volume ratio, a higher
reinforcing ratio leads to a slower accumulation of strain in the FRP reinforcement. Similarly,
when holding the reinforcing ratio constant, decreasing the fiber volume ratio from 2% to 1%

results in a higher rate of increase in reinforcement strain.
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5.4 THEORETICAL ANALYSES

5.4.1 Prediction of strength

To better understand the strength provided by the fiber bridging effect in ECC, a theoretical
analysis based on the section analysis was performed to estimate the beam’s strength. The
strength (i.e., peak load) of the beam may be controlled by the compressive strength of the

concrete, the tensile strength of the concrete, and the strength of the FRP reinforcement. Cyclic
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loading has been found to have minimal impact on the concrete compressive behavior before
softening (Jaeger et al. 1997). Therefore, concrete compressive behavior was not expected to
affect the peak load for either monotonic or cyclic loading in the current test. Since cyclic
loading also has minimal impact on the FRP bars’ strength. The reduction of peak loads
resulted from lowered ECC tensile capacity induced by cyclic loading or low fiber volume
ratio. For the specimens that failed with the fiber bridging effect maintained to the failure stage,
i.e., specimens with the 2% fiber volume ratio under monotonic loading, the fiber bridging
effect is included within the whole tension zone as shown in Fig. 5.14a. For cases of fiber
bridging damage, the tension force was provided by FRP rebars only as Fig. 5.14b. By using
ECC tensile strength derived from the material properties test in Table 5.1, the predicted value
for monotonic loading and tension-compression cyclic loading specimens are also shown in
Table 5.5. For monotonic loading specimens, as long as an appropriate stress distribution is
selected, the peak load can be predicted with a mean absolute error of only 1.1%. For cyclic
loading specimens, The theoretical value based on Fig. 5.14a suggests that the fiber bridging
effect remains valid before failure, while those based on Fig. 5.14b indicate complete failure
of the fiber bridging effect. However, the test value falls between these two extremes,
indicating partial damage to the fiber bridging. Determining the extent of fiber damage is a

challenging task that warrants further research.

Cross section Strain distribution a) Stress distribution b) Stress distribution
200
ECC ECC
- o — — T A = — = =
F FRP
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Tension Compression

Fig. 5.14 Strength prediction method for a) specimens failed with fiber bridging maintained,

b) specimens failed after fiber bridging damaged
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Table 5.5 Summary of test results and estimated load

Peak load (kN) Failure Estimated Assumed peak
Specimen N _ displacement at peak load stress
Positive Negative ) o
midspan (mm) (KN) distribution
S-pl.88- .
176.4 - 54.7 174.6 Fig. 5.14 a)
V2-M
S-p1.88-
162.9 - 57.3 -
V2-C1
S-pl.88- .
156.1 -148.8 55.7 147.7 Fig. 5.14 b)
V2-C2
S-pl.13- _
129.3 - 57.8 130.1 Fig. 5.14 a)
V2-M
S-p1.13-
122.5 - 55.9 -
V2-Cl
S-pl.13- .
110.7 -80.0 45.9 101.0 Fig. 5.14 b)
V2-C2
S-pl.88- .
150.4 - 66.4 147.7 Fig. 5.14 b)
V1-M
S-pl1.88- .
152.1 -132.5 61.4 147.7 Fig. 5.14 b)
V1-C2

5.4.2 Strength difference under two loading directions

Beams under tension-compression cyclic were loaded in two directions. The strength envelops
of positive loading, i.e., actuator applied compressive force, are larger than that of negative
loading. This difference started after cracking and was maintained till to the end of the test.
One potential reason for this variation could be the fiber orientation. Many researchers have
reported that the casting process plays a crucial role in determining the fiber orientation in ECC

(Zhou and Uchida 2017; Oesch et al. 2018). The fiber direction is more likely distributed along
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the direction of concrete casting flow, resulting in more fibers distributed parallel to the
longitudinal reinforcement at the bottom of the beam. And the fibers at the top of the beam
were more randomly dispersed. Therefore, the ECC at the bottom of the beam may exhibit
greater tensile strength in the longitudinal direction compared to the top. When a compressive
positive load is applied, tensile cracks on the underside of the beam are effectively bridged by
the parallel fibers, while this effect is relatively weak at the top side. For the same loading
amplitude after cracking, the loading capacity difference between positive and negative is
comparable, as illustrated in Fig. 5.15. Since the FRP reinforcements at both the top and bottom
are identical, the peak load difference in positive and negative directions was mainly attributed
to the ECC tensile strength difference. The reversal cyclic-induced damage was more severe
than that of compression-compression cyclic. Similar results were observed for beams with
steel fibers added under reversal cyclic loading (Shao and Billington 2020). Concrete with PE
fiber added also exhibited a significant reduction in tensile strength. When cracks are open, PE
fibers and steel fibers are pulled and slip is inevitable. While cracks are closed in compression,
steel fibers, and PE fibers exhibit different damage mechanisms. Steel fibers cannot retract and
some of the fibers suffer localized buckling. Additionally, it is believed that low-cycle fatigue
contributes to the damage of the steel fibers (Kesner et al. 2003). In contrast, PE fibers are
flexible which eliminates the buckling problem, and possess high fatigue resistance (Huang et
al. 2019b). The reduction of tensile strength comes from accumulative slip between PE fibers

and concrete, especially for the later stage with a larger crack width.
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5.5 CONCLUSIONS

This study investigates the flexural performance of FRP-reinforced UHPECC beams, focusing
on varying reinforcement ratios and fiber volumes under different loading types. Beams were
cyclically and monotonically tested. The test results showed that beams with PE fiber added
under monotonic and cyclic loading both exhibited ample deformation capacity before failure.
The failure mode observed in the FRP-reinforced UHPECC beams was dominated by the

fracture of longitudinal FRP rebar. The conclusions drawn from this study are as follows:
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1)

2)

3)

4)

5)

The material properties of UHPECC were translated into multiple cracking and evenly
distributed slip between FRP and concrete. A higher reinforcing ratio and/or a lower fiber
volume ratio results in more localized cracks and a larger elongation of the whole FRP
rebar, ensuring appropriate moment and force redistribution among the flexural members.
Therefore, the development of concentrating strain at localized concrete main cracks and
FRP fracture can be delayed, and the drift capacity increases.

For beams under the same loading conditions, more localized cracks were observed as the
increasing of reinforcing ratio and the decreasing of fiber volume ratio. Since the slip
between FRP rebars and concrete is restrained within the area surrounding each localized
crack, a higher number of localized cracks suggests a greater extent of slip.

Repeated opening and closing of cracks under both compression-compression and
tension-compression cyclic loading impair the fiber bridging capability and reduce the
tensile strength of UHPECC, resulting in a lower failure strength compared to beams
subjected to monotonic loading.

The test investigates the flexural behavior of the beam under different loading directions.
The same beam exhibits lower strength under negative loading compared to positive
loading. This difference arises from the casting process of concrete flow which leads to
different fiber direction distribution at the beam’s top and bottom.

Slip between concrete and FRP accumulates under cyclic loading. Not all flexural cracks
can be completely closed in the compression zone, and the FRP reinforcement endures
more compression force relative to the monotonic loading specimen at failure, thus

reducing the actual effective height of the beam and lowering the failure load.
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In summary, the flexural members of ECC reinforced with FRP rebars effectively improve its
performance by enhancing loading strength, ductility, self-centering capacity, and energy
dissipation capacity. This study thus illustrates the practicality of employing FRP-reinforced
UHPECC beams when subjected to cyclic loading. Given that the tensile strength of ECC and
its structural performance are influenced by the flow of the casting and the distribution of fiber
direction, more studies are advised to explore casting methods that can be useable for targeted

applications and its impact on structural performance.
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CHAPTER 6 EXPERIMENTAL INVESTIGATION ON GFRP-

REINFORCED UHPECC BEAMS SUBJECTED TO VARIOUS

CYCLIC DEFORMATION HISTORIES

6.1 INTRODUCTION

The deterioration of infrastructure caused by steel corrosion has emerged as a significant global
challenge (Peng and Xue 2018). To address this challenge, the incorporation of FRP in civil
and marine structures has shown to be an effective approach thanks to its outstanding resistance
to corrosion, superior strength, and lightweight. These advantages have sparked growing
research interest among civil engineering researchers worldwide (Guo et al. 2018; Zeng et al.
2021). Replacing steel reinforcement with GFRP in concrete structures has emerged as a
significant area of development (Lau and Pam 2010; Aiello and Ombres 2000). Although
GFRP bars can effectively eliminate corrosion issues and provide excellent durability (Guo et
al. 2018), their elastic modulus is considerably lower compared to that of steel bars. This
disparity in modulus results in reduced structural serviceability performance, and their linear

stress-strain behavior results in a brittle failure (Chaallal and Benmokrane 1996).

In recent decades, various methods have been suggested by researchers to improve the
performance of concrete beams reinforced with FRP. These involve using FRP jackets to wrap
plastic hinge areas, combining FRP reinforcements with steel reinforcements in concrete beams,
developing steel-fiber composite bars, employing ductile mechanisms, and adding fibers into
concrete (Xiao et al. 2021; Wang and Belarbi 2011; Walker and Karbhari 2007; Chellapandian
et al. 2020; Qu et al. 2009). While each aforementioned methods has its advantages and is

suited to specific application scenarios, the authors consider adding fibers into concrete
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particularly advantageous for both construction convenience and corrosion resistance. ECC
offers exceptional toughness and ductility due to the incorporation of polymeric fibers,
typically at a volume fraction of 2% (Maalej and Li 1995). When subjected to tension, ECC
demonstrates multiple crack patterns and strain-hardening behavior. Its ultimate tensile strain
can vary between 0.25% and 5%, depending on factors like the material's size, shape, and mix
design (Lepech and Li 2009; Huang et al. 2020; Kanda and Li 1999). Taking these advantages,
ECC has been introduced into FRP-reinforced components to improve their structural behavior.
Due to its superior deformation ability, ECC effectively minimizes relative slip and bond stress
between itself and FRP reinforcement (Fischer and Li 2003). Additionally, the inclusion of
fibers helps prevent concrete surface spalling and improves the ultimate compressive strain,
thereby better utilizing the reinforcement's tensile strength (Wang and Belarbi 2011; Maalej
and Leong 2005). Through appropriate design, structural members composed of ECC
reinforced with FRP bars can achieve notable enhancements in loading capacity, ductility, and

durability.

Several studies have previously studied the static behavior of FRP-reinforced concrete
members. However, there was comparatively less study on their cyclic behavior. Fischer and
Li (2003) examined the cyclic performance of FRP-reinforced normal strength ECC columns.
Peng et al. (2023) carried out tests on normal-strength concrete beams reinforced with
polypropylene fibers, prestressed CFRP tendons, and nonprestressed steel bars to evaluate their
cyclic behavior. In the previous studies on cyclic behavior, the applied deformation typically
follows recommendations outlined in codes. This involves starting with a small amplitude,
repeating for one to three cycles, and then gradually increasing the amplitude step by step until

either specimen failure occurs or the test value reaches the target value. However, to the
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author’s knowledge, the influence of deformation history on FRP-reinforced UHPECC
structural members remains unclear owing to the scarcity of accessible test data. Although the
study on the impact of loading history on steel-reinforced beams is also very limited, those
available results suggest that this influence cannot be ignored. Lignos et al. (2014) discovered
that the cracking pattern of high-performance fiber-reinforced cement-based composite, under
recorded ground motion records, differs notably from that under a gradually increasing
deformation history. Frank et al. (2018) tested steel-reinforced ECC beams under different
deformation histories, revealing that the deformation history has a wide range of effects on the

ductility, cracking pattern, strain accumulation in steel reinforcement, and damage of the fibers.

This study aims to explore how the response of UHPECC beams reinforced with FRP varies
with different reinforcement ratios when exposed to various deformation histories. The
reinforcement ratio is chosen as a variable because it greatly influences the tensile strain
experienced by the beam. As the reinforcement ratio decreases, the tensile strain increases at a
given curvature. This increase in tensile strain is expected to cause fiber pull out or rupture
within the ECC, which will contribute to the growth of cracks. The accumulation of tensile
strain and crack localization in ECC subsequently induces strain localization in the
reinforcement. Previous studies have suggested that a decrease in the reinforcement ratio leads
to fewer flexural cracks, regardless of whether FRP or steel reinforcement is used. The absence
of distributed cracks in reinforced ECC beams with relatively low reinforcement ratios suggests
that tensile stress in the fibers will be concentrated in the reinforcement. The effectiveness of
fibers will significantly influence the cyclic performance of the beams. The deformation history
can be another key factor influencing crack development and fiber effectiveness. Beams

experiencing large deformations at earlier stages present challenges in determining the state of
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fibers. They may either fail completely due to pull-out or rupture, or they may remain in the
strengthen section of the ECC stress-strain curve, influenced by the combined effects of
reinforcement ratio and applied deformation amplitude. Conversely, beams with small
deformations at an earlier stage are expected to maintain their fibers, gradually experiencing

pulling as the applied deformation amplitude increases.

To address this, this study details an experimental investigation into the cyclic behavior of
FRP-reinforced UHPECC beams, examining different reinforcement ratios and deformation
histories. Beams with different parameters were designed and tested, examining crack
development, load-displacement behavior, strain evolution, deformability, and energy
absorption capacity. This research will enhance the understanding of the impact of loading
history on the cyclic performance of FRP-reinforced UHPECC beams, thereby expanding the

potential applications of both FRP reinforcement and UHPECC.

6.2 EXPERIMENTAL PROGRAM

6.2.1 Specimen geometry
Eight UHPECC beams reinforced with GFRP reinforcements were tested. The naming

convention for each specimen shown in Table 6.1 includes information about the specimen

number, the reinforcement ratio, and the applied history. For example, S1-p1.88-F represents
the first specimen with a reinforcement ratio of 1.88%, following the loading protocol outlined
in FEMA 461 (2007). The mechanisms of various loading protocols will be detailed in a
subsequent section. The specimen's geometry is illustrated in Fig. 6.1. The flexural cross-
sectional dimensions are 200160 mm, and the total length of the beam is 1800 mm. The beams

were tested under four-point bending cyclic loading, with a shear span of 610 mm. Symmetrical
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reinforcement was implemented by placing two longitudinal GFRP bars on each side of the
cross-section. GFRP reinforcements with diameters of 13.4 mm and 17.2 mm were adopted,
representing two different reinforcement ratios. The upper and lower longitudinal
reinforcement is arranged symmetrically in the same manner to withstand cyclic loads. Steel

stirrups with an 8 mm diameter were spaced at 120 mm intervals along the entire length of the

beam.
Table 6.1 Tested specimens
. Reinforcement ratio ) o
Specimen name ) Bar diameter Deformation history
0
S1-p1.88-F 1.88 16 FEMA 461
S2-p1.88-SP 1.88 16 Small pulse
S3-p1.88-LP 1.88 16 Large pulse
S4-p1.88-LP 1.88 16 Large pulse
S5-p1.13-F 1.13 13 FEMA 461
S6-p1.13-SP 1.13 13 Small pulse
S7-p1.13-LP 1.13 13 Large pulse
S8-pl.13-LP 1.13 13 Large pulse
‘ 1800 |
; 150 i 610 i 280 i 610 i 150 ;
A@. 1 1 Positive loading ;ﬁ_ h&ﬁ
(O T T TTT 409
A T T Negtive loading ”g;’-_ Strain gauge Fﬂ»‘

Fig. 6.1 Details of the specimens (unit: mm)

6.2.2 Materials
The mixture proportions for the UHPECC are consistent with those used in previous chapters.

To accommodate the high-strength matrix, the PE fiber was added to the concrete with a fiber
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volume content of 2%. All PE fibers had a diameter of 24 um and a length of 12 mm. The ECC
was mixed in a mortar mixer. After mixing the dry powders and water into a mortar with
sufficient fluidity, gradually incorporate PE fibers while continuing to mix. The ECC poured
into wooden forms possesses a mini-slump flow of 180 mm based on ASTM C1437-15 (2015).

The specimens were cured under plastic sheets with moisture for up to 28 days prior to testing.

The UPHECC achieved a mean compressive strength of 132.6 MPa based on tests conducted
on 50-mm cubes (ASTM C109/C109M-16a 2016). The tensile strength of UHPECC was
determined through a direct tensile test following the recommendation provided by JSCE
(2008). The cracking strength, identified as the point at which the curve shifts from the initial
linear region to the segment where strengthening occurs, averages 4.2 MPa. The UHPECC

demonstrates strong post-cracking strength, with an ultimate strain of up to 3%.

The properties of longitudinal GFRP reinforced were tested according to
ASTM D7205/D7205M-06 (2016). The yield strengths of GFRP bars were 971 MPa for a
diameter of 13.4 mm and 946 MPa for a diameter of 17.2 mm, respectively. The elastic modulus

is larger than 52 GPa, while the ultimate strain exceeds 1.83%.

6.2.3 Test setup and instrumentation

Four-point bending tests were performed on each specimen, with the test setup illustrated in
Fig. 6.2. During testing, two sides of the beam were tightly secured to a steel wide-flange
section, which was firmly attached to the reaction frame floor with bolts. Rotatable supports
were positioned on both the top and bottom ends of each side of the beam. A similar

arrangement was employed in the loading points for the pure bending area, with all supports
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fixed onto the red distribution beam. The distribution beam was bolted to the actuator and then
fixed on the reaction frame. Additionally, the actuator was equipped with a load sensor, and
electrical resistance strain gauges were affixed on the reinforcements in the pure bending area.
Displacements at midspan and two side supports were recorded using Linear Variable
Displacement Transducers (LVDTSs). An automatic data acquisition system was used to capture
and monitor all these signals simultaneously. The actuator's orientation changed slightly
throughout the test due to the beam's up-and-down movement with each cycle. A spherical
joint was used to maintain the load's perpendicular alignment with the distribution beam. This
system can effectively perform cyclic loading on beams. Initially, vertical downward loads
were applied, and all specimens were loaded to failure. All tests were performed under
displacement-controlled conditions at a rate of 1 mm/min. Periodically, the tests were

intermittently halted to inspect cracks, take photographs, and gather data.

AL -_____.—-'
~ Pin support —— Roller support

Fig. 6.2 Test set up

6.2.4 Applied deformation histories

The main goal of this study is to explore the effects of loading history. Therefore, the
determination of the loading protocol is crucial. As for basic reference specimens, loading
protocol as per FEMA 461 recommendations (2007) was adopted, which will be referred to as
the FEMA deformation history from this point forward. The FEMA deformation history

consists of two complete repeat cycles in each step, with each cycle’s amplitude being 40%
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greater than that of the preceding one. The amplitude of the first cycle was set to 0.1% of the
shear span length. One specimen with each reinforcement ratio was tested according to the

FEMA deformation history.

Two distinct types of cyclic deformation histories were introduced, derived from the FEMA
deformation history. The modification involved adding two initial pulse cycles before applying
the FEMA deformation inspired by the research of Frank et al. (2018). For specimens
reinforced with steel, the initial pulse amplitude could range from 2% to 7% drift which is
defined as the ratio of midspan displacement to the length of the shear span (2018). While the
deformability of the FRP-reinforced components is much lower. In this study, the amplitude of
the initial pulse is set to 1% and 2.5% of the shear span length, defined as the small pulse (SP)
and large pulse (LP) deformation histories, respectively. For each reinforcement ratio, one
beam experienced the SP deformation history, while two beams underwent the LP deformation
history, as listed in Table 6.1. The detailed loading protocol of the various loading histories
mentioned above is shown in Fig. 6.3. Downward loading is defined as positive loading. All
cyclic loading and initial pulses start from the positive loading direction, meaning that the

measured midspan displacement starts with a positive value.

Based on monotonic loading tests, concrete on the tensile side reached the cracking strength
for various reinforcement ratios under both SP and LP deformation histories. Each test

proceeded until one side of the reinforcement fractured.

Initial pulses were incorporated to replicate the impact of early damage, such as that induced

by earthquakes or extreme wave loads, on the cyclic behavior of structural members. It was
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anticipated that the deformation pulses would trigger the onset of crack formation. The
occurrence of crack localization and the softening of ECC are influenced by both the amplitude
of the initial pulse and the reinforcement ratio. Small initial pulses may not transfer microcracks
into visible main cracks, so the behavior of the beam with small initial pulses is anticipated to
resemble that of a beam without any initial pulses. However, large initial pulses are likely to
cause one or several crack localizations randomly appearing in the pure bending region.

Therefore, an additional repeated specimen with large initial pulses was arranged for each

reinforcement ratio.
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Fig. 6.3 Cyclic loading protocol: (a) FEMA, (b) Small-pulse, and (c) Large-pulse deformation

histories

6.3 EXPERIMENTAL RESULTS AND DISCUSSION

6.3.1 Failure mode

The crack pattern of the specimens at their failure are illustrated in Fig. 6.4. The failure mode
of all specimens was FRP reinforcement fracture. Concrete spalling is effectively mitigated,
indicating that the PE fiber provides beneficial confinement to the concrete. This enhancement
greatly improves the compressive ductility and residual strength of UHPECC. It is evident that
the fiber bridging effect leads to the formation of multiple cracks in the pure bending region.
This indicates that the characteristic of multiple cracking observed in ECC materials can also
be applied at the structural scale. Test specimens with a greater reinforcement ratio tend to
develop more cracks, influenced by their ultimate bearing capacity and final deformation
capacity. Regarding the influence of loading history, specimens that have undergone initial
loading pulses show a degree of cracking and softening in the concrete on the tension side
during subsequent cycles. After the initial pulses, during subsequent cycling processes, the

specimen tends to widen existing cracks at previously cracked locations rather than initiate new
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cracks. The final crack patterns indicate that, despite the similarity in crack patterns and the
average number of cracks in FRP-reinforced UHPECC members across various deformation
histories, the reinforcement ratio and deformation history affect the behavior of crack-bridging
fibers in distinct ways. The fiber integrity in ECC structural components with an initial impulse
deformation history is inferior to that in components subjected to a monotonically increasing
cyclic deformation history. It is important to mention that there was no evidence of early bond
failure between the FRP and concrete prior to the failure of the specimen. Typically, this type
of failure manifests as the rapid formation of main cracks on the tension side of the concrete.
The results suggest that the deformation capability of ECC is sufficient to coordinate with the

deformation of FRP, allowing both materials to work together effectively.

(b) S2-p1.88-SP

(d) S4-p1.88-LP
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(h) S8-p1.13-LP

Fig. 6.4 Final crack patterns of different specimens

6.3.2 Crack width evolution

To closely monitor crack evolution and the cyclic effect, a digital image correlation (DIC)
system was installed to monitor four specimens. These included two specimens with small
initial pulses and two with large initial pulses. The monitored region is the constant moment
region on one side of the beam. Throughout the loading process, strain in the monitored region
and crack width can be measured using virtual extensometers within the DIC system. The crack

width, measured by a virtual extensometer approximately 10 mm in length within the DIC
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system, spanned the bottom localized crack. Fig. 6.5 illustrates the configuration of the DIC

system.

Fig. 6.6 illustrates the evolution of the main crack propagation width throughout the entire
process. The vertical axis in Fig. 6.6 represents the relative displacement between two points
on the virtual extensometer positioned near the bottom edge of the monitored section. A
measured value greater than zero indicates tension or cracking, while a measured value less
than zero suggests compression after cracking closure in the concrete. This measurement

enables monitoring of the cracking behavior during cyclic loading.

The initial pulses of both amplitudes exceed the cracking load of the specimen. For two
different reinforcement ratios, the crack widths at the peak of the large pulses are 0.386 and
0.212 mm, and the crack widths observed at the peak of the small pulse measure 0.287 mm and
0.146 mm, respectively. Specimens with a larger reinforcement ratio showed wider cracks for
the same initial pulse amplitude. After the initial pulses, the entire specimen exhibited
deformation offset towards positive loading. Even when the applied loading displacement
returned to the initial zero position, the cracks generated by the initial pulses could not fully

close. This offset is greater for large initial pulses.

After the initial pulses, the crack width periodically increases or decreases with the applied
cyclic deformation. The maximum crack width at each peak of positive loading deformation
increases gradually with the increase of cyclic amplitude. For the negative loading, the crack
at the bottom side could not be completely closed when the cyclic deformation amplitude is

small. This also suggests that an irreversible slip occurred between the ECC and the FRP
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reinforcement. Even if the amplitude of the deformation cycle is further increased, the

measured value of the virtual extensometer will only slightly turn negative. For specimen S8-

p 1.13-LP, the measured value from the virtual extensometer remains greater than zero
throughout the entire testing process. The authors attribute this to the low reinforcing ratio of
the specimen and large initial pulses. During these pulses, the FRP reinforcement experiences
high stress, while there is insufficient bond strength between the reinforcement and ECC. This
results in a significant relative slip at the measurement position. The above observations are
consistent with the strain evolution of the cross-section during the cyclic process. When the
virtual extensometer experiences tension, the neutral axis moves further away from the virtual
extensometer, resulting in larger tensile strains at the bottom side of the section under the same
loading amplitude. Conversely, in compression, the neutral axis moves closer to the virtual

extensometer, leading to a slower development rate of compressive strains.

Fig. 6.5 Setup of DIC system
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6.3.3 Hysteretic response

Fig. 6.7 and Fig. 6.8 illustrate the hysteretic response of the test specimens with varying
reinforcement ratios, where the entire loading process is indicated by black lines. When the
specimens were loaded with initial pulses, the parts of the curve caused by these pulses are
highlighted in red. Consistent with expectations, the peak strength of the beam increased as the
ratio of FRP reinforcement increased. This enhancement in strength was attributed to the extra
tensile strength provided by the higher longitudinal FRP reinforcement across various
deformation histories. All specimens failed due to the fracture of the FRP reinforcement. The
strain in FRP reinforcement with a smaller diameter grows quicker than that with a larger
diameter, resulting in a decrease in failure midspan displacement. This pattern of lower
deformability ability in FRP-reinforced UHPECC specimens with a lower reinforcement ratio
is consistent with observations in steel-reinforced ECC studies (Frank et al. 2018; Bandelt 2015;

Bandelt and Billington 2016).

In general, there are some similarities in the hysteretic response observed in beams subjected
to the FEMA deformation history and those undergoing the SP deformation history. This
suggests that despite the ECC near the tensile side surface experiencing some large tensile
strain or even material softening within the initial two cycles, the damage to the ECC is limited,
and the overall hysteretic response is not significantly affected. The peak strength of specimens
under SP and FEMA deformation histories is smaller than that of specimens loaded
monotonically which were tested in the authors’ previous research. This phenomenon can be
attributed to crack development and failure mechanisms in the specimens. In beams under
cyclic loading with either no initial pulse or small initial pulses, several cracks developed at

the initial stage with small cyclic amplitudes. Due to the slip between ECC and the FRP
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reinforcement, the cracks on the tensile side cannot completely close when the load reverses.
This characteristic accelerated crack localization on the tensile side of specimens compared to
monotonic loading specimens. As the cyclic amplitude increases, instead of developing new
cracks, cyclic specimens tend to widen previously localized cracks. In the final stage, fewer
localized cracks developed in the pure bending area, leading to strain concentration on the FRP
reinforcement and resulting in lower strength. Furthermore, the ultimate deformation of the

beams was reduced.

The hysteretic response of specimens under the LP deformation history varies depending on
the reinforcement ratio. For a small reinforcement ratio (i.e., bars diameter of 13mm), the
hysteretic curves under the LP deformation histories are quite similar to those observed under
SP and FEMA deformation histories, and the peak strengths are slightly lowered for the LP
deformation history situation. However, for a larger reinforcement ratio (i.e., bars diameter of
16 mm), the peak strength is enhanced compared to specimens experiencing smaller or no
initial pulses. For all specimens under the LP deformation history, no crushing was observed
in the first large pulse on the compression side, and the spalling was resisted by the fibers. Thus,
the difference comes from the tensile side. Visible cracks were observed during the larger initial
pulses, for smaller reinforcement ratio specimens, the crack development and localized pattern
are similar to that of specimens with no initial pulse or smaller initial pulses as described in the
aforementioned paragraph. In cases with a large reinforcement ratio, large initial pulses can
generate more cracks in the pure bending area compared to specimens with small initial pulses
or no initial pulses. This is because the stress and strain of both reinforcement and concrete
increase with the increase of deformation amplitude. This increase in the number of cracks

cannot occur in specimens with the small reinforcement ratio due to the limited per unit length
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bond strength between small diameter reinforcement and concrete, aligning with the behavior
observed under monotonic loading conditions. Since more cracks formed under the large initial
pulses, these cracks have the potential to widen further, facilitating a more even distribution of
relative slip between the reinforcement and concrete during subsequent increases in
deformation amplitude. Consequently, in the final stage, more FRP reinforcements are
involved in a high-stress state in the pure bending area, which delays the strain concentration
on the reinforcement and results in a slightly higher strength of the beam compared to the SP
deformation history and FEMA deformation history specimens. However, the strength of
specimens under the LP deformation history is still lower than that observed in cases of
monotonic loading, highlighting the tendency of cyclic loading to widen existing cracks rather

than develop new ones.

Fig. 6.9 shows the impact of initial pulse amplitude on the deformability of the specimen. The
ultimate displacement and initial pulse amplitude are described by drift in this figure. The
nearly horizontal trendline for the specimen with a 1.88% reinforcement ratio suggests that the
initial pulse amplitude has minimal impact on deformability for nominally identical specimens.
This indifference was first reported by Frank et al. (2018) on steel-reinforced ECC specimens.
They attributed this behavior to the compression damage tolerance of ECC. Since the relative
slip and unclosed cracks on FRP-reinforced members are smaller than those on steel-reinforced
members, this explanation can be also extended to FRP-reinforced structures. For specimens
with a reduced reinforcement ratio of 1.13%, increasing the initial pulse amplitude significantly
impairs the deformability of the specimen. This negative effect caused by the reduction of the
reinforcement ratio occurs earlier in FRP reinforcement components compared to steel-

reinforced specimens. In steel-reinforced concrete members, this phenomenon is only observed
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when the reinforcement ratio is reduced to 0.73%. For specimens with reinforcement ratios
between 0.95% and 1.5%, the trend lines depicting ultimate drift versus initial pulse amplitude
remain nearly horizontal (Frank et al. 2018). These findings suggest that the deformability of
specimens with low reinforcement ratios, whether steel-reinforced or FRP-reinforced, can be
influenced by their deformation history. The bond strength of FRP with ECC is less than that
of steel bars with ECC, and FRP also has a lower elastic modulus compared to steel bars.
Therefore, FRP specimens are more susceptible to this weakening effect even with a slightly
higher reinforcement ratio and a smaller initial pulse amplitude. Generally, it has been observed
that with a sufficient reinforcement ratio in FRP-reinforced components, deformability can be
preserved despite the influence of deformation history. This finding is quite useful for the
design of FRP-reinforced structures under random cyclic loads. However, further testing is

necessary to determine the critical reinforcement ratio that ensures deformability remains

unaffected.
S1-p1.88-F S2-p1.88-SP
180 T w w 180 ‘ : :
135+ 1 135+
90 - 1 90 -
é 45+ é 45+
) 0F ° o
2 2
S 45 S 45
-90 1 -90 |
-135+¢ 1 -135 ¢
g g
-60 45 -30 -15 0 15 30 45 60 -60 45 -30 -15 0 15 30 45 60
Displacement (mm) Displacement (mm)

156



S3-p1.88-LP

180
135+
90 r

Force (kN)

-45 ¢
-90 ¢
-135¢
-180

Displacement (mm)

-60 -45 -30 -15 0 15 30 45 60

180
135+

Force (kN)

-135¢

80 L
60 -45 30 -15 0 15 30 45 60

S4-p1.88-LP

Displacement (mm)

Fig. 6.7 Hysteresis curves of specimens with 1.88% reinforcement ratio

S5-pl.13-F
180 . p‘ -

—
O W
[==RN )}

Force (kN)
&

-60 -45 -30 -15 O 15 30 45
Displacement (mm)

S$7-p1.13-LP

Force (kN)

-60 -45 -30 -15 O 15 30 45
Displacement (mm)

60

180
1351

o
(=]

Force (kN)

Force (kN)

-90 +
-135 ¢

-180

~
&

IS
[V}

S6-p1.13-SP

60 -45 -30 -15 0 15 30 45 60
Displacement (mm)

S8-pl.13-LP

-60 -45 -30 -15 0 15 30 45 60

Displacement (mm)

Fig. 6.8 Hysteresis curves of specimens with 1.13% reinforcement ratio

157



101

® o eee----- ®
— 9®
X
= e p=1.88%
Z 8 = p=1.13%
o
8 | |
< 7_' ________
£ PRSI .
D 6’ ~'.
5 1 1 1 1 |
0 0.5 1 1.5 2 2.5

Initial pulse amplitude, drift (%)
Fig. 6.9 Impact of the initial pulse amplitude on ultimate drift, categorized by reinforcement

ratio

6.3.4 Reinforcement strain evolution

Three strain gauges were mounted on the FRP reinforcement that is under tension during
positive loading of each specimen to observe the strain evolution in the reinforcement. The
locations of the strain gauges are positioned at the midspan pure bending area, 25 cm from the

midspan, and 40 cm from the midspan, respectively, as illustrated in Fig. 6.1.

Fig. 6.10 presents the envelope of strain measured at peaks and valleys of all cycles. As the
specimen experiences cyclic loading, the periodic variation of strain is expected. The strain
envelopes are plotted against the completed portion of the applied deformation history up to

the point of specimen failure.; therefore, the fluctuations in strain are not illustrated.

In all cyclically loaded specimens, the FRP reinforcement remained in a linear elastic state
until fracturing occurred. However, the stain evolution of FRP reinforcement is not uniform

and does not progress linearly with increasing loading deformation. During the initial pulses
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or first several cycles, the variation of strain in the pure bending area approximately
corresponds consistently to the variation in displacement. When examining the strain in FRP
reinforcement among specimens that experienced the same drift level, it was evident that the
strain in FRP reinforcement within beams that have a lower reinforcement ratio increased more

rapidly. For example, when subject to the small initial pulse at the first peak of positive loading,

the reinforcement strain in the pure bending area of specimen S2-p1.88-SP and S6-p1.13-SP

was 0.11% and 0.17%, respectively.

The strain development along the longitudinal direction of the FRP reinforcement is quite
uneven, as shown in Fig. 6.11. At 40 cm from the mid-span, the strain gauges exhibit minimal
fluctuations over an extended period, contrasting with the higher strains at the mid-span. This
difference arises from two factors: firstly, the reduced section bending moment nearer to the
support, and secondly, the fewer cracks in this region, resulting in the ECC bearing a significant
portion of the tensile stress. The reinforcement strain variation observed 25 cm from the mid-
span was found to be similar to that at the mid-span. Throughout the entire loading process, the
strain in the reinforcement generally increased with each tensile excursion and decreased with
each compressive excursion. Notably, under identical loading deformation amplitudes, the
peak strain in FRP reinforcement during tensile excursions exceeded that during compressive
excursions. This discrepancy comes from the stress distribution within the cracked concrete
section. The peak strain mentioned here refers specifically to the maximum strain during tensile
excursions, which gradually increases with initial and intermediated loading stages. However,
with further increments in loading amplitude, the peak strain of some specimens decreased.
While it was anticipated that reducing the peak strain in the FRP reinforcement would delay

specimen failure due to the direct relationship between increasing strain and bar fracture, no
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clear correlation was observed between the reduction of peak strain and the occurrence of
specimen failure. The authors attribute this to stress concentration caused by crack localization.
Crack localization is random, and the specific locations of occurrence are uncertain, leading to
uncertainty in strain evolution on the reinforcement. Considering that the strain gauge,
positioned 25 cm from the mid-span, is situated near the region of pure bending and only 6 cm
from the outer edge of the loading support, it may also experience stress concentration due to

the crack localization.

Given that some strain gauges were damaged before the specimen failed, and considering the
random occurrence of cracks, it is challenging to draw reliable conclusions about the effect of
deformation history on the strain of reinforcement. While, the overall trend indicates that, under
identical loading deformations, the reinforcement strain for specimens with either small initial
pulses or no initial pulses developed faster compared to those in specimens with large initial
pulses. Thus, when fracture of the FRP reinforcement is the intended failure mode for FRP-
reinforced UHPECC components, employing a gradually increasing cyclic load is a

conservative approach for design when the deformation history in the field is unknown.
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Fig. 6.11 Strain variation along longitudinal direction in the FRP reinforcement
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6.4 CONCLUSIONS

To investigate the influence of deformation history on the flexural behavior of FRP-reinforced
UHPECC components, eight beams were designed and tested with various cyclic deformation
histories. Previous studies have typically focused on monotonic or gradually increasing
amplitude cyclic deformation histories. However, engineering structures are subject to
unknown and random loads. Therefore, understanding the impact of loading history on
structural behavior is crucial and requires further investigation. In this study, four specimens
with each reinforcement ratio were tested under three different deformation histories. These
histories were based on recommendations from FEMA, with additional modifications
involving the inclusion of two initial pulse cycles of varying amplitudes at the start. The results
of this study offer new insights and supplement our understanding of the response of FRP-
reinforced UHPECC components under deformation histories including initial pulses or

damage.

The initial deformation pulses were observed to have diverse impacts on the cyclic behavior of
FRP-reinforced UHPECC beams. Specimens experienced small initial pulse amplitudes
showed minimal initial damage, with the evolution of the hysteretic curve closely resembling
that of specimens without initial pulses. This similarity extended to the peak strength and
ultimate drift as well. However, the situation differed significantly for specimens that
experienced large initial pulses. Specimens with a lower reinforcement ratio experienced large
pulses displayed behaviors similar to those exposed to either small pulses or no pulses at all.
On the other hand, high reinforcement ratio specimens subjected to large initial pulses can
develop more evenly distributed cracks along the pure bending area on the tension side of the

beam. This phenomenon helps to delay stress concentration on the FRP reinforcement,
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resulting in enhanced peak strength and ultimate drift of the beam. More tests are necessary to
determine the minimum reinforcement ratio for FRP-reinforced UHPECC structures. Once the
reinforcement ratio exceeds this minimum threshold, employing gradually increasing cyclic
loads consistently proves to be the most conservative condition, providing significant

assistance in structural design.

The strain in the FRP reinforcement was observed to accumulate at a slower rate in specimens
experienced large initial pulses compared to those exposed to gradually increasing cycles or
small initial pulses. The development of peak strain on the FRP reinforcement along the
longitudinal direction is non-uniform. The peak strain occurs at locations of crack localization,
where stress concentrations on the reinforcement are highest. Otherwise, the peak strain may
remain constant or even decrease with increasing applied deformation. Maximizing the length
of FRP reinforcement is conducive to fully utilizing its material properties and enhancing the

peak strength and deformability of the structure.
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CHAPTER 7 OFFSHORE STORAGE TANK: STRUCTURAL

CONCEPT AND FEASIBILITY

7.1 INTRODUCTION

The petroleum and petrochemical sectors are vital to sustaining China's economy and ensuring
its energy security. With an annual oil consumption surpassing 700 million tons, China
produces only 200 million tons domestically, relying heavily on imports for the remaining
balance. The supply chain of crude oil is of primary importance to national security. This
challenge is not exclusive to China. East Asian countries like Singapore, Japan, and South
Korea also confront similar circumstances. Importing and storing substantial quantities of

crude oil has become an issue to be addressed for these nations.

Due to economic and logistical considerations, refineries and petrochemical facilities are
typically situated in coastal areas. Driven by both residential and industrial needs, the demand
for developable land in coastal cities like Hong Kong, Singapore, and Tokyo have surged in
recent years. Additionally, these cities are at risk of losing land in the coming decades due to
rising sea levels driven by climate change. Land reclamation can be a possible solution, but it
is both expensive and time-consuming. Moreover, it may have irreversible effects on the
ecosystem and is constrained by territorial boundaries. In this context, offshore facilities
utilizing sea space have emerged as a viable, eco-friendly, flexible, and cost-effective
alternative. A variety of offshore structures have been built or proposed globally for numerous

applications.
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Storage tanks are commonly used for the large-scale storage of hazardous substances,
encompassing various fuels and chemicals at industrial locations such as petrochemical plants,
oil refineries, and gas facilities. Above-ground tanks are integral to the functioning of oil
refineries, petrochemical facilities, and other industrial establishments by serving as storage
units for both raw and refined materials. Typically built from welded thin steel plates forming
vertical cylinders, these tanks can accommodate more than a million liters of chemicals and
are the most widely utilized equipment in the industry. To conserve land, there has been a trend
toward expanding storage space through marine structures. Japanese were pioneers in this field
with two successful applications of two floating storage facilities located at Kamigoto Island
and Shirashima Island (Ueda 2014). They repurposed retired oil barges into floating storage
tanks. Positioned in moderate sea states through mooring systems, these floating storage tanks
serve as long-term and large-scale strategic reserves. However, maintaining the structural
integrity of these steel barges in the marine environment is crucial to prevent oil leakage and
pollution. Another innovative solution for oil storage comes from Singapore researchers, who
have proposed floating hydrocarbon storage tanks made of concrete. Singaporean researchers
proposed another solution for oil storage named the floating hydrocarbon storage tank (Zhang
et al. 2019, 2020a, 2020b). Tanks have capacities ranging from 5,000 m3 and 35,000 m3. The
storage capacity of these floating tanks is considerably smaller compared to typical above-
ground tanks, such as those with a volume of 100,000 m3. This is because a large part of the
buoyancy created by the tank is needed to offset the considerable weight of the concrete
structure. Meanwhile, to prevent overturning and collision among multiple tanks, it is essential
to install and maintain numerous fenders and mooring systems to effectively control the

dynamic behavior of tanks subjected to wave loads.
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To address the limitations of the aforementioned schemes, the authors proposed a cylindrical
bottom-supported tank, referred to as the offshore fixed storage tank, which can be positioned
in offshore coastal areas. Through proper design and calculation, the tank can withstand wave,
current, and wind loads. Furthermore, taking advantage of its structural form and material
properties, the tank exhibited improved performance in terms of leakage prevention and

corrosion resistance.

Since the type of tank is newly proposed, there is currently a deficiency in relevant research
and design basis. Thus, for the feasibility study, the research on the above-ground tanks
subjected to hurricane-induced surges or floods is adopted for reference. Despite the usual
construction of above-ground tanks with steel shells, which differs from the proposed tank, the
similarities in structural form (thin-walled vertical cylindrical shell) and the types of loads
(wave, current, buoyancy) allow for relevant comparison. Various failure modes observed in
above-ground tanks, including floatation, sliding, buckling, and roof failure, can serve as

testing criteria to assess the feasibility of the proposed tank types.

Failure of above-ground tanks can result in severe environmental damage, harming wildlife
and fragile ecosystems through the leakage of hazardous substances. Additionally, these
failures may incur substantial economic impacts, including clean-up costs, legal actions,
disruptions in port activities, and production losses (Kingston 2002). Given the significant
consequences of above-ground tank failures and the vital role of the oil industry, ensuring the
safety of offshore storage tanks requires increased attention and careful design. Failures of
offshore storage tanks in ocean space can have more serious consequences than those occurring

on land. The anticipated rapid growth of oil consumption and import in China in the future
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years emphasizes the necessity for additional storage facilities. The offshore storage tank
provides an effective solution without occupying land resources. Therefore, a comprehensive
study is imperative, including the determination of environmental loads, tank geometry, and

structural design, as well as the behavior of shell members.

7.2 CONCEPT DEVELOPMENT

7.2.1 Types of offshore storage tanks

Generally, three types of oil tanks are proposed: semi-submerged tank, submerged tank, and f
Offshore fixed storage tank. Each type of tank can be slightly adjusted in roof type, anchorage,

etc., which will be explained in detail below.

Semi submerged tank

This type of tank is adapted from the above-ground tank. The layout and geometry are quite
similar. Two main differences include: 1) the steel tank shell is replaced by the sandwich
composite shell and 2) the lower part of the tank is inundated at working conditions which

leads to extra buoyancy and external pressure compared to the above-ground tank.

The floating roof is widely used in large-scale tanks for its good mechanical performance and
volatilization loss control. But when the oil surface level is lower than the outer water surface
asshown in Fig. 7.1, the inoperative roof drain may lead to roof failure during heavy rain events.

Thus, a fixed conical roof is preferred to prevent the rainfall effect as shown in Fig. 7.2.
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Fig. 7.2 Semi submerged tank with a conical roof

The offshore storage tank suffers extra buoyancy from the seawater because the inner liquid is
lighter than seawater. The relative density of different contents, including crude oil, gasoline,
and diesel, compared to water (1,000 kg/m3) ranges from 0.72 to 1. Kameshwar and Padgett
(2018) established the relative density of stored contents ranging from 0.5 to 1, based on data
from 4,000 storage tanks at the Houston Ship Channel. To keep the tank fixed and stable, the
extra buoyancy needs to be balanced by tank gravity. When the volume of the tank grows,

some extra efforts are needed as shown in Fig. 7.3 and Fig. 7.4 to lower the buoyancy or

increase the resistance force.
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Fig. 7.4 Semi submerged tank with anchorage

Submerged tank

The submerged tank is shown in Fig. 7.5 and Fig. 7.6. The difference between these two
schemes is the relative position of the oil. Tank A places the oil from the base of the tank, and
Tank B reverses. The oil is separated from seawater by a moveable plate. Some anchorage or
mooring systems can be added at the base or tank shell. For tank A in Fig. 7.5, there is no roof.
The upper part of the tank can connect to the sea environment directly. For tank B in Fig. 7.6,
the roof of the tank should be flat as the conical roof will form a convex zone which makes the
discharge of oil at this region impossible. The water inside the tank is connected to the outer

water by a pipe placed at the seabed.
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7.2.2 Offshore fixed storage tank

The aforementioned proposed schemes for storing oil in the sea have several limitations, with
the most critical being the density difference between seawater and hydrocarbons. Since
seawater is denser than hydrocarbons, the storage structure must counteract the significant
buoyancy caused by this density disparity. Hence, there is a need for a stable and sizable facility
that possesses the full functionality of an above-ground tank. To address this issue, the authors
proposed a novel design named the offshore fixed storage tank, depicted in Fig. 7.7. This
concept features a cylindrical tank securely fixed and supported at the seabed. The tank's wall

can be constructed from materials like concrete, steel, or composite materials. The concrete
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foundation is anchored to the seabed to enhance stability, with pipe connectors at the base's
edge strategically placed to balance hydrostatic pressure on both sides of the shell. The oil is
constrained by a floating roof and a moveable plate positioned between the oil and the bottom
seawater. These components allow for automatic adjustments to achieve balance under varying
tide levels and oil volumes, facilitated by the hydrostatic pressure. If necessary, anchors can be

added to the foundation of the tank to further enhance stability.

The proposed offshore storage tank is designed to be situated in coastal shallow water areas
with a depth of less than 50 meters. The tank’s diameter can vary from 20 to 100 meters with
a capacity of 5000 to 100, 000 m3. This flexibility allows for adjusting the tank's capacity to
meet the specific requirements of national strategic reserves or the oil refining industry. The
thickness and material of the tank shell and base can be adjusted as needed, providing
adaptability to various specifications and ensuring compatibility with different operational

scenarios.
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Fig. 7.7 The layout of the offshore storage tank

The proposed offshore storage tanks combine the advantages of both above-ground tanks and

floating storage tanks with a lifespan of 60 years. The single-hull structure offers a notable
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advantage by enabling a substantial balance between internal and external hydrostatic pressures,
thereby reducing the requirement for wall thickness. In comparison to above-ground tanks,
offshore storage tanks enhance ocean space utilization and enhance safety by being situated at
a considerable distance from urban areas. The seawater can provide better thermal properties
to the whole system. Unlike floating structures that require complex mooring systems and
motion control, the proposed tanks can maintain stability in the sea independently. This
stability is attributed to the buoyancy released by connectors, effectively balancing pressure on
both sides of the tank. The inherent gravity of the tank ensures stability in most sea states, while

for severe sea conditions, anchors at the base can offer additional resistance force.

7.3 ASSESSMENT OF FAILURE MODES IN OFFSHORE STORAGE

TANKS

7.3.1 Possible failure modes

For offshore storage tanks to gain widespread practice use, extensive research is required to
gain a deeper insight into their performance in the ocean environment and to develop
appropriate design methods. Despite being a newly proposed concept, insights from several
failure modes in above-ground tanks can be applied, given the similarity in loading conditions.
In coastal regions where above-ground tanks are extensively built, the storm surge generated
by hurricanes toward the coastline can lead to significant waves, floods, and inundation events.
Additionally, hurricanes are typically accompanied by heavy rainfall, which may cause the
sinking of floating roofs. Table 7.1 provides a summary of failure modes in above-ground tanks
identified in prior studies, which are related to diverse natural hazards associated with

hurricanes.

176



Table 7.1Failure modes of above-ground tanks

Loads Failure modes References
Wind Buckling Godoy 2007; Mayorga et al. 2019; Lin 2014
Floatation Khakzad and Van Gelde 2018; Landucci et al.
Wave and current Sliding 2012; Mayorga et al. 2019; Bernier and
Buckling
Padgett 2020; Bernier and Padgett 2019;
Impact
Rainfall Roof sinking Sun et al. 2008; Bernier and Padgett 2018

Excessive stress

Offshore storage tanks may suffer hazards and loads similar to those faced by coastal above-
ground tanks. But differences arise from two aspects. Firstly, offshore storage tanks experience
significant buoyancy, making them more vulnerable to floatation and sliding during hurricane
events. Secondly, the proposed tank's shell is considerably thicker than a steel shell, making
wind-induced buckling less critical. However, strength requirements become crucial to prevent

cracks or ruptures.

The roof should be carefully considered in the offshore storage tanks as rainfall is much heavier
in offshore areas than in inland areas. In large-volume tanks with floating roofs, it is crucial
that the drainage system efficiently drains rainwater in a timely manner. The design of the roof
system can adhere to the standards outlined in the American Petroleum Institute (API) 650
Standard (2013). Tanks with small capacity and conical roofs avoid the risk of rainfall-induced
floating roof failure. This research primarily focuses on tank stability and the behavior of the
cylindrical shell; therefore, rainfall-induced floating roof failure is not discussed in the

subsequent sections. Similarly, further elaboration on impact failure is omitted due to the
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preventive measures implemented by the barge system. Table 7.2 outlines the possible failure
modes for offshore storage tanks, categorized into preliminary design and structural design.
Failure modes under preliminary design will be quickly assessed in this section, while the

structural design aspects will be conducted thoroughly in later sections.

Table 7.2 Possible failure modes for offshore storage tanks.

Loads Failure mode Design stage

Static load Floatation

Overturning
Preliminary design
Sliding
Static load + Wave load +
Buckling
current load

Shell bending, tension, and
Structural design
fatigue

7.3.2 Environmental conditions

In designing offshore structures, self-weight and buoyancy constitute the fundamental and
simplest loads. Ensuring stability in the working environment requires that buoyancy remains
smaller than the foundation reaction force at all times. Additionally, environmental loads,
including waves, currents, and wind, can exert significant forces, potentially reaching
undesirable levels. Consequently, determining an appropriate scale for these loads becomes

crucial.

Wind
The drag force of wind load can be evaluated and calculated from
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1
Frvina = EpaCDAVZ (7-1)

where p, represents the density of air (1.2 kg/m3). The variable A denotes the projected area
of the structure that is perpendicular to the wind flow. The drag coefficient, Cp, is suggested to
be 0.5 for cylindrical sections according to API (2013). Meanwhile, V(t) indicates the average

wind velocity at the structure's location.

The average wind velocity at a height z above the ground, denoted as V (z), can be expressed

using the power law profile (Haritos 2007):

V(z) = Vref( z ) (7_2)

Zref
where « represents the power law exponent and “ref” indicates a reference point, typically set
at a height of 10 meters. In coastal areas classified as rough sea conditions, the descriptive

parameter a can be determined as 0.12.

Current

The current drag force per meter can be evaluated from the following expression:

1 2
Feurrent = E CDprVc (7_3)

pw. A, and V. represent water density, projected area perpendicular to the flow direction, and
current velocity, respectively. C, denotes the drag coefficient, dependent on the characteristics
of the current and the shape of the structure. In this study, a value of 1.8 is considered for Cp

(Landucci et al. 2012).

Wave
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The wave loads applied on offshore structures depend on factors such as their geometry scale,
size relative to the wavelength, sea state conditions, and structural stiffness. Structures that are
sufficiently large to deflect incident waves (with a diameter-to-wavelength ratio, D/L > 0.2)
experienced loading in the diffraction regime. For offshore storage tanks, where the large-scale
geometry falls into this category, the analysis can be conducted based on diffraction theory.
The detailed solution process will be presented in subsequent sections, while parameters

describing waves are discussed here.

According to the Chinese code of hydrology for sea harbors (JTS145-2-2013), when checking
the strength and stability of the pier or column-shaped structures, the return period of the design
wave should be 50 years with the cumulative frequency of the design wave height being less

than 1%. In this study, the sea conditions near Shenzhen are selected as the design basis.

According to the environmental impact report of Shenzhen harbor by CCCC's second
navigation engineering survey and Design Institute Co., Ltd, the design wave factors are

presented in

Table 7.3. In this study, random waves are generated using the Jonswap spectrum, with the
standard peakedness parameter set at y = 3.3. At a height of 10 m, the average wind speed at
the specified location is 4.7 m/s, with a maximum wind speed reaching 23 m/s.

The maximum current speed is 1.8 m/s. The water depth in the selected area mainly ranges

from5mto 50 m.
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Table 7.3 Design wave factors for 50 years return period

Item H o, (m) H 4o, (M) H39,(m) H(m) Ty (s)
Value 3.34 2.84 2.31 1.47 6.3

7.3.3 Floatation

The displacement of above-ground tanks due to floatation has been widely reported after
Hurricane Katrina (Godoy 2007; Santella et al. 2010). This displacement can reach up to 30 m
due to the storm surge generated by the hurricane, resulting in severe structural damage and

environmental pollution.

Offshore storage tanks demand heightened stability as the consequences of floatation failure in
a sea environment are much more severe and difficult to handle. As illustrated in Fig. 7.8, to
prevent tank floatation, the resisting forces, including the tank's weight W, and the weight of
the contained liquid W, must surpass the buoyant force Fz. However, most liquids in the oil
industry have lower densities compared to seawater. In large-scale storage, it becomes
impractical to balance the additional buoyancy induced by the stored liquid with the tank’s
weight. Thus, the authors incorporated connections at the seabed to release pressure and
eliminate the extra buoyance. This design ensures that hydrostatic pressure inside and outside
the tank remains balanced automatically across all loading conditions, mitigating the risk of

floatation failure for the proposed offshore storage tank.
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Fig. 7.8 Schematic of the load-resistance forces considered for offshore storage tank

floatation.

7.3.4 Sliding

For both unanchored storage tanks and anchored storage tanks on the ground, sliding caused
by hydrodynamic pressure has been recognized as a potential failure mode, affecting both
large-scale and small-scale tanks (Cozzani et al. 2010; Mebarki et al. 2014). Offshore storage
tanks, in particular, are more susceptible to larger hydrodynamic pressure. To assess the sliding
failure mode, it is necessary to formulate the limit state equation. As illustrated in Fig. 7.9,
sliding occurs when the hydrodynamic force from the storm surge (F;) surpasses the friction

force (Fy,) between the tank’s base and the ground. The limit state equation can be expressed

as.
Fp > Fyy (7-4)
Frr = CprFy (7-5)
Fy = W+ Wy + Wy — Fyg (7-6)
Fp = Feurrent + Fwina (7-7)

where Cy, is the friction coefficient (~0.4 according to the API-Standard 650 2013), Fy

represents the normal force applied to the storage tank by the ground. W, and Wy are the
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gravity of the tank shell and base, respectively. Wy is the anchor resistance force. F, is the

buoyancy of structure. Fj, is the drag force which can be determined from Eqgs (7-1) and (7-3).

D
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Fig. 7.9 Schematic of the load-resistance forces considered for offshore storage tank sliding.

Anchorage is not taken into consideration in this case. Thus,
nD?
Fy = Wr + Wp + Wy = Dt (Hpspey — SPseawater) + Ttbase (Pbase — Pseawater)

(7-8)
D represents the tank's diameter, while H denotes its height. tsneir, thase Pshenr @A Ppase
denote the thickness and density of the tank’s shell and base. For a specific instance, a tank
with a diameter of 60 m and a height of 30 m is placed at a water depth of 20 m. The thickness
of the shell and base is set to 1/250 of the tank's diameter, with both components having a
density of 2,200 kg/m?. The friction force Fj,. for this tank is calculated as 11,194 kN. The
drag force in the given environment is 3,682 kN, indicating a low risk of sliding failure. Fig.
7.10 illustrates the relationship between the friction force and the tank’s geometry. The ordinate
indicates the ratio of friction force to drag force, while the abscissa represents the aspect ratio
(diameter/tank height). The diameter-to-shell thickness ratio for all tanks is set to 250, and the
tank stands 10 meters above the still-water surface. For tanks of varying scales at different

coastal water depths, sliding failure can be avoided when the aspect ratio is greater than 1.
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Fig. 7.10 Impact of aspect ratio on sliding failure

7.3.5 Overturning

Overturning is another type of dislocation failure. While this failure mode is not as common as
the previous ones due to the typically smaller aspect ratio of storage tanks. Once overturning
failure occurs, the consequences are the most serious (Necci et al. 2018). Overturning failure
may occur when the moment with respect to point A in Fig. 7.9 generated by the environment
exceeds the resistance moment. To prevent overturning failure, the following equation should

be satisfied:

D S H+s
MR=FN'E>ML= current'E"'Fwind'T (7'9)

Similar to the sliding ratio, overturning failure will not occur when M, /M; > 1. As shown in

Fig. 7.11, overturning can be prevented easily for different scales of tanks.
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Fig. 7.11 Impact of aspect ratio on overturning failure

7.3.6 Buckling

The buckling of oil tanks caused by hurricanes has been widely reported as steel above-ground
tanks usually have a diameter-to-thickness ratio larger than 1000 (Khakzad and Van Gelde
2018; Landucci et al. 2014). The hydrostatic pressure from flood or storm surge inundation
contributes to a substantial external pressure. Shell buckling occurs once when this external
pressure surpasses the combined value of the internal pressure and the critical buckling pressure.
For offshore tanks constructed from concrete materials, the relatively large diameter-to-
thickness ratio results in a high buckling critical pressure. Additionally, as shown in Fig.
7.12(a), the internal and external pressures are equal at the bottom of the sea due to the presence
of pipe connectors. Given that hydrocarbon products are lighter than seawater, the liquid
surface inside can always be higher than the surrounding seawater level. The net pressure is
always outward, thereby protecting the tank from the risk of shell buckling as shown in Fig.

7.12(b).
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Fig. 7.12 Schematic of the hydrostatic pressure considered for offshore storage tank buckling.

7.3.7 Recommended geometry range based on the above failure modes

Based on the preceding analysis, the proposed offshore storage tank demonstrates good
feasibility in the coastal environment. This is primarily attributed to the connector, which
balances the internal and external pressures, ensuring the tank maintains stability at sea and

avoids various dislocations and shell buckling. Tanks with an aspect ratio larger than 1 are

preferred.
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7.4 RESPONSE OF CYLINDRICAL TANKS UNDER WAVE LOAD

7.4.1 Regular wave-induced pressure distribution on a cylindrical shell

The fixed offshore storage tank can be treated as a large-scale vertical cylinder. To perform a
structural analysis of the cylindrical shell, the first step is to determine the pressure distribution

on the shell surface induced by regular waves.

In the context of wave forces acting on offshore structures, three phenomena influence the total
force: drag, inertia, and diffraction. Drag is dominant when considering small and slender

structures, while inertia and diffraction become dominant when dealing with larger structures.

When a wave interacts with a large-scale vertical cylinder, it will generate significant
diffraction. The calculation of wave excitation forces on large vertical cylinders can be carried
out using either potential flow theory or the boundary element method. For cylindrical
structures with simple sections such as a circle or ellipse, analytical solutions are possible.

The MacCany and Fuchs method can be employed to determine the wave force acting on a
large fixed vertical cylinder (MacCamy and Fuchs 1954). Fig. 7.13 presents a schematic

diagram of the wave force.
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Fig. 7.13 Schematic of wave diffraction around a bottom fixed cylinder

The method is considered valid when the Keulegan-Carpenter number K, is less than 2. For a
cylinder in wave condition, K, can be defined by the equation K. = mH,,,,/D, Where H,, .
represents the maximum wave height, and D represents the diameter of the cylinder. The
Keulegan-Carpenter number reflects the proportion of the drag force to the gravitational force
(DNV-RP-C205 2010). For cylinders with large diameters, a small K, suggests that the drag

force is not the predominant factor.

The velocity potential can be separated into two components: the potential of the incident wave
and the potential due to diffraction.

¢(r,6,2,t) = [¢,(r,0,2) + ¢p(r,6,2,)]e™** (7-10)
where ¢(r,0,z,t) is the total velocity potential. ¢,(r, 8, z) represents the potential of the

incident wave. ¢ (7, 8, z) denotes the diffraction potential.
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Incident wave potential can be expressed by:

_ igAcoshk(z+d) = mm
d)[(r,G,Z) - w cosh kd z ]m(ka)e 2 e

m=—oo
The meaning of each parameter is shown below.

g - Acceleration of gravity

A — Wave amplitude

w — Wave frequency

k — Wavenumber

d — Water depth

Jm(*) — Bessel function of the first kind

The diffraction potential ¢ (7, 8, z) should follow the flowing conditions:

Laplace’s equation

VZ¢D = O
Free surface equation (z = d)
0pp w?
9 = —¢p =
z g
Seabed boundary condition (z = 0)
d¢p
0z 0

Structure surface boundary condition (r = a,0 < z < d)

0pp 0y
ar T or

0

Far-field condition

znnv7(999—ik¢D)=()

T—00 67“
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Based on the above theory, the hydrodynamic pressure exerted on the cylindric shell surface

can be described by the following expression.

H coshkz ' (k .
p(0,0) = pg {Z B I]m(kr) —a ((k‘;)) Hmacr)] cos(m@)}e-lwf (7-17)
m=0 m

where z represents the distance above the seabed, H is the height of the incident wave, k is the

wave number, d is the depth of the water and a signify the radius of the cylinder.

1
A(ka) = (7-18)
V= G + v (k)
and
_Jitka)
tana = m (7-19)

in which J and Y are Bessel functions of the first kind and second kind.

The overall force exerted on the cylinder is calculated by integrating fy,(z) from bottom to

top:

v fdf p J‘degH COSthA(k ) sin(et — a)d
= z= a) sin(wt — a) dz
H 0 H o Kk coshkd

2pgH
k2

tanh kd - A(ka) sin(wt — a) (7-20)

The corresponding turning moment about the bottom is:

M —fd iz = P90 AKD) b kd — coshkd + 1]sin(wt —a)  (7-21)
g = 0fHZ 2= — g Lkdsin cos sin(wt — a -

The moment arm e is:

(7-22)

My 1 (kd sinh kd — cosh kd + 1)
e=—=—

Fy  k sinh kd
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In relation to the aforementioned solution, a depiction of the hydrodynamic pressure
distribution under regular waves can be illustrated for a given cylindrical tank. Fig. 7.14
presents multiple snapshots capturing the pressure distribution within the specified tank. The
tank has a diameter of 80 meters and is positioned at a water depth of 20 meters. The wave
height is fixed at 1 m, accompanied by a wavelength of 100 meters. Consequently, the wave
period is calculated to be 8.68 s. For ease of observation, the cylindrical shell is expanded into
a plane. The two axes on this plane represent the angle and height, respectively. At t=0, it is
denoted that the wave crest traverses through the center of the cylindrical shell for clarity in

visualization.

t=0 Pressure distribution :T / 4 Pressure distribution

Pressure (kPa)
Pressure (kPa)

200 15
100 10 10

5
Cita (%) 0 o Height (m) Cita (%) 0 o Height (m)

t=T/2 Pressure distribution t=3T/4 Pressure distribution

Pressure (kPa)

10 100
Cita (°) 0 o Height (m)

100 5

Cita (*) 0 o Height (m)
Fig. 7.14 Snapshots of hydrodynamic pressure distribution on a cylindrical tank with

Diameter = 80 m, water depth = 20 m, wave height = 1 m, and wavelength = 100 m
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7.4.2 Methodology for calculating stress response spectra

Utilizing the above methods to derive the regular wave-induced hydrodynamic pressure on the
cylindrical shell, the wave load can be incorporated into the numerical models of offshore
storage tanks. The pressure can be defined within an analytical field and subsequently mapped
onto the cylindrical surface. In cases where tanks exhibit varying geometry and service
environments, a spectral-based analysis process can be employed to extract the response

spectra. The procedure is demonstrated in Fig. 7.15.

Initially, the wave spectrum at a specific location can be obtained using hydrology data and the
Jonswap spectrum. This spectrum is then subdivided into multiple regular waves. Within the
spectrum range, various regular waves, each with a unit wave height, are applied to distinct
offshore storage tanks. Each model is developed independently. From the results of each tank,
each variable at different locations exhibits a response amplitude operator (RAOs). For instance,
each element on the cylindrical shell possesses its RAO for hoop stress. Aggregating the RAOs
around the entire surface, the maximum RAO is extracted to form a maximum envelope of
RAOs for the cylindrical surface. This implies that the maximum hoop stress RAO on the
cylindrical shell may appear at different elements for varying wave frequencies. Finally, the
maximum response spectra can be derived using the following equation:

Sg(w) = RAO? - S(w) (7-23)
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Fig. 7.15 Methodology to derive stress response spectra

Applying the above methodology, the finite element models with various scales are developed
under different wavelengths. Table 7.4 provides the details for the parameters of the offshore
storage tanks.

Table 7.4 Tanks with different geometry parameters

Item Diameter (m) Height (m) Water depth (m) Shell thickness (mm)
1 160
40 30 20 240
400
240
60 30 20 360
600
320
80 30 20 480
800
320
80 40 30 480
800

© O N o o A W DN

e
N B O
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7.4.3 Regular wave-induced stress on a cylindrical shell

Due to the high diameter-thickness ratio, the cylindrical shell can be treated as a thin-walled
structure. Finite element models for the offshore tank are developed using Abaqus. The tank
shell is fixed to the seabed, and the cylindrical shell is modeled with S4R shell elements. The
elastic modulus for the concrete is specified as 36 GPa. The structure experiences regular wave
loading, and a time history analysis is conducted over a duration that is equal or greater than
the wave period. Response, such as hoop stress and axial stress, are expressed as o = A -
sin (wt + ¢), where w represents the angular frequency of the regular wave, and A denotes
the response amplitude. The amplitude for each response can be derived from the finite element

results.

Fig. 7.16 illustrates the stress amplitude distribution for an offshore storage tank situated at a
depth of 20 m, featuring a diameter (D) of 60 m and a height (H) of 30 m. The ratio of diameter
to thickness is 250. The depicted hoop stress amplitude represents the cylindrical shell’s
response to a regular wave with a height of 1 m, a wavelength of 100 m, and a period of 8.68s.

6=0<is on the up-wave side.

In Fig. 7.16, the maximum amplitude of hoop stress occurs at a height (H=16.5 m) close to the
water surface. This is because the influence area of the circumferentially distributed load on
this shell is about 4 m. As the water depth increases, the pressure induced by wave loads
diminishes. In the circumferential direction, the peak amplitude manifests on the up-wave side
due to the relation between wavelength and the tank’s diameter. The extended wavelength of
long waves prompts the cylindrical shell to generate substantial membrane force on the up-

wave side. Analyzing amplitude and phase, the stress on the outer and inner surfaces can be
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decomposed into membrane stress and bending stress. Fig. 7.17 shows the amplitude of

membrane stress and bending stress for the elements in Fig. 7.16(a). Membrane stress is

dominant under long waves, as demonstrated. Examining a regular wave with a 180 m

wavelength in Fig. 7.18, membrane stress becomes more pronounced with increasing

wavelength. Conversely, for short waves, the scenario flips. When the perimeter significantly

exceeds the wavelength, the wave load pressure reverses several times along the cylindrical

shell's surface, augmenting the contribution of bending stress. Fig. 7.19 presents the results

under a 30 m regular wave load.

Height (m)
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[nner surface

100 120
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0=135° 0=180°

050 0.5 |

Fig. 7.16 Hoop stress amplitude distribution at regular wave load for a cylindrical shell with

D =60 m, H =30 m, water depth = 20 m, wavelength = 100 m, and wave height =1 m. (a)

Stress amplitude along the cylindrical shell circumference at the height of 16.5 m; (b) Stress

amplitude along with the cylindrical shell height at different locations
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Fig. 7.17 Hoop stress amplitude along the cylindrical shell circumference at the height of
16.5m (D =60 m, H = 30 m, water depth = 20 m, wavelength = 100 m, and wave height = 1

m)

—OQuter surface  —Inner surface Membrane stress Bending stress

Stress(MPa)

0
0 20 40 60 80 100 120 140 160 180
Degree(®)

Fig. 7.18 Hoop stress amplitude along the cylindrical shell circumference at the height of
16.5m (D =60 m, H =30 m, water depth = 20 m, wavelength = 180 m, and wave height = 1
m)
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Fig. 7.19 Hoop stress amplitude along the cylindrical shell circumference at the height of
16.5m (D =60 m, H = 30 m, water depth = 20 m, wavelength = 30 m, and wave height = 1

m)

Fig. 7.16 to Fig. 7.19 show the amplitude distribution along several lines on the cylindrical
shell. Extending this method to all elements on the shell allows the derivation of stress
amplitudes. Fig. 7.20 and Fig. 7.21 depict the hoop stress and axial stress amplitude of the shell
under short wave conditions (20 m) and long wave conditions (100 m), respectively. The
cylindrical surface is flattened into a plane, with the two coordinates denoting the angle and
height of the cylindrical shell. The vertical axis represents the stress amplitude. Notably,
whether it's hoop stress or axial stress, long waves primarily contribute to membrane stress,

while short waves induce bending stress.
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Fig. 7.20 Hoop stress amplitude of the cylindrical shell (D = 60 m, H = 30 m, water depth =
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Fig. 7.21 Axial stress amplitude of the cylindrical shell (D = 60 m, H = 30 m, water depth =

20 m, shell thickness = 240 mm, and wave height = 1 m)

7.4.4 Stress response spectra of a cylindrical shell under the given wave spectrum

For regular waves of varying wavelengths, the cylindrical shell exhibits different stress
responses. The regular waves discussed in the previous section all have unit wave heights. Thus,
the stress amplitudes presented in Fig. 7.20 and Fig. 7.21 can also be interpreted as the RAOs
of stress. The maximum RAOs values across the entire surface under different wavelengths are
extracted, and by combining these maximum values, an envelope of RAO can be established.
For the specific tank parameters (D = 60 m, H = 30 m, water depth = 20 m), three distinct shell
thicknesses of 240 mm, 360 mm, and 600 mm are considered. The comparison of maximum

stress RAOs is shown in Fig. 7.22 and Fig. 7.23.
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Fig. 7.22 Max hoop stress RAOs of the cylindrical shell (D =60 m, H = 30 m, water depth =

20 m)
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Fig. 7.23 Max axial stress RAOs of the cylindrical shell (D =60 m, H = 30 m, water depth =

20 m)
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The wave spectrum at the selected service place is depicted in Fig. 7.24. Despite the peak

frequency of the wave spectrum not overlapping with the maximum RAQOs, it is essential to

carefully examine the membrane stress RAOs at the peak frequency. Based on Eq. (7-24), the

stress response spectra are presented in Fig. 7.25, considering responses as Rayleigh

distributions. The probability density distribution of the response can be derived from the
following equation:

R R?

p(R) = 4—moexp l—8—mo (7-24)

m, is the 0-order spectral moment. Through integration, the cumulative distribution functions

of the response can be obtained. The largest value of the first one percent is extracted from the

cumulative distribution functions as the maximum stress experienced by the tank. Fig. 7.26

shows the cumulative distribution functions for hoop stress in one case.
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Fig. 7.24 Wave spectrum at the selected place
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Fig. 7.25 Response spectrum of the cylindrical shell (D =60 m, H = 30 m, water depth = 20
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Fig. 7.26 The cumulative distribution function for the hoop stress in the cylindrical shell (D =

60 m, H = 30 m, water depth = 20 m, shell thickness = 240 mm)

7.4.5 Parametric analysis

To further study the effects of different parameters on the stress distribution in cylindrical shells,
tanks listed in Table 7.4 were analyzed with the aforementioned methods. The effects of
diameter-to-shell thickness ratio, water depth, tank diameter, and the reduction of concrete

modulus are compared in this section.

7.4.5.1 Effects of diameter and diameter to shell thickness ratio
To compare tanks of varying diameters and shell thicknesses, the water depth remains fixed at
20 meters, while the height of the tank is maintained at 30 meters. The diameters of the tanks

vary between 40 m and 80 m, with diameter-to-shell thickness ratios of 100,166.7, and 240.
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Fig. 7.27 illustrates the peak stresses for various parameters. The diameter has little effect on
the maximum bending stress. This is due to the fact that bending stress, primarily generated by
short waves, is relatively small. Short waves have wavelengths significantly smaller than the
tank perimeter. Consequently, the bending stress induced by short waves is predominantly
influenced by the bending stiffness of the cylindrical shell and shows minimal dependence on
the tank diameter. In contrast, for membrane stress, smaller diameter tanks experience higher
maximum membrane stress. In the axial direction, the peak value occurs at the shell’s root area,
positioned 90 degrees from the wave direction. The smaller tank, with greater overall stiffness,
is more prone to the drag force of the wave, leading to increased bending along the axial
direction and consequently higher stress. As for the pressure in the hoop direction, reference
Fig. 7.28. This snapshot illustrates the pressure induced by the wave along the circumferential
surface of the tank at the still water level, corresponding to the point of maximum membrane
stress. The maximum value appears at 0 degrees, aligning with the direction from which the
wave originates. With a wavelength of 70 m, near the wave spectrum's peak, the red arrow
indicates the direction of pressure action. Maximum stress occurs under specific pressure
combinations, notably when the pressure is reversed twice between 0 and 180 degrees, as
depicted in Fig. 7.28. The maximum stress occurs under certain pressure combinations. The
maximum membrane stress is most likely to be observed when the pressure is reversed twice
between 0 and 180<as shown in Fig. 7.28. For the selected tank diameters, larger tanks
facilitate the formation of this pressure combination around the circumference, especially with

wavelengths near the peak of the wave spectrum.
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Fig. 7.28 Wave-induced pressure along circumferential of the tank at still water surface (Unit:

MPa, D = 60 m, water depth = 20 m, wavelength = 70 m, wave height = 1 m)

206



The impact of the diameter-to-shell thickness ratio is evident. For a tank with a specific
geometry, reducing the shell thickness results in an increase in the maximum stress. The
internal force on any section of the cylindrical shell is determined once the tank’s geometry
and loading conditions are known. Subsequently, the maximum stresses are influenced by the

section properties.

7.4.5.2 Effects of water depth

To compare stress responses at different water depths, the tank’s diameter is fixed at 80 m,
considering water depths of 20 m and 30 m. Fig. 7.29 illustrates that when the diameter and
shell thickness are consistent, the maximum membrane stress remains nearly the same under
varying water depths. This can be attributed to the characteristics of waves in coastal shallow

water.

In the case of long waves governing membrane stress, the variation in water depth is minimal
when compared to the wavelength. Consequently, the potential flow field generated by waves
remains similar, leading to comparable wave-induced pressure and cylindrical shell stress. In
contrast, the difference is notable for short waves generated pressure, given that the range of
water depth that waves can affect is about half of the wavelength. Tanks in deeper environments

experience larger bending stress.
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Fig. 7.29 Effect of water depth (D =80 m)

7.4.6 Discussions

The analysis reveals that membrane stress is affected by the ratio of tank perimeter to
wavelength, while the maximum bending stress is dependent on the shell's local bending
stiffness. The thickness of the shell and the stress exhibit a roughly inverse correlation. In
coastal shallow water areas, water depth has little influence on the maximum membrane stress
but significantly impacts the maximum bending stress. Across all cases, hoop stress
consistently surpasses axial stress, emphasizing the importance of hoop direction in cylindrical

shell design.

Based on the calculations presented in this section, the maximum tensile stress in the front 1%
of the cylindrical shell subjected to wave loads can be controlled to approximately 5 MPa. This
peak value is below the tensile strength of UHPECC mentioned earlier and only slightly above
the cracking strength, suggesting that the application of this material in the proposed offshore
engineering structure is viable. In practice, parameters such as structural thickness, cross-
sectional area, and reinforcement ratio can be adjusted based on actual wave conditions and

long-term service requirements to maintain stress within a reasonable range for stable, long-
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term operation. Moreover, more studies are required to confirm the feasibility of these

applications.

7.5 CONCLUSIONS

In this chapter, a novel offshore storage tank is proposed. This innovative structural system
utilizes pipe connectors to release excess buoyancy, ensuring stability in the sea. This novel
structural system offers substantial storage capacity without the need for land space, making it

an ideal solution for strategic reserves.

This paper presents a feasibility study on various failure modes. Dislocations, such as floatation,
sliding, and overturning, can be prevented by ensuring the tank's aspect ratio is greater than 1.
The impact of diameter, thickness, and water depth on the maximum stress of cylindrical shells
subjected to wave loads in coastal areas was investigated. The cylindrical shell requires a

specific thickness to withstand tensile stress, particularly in the hoop direction.

For large-scale cylindrical shell structures, wave loads can induce both membrane and bending
stresses. Long waves generate membrane stresses, while short waves cause bending stresses.
When constructing such structures with concrete materials, it is advisable to position them in
calm sea conditions or install artificial breakwaters. This helps to avoid significant tensile

membrane stresses caused by long waves.

For future studies, it would be beneficial to conduct further investigations into the fatigue

performance, particularly considering the long-term fatigue load imposed by wave actions.
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Furthermore, exploring the optimization of shell sections using composite materials can offer

opportunities to enhance both structural strength and cost-effectiveness.
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CHAPTER 8 CONCLUSIONS AND FUTURE WORK

8.1 CONCLUSIONS

In this thesis, the focus was on evaluating high-performance materials, specifically UHPECC
and FRP, to enhance the long-term safety of structures in marine environments. Given that
wave loads can generate long-term cyclic loads, the tensile fatigue performance of ECC is
initially examined, considering various stress levels and loading frequencies. Subsequently,
stress ratios, specifically the impact of stress reversal, were incorporated. S-N curves were
established from experimental data, and a P-S-N model was developed to assess fatigue life,
taking into account variations in initial static strength. Finally, a cumulative damage fatigue
model considering different load conditions was also developed. At the structural level, this
thesis conducted monotonic loading and cyclic loading tests on FRP-reinforced ECC beams.
The study compared the impact of varying reinforcement ratios, fiber volume ratios, and
loading conditions on the loading capacity, deformation capacity, and energy dissipation of
flexural members. Additionally, to assess the impact of different load histories, the study
included testing the cyclic loading protocol with initial pulse conditions and compared the
performance of flexural members with those subjected to conventional cyclic loading histories.
The thesis finally proposed a new type of offshore storage tank designed to be placed in coastal
marine environments, capable of achieving substantial storage capacity. The feasibility of the
proposed tank was initially assessed. A method to determine the hydrodynamic pressure
generated by wave loads on the cylindrical shell was developed. Numerical models were built
to evaluate the wave-induced stress on the cylindrical shell. The major conclusions of this thesis

were summarized:

211



1)

2)

3)

4)

The study investigated the tensile fatigue properties of UHPECC under various loading
conditions by testing different stress levels and loading frequencies. It was found that the
fatigue life of ultra-high-performance engineered cementitious composites decreases with
lower frequencies due to the increased actual loading rate. Additionally, the fatigue life
shortens as stress levels increase at the same loading frequency, as higher stress levels cause
more damage per cycle. The relationship between stress level and fatigue life follows a log-

linear pattern for a given loading frequency.

The deformation pattern of UHPECC under fatigue is affected by the stress level, with
higher stress levels potentially altering the usual three-stage process into an exponential
form. By examining the secondary strain rate, the fatigue life for a specific loading
condition can be predicted. Both static strength and fatigue life adhere to a two-parameter
Weibull distribution. A probabilistic fatigue model considering static strength, loading

frequencies, and stress levels is proposed for application in structural engineering.

The effect of stress reversal on tensile fatigue behavior of UHPECC was also investigated
through a series of experiments. The experiments reveal that under the stress ratios tested,
the fatigue failure mode of UHPECC is tensile fatigue fracture. Despite this, the specimens
maintain overall structural integrity upon failure. It is observed that as the stress level

increases, the fatigue life of the material decreases across various stress ratios.

When the stress ratio becomes negative, leading to tensile-compressive cyclic fatigue

loading, the adverse impact on fatigue life is significantly greater compared to tensile-
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5)

6)

tensile cycling. This is especially true when the compressive stress magnitude is similar to
that of the tensile stress, as this can cause significant fiber buckling and increase the risk of
fracture. For fatigue loading involving stress reversal, the compressive strain is
considerably less than the tensile strain, with the residual deformation from the tensile
strain accumulating continuously. The evolution of the maximum deformation under
various stress ratios follows an inverted S-shaped curve. This curve was used to develop a

fatigue cumulative damage model to estimate fatigue life under different loading conditions.

The material characteristics of ECC result in multiple cracks and a uniformly distributed
slip between the FRP and concrete. When the reinforcing ratio is increased and/or the fiber
volume ratio is decreased, cracks tend to become more localized, leading to greater
elongation of the FRP rebar. This promotes better moment and force redistribution among
flexural members, helping to delay the concentration of strain at main cracks and
preventing FRP fracture, ultimately enhancing drift capacity. For beams under identical
loading conditions, an increased reinforcing ratio and decreased fiber volume ratio lead to

more localized cracks, indicating a broader distribution of slip around each localized crack.

Cyclic loading causes cracks to open and close, impairing the fiber bridging effect and
reducing the tensile strength of ECC, which in turn lowers the failure strength compared to
beams subjected to monotonic loading. Flexural performance tests reveal that beams
exhibit lower strength under negative loading due to the concrete casting process, which
affects fiber distribution differently at the beam's top and bottom. Additionally, cyclic
loading causes slip accumulation between the concrete and FRP, preventing the complete

closure of all flexural cracks in the compression zone. Consequently, the reinforcing FRP
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7)

8)

9)

sustains more compression force than in monotonically loaded specimens, reducing the

effective height of the beam and decreasing the failure load.

The initial deformation pulses impacted the cyclic performance of FRP-reinforced
UHPECC beams in varying ways. Beams subjected to small initial pulses exhibited
minimal initial damage, displaying hysteretic curves similar to those without initial pulses
and maintaining comparable peak strength and ultimate drift. Conversely, beams subjected
to large initial pulses demonstrated different behaviors based on their reinforcement ratios.
Beams with a low reinforcement ratio behaved similarly to those with small or no pulses.
However, beams with a high reinforcement ratio developed evenly distributed cracks in the
bending area, which delayed stress concentration on the FRP reinforcement and resulted in

increased peak strength and ultimate drift.

In specimens experienced large initial pulses, the strain in the FRP reinforcement
accumulated more slowly compared to those exposed to gradually increasing cycles or
small initial pulses. Peak strain development along the longitudinal direction of the FRP
reinforcement was uneven, occurring mainly at crack localization points with high stress
concentration. Maximizing the length of FRP reinforcement helps fully utilize its material

properties, enhancing the peak strength and deformability of the structure.

Storing crude oil and various chemical products in ocean space presents considerable
opportunities. The key challenge in deploying storage facilities in marine environments is
overcoming the huge buoyancy generated by the density difference between stored

products and seawater. This study proposes an innovative offshore storage tank design
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aimed at ensuring stability by effectively releasing excess buoyancy. The feasibility of this
design is substantiated through a thorough examination of potential failure modes,

including floating, sliding, and overturning scenarios.

10) For large-scale cylindrical shells, the distribution of external hydrodynamic pressure on the
surface under wave loads of varying frequencies is analyzed. The stress response of the
cylindrical shell under these wave loads is obtained through finite element simulation. Long
waves induce membrane stress in the shell, whereas short waves primarily generate bending
stress. When constructing such structures with concrete materials, it is recommended to
place them in calm sea conditions or to install artificial breakwaters. In combination with
wave spectrum analysis, significant tensile membrane stress caused by long waves should

be avoided.

8.2 FUTURE WORK

Due to constraints within current research strategies and processes, several aspects require
further exploration to provide additional contributions to the relevant field. Below are

suggested directions for future research.

1) Enhance the experimental data on ECC under cyclic fatigue loads, particularly focusing on
tensile and tensile-compressive stress conditions. Include considerations for different stress
ratios. Investigate the influence of load sequencing in fatigue testing, including stress
amplitude loading with sequences of initially high and subsequently low stress levels, or
vice versa. Develop fatigue damage accumulation models based on comprehensive

experimental data suitable for various loading conditions and histories. Additionally,
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2)

3)

explores factors influencing fatigue life such as load waveforms, fiber volume ratios, fiber
types, and a wide range of loading frequencies. Conduct a probabilistic study to determine
realistic and conservative stress or deformation histories for experimental testing in areas
where ECCs have potential applications. Expand investigations to include fatigue tests
under random loading conditions, establish damage accumulation models, and validate

them.

To enhance the comprehension of the failure mechanisms of FRP-reinforced UHPECC
members, further research should explore the loading capacity, deformation capability, and
other performance aspects under different shapes (e.g. | girder, larger-scale specimens),
types of FRP, and shear-span ratios. In order to enhance the economic and practical
feasibility of these components, investigations should also explore cost-effective solutions
such as reducing fiber content, optimizing reinforcement detailing, and structural design
methods. Additionally, research is warranted on the shear resistance, impact resistance,
fatigue resistance, and durability in marine environments of such structures. Furthermore,
suitable finite element methods should be explored to accurately depict the nonlinear

evolution behavior of FRP-reinforced ECC members under cyclic or fatigue loading.

To extend the application of FRP and ECC in marine structures, more comprehensive
hydrodynamic and structure coupling calculation models should be established. These
models must account for the design and analysis of various irregular and complex structures,
enabling motion response and stress response. Based on effective calculation models,
marine engineering structures should be designed and optimized to reduce costs, enhance

loading capacity, and improve durability. Additionally, for marine engineering structures
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developed with new materials, construction techniques should be considered, and the
potential risks, failure modes, and reliability throughout the entire lifecycle from

construction to service should be evaluated.
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