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Preface

This book discusses structural integrity and failure and underground construction.
In the realm of civil and structural engineering, the pursuit of structural integrity
stands as a paramount goal. Structures, whether towering skyscrapers or intricate
bridges are the physical manifestations of human ingenuity and technological prowess.
However, the inherent complexity of these creations makes them susceptible to the
forces of nature, the passage of time, and the ever-present potential for failure.

At its core, structural integrity refers to the ability of a system or component to with-
stand its intended load without experiencing deformation or failure. This concept
goes beyond merely preventing collapse; it encompasses the ability of a structure to
maintain its form and function over time. Achieving structural integrity involves a
delicate balance of materials, design, and construction techniques.

Materials play a pivotal role in determining a structure’s ability to resist external
forces. Engineers meticulously select materials based on their strength, elasticity,
durability, and other essential properties. The design phase is equally critical, requir-
ing a deep understanding of physics, mathematics, and the specific demands placed
on the structure. The construction process also demands precision and adherence to
stringent standards to ensure that the designed integrity is faithfully realized.

Structures exist within a dynamic environment where external forces constantly act
upon them. Forces such as wind, earthquakes, and gravity exert their effects, testing
the resilience of the built environment. Nature’s unpredictable elements challenge
engineers to anticipate and mitigate potential weaknesses. Moreover, the relentless
march of time introduces the concept of fatigue, corrosion, and wear, necessitating
ongoing maintenance and monitoring.

Failure, though often considered an undesirable outcome, serves as a powerful teacher
in the pursuit of structural integrity. Historical examples of structural failures, from
the collapse of bridges to the buckling of buildings, offer valuable lessons. Each failure
contributes to a collective body of knowledge, prompting the engineering community
to refine standards, improve materials, and enhance construction methodologies.

In the contemporary era, technology plays a pivotal role in ensuring and assessing
structural integrity. Advanced simulation tools, computer-aided design, and real-time
monitoring systems empower engineers to model and predict the behavior of structures
under diverse conditions. These tools aid in optimizing designs, identifying potential
weaknesses, and implementing preventive measures.

As we delve into the exploration of structural integrity and failure, we embark on a
journey that traverses the intersection of science, art, and practicality. The stories
of triumph and tragedy in the world of engineering underscore the importance of
continuous improvement and a deep commitment to the safety and sustainability of
the built environment.



As our urban landscapes evolve and population densities increase, the demand for
efficient and sustainable use of space has never been more critical. Underground
construction emerges as a compelling solution, offering a realm of possibilities that
extend beyond conventional building practices. Tunnels and subways represent just a
fraction of the diverse applications that harness the potential beneath our feet.

The challenges of underground construction are multifaceted, encompassing geological
considerations, engineering precision, and innovative technologies. Excavating
through diverse geological formations requires a delicate balance of knowledge

and adaptability. Engineers must navigate through solid rock, soft soil, or complex
strata, often employing cutting-edge techniques to overcome geological hurdles.

Beyond the technical aspects, underground construction also addresses environmental
concerns and sustainability. By moving critical infrastructure and transportation
networks below ground, we not only optimize land use but also minimize the impact
on the surface ecosystem. The subterranean space becomes a sanctuary for preserving
green spaces, historical landmarks, and urban aesthetics.

This book consists of seven chapters in two sections. Section 1, “Structural Integrity
and Failure”, includes Chapter 1: “Advances in Reinforced Concrete Integrity and
Failure”, Chapter 2: “Proposing a Design Model for Determining Flexural Bearing
Capacity of RC Beams Reinforced by Steel with Reduced Modulus of Elasticity”,
Chapter 3: “Fracture Behavior of Structural Steels under Earthquake Dynamic
Loadings”, and Chapter 4: “Seismic Assessment of RC Shear Wall Structure under
Real Seismic Sequences Using Equivalent Shell-Wire Model”.

Section 2, “Underground Construction” includes Chapter 5: “Design Method

and Construction Technology in Tunnel Engineering under Complex Geological
Conditions”, Chapter 6: “Underground Excavations below the Water Table by the
Cut-and-Cover Method”, and Chapter 7: “On-Line Monitoring and Intelligent
Diagnosis Technology of Rail Transit Ventilation System”.

Alireza Bahrami
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Department of Building Engineering,

Energy Systems and Sustainability Science,
University of Gavle,

Gavle, Sweden

Kenneth Imo-Imo Israel Eshiet
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Chapter1

Advances in Reinforced Concrete
Integrity and Failure

Abdul Rahim Sabouni

Abstract

The chapter provides an overview of the advances made in the field of structural
integrity and failure with a specific focus on reinforced concrete structures. It begins
with a brief history of reinforced concrete and covers its structural properties and
characteristics. It then delves into the mechanics of reinforced concrete structures,
including the various forces that act on them, and the design and construction of
these structures. It delves into the basic mechanics, stressing the concrete’s perfor-
mance under loading and its inherent material properties. The focus then shifts to
the design principles applied to reinforced concrete structures, and the consideration
of critical structural elements like beams, slabs, columns, and foundations. Various
advances in reinforced concrete technology, including High-Performance Concrete,
Fiber-Reinforced Concrete, Self-Compacting Concrete, and the use of nanomateri-
als, are explored. The chapter provides insights into methods for the analysis and
assessment of reinforced concrete structures, discussing non-destructive testing
methods, structural health monitoring, and finite element analysis. It examines the
causes of failure, including material quality, overloading, design flaws, environmental
factors, and construction errors. Several case studies of notable building failures are
highlighted, emphasizing lessons learned and the importance of safe construction
practices. The chapter concludes by looking at future directions in reinforced con-
crete, encompassing advanced materials, digital technology, sustainable construction
practices, and resilience-based design.

Keywords: advancement in reinforced concrete, reinforced concrete construction,
structural concrete integrity, reinforced concrete failures, progressive collapse,
reinforced concrete materials

1. Introduction
1.1 Brief overview of reinforced concrete

Reinforced concrete is a composite material where the concrete, possessing high
compressive strength but relatively weak in tension, is combined with materials that
excel in withstanding tensile stress. The primary objective of such reinforcement is to
compensate for concrete’s inherent weakness in tension. When tensile stresses exceed
the tensile strength of the concrete, cracks occur. If these stresses persist, the cracks
can propagate, potentially leading to the failure of the structure.
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The material of choice for reinforcement has been and remains to be steel. The high
tensile strength of steel and its exceptional bond with concrete are the main reasons for
its widespread use. When encased in concrete, the steel reinforcement acts to counteract
tensile stresses, while the concrete resists compressive stresses. This synergetic effect of
two materials working together to resist different kinds of stresses is one of the key rea-
sons behind the widespread use of reinforced concrete in the construction industry [1].

Over the years, reinforced concrete has proven to be a versatile, durable, and
cost-effective construction material. It is utilized in a wide array of structures includ-
ing buildings of all types and sizes, bridges, dams, tunnels, roads, and many more.
Concrete is the most consumed construction material, and twice as much concrete is
used in construction as all other building materials combined [2].

1.2 Importance of reinforced concrete in structural integrity

Structural integrity is a key concept in the field of civil engineering, referring to
the ability of a structure to withstand its intended load without experiencing distress
or failure. Maintaining structural integrity is a primary concern in the design, con-
struction, and maintenance phases of a structure.

The nature of reinforced concrete—being a composite material that combines
the compressive strength of concrete with the tensile strength of the reinforce-
ment—plays a critical role in ensuring structural integrity. The result is a material that
exhibits high robustness and resilience under a variety of load conditions, environ-
mental influences, and potential man-made and natural disasters [3].

Structural integrity is particularly critical for structures exposed to dynamic loads
and changing environmental conditions. This includes structures like bridges, which
must resist the dynamic loads of passing vehicles; skyscrapers, which must withstand
wind loads; and coastal structures, which must resist the destructive forces of waves
and salt corrosion. The combination of concrete and steel reinforcement creates a
material that can effectively resist these and other forces, thereby maintaining the
structural integrity of these constructions.

Moreover, the importance of structural integrity extends beyond the avoidance
of catastrophic structural failures. It also influences other factors such as the longev-
ity of structures, maintenance costs, and even esthetic appeal. For instance, cracks
in concrete not only compromise its structural integrity, but can also accelerate the
ingress of harmful substances like water, chloride, and carbon dioxide, leading to
further deterioration and higher maintenance costs. Similarly, visible cracks and
deflections can detract from the esthetic appeal of a structure, which can be especially
problematic for architectural or heritage structures [4, 5].

In this context, the role of reinforced concrete in maintaining structural integ-
rity becomes even more prominent. Advancements in reinforced materials, design
methods, and construction techniques are reflected with parallel advancements in the
design, assessments, and quality assurance of structural integrity [6-8].

2. Historical perspective

2.1 Evolution of reinforced concrete

Reinforced concrete’s rich history can be traced back to the mid-19th century.
The first widespread use of concrete reinforcement is often credited to the French
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industrialist Frangois Coignet in 1854. Coignet recognized the potential of embedding
iron bars into concrete to create a composite material that capitalized on the strengths
of both components [9].

Joseph Monier, a French gardener, took this idea a step further. Looking for a
way to create more durable flowerpots, Monier discovered that reinforcing the
concrete used to form the pots enhanced their strength and durability. Recognizing
the broader implications of his innovation, Monier patented the use of reinforced
concrete in 1867 [10].

The evolution of reinforced concrete continued throughout the late 19th and
early 20th century, driven by the pioneering work of many visionaries. Frangois
Hennebique, a self-taught French engineer and builder, obtained a patent for his
groundbreaking system of reinforced-concrete construction in 1892. This system
uniquely merged different components of construction, like the column and beam,
into a single, unified piece. The Hennebique system was instrumental in paving the
way for modern methods of reinforced-concrete construction, being one of its earliest
iterations. He developed the technique of systematic reinforcement, optimizing the
placement and orientation of the reinforcement within the concrete [11].

Another notable figure, Swiss engineer Robert Maillart, pushed the esthetic and
structural possibilities of reinforced concrete. Maillart is particularly known for his
revolutionary bridge designs, which combined structural efficiency with artistic
elegance [12, 13].

2.2 Key milestones and innovations

The 20th century marked numerous innovations that revolutionized the use and
applications of reinforced concrete. A key breakthrough was the development of
pre-stressed concrete by French engineer Eugéne Freyssinet in the 1920s. By pre-ten-
sioning the steel reinforcement before pouring the concrete, Freyssinet found that it
was possible to create long-span concrete structures with reduced depth, opening new
possibilities for the design of bridges, roofs, and other large-span structures [14, 15].
Pre-stressed concrete continued its development to play an important role in various
sectors of modern construction [16].

The latter part of the 20th century saw the introduction of advanced admixtures
that further improved the properties of concrete. By modifying the composition of
concrete, these admixtures made it more durable, workable, and adaptable to various
applications [17, 18].

Another significant development was the introduction of fiber-reinforced poly-
mers (FRP) as an alternative to traditional steel reinforcement. Unlike steel, FRP
does not corrode, making it particularly suited for use in harsh environments such as
marine structures or chemical plants [19, 20].

The 21st century continues to witness numerous advancements in the field of rein-
forced concrete. Innovations in high-performance concrete, ultra-high-performance
concrete [21, 22], self-healing concrete [23], and the use of nanomaterials are pushing
the boundaries of what is achievable with this versatile material [24].

As we move forward, the ongoing advancements in the field of reinforced con-
crete promise to continue transforming our built environment, enhancing its safety,
efficiency, and sustainability. The following sections will delve into the fundamental
principles, material properties, design considerations, case studies, and recent
advancements in the field of reinforced concrete, thereby providing a comprehensive
understanding of its critical role in ensuring structural integrity and preventing failure.
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3. Fundamental principles of reinforced concrete
3.1 Basic mechanics

The study of reinforced concrete requires a clear understanding of its basic
mechanics. This often involves delving into the stress—strain relationships of the
materials involved, typically concrete and steel, which display starkly different
mechanical behaviors.

3.1.1 Stress: stvain charactevistics

Stress—strain curves, or relationships, depict how a particular material
responds to applied stress. Stress denotes the force exerted per unit area, while
strain represents the resulting deformation. Understanding these curves is pivotal
to manipulating and predicting a material’s performance under various loading
conditions [1].

Concrete, as a material, displays exceptional strength when subjected to compres-
sive loads, but it lacks tensile strength. Consequently, it exhibits a nonlinear stress—
strain relationship (Figure 1). Under compressive loading, concrete experiences
peak stress at its maximum compressive strength. Any additional stress resultsin a
decrease, signaling material failure.

The opposite is true for steel, a material commonly used for reinforcement due to
its strong tensile and compressive strengths [2].

The stress—strain relationship for steel is linear up to the yield strength, the point
at which steel undergoes plastic deformation. Beyond the yield strength, steel can
experience significant strain without an accompanying increase in stress. This key
difference underlines the complementarity of concrete and steel in reinforced con-
crete, leading to its wide usage in construction (see Figure 2).

Jea
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Figure 1.
Typical stress—strain curve for concrete.
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Figure 2.
Typical stress—strain curve for steel reinforcement.

3.1.2 Flexuvre, sheav, and torsion

Reinforced concrete structures are subjected to a variety of stresses, including
flexural, shear, and torsional stresses. Flexural stress is generated when a member
is subjected to bending, inducing tension on one side and compression on the other.
Shear stress, in contrast, is caused by forces acting parallel to the cross-sectional area,
leading to a sliding failure of the material. Torsional stress occurs due to twisting
forces [2].

The design of reinforced concrete takes into account these diverse stress types,
necessitating the calculation and precise arrangement of reinforcement to counteract
these forces effectively.

3.2 Behavior under loading

Understanding the behavior of reinforced concrete under loading is crucial to both
its design and analysis. This behavior can be categorized into three main domains:
cracking, deflection, and load capacity.

3.2.1 Cracking

Cracking is a fundamental characteristic of concrete, resulting from its brittleness
and low tensile strength. Initial cracks often form due to shrinkage as the concrete
cures, with further cracks appearing due to applied loads. The reinforcement in
reinforced concrete structures serves to tightly bind these cracks, preventing sudden
and brittle failure.

The thorough study of cracking patterns and their causative factors can inform
construction practices, leading to better control of cracking and the development of
more robust and durable structures. This requires a comprehensive understanding of
the material properties of both concrete and the reinforcement, along with the envi-
ronmental and loading conditions the structure is expected to encounter [2]. Correct
cracking assessment may require evaluation and consideration of multiple causes and
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has led to the utilization of Artificial Intelligence and development of expert systems
for the crack assessment and recommendations of proper structural integrity solu-
tions for distressed reinforced concrete structures [25, 26].

3.2.2 Deflection

Deflection refers to the displacement of a structural element under a load. Itisa
critical aspect to monitor, as excessive deflection can lead to a host of serviceability
issues. These can range from esthetic concerns, such as cracking in finishes, to func-
tional issues, like ponding on roofs and unpleasant vibrations.

The deflection of a reinforced concrete member depends on its geometry, the
properties of the materials, and the nature of the load applied. Careful consideration
of these factors during the design process can help to manage deflection and avoid
potential problems down the line [1].

3.2.3 Load capacity

Load capacity is the maximum load that a reinforced concrete member can
sustain without experiencing failure. It is determined by considering the section’s
geometry, the properties of the materials, and the nature of the load applied. In
the design of reinforced concrete structures, the load capacity must be calculated
for various limit states to ensure that it is never exceeded during the structure’s
intended service life [2].

Accurately calculating load capacity requires a thorough understanding of rein-
forced concrete behavior under different loading and environmental conditions.
Additionally, understanding failure modes and recognizing the signs of imminent
failure can greatly aid in maintaining the structural integrity of a reinforced concrete
structure.

The fundamental principles of reinforced concrete, as outlined in this section,
form the basis for understanding its material properties, design considerations, and
innovative advancements in the field. The following sections will delve into these
topics, providing a comprehensive understanding of reinforced concrete’s role in
ensuring structural integrity and preventing failure.

4. Material properties
4.1 Concrete
4.1.1 Composition and strength

Concrete is a composite material that is composed of coarse aggregate (usually
gravel or crushed stone), fine aggregate (often sand), and a binder (cement), all of
which are mixed with water. The relative proportions of these components play a
significant role in determining the final properties of the concrete.

The strength of concrete is primarily a function of the water-to-cement (w/c)
ratio, the type of cement used, and the aggregates used. A lower w/c ratio tends to
result in a concrete mixture that possesses higher strength but lower workability.
Conversely, a high w/c ratio increases the workability of the concrete but at the
expense of reducing its strength.
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Several other factors, such as the curing conditions and the presence of admix-
tures, can also influence the strength of concrete. These factors can be controlled and
adjusted to produce concrete with specific desired properties.

4.1.2 Durability issues

Durability is a measure of the ability of concrete to resist various forms of dete-
rioration. This could include damage from freeze—thaw cycles, chemical attacks, and
abrasion. The durability of concrete is influenced by several factors, including the w/c
ratio, the type and quantity of cement used, the type and size of aggregates used, and
the use of certain admixtures.

One of the most significant durability issues for reinforced concrete is the cor-
rosion of reinforcing steel. In highly alkaline conditions, concrete can passivate
the steel, protecting it from corrosion. However, if the alkalinity is reduced due to
processes such as carbonation, or if chloride ions penetrate the concrete and reach the
steel, corrosion can occur.

4.2 Reinforcement
4.2.1 Steel reinforcing bars

Steel reinforcing bars, commonly referred to as rebar, are the most frequently
used type of reinforcement in concrete. Rebar is available in several grades, with yield
strengths typically ranging from 40,000 psi (275 MPa) to 100,000 psi (690 MPa) [2].
To enhance bonding with the concrete, the surface of the rebar is often deformed.

4.2.2 Fiber-reinforced polymers (FRP)

Fiber-Reinforced Polymers (FRP) have emerged as an alternative to steel rebar,
especially in environments where corrosion is a significant concern. FRP bars are
composed of continuous fibers (such as glass, carbon, or aramid) embedded in
a polymer matrix. They are non-corrosive, lightweight, and have a high tensile
strength. However, they are also more brittle than steel and have a lower modulus of
elasticity [27]. Moreover, researchers have used basalt FRP bars and investigated their
bond characteristics with concrete [28].

In the upcoming sections, we will delve deeper into the design considerations for
reinforced concrete structures and explore the latest advancements in the field.

5. Design of reinforced concrete structures
5.1 Design approaches
5.1.1 Limit state design

Limit state design is a structured approach used in structural engineering to
ensure the safety and functionality of structures under all conceivable conditions.
The concept of limit state design revolves around two primary types of limit states:
ultimate limit states (ULS) and serviceability limit states (SLS) [29, 30].

The ULS pertains to conditions that would result in the failure or collapse of the
structure, such as yielding, buckling, or fracture. These situations usually involve
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severe loading conditions or structural deterioration that exceeds the structure’s
load-bearing capacity. The intent of designing for ULS is to ensure the structure
can resist severe or extreme loads without collapse, thereby providing a high level
of safety.

The SLS, conversely, relates to conditions that do not cause a structural collapse
but can negatively affect the structure’s appearance, durability, and usability. This
can include conditions like excessive deflection, vibration, and cracking. While these
situations may not immediately threaten the structure’s safety, they can diminish the
structure’s serviceability and lifespan.

The overarching aim of limit state design is to ensure that the structure will not
reach any of these limit states during its expected service life. This is achieved by
applying appropriate safety factors to the loads and material strengths, considering
potential variations and uncertainties.

5.1.2 Performance-based design

The performance-based design represents a more contemporary and sophisti-
cated approach to structural design. Instead of strictly adhering to prescriptive code
requirements, performance-based design involves specifying the desired performance
levels of a structure under different load scenarios [31].

This approach requires a more nuanced understanding of the structure’s behavior
and often involves advanced analysis techniques. Despite its complexity, perfor-
mance-based design can yield more efficient and optimized structures by allowing
more flexibility in the design process and better alignment of the design with the
intended function and performance of the structure [32].

5.2 Basic structural elements
5.2.1 Beams and slabs

Beams and slabs are integral horizontal structural elements, primarily designed
to resist bending. The role of the reinforcement in beams and slabs is to strategically
counteract the tensile stresses induced by bending. Meanwhile, the concrete compo-
nent resists the compressive stresses.

5.2.2 Columns

Columns, being vertical structural elements, are primarily designed to resist
axial compression. The design of columns involves ensuring that the column can
safely carry the applied load without buckling or crushing. Additionally, columns
often need to resist bending due to eccentric loading or lateral forces, which requires
additional reinforcement.

5.2.3 Foundations

The role of foundations is to transfer the loads from the structure to the ground
effectively. The design of foundations involves assessing the ground conditions to
ensure it can safely support the imposed loads without causing excessive settlement
or failure. Reinforced concrete is commonly used for various types of foundations,
including spread footings, strip footings, and pile caps.
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In the subsequent sections, we will explore the recent advancements in the field of
reinforced concrete design and discuss the various methods employed for assessing
and improving the structural integrity and potential failure of reinforced concrete
structures.

6. Advances in reinforced concrete
6.1 High-performance concrete and ultra-high-performance concrete

High-Performance Concrete (HPC) is an advanced type of concrete that has been
meticulously engineered to possess superior properties such as exceptional strength,
extended durability, or improved workability. The attributes of HPC are typically
achieved through a low water-to-cement ratio in conjunction with the inclusion of
admixtures and supplementary cementitious materials (SCMs) like fly ash, silica
fume, or slag [33, 34].

HPC often exceeds a compressive strength of 6000 psi (41 MPa), significantly
higher than the average 3000 psi (20 MPa) for regular concrete. This high strength
allows for the design and construction of slenderer and efficient structures. Moreover,
HPC’s enhanced durability can contribute to a longer service life and potentially lead
to reduced maintenance costs [34].

Ultra-High-Performance Concrete (UHPC) is characterized by its significantly
superior strength and durability compared to traditional concrete, UHPC typically
surpasses a compressive strength of 21,000 psi (145 MPa). This level of strength
makes it suitable for high-stress applications and for constructing structures that are
highly resistant to environmental and mechanical stresses [35].

6.2 Fiber-reinforced concrete

Fiber-Reinforced Concrete (FRC) is a unique form of concrete where small fibers
are incorporated into the concrete mix to enhance its properties. These fibers can
be derived from a variety of materials, including steel, glass, synthetic materials, or
natural substances. The fibers serve to enhance the concrete’s tensile strength, ductil-
ity, and resistance to cracking and shrinkage. Due to these improved characteristics,
FRC has found applications in several areas, including overlays, precast elements, and
structures exposed to dynamic or impact loads [35].

6.3 Self-compacting concrete

Self-Compacting Concrete (SCC) is a distinctive type of concrete that possesses
the ability to flow and consolidate under its own weight, thereby eliminating the need
for mechanical vibration. This property makes SCC especially beneficial for complex
forms or densely reinforced structures. The key to achieving self-compacting proper-
ties lies in a high content of fine materials and the use of high-range water reducers,
commonly known as superplasticizers [36].

6.4 Use of nanomaterials

The potential of nanomaterials in revolutionizing the field of concrete technology
has been an exciting recent development. Research has indicated that nanomaterials
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like nano-silica, nano-titanium oxide, and carbon nanotubes can significantly
enhance the properties of concrete. These improvements can span across concrete’s
strength, durability, and even grant it self-cleaning properties [37]. However, the
application of nanomaterials in concrete is still in its nascent stages. Further research
is required to address challenges related to cost, optimal dispersion, and health and
safety considerations [38].

6.5 Engineered cementitious composites

Engineered Cementitious Composites (ECC), also known as “bendable concrete,”
ECCs are specifically engineered to exhibit strain-hardening and multiple crack-
ing behaviors under tensile stress, unlike traditional concrete which is brittle and
prone to cracking. These composites incorporate a high volume of fibers, generally
polymer-based, to enhance the ductility and durability of the material. This advanced
composite material can significantly reduce maintenance costs and extend the service
life of structures, proving to be a promising solution for sustainable infrastructure
development [39].

6.6 Eco-concrete

As sustainability becomes a crucial aspect of construction, Eco-Concrete has
emerged as a significant advancement. Eco-Concrete refers to any concrete that
utilizes recycled aggregate, recycled or waste materials as part or all of its constitu-
ents, reducing the consumption of natural resources and CO2 emissions associated
with cement production. Examples include the use of fly ash slag [40-42], recycled
concrete aggregates [43, 44], reusing waste shredded tires [45], and waste glass. In
addition to being environmentally friendly, research has shown that some forms of
Eco-Concrete can also match or even exceed the performance of traditional concrete
in terms of strength and durability [46, 47].

6.7 3D printed concrete

3D Printed Concrete has emerged as a radical advancement in the field of
reinforced concrete, bringing about a revolution in the construction industry.
This technology utilizes robotic arms and extrusion techniques to deposit layers
of specially formulated concrete mix, enabling the creation of complex geometric
forms that are difficult or even impossible to achieve with traditional construction
methods. 3D-printed concrete can offer significant benefits including cost reduc-
tion, speed of construction, design flexibility, and the reduction of construction
waste [48].

6.8 Bacterial concrete

Bacterial Concrete, also known as Bio-Concrete, is an innovative solution to the
issue of concrete durability. Certain types of bacteria, when introduced into the con-
crete mix, can induce calcium carbonate precipitation, which heals the micro-cracks
that form in concrete over time. This self-healing property can significantly improve
the durability and lifespan of concrete structures, reduce maintenance costs, and
contribute to sustainability in the construction industry. Challenges such as ensuring
long-term bacterial survival and minimizing cost remain to be addressed [23].
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6.9 Structural health monitoring in concrete structures

Structural Health Monitoring (SHM) technologies are increasingly being inte-
grated into reinforced concrete structures to assess their integrity and predict their
performance over time. These technologies involve the use of sensors and data analy-
sis algorithms to detect anomalies and deterioration in structures. With advance-
ments in the Internet of Things (IoT) and machine learning, SHM has the potential
to revolutionize the maintenance and inspection process of concrete structures,
leading to significant savings in terms of time and costs, as well as enhancing overall

safety [38].
6.10 Smart concrete

Smart Concrete is a type of concrete embedded with sensors capable of sensing
changes in the material or surrounding conditions. These sensors can detect stresses,
strains, temperature changes, moisture content, and even chemical changes, which
can be crucial for real-time monitoring and early detection of potential failures. This
advancement could pave the way for the development of intelligent infrastructure
with greatly improved safety, durability, and maintenance efficiency [49].

7. Analysis and assessment of reinforced concrete structures
7.1 Non-destructive testing methods

Non-Destructive Testing (NDT) methods are crucial for assessing the health and
integrity of structures without causing any damage to them. These techniques have
evolved significantly over time and have been especially useful for inspecting con-
crete structures. NDT methods provide invaluable data regarding the condition of the
structure, thereby helping identify potential issues before they escalate into serious
problems.

Several NDT methods are in regular use, each having unique applications and
capabilities. These include visual inspection, the use of a rebound hammer, ultrasonic
pulse velocity (UPV), ground penetrating radar (GPR), and core sampling, among
others.

7.1.1 Visual inspection

It is the most straightforward method of NDT, relying on the examiner’s expertise
to detect anomalies such as cracking, spalling, or signs of corrosion. This method is
cost-effective and quick but can only detect superficial defects.

7.1.2 Rebound hammers

In a rebound hammer, a mass is loaded over a spring and can be moved axially
along a tubular housing which imparts a defined amount of energy (Figure 3). As the
plunger is pressed against the surface to be examined, the spring is extended from
a fixed position. The mass rebounds, upon release, from the plunger which remains
in contact with the concrete surface, the distance by which the mass rebounds is
measured and presented as a percentage of the initial extension (while pressing
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Figure 3.
Rebound hammer for non-destructive testing of compressive strength [50].

the hammer) of the spring. This percentage is known as rebound number. They are
widely used due to their simplicity and portability. They measure the surface hard-
ness of concrete, which can be correlated to its compressive strength. However, they
only provide a qualitative assessment and can be influenced by surface condition and
moisture content (Figure 3) [50].

7.1.3 Ultrasonic pulse velocity (UPV) tests

They involve sending an ultrasonic wave through a concrete element and measur-
ing the time it takes to travel. This information can help determine the quality of the
concrete and detect internal flaws. While effective, this method requires access to
both sides of the concrete element (Figure 4) [51].

7.1.4 Ground penetrating vadar (GPR) tests

They involve emitting electromagnetic waves into the concrete and capturing the
reflected signals. This provides details about the location and depth of reinforcement
bars, post-tension cables, and the presence of voids or delamination. Although GPR is
a versatile tool, it requires skilled interpretation and can sometimes be hampered by
interference from metallic objects.

This non-destructive testing (NDT) technique is highly efficient in the detection
of metallic objects embedded in concrete or other non-conductive materials because
of the high reflectivity of metals and the contrast between the electromagnetic
properties of metals and concrete.

The application of GPR to the detection of corrosion and damage as a consequence
of corrosion has demonstrated its effectiveness in the detection of corrosion by
measuring qualitative changes in the amplitude, even though variation in depth could
affect highly the results [52, 53].

14



Advances in Reinforced Concrete Integrity and Failure
DOI: http://dx.doi.org/10.5772/intechopen.1002247

Figure 4.
Ultrasonic pulse velocity tests [51].

7.1.5 Core sampling

It involves extracting small cylindrical samples from the structure for labora-
tory testing. Although it is the most reliable method for determining concrete’s
properties, it causes minor damage to the structure. Therefore, it is typically used
when other NDT methods indicate potential issues that need further investigation
(Figure 5).

[T ]
Sand M
Steel
damage
Non-corroded specimen Corroded specimen

Figures.
Ground penetrating radar for non-destructive testing of compressive strength [53].
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In practice, a combination of different NDT methods is often employed to gain a
more comprehensive understanding of a structure’s health. The choice of methods
largely depends on the specific objectives of the inspection and the complexities of
the structure itself. By providing vital data about factors like compressive strength,
depth of cover, location of reinforcement, and the presence of defects or signs of
deterioration, NDT methods play a crucial role in ensuring the longevity and safety of
our concrete structures.

7.2 Structural health monitoring

Structural Health Monitoring (SHM) is a proactive approach that uses sensors
to consistently monitor a structure’s condition and performance over time. These
sensors can measure a wide range of parameters, including strain, temperature, vibra-
tion, and corrosion rate, among others. The data gathered can be thoroughly analyzed
to detect any changes or irregularities that may suggest an issue [38].

SHM has the advantage of providing early warnings of potential issues, thereby
enabling timely maintenance or repair. As a result, the service life of the structure can
be increased, and lifecycle costs can be reduced [54, 55].

7.3 Finite element analysis

Finite Element Analysis (FEA) is a powerful computer-based method used to
predict how a structure will respond to various loads and conditions. FEA involves the
division of the structure into small elements and then solving the governing equations
for each element. The results are then combined to obtain the overall response of the
structure [56, 57].

In the context of reinforced concrete structures, FEA can be used to analyze the
complex interactions between the concrete and the reinforcement. This includes
the nonlinear behavior of the materials, the bond between the concrete and the
reinforcement, the cracking of the concrete, and the yielding of the reinforcement.

By accurately modeling these phenomena, FEA can provide valuable insights into
the behavior and performance of reinforced concrete structures under various load
scenarios, including both service loads and extreme events.

8. Structural loss of integrity and failure of reinforced concrete structures

The main causes of structural integrity and failure in reinforced concrete struc-
tures can be grouped into various categories.

The following is what is believed to be the list of the 10 most important categories:

Material Quality and Workmanship: This relates to the quality of materials
used in the construction and the skill with which those materials are employed. Poor
quality concrete, for example, may have low strength or be prone to shrinkage, which
can result in cracks. Similarly, low-quality or poorly placed reinforcement can lead to
inadequate resistance to the applied forces, leading to premature failure.

Load and Overloading: This includes factors like dead load (weight of the struc-
ture itself), live load (weight of objects and occupants), snow load, wind load, and
earthquake load. Overloading beyond the design load can lead to structural failure.

Design Flaws: If the structure has been designed without properly accounting
for all loads or has been designed without enough redundancy, it can be susceptible

16



Advances in Reinforced Concrete Integrity and Failure
DOI: http://dx.doi.org/10.5772/intechopen.1002247

to failure. This includes neglecting to design for shear forces or bending moments,
misjudging the weight of materials or the potential live loads, or neglecting potential
environmental effects.

Environmental Factors: This includes the impact of weather conditions, tem-
perature changes, moisture (leading to corrosion of reinforcements or freeze—thaw
cycles), chemical attacks (such as from chlorides, sulfates, etc.), and seismic activity.

Fatigue and Wear: This occurs due to repetitive loading over time, which can
weaken the structure. Even if each individual load is within the design limit, the
repetitive nature of the load can lead to fatigue failure.

Corrosion of Reinforcing Steel: This is one of the most common causes of
deterioration in reinforced concrete structures. It can be caused by exposure to ele-
ments like water and oxygen, leading to the formation of rust. Corrosion expands the
volume of the steel, which can cause concrete to crack and spall.

Construction Errors: These are mistakes or inaccuracies made during the con-
struction phase, such as incorrect placement of reinforcement, improper mixing or
pouring of concrete, or inadequate curing, which can lead to premature failure.

Deflection and Deformation: Long-term deformation (creep) and short-term
deformation (immediate deflection) can lead to serviceability issues, such as cracking
or excessive movement.

Foundation Failure: This occurs when the soil beneath the structure is unable to
adequately support the load of the structure, leading to settlement, tilting, or even
collapse of the structure.

Progressive collapse: It also known as disproportionate collapse, refers to the
phenomenon where a localized failure of a primary structural component leads
to the collapse of adjoining members which, in turn, leads to additional collapse.
Hence, the total damage is disproportionate to the original cause. A primary
scenario that can cause progressive collapse in reinforced concrete structures
is the sudden loss of a critical load-bearing element, such as a column or a key
load-bearing wall. This can be due to extreme events such as explosions, fires,
earthquakes, or even design and construction errors. Progressive collapse is par-
ticularly dangerous because it can lead to widespread structural damage and loss
of life, even from relatively minor initial failures. For this reason, modern design
codes often require that buildings be designed to mitigate the risk of progressive
collapse [58, 59].

Each of these cases can be mitigated through proper design, high-quality con-
struction methods, regular maintenance, and the use of appropriate materials.

9. Case studies: reinforced concrete building failures

Understanding the failures of the past is crucial for improving the design and
construction practices of the future. This section presents several detailed case studies
of some notable building failures involving reinforced concrete structures.

9.1 Failure of the U Ambiance plaza collapse, USA, 1987

The L’Ambiance Plaza was a 16-story residential project under construction in
Bridgeport, Connecticut, when it collapsed in April 1987. The collapse resulted in
the death of 28 construction workers, making it one of the worst disasters in modern
U.S. construction history. The construction method employed was lift-slab, wherein
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Figure 6.
The LAmbiance plaza collapse [58].

the concrete slabs are cast on the ground and then lifted and placed on top of the
columns. The subsequent investigation concluded that the collapse was due to the
premature removal of the lifting apparatus before the slabs were adequately secured
[58, 59]. The lessons learned from the L’ Ambiance Plaza collapse led to increased
scrutiny of the lift-slab construction method (Figure 6).

9.2 Failures in Elaz1g earthquake, Turkey, 2020

In January 2020, a magnitude 6.7 earthquake struck the Elazig province in eastern
Turkey, causing significant damage and loss of life. Several reinforced concrete build-
ings in the region collapsed or were severely damaged, revealing deficiencies in their
design and construction (Figure 7). Common issues such as soft-story mechanisms
(where the ground floor is weaker and more flexible than the upper floors), inad-
equate confinement of concrete columns, and poor-quality concrete and reinforce-
ment were discovered in the investigation [60].

The earthquake served as a grim reminder of the importance of proper seismic
design and construction practices, particularly in regions with a high seismic risk. It
also underscored the need for enhancing quality control in construction and enforce-
ment of building codes to ensure the safety of the structures and the occupants
(Figure 7).

9.3 Collapse of Champlain towers south, USA, 2021
In June 2021, a 12-story condominium building in Surfside, Florida, partially
collapsed, leading to a significant number of fatalities. The collapse of the Champlain

Towers South is considered as one of the deadliest building failures in U.S. history
(Figure 8). While the exact cause of the collapse is still under investigation at the time
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Figure7.
Damages to adjacent buildings during the Elazig earthquake [60].

of writing, preliminary reports suggest that there were serious issues with the build-
ing’s foundation and waterproofing, which led to significant corrosion of the rein-
forcement in the concrete slabs and columns [61, 62].

The collapse has prompted a reevaluation of building inspection and maintenance
practices, particularly for older buildings situated in corrosive environments. It has
also emphasized the importance of promptly addressing any identified structural
issues to prevent catastrophic failures.

Figure 8.
Collapse of Champlain towers south [61].
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9.4 Collapse of the CTV building, New Zealand, 2011

The CTV building was a six-story office block situated in Christchurch, New
Zealand. During a 6.3 magnitude earthquake in February 2011, the building collapsed,
causing 115 fatalities. The collapse was primarily attributed to design deficiencies in the
building’s shear walls and the poor layout of vertical structural elements. An eccentric
building like CTV would move more at the corners than the middle in an earthquake,
and this shape eccentricity has contributed to the building collapse [63, 64].

The CTV building collapse underscored the importance of rigorous seismic design
and the potential for disproportionate collapse when key structural elements fail.

It highlighted the necessity for robust building codes and standards that consider
seismic events, ensuring that buildings can withstand such extreme forces (Figure 9).

9.5 Failures in the Kahramanmarags earthquake, Turkey, 2023

April 28, 2023 an earthquake measuring 6.5 on the Richter scale hit the city of
Kahramanmarag in Turkey, and caused extensive damage to several structures, among
which many reinforced concrete buildings.

The immediate post-event assessment estimated that approximately 120 rein-
forced concrete buildings in the city either collapsed or suffered severe structural
damage that made them uninhabitable. Tremors were felt across the city following
the earthquake, leading to more disintegrations and failures of particularly older
structures constructed using reinforced concrete which failed to withstand the
earthquake’s intense shaking (Figure 10).

Investigations into the building failures revealed that several factors contributed to
the failures, including among other factors: inadequate reinforcement detailing, poor
concrete quality, and overall poor construction practices [65].

Figure 9.
Collapse of the CTV building, New Zealand [63, 64].
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Figure 10.
A photo of the building damage from the 2023 Kahramanmaras earthquake, Turkey [65].

9.6 Fire-induced partial collapse at the faculty of architecture building at delft
university of technology, the Netherlands, 2013

The degradation of reinforced concrete structures due to fire poses a substantial
challenge in structural engineering. Under high-temperature conditions, the concrete
experiences both physical and chemical modifications, which impair its mechanical
characteristics and compromise the overall structural stability. The transformation
of the concrete’s inherent moisture into steam results in internal pressures that can
provoke explosive spalling. This process not only unveils the underlying reinforcing
steel but also diminishes the entire cross-section of the structure, thereby further
undermining its load-bearing potential [66].

Moreover, the reinforcing steel within the concrete is prone to losing its strength
and rigidity under high temperatures. This loss hampers the structure’s resilience
against deformation, steering it toward potential failure. As fire hazards continue to
pose a threat to structures, it becomes imperative to understand the dynamics of fire-
induced failure in reinforced concrete. This understanding will pave the way toward
more fire-resistant materials and structural designs.

Although the complete structural collapse of high-rise buildings due to fire
is an uncommon occurrence, large fires leading to localized structural damage
or partial collapses are a more regular phenomenon. For instance, on May 13,
2008, a fire-induced partial collapse was reported at the Faculty of Architecture
Building at Delft University of Technology in the Netherlands. The fire culmi-
nated in the structural collapse of a considerable portion of the building (see
Figure 11) [67].
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Figure 11.
Fire-induced partial collapse of the Faculty of Architecture Building at Delft University of Technology in the
Netherlands [67].

9.7 Progressive collapse of the Ronan point apartment tower collapse in London in
1968

One infamous example of progressive collapse is the Ronan Point apartment tower
collapse in London in 1968. A small gas explosion in one of the apartments on the 18th
floor led to the failure of a load-bearing wall, which triggered a progressive collapse
of the entire corner of the building, resulting in the death of four people and injuries
to 17 others. This incident led to significant changes in building codes in the UK and
worldwide to prevent similar collapses (Figure 12) [69-70].

9.8 Progressive collapse of the Murrah Federal Building in Oklahoma City, USA,
in 1995 due to a terrorist attack

Another example is the partial collapse of the Murrah Federal Building in
Oklahoma City, USA, in 1995 due to a terrorist attack. It serves as a sobering reminder
to structural engineers of the potential consequences of intentional acts of destruc-
tion. This tragic incident highlighted the critical need for structural designs that can
withstand extreme events and mitigate the propagation of localized failures. The
collapse mechanism observed in this case underscored the importance of considering
robust security measures and incorporating progressive collapse resistance strategies
in building designs. As structural engineers, it is our responsibility to continually
improve our understanding of the dynamic behavior of structures under extreme
loading conditions and to develop innovative design solutions that enhance the
resilience and safety of buildings. The lessons learned from this event have since
played a pivotal role in shaping security protocols, risk assessment methodologies,
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Figure 12.
Progressive collapse of the Ronan point apartment tower collapse in London in 1968 [68].

and counterterrorism measures within the field of structural engineering, ensuring
that our structures can better withstand intentional acts of destruction and protect
the lives and well-being of occupants (Figure 13) [71].

The key strategy to mitigate progressive collapse is to provide alternative load
paths in the structure. If one component fails, the load it was carrying is safely

Figure 13.
Progressive collapse of the Murrah Federal Building in Oklahoma City, USA, in 1995 due to a terrorist attack [71].
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transferred to other, redundant elements. This is often achieved by designing the
structure to be ductile, especially at the connections, and by adding reinforcements or
using prestressed concrete to enhance structural integrity.

In summary, the threat of progressive collapse in reinforced concrete structures
is a significant design consideration. It involves understanding potential weak points
in a structure and designing them to either be robust enough to withstand abnormal
loads or flexible enough to redistribute the loads to other elements should failure
occur. Awareness and careful consideration of progressive collapse can result in safer,
more resilient structures.

10. Future directions in reinforced concrete

The realm of reinforced concrete is perpetually in flux, guided by developments
in material science, design methodologies, and novel construction technologies. This
comprehensive section delves into potential future directions in the field, exploring
advanced materials, digital technologies, sustainability efforts, and resilience-based
design strategies.

10.1 Advanced materials

The future of reinforced concrete is intertwined with advancements in mate-
rial science. The next generation of concrete and reinforcement materials promises
superior properties and better structural integrity.

10.1.1 Ultra-high-performance concrete (UHPC)

Characterized by its superior properties compared to traditional concrete, UHPC
offers exceptional strength and durability. Regular concrete usually has a compres-
sive strength of about 3000 psi, but UHPC surpasses this sevenfold, with strengths
exceeding 22,000 psi (150 MPa).

Furthermore, UHPC boasts excellent durability, with high resistance to corrosion,
abrasion, and impact. However, it is important to note that the complex mix design
and associated high cost currently restrict its widespread use.

10.1.2 Shape memory alloys (SMAs)

Shape Memory Alloys (SMAs) present a revolutionary concept for reinforced
concrete. These materials possess the ability to regain their original shape after
deformation—a property known as the shape memory effect (Figure 14) [72, 73].

The integration of SMAs into reinforced concrete structures holds immense prom-
ise for mitigating damage, improving structural integrity, and facilitating self-repair
after calamitous events like earthquakes. This application remains largely experimen-
tal but offers considerable potential for future development [73].

10.2 Digital technology

The integration of digital technologies into the field of reinforced concrete pro-
vides valuable tools for more precise and efficient design and construction processes.
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Figure 14.
Diagram illustrating the shape memory effect in SMAs [71].

10.2.1 Building information modeling (BIM)

Building Information Modeling (BIM) is an innovative method that harnesses
digital technology to create, manage, and manipulate a virtual representation of a
building’s physical and functional characteristics. Within the context of reinforced
concrete structures, BIM provides a platform to collaboratively explore, evaluate, and
optimize design choices, thus ensuring the integrity of the structure.

BIM is more than just a detailed 3D model of the building; it is an intelligent
information repository that includes data about every component of the structure.
For reinforced concrete, this might include data about the concrete mix design, the
size and placement of the reinforcement bars, and the expected load-bearing capacity.
This comprehensive information allows engineers to perform detailed analyses and
make informed decisions about the design and construction process.

Through BIM, architects, engineers, and contractors can collaborate effectively,
visualizing and addressing potential structural, architectural, and construction issues
early in the design phase. This collaborative approach results in better-coordinated
projects, reducing the likelihood of costly errors and rework during construction.

In the maintenance phase, BIM can contribute to the structural integrity of rein-
forced concrete structures by providing a detailed, readily accessible database of the
building’s components. This can inform maintenance activities and provide valuable
data in the event of a required intervention or rehabilitation process. BIM could even
integrate with Structural Health Monitoring (SHM) systems, providing a platform to
visualize, interpret, and act upon the data gathered by these systems [74].

In conclusion, BIM stands as a revolution in the field of reinforced concrete design
and construction [74, 75]. It is not only a tool for creating detailed 3D models but
also a comprehensive database, a collaborative platform, and an advanced analysis
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environment. By reducing errors, enhancing collaboration, and enabling sophis-
ticated analyses, BIM significantly contributes to reinforced concrete structural
integrity.

10.2.2 Artificial intelligence: from expert systems to machine learning

Artificial Intelligence (AI) has significantly evolved in its application to the
field of structural engineering, specifically for reinforced concrete structures. This
progression can be traced from the early use of expert systems, followed by the
adoption of neural networks, and culminating with the latest innovations involving
machine learning. Each phase of this evolution has brought about remarkable changes
and improvements in how we understand, design, analyze, and manage reinforced
concrete structures.

In the early days of Al, expert systems were developed to harness the knowledge
and expertise of human experts in a rule-based system. These systems were used
to guide less experienced engineers in making design and construction decisions
related to reinforced concrete structures. Expert system can be used to provide
recommendations for appropriate concrete mix design or reinforcement layout
based on input parameters such as load requirements, environmental conditions,
and project constraints. Examples of early expert system applications in structural
concrete include: A system for concrete mix design in normal and hot climates an
expert system for the preliminary design of earthquake-resistant buildings [76, 77],
and a knowledge-based approach for the maintenance of reinforced concrete build-
ings in hot climates [78], and an advisory graphical system for crack diagnosis and
assessment (Figure 15) [25].

Figure 15.
Sample of an early Al expert system for the diagnosis of cracks in veinforced concrete [25].
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With the advent of neural networks, Al in the field of reinforced concrete struc-
tures took a leap forward. Neural networks, inspired by the human brain’s workings,
enabled more sophisticated analysis of complex structures and phenomena. Neural
network come up with solutions based on its training [79].

In the most recent phase of Al evolution, machine learning has emerged as a pow-
erful tool for reinforced concrete structures. Machine learning algorithms, unlike
traditional rule-based systems, improve their performance iteratively as they are
exposed to more data. They have found applications in a variety of areas in structural
concrete.

In summary, the use of Al in reinforced concrete structures has grown from
simplistic rule-based expert systems to sophisticated machine learning models
capable of learning from data and improving their performance over time. This evolu-
tion continues to open new possibilities for the design, analysis, and management of
reinforced concrete structures.

10.3 Sustainable construction

Sustainability has become a key driving factor in the construction industry, urging
professionals to devise methods to create structures that minimize environmental
impact while maximizing efficiency and performance. The realm of reinforced
concrete is no exception, as researchers and professionals in the field actively seek
to imbue sustainability into every aspect of the process, from material selection to
production methods and even end-of-life disposal.

10.3.1 Green concrete

At the forefront of sustainable concrete construction is the concept of Green
Concrete. More than a specific type of concrete, Green Concrete encompasses an
approach to concrete construction that prioritizes environmental sustainability.
The development and use of Green Concrete involve careful selection of materials
and optimized production processes aimed at minimizing environmental impact
[80, 81].

Material selection often involves the use of recycled or waste materials as part
of the aggregate or as supplementary cementitious materials (SCMs). SCMs could
include by-products from other industries, such as fly ash from power plants or slag
from metal processing industries. Utilizing these materials not only reduces the need
for raw materials but also prevents these by-products from ending up in landfills.

Reducing cement content is another strategy employed in Green Concrete, as the
production of cement is a significant contributor to global CO2 emissions. Instead,
other binding materials like lime or SCMs may be used. Research and development
are ongoing in the field to find alternative binding materials that can match or even
surpass the performance of traditional cement.

Green Concrete can also involve the use of carbon capture technologies during
cement production. These technologies can significantly reduce the carbon footprint
of cement production, making the entire process more sustainable.

10.3.2 Life-cycle assessment (LCA)

LCA is a method used to evaluate the environmental impacts of a product or
system from its inception to its end of life. This includes the extraction and processing

27



Advances in Structural Integrity and Failuve

of raw materials, the manufacturing process, the use and maintenance of the product,
and its final disposal or recycling [65].

In the context of reinforced concrete structures, an LCA would include the extrac-
tion and processing of raw materials like aggregate and cement, the production and
transport of the concrete, the construction process, the service life of the structure
(including maintenance and potential repairs), and the eventual demolition and
disposal or recycling of the structure.

By employing LCA in the design and construction process, professionals can
identify areas where environmental impact can be reduced. This might involve choos-
ing more sustainable materials, optimizing production and construction processes,
extending the service life of the structure, or planning for efficient demolition and
recycling at the end of the structure’s life [81].

10.3.3 Sustainable use of water in concrete production

Water plays a vital role in the production of concrete, but the construction indus-
try is one of the largest consumers of freshwater resources. Recognizing this, sustain-
able water management in concrete production is becoming a priority [82].

Recycling and reusing water from concrete production, known as wash water,
is a key strategy in this area. Wash water, typically high in pH and containing trace
amounts of cement, can potentially be reused in the concrete production process
itself, thereby reducing the demand for freshwater.

10.3.4 Reducing, veusing, and recycling concrete waste

Construction and demolition waste constitutes a significant portion of total solid
waste produced globally, and concrete waste forms a large part of this. Sustainable
management of concrete waste is thus a crucial aspect of green construction [80].

Concrete structures at the end of their lifecycle need to be effectively man-
aged. One such strategy is the recycling of concrete waste into Recycled Concrete
Aggregates (RCA) [42, 44], which can be used in the production of new concrete.
While there are challenges to overcome regarding the potentially variable properties
of RCA, it offers a valuable route to reducing the demand for virgin aggregate and
reducing landfill waste.

Finally, reducing concrete waste in the first place is paramount. This can be
achieved through accurate calculation and optimization of concrete quantities
required for a job, minimizing over-ordering, and effective management of leftover
concrete. Employing these strategies helps move the reinforced concrete construction
industry toward a more circular economy model, promoting sustainability.

10.4 Resilience-based design

The concept of resilience-based design is a holistic approach gaining signifi-
cant traction in the realm of structural engineering, especially within the field of
reinforced concrete. Resilience-based design goes beyond the traditional focus on
the safety and serviceability of structures, aiming to create systems that not only
withstand but also recover quickly from extreme events like earthquakes, floods, or
hurricanes.

Resilience-based design takes into consideration the broader societal, economic,
and environmental implications of structural failure. This includes the direct and
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indirect costs associated with structural repair and replacement, as well as the eco-
nomic impact of disruptions to services and facilities housed within the structures.
It also takes into account potential environmental impacts associated with structural
damage or failure [81].

One important principle of resilience-based design is the notion of designing
structures to exceed the minimum standards specified by codes. This “code-plus”
approach involves designing structures to perform well under loads exceeding
those prescribed by design codes, essentially preparing structures for worst-case
scenarios.

In addition to this, resilience-based design involves proactive planning for the
entire lifecycle of the structure. This includes careful consideration of the materials
used, the construction methods, operation and maintenance, and even end-of-life
deconstruction or recycling of the structure. By considering the entire lifecycle of the
structure, the resilience-based design approach aims to reduce the overall environ-
mental impact and promote sustainability.

A major aspect of resilience-based design is the integration of Structural Health
Monitoring (SHM) systems. SHM involves the incorporation of advanced sensors
and data analysis algorithms that can monitor the structural performance of the
building over time. This allows for early detection of potential issues, enabling timely
intervention and repair, thus minimizing downtime and disruption in the event of an
extreme event [38].

Furthermore, the use of advanced modeling and simulation tools is a crucial part
of resilience-based design. These tools enable engineers to predict how structures
will respond under various scenarios, allowing for design optimization and proactive
preparation for potential events. This includes seismic modeling for earthquake-prone
regions, hydrodynamic modeling for structures exposed to potential flooding, and
even aerodynamic modeling for buildings exposed to high wind loads.

11. Conclusion

The dynamic nature of reinforced concrete as a material, and its integral role
in the construction industry, is indisputable. This chapter has provided an overview
of the history of reinforced concrete, its fundamental principles, the progress made
in the understanding of its behavior under various loads, and recent advances that
have led to the development of stronger, more durable, and more versatile concrete
structures.

Significant advancements have been made in the types of concrete available,
including High-Performance Concrete, Fiber-Reinforced Concrete, and Self-
Compacting Concrete. These developments allowed for more robust and efficient
designs, reduced maintenance costs, and longer service life. Other recent advances
in reinforced concrete look promising, including advanced materials like ultra-high-
performance concrete and shape memory alloys, and smart concrete.

The chapter also highlighted some notable reinforced concrete building failures.
These case studies serve as reminders of the consequences of inadequate design, poor
construction practices, and failure to adhere to building codes. The lessons learned
from these failures are invaluable in promoting safer construction practices and
informing revisions to building codes.

The future of reinforced concrete is one of exciting possibilities, driven by the
relentless pursuit of knowledge and the ambition to build structures that are not

29



Advances in Structural Integrity and Failuve

only strong and durable, but also contribute positively to our societies and the
environment.

In conclusion, the field of reinforced concrete will continue to evolve, driven by
innovation, research, and the imperative to learn from past failures. As we move for-
ward, it is crucial that we continue to push the boundaries of what is possible, while
always prioritizing safety, reliability, structural integrity, and sustainability.
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Chapter 2

Proposing a Design Model for
Determining Flexural Bearing
Capacity of RC Beams Reinforced

by Steel with Reduced Modulus of
Elasticity

Sanin Dzidic and Aldin Mahmutovic

Abstract

The design of concrete structures and elements in Europe and wider is conducted
according to EN 1992-1-1. Among other design assumptions, the Eurocode 2 assumes the
design value of the modulus of elasticity E; of reinforcing steel to be 200 GPa. However,
what happens in the RC beam if the actual modulus of elasticity is significantly reduced.
Does it affect the flexural bearing capacity of RC beam and to what extent? Another
logical question is how to determine the actual flexural bearing capacity of the RC beam
reinforced with reinforcing steel with a reduced modulus of elasticity and which design
model to use for such determination. This study tries to answer such questions using an
experimental approach and assumed calculation model with a comparison of experimen-
tal and calculation results. The experimental research from this showed that test RC
beams reinforced by steel with reduced modulus of elasticity have significantly reduced
flexural capacity in comparison with the designed flexural capacity of beams reinforced
by steel with “normal” modulus of elasticity. In this regard, it is recommended to test the
mechanical properties of the steel reinforcement prior to the installation at the site and
not to rely on the producer’s factory production control certificate only. Additional issues
considered in this research are observed effects of the reduced modulus of elasticity of
reinforcing bars to Serviceability Limit States (stress limitation, crack width, and deflec-
tion control). Answers to such questions can inform decisions if retrofit is needed, is it
feasible and if yes—which retrofit method to be used. This study does not discuss the
reasons for the reduced modulus of elasticity in reinforcing steel.

Keywords: RC beams, reinforcing steel, modulus of elasticity, flexural bearing
capacity, failure mode

1. Introduction

Reinforced concrete is a material widely used for construction all over the world,
and there is practically no serious structure, building, or facility that has not been built
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in reinforced concrete as a whole or in part. Design of load-bearing structures is
generally based on the strength of materials, where the homogeneity and isotropicity
of the material are assumed. However, concrete is anything but, neither homogeneous
nor isotropic. For this reason, the design of concrete structures is so complex.

Concrete is essentially a composite material, and even when reinforced with steel
reinforcement with the basic task of taking over the tensile forces in the reinforced
concrete element, that compositeness becomes even more pronounced. Each of the
concrete ingredients and materials used contributes to the behavior of materials,
elements, or the entire structure.

In this sense, the quality control of concrete, both in production and on the
construction site itself, in accordance with design assumptions, is well developed both
through regulations and standards, as well as their application in a large part of the
world.

However, the steel reinforcement is purchased locally on the construction mate-
rials market and practitioners are usually satisfied with the manufacturer’s certificates
of the steel reinforcement without any further control of steel reinforcement and is
installed in accordance with the reinforcement plans from the structural design.
However, let us ask a hypothetical question—what happens to the element and the
entire reinforced concrete structure if the steel reinforcement does not correspond to
the assumptions from the standards or design? What serviceability issues can arise in
the case of installation of inappropriate steel reinforcement? Can this cause conse-
quences for the structure, building, or facility, are the deformations in accordance
with the expected, is the load-bearing capacity endangered? Can there be serious
consequences that will affect the load-bearing capacity and serviceability of the struc-
ture? Will it be necessary to retrofit the structure, is it even possible, in what way and
how much will it cost? Can the building collapse and under what conditions lead to
catastrophic consequences? And finally, the question—whose responsibility, is it? On
the other hand, with modern methods of retrofit and strengthening of concrete struc-
tures, it is possible to significantly increase the load-bearing capacity of concrete
structures by using state-of-the-art materials with respect to all technological pro-
cesses for their application [1].

This research represents a contribution to the eventual elaboration of the men-
tioned aspects in the previous paragraph. Essentially, this research deals with the
consequences of reinforced concrete construction if steel reinforcement with a
reduced modulus of elasticity is installed in an element or structure.

In relation to the modulus of elasticity, the current practice is to assume to be
about 200 GPa for all steel grades. However, tensile tests of these steels have consis-
tently shown that the modulus of elasticity varies with grade steel and thickness [2].

There are several methods for determining the modulus of elasticity. The most
known methods are mechanical (static and dynamic), acoustic, ultrasonic, resonant,
optic, etc. [3-6]. Mechanical methods are the most compatible for determining the
elastic modulus of thin materials such as rods, wires, and fibers [3]. “The mechanically
measured Young’s modulus of metals is consistently lower than the physically mea-
sured one, particularly after plastic straining. Furthermore, the nominally elastic
loading and unloading behavior is not linear; it shows significant curvature and hys-
teresis. While many reports of this so-called “modulus effect” have appeared, the
consistency of the behavior among grades of steel, or within a single grade produced
by alternate methods and suppliers, is unknown” [7].

Lems [8] concluded that the mechanically measured Young’s modulus is reduced
by plastic straining. The study from Morestin and Boivin [9] showed that materials
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degraded up to approximately 20% during the first 5% of plastic strain and using

the mechanically measured Young’s modulus value. Further research showed

similar degradation magnitudes, depending on the material: up to 30% for mild steels
[10] and 20% for high-strength steels [10, 11]. Numerous tensile tests of different
grade of steel and thickness revealed that the current practice of assuming the same
modulus of elasticity value of 200 GPa for all grades and thicknesses of steel may be
inaccurate [2].

With the increasing use of a range of high-strength steels and thin steels in the
building and construction industry, a good knowledge of the basic mechanical prop-
erties of these steels, namely, the yield and tensile strengths, the modulus of elasticity
and ductility parameters is needed [2].

The mechanical properties of steel rebars affect the load-bearing capacity of a
particular structure [12]. However, there are no or very limited number of theoretical
or experimental investigations related to how reduced modulus of elasticity affects the
load-bearing capacity of the RC elements. This research is a contribution to this gap.

2. Research methodology

Experimental comparative research methodology was used in this research. It
aimed to determine the effects of the steel reinforcement with reduced modulus of
elasticity to the flexural capacity of the RC beams. The comparison was made to the
design model according to EN 1992-1-1 [13] with steel reinforcement with a specified
modulus of elasticity of 200 GPa.

There are two considered research questions in this study. The first one is does the
reduced modulus of elasticity of steel reinforcement affect the flexural and load-
bearing capacity of RC beams and how? The second question relates to the failure
mode of RC beams reinforced by steel reinforcement with reduced modulus of elas-
ticity.

The findings on these research questions can inform the necessity for further
investigation on effects of altered mechanical properties of the applied materials to the
behavior of load-bearing elements and structures in serviceability and ultimate limit
states, as well as necessity for retrofitting.

3. Small-scale experimental setup

The goal of the experimental analysis in this research is to compare the actual
flexural capacity and behavior of a reinforced concrete beam in the ultimate limit
state, which is reinforced with steel reinforcement with a reduced modulus of elastic-
ity compared to a reinforced concrete beam reinforced with steel reinforcement with a
standard modulus of elasticity according to EN 1992-1-1 [13].

3.1 Test samples

The subject of the experimental test is a series with three RC beam samples. The
dimensions of the beam were chosen so that they could be adapted to the capabilities
and equipment of the laboratory, so it is a small-scale experimental analysis.

The experimental series of beams consists of three reinforced concrete beams with
a width of 10 cm, a height of 20 cm, and a length of 140 cm. They are made of
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Figure 1.
Dimensions and reinforcement of test samples (cm).

concrete C 25/30 and reinforced with +2 @ 8 reinforcing steel fy = 500 MPa
(Figure 1).

It should also be noted that the thickness of the concrete cover on the test beams is
1.0 cm. According to EN 1992-1-1 [13] and EN 1992-1-2 [14], this thickness of the
concrete cover is not adequate for beams, but it was applied in this research in order to
adapt the dimensions of the test beams to the capabilities of the equipment in the
laboratory, and in order to increase the flexural capacity of the test samples.

3.2 Production of formwork for test samples

The formwork for the preparation of the samples was made according to Figure 2.
Timber formwork consists of three elements:

¢ Formwork bottom 2.7 cm thick, dimensions 150 cm x 50 cm;
* Back sides made of planks 2.4 cm thick, 20 cm deep; and

* Protection against buckling and dimensional stability of the sides during casting
of concrete- lath 3 cm x 5 cm.

According to the formwork plan, the formwork was produced and is displayed in
Figure 3.

R T - N 140

ILLL >

Figure 2.
Test samples formwork plan in cm.
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Figure 3.
Test samples formwork.

3.3 Materials for test samples

According to the experiment design, it was envisioned that test samples will be
made from concrete C 25/30. In order to prove the achieved class of concrete, three
cube-shaped test samples of 15 x 15 x 15 cm/cm/cm were taken for compression
strength testing. After 24 hours of concrete casting, the samples were taken out of the
mold and immersed in water for conditioning, where they remained until the com-
pression testing (Table 1).

EN 206 [15], Appendix B, Table B1 requires that each individual f; result must be
greater than or equal to f — 4, thus:

* Test Sample 1 - f; = 31.80 MPa > (30.0 - 4.0) = 26.0 MPa;
* Test Sample 2 - f.; = 29.60 MPa > (30.0 - 4.0) = 26.0 MPa; and
* Test Sample 3 - f3 = 31.70 MPa > (30.0 - 4.0) = 26.0 MPa.

In addition, the mean value of the results (f.,,) must be equal to or greater than
fec + 1, so:

* Mean value f;,, = 31.03 MPa > (30.0 + 1.0) = 31.0 MPa.
Therefore, according to EN 206 [15] and the criterion of identity, the concrete

from which the samples of reinforced concrete beams were made is classified as
concrete class C 25/30.

Designation of test sample Testsample1l Testsample2 Testsample3 Mean value
fcm
Compression strength f,; [N/mm?] 31.80 29.60 31.70 31.03
Table 1.

Compressive strength testing vesults for concrete.
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Reinforcing steel (fy = 500 MPa) was procured locally in the market. As part of
this research, the mechanical characteristics of the applied reinforcing steel were
tested. From the results, it can be seen that the mean yield stress value of the steel is
without large deviations and is 660.33 MPa and is significantly above fy; = 500 MPa.
On the other hand, EN 1992-1-1 [13] in Section 3.2.7 (4) specifies that the calculation
value of the modulus of elasticity of reinforcing steel of E; = 200 GPa can be assumed.
By analyzing the results of the reinforcing steel test, it was established that the mean
value of the modulus of elasticity of the applied reinforcing steel is significantly lower
and amounts to 127.33 GPa, with minimal deviations from the mean value (125 GPa
minimum value and 130 GPa - maximum value), which is significantly lower than the
assumption in EN 1992-1-1 [13].

3.4 Production of test samples

Figures 4 and 5 show the phases of production of RC beam samples. The
remaining two series of beams are used for other studies which are not part of this
research.

Processed timber was used to produce formwork. The production of test beams
was conducted at the local concrete plant by licensed staff. The conditioning of test
beams was conducted for 28 days of age, according to the standard specifications for
such testing.

Figure 4.
Phases of production of test samples.
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Figure 5.
Produced test samples of beams.

3.5 Testing equipment
The following equipment shown in Figure 6 was used during the test:
* Hydraulic gantry press;
* Digital flexogauge with a resolution of 0.001 mm;
* Optical flexogauge with a resolution of 0.01 mm;
* Optical magnifier - magnification 200 times.

The test equipment, including measuring devices, was calibrated prior to testing,
so that the data would be credible.
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Figure 6.
Laboratory equipment.

4. Conducting experiment

The simulation of the loading of the samples by hydraulic gantry press was done on
statical system of a simple beam, with a span of 1.30 m, with concentrated forces in a

third of the span according to Figure 7.

The load on the beam is applied gradually in increments according to Table 2 up to
the sample failure and then the test samples would be unloaded.

l

A 1 ? A
0.43 L 0.44 L 0.43
1 1.30
Figure 7.
Statical system (dimensions in m).
Phase  Hydraulic gantry Hydraulic gantry Maximal shear Maximal bending

press stress [MPa]

press force [kN]

force Vmax [kN] moment Mmax [kNm]

0 0.00 0.00 0.00 0.00
1 1.25 2.97 1.48 0.64
2 2.50 5.94 2.97 1.29
3 3.75 8.90 4.45 193
4 5.00 11.87 5.94 2.57
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Phase  Hydraulic gantry Hydraulic gantry Maximal shear Maximal bending
press stress [MPa] press force [kN] force Vmax [kN] moment Mmax [kNm]
5 6.00 14.25 712 3.09
6 7.00 16.62 8.31 3.60
7 8.00 19.00 9.50 4.12
8 9.00 21.37 10.69 4.63
9 10.00 23.75 11.87 515
10 11.00 26.12 13.06 5.66
11 12.00 28.50 14.25 6.17
12 13.00 30.87 15.44 6.69
13 14.00 33.24 16.62 7.20
14 15.00 35.62 17.81 7.72
15 16.00 37.99 18.90 8.23
16 17.00 40.37 20.18 8.75
17 18.00 42.74 21.37 9.26
18 19.00 45.12 22.56 9.78
19 20.00 47.49 23.75 10.29
Table 2.

Gradual loading plan.

Since the beam has its self-weight, as well as the weight of the apparatus, this
constant load cause specific effects, so they also need to be taken into account. The
statical system with the self-weight of the beam is shown in Figure 8 and apparatus
for load transfer in Figure 9.

Apparatus for load transfer — concentric force G = 0.11 kN.

Self-weight distributed load g:

g=0.10 x 0.20 x 1.4 x 25/1.3 = 0.54 kN/m’ (1)

Maximal shear force of self-weight and apparatus Vg max:

Vg max = 0.54 x 1.3/2 4+ 0.11 = 0.46 kN )

é“
, - -

| 1.30

Figure 8.
Self-weight of the beam (dimensions in m).
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0.43 |

/l 1.30

Figure 9.
Apparatus for load transfer (dimensions in m).

Maximal bending moment of self-weight and apparatus Mg max:
Mg, max = 0.54 x 1.3/8 + 0.11 x 1.3/3 = 0.16 kNm (3)

During the test, and for each load increment of the test beams, the deflection is
measured with an optical deflection meter with a resolution of 0.01 mm (Figure 10).

Figure 10.
Optical deflection meter during testing measuring deflection.
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Figure 11.
Digital flexometer meter during testing measuving the axial deformation at the position of the longitudinal
reinforcement.

During the test, the axial deformation at the position of the main longitudinal
tensile reinforcement is also measured with a digital flexometer with a resolution of
0.001 mm (Figure 11).

Experienced and licensed engineers and laboratory technicians conducted quality
control during the tests.

5. Experimental results

During the tests in the laboratory, three beams were tested, which were marked as
B1, B2, and B3. The test results are presented in the following tables and diagrams.

5.1 Test sample Bl

Test sample B1 proved to be the weakest sample in the series. By increasing the
bending moment over 3.76 kNm, the first visible cracks appear on the supports. Oblique
cracks are also visible, which predominate near the support, which shows that concrete
as a material has exhausted its shear capacity. Further increase of the bending moment
leads to their propagation and expansion. The loss of flexural bearing capacity of the
Test Sample B1 occurs at a bending moment of 5.31 kNm. Namely, then the strain of the
reinforcement is significantly over 2%o (Figure 13), which means that the stress in the
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Diagram of deflections for test sample B1.
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Figure 13.

Strain € [%o]

Diagram of strains for test sample B1.

reinforcement has reached the tensile yield limit, and after that the reinforcement strain
suddenly increases. After unloading, the residual deflection is 3.06 mm (Figures 12 and
13), and the plastic strain of the reinforcement is 0.353%o (Table 3).

5.2 Test sample B2

Test Sample B2 shows more favorable behavior in terms of the appearance of the
first cracks, which occur at a bending moment of 4.28 kNm, when the first cracks A,
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Test sample Bl
Phase Shear force Bending moment Deflection Axial deformation Strain &
[kN] [kNm] [mm] [mm] %o
0 0.46 0.16 0.00 0.000 0.000
1 1.94 0.80 1.00 0.122 0.406
2 3.43 145 132 0.162 0.540
3 491 2.09 2.02 0.205 0.683
4 6.40 2.73 2.66 0.284 0.946
5 8.04 3.25 3.35 0.360 1.200
6 8.77 3.76 4.16 0.438 1.460
7 9.96 4.28 4.88 0.526 1753
8 11.15 4.79 5.82 0.613 2.043
9 12.33 531 7.12 0.875 2,916
Load relief 0.46 0.16 3.06 0.106 0.353
Table 3.

The test vesults for test sample B1.

B, C, and D appear (Figure 14). By increasing the bending moment to 4.69 kNm,
oblique cracks F, G appear and H (Figure 14), which show that the concrete has lost
its shear capacity, and their further propagation creates concrete struts. Flexural
failure of the beam occurs at a bending moment of 5.31 kNm. After unloading, the
residual deflection is 3.35 mm (Figure 15 and Table 4).

Bending moment

[kNm]

531

4.79

4.28

3.76

325

273

2.09

1.45

0.80

Deflection [mm]

0.16 1.00 200 300 4.00 500 600 7.00 8.00 9.00 10.00

Figure 14.
Diagram of deflections for test sample B2.
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Figure 15.
Diagram of strains for test sample B2.
Test sample B2
Phase Shear force Bending moment Deflection Axial deformation Strain &
[kN] [kNm] [mm] [mm] %o

0 0.46 0.16 0.00 0.000 0.000
1 1.94 0.80 0.95 0.123 0.410
2 3.43 1.45 1.35 0.168 0.560
3 4.91 2.09 2.03 0.204 0.680
4 6.40 2.73 2.70 0.288 0.960
5 8.04 3.25 3.20 0.359 1.196
6 8.77 3.76 3.90 0.449 1.496
7 9.96 4.28 4.65 0.521 1.736
8 11.15 4.79 5.49 0.616 2.053
9 12.33 5.31 5.87 0.879 2.930
Load relief 0.46 0.16 3.35 0.140 0.466

Table 4.
The test results for test sample B2.

5.3 Test sample B3

Test Sample B3 showed similar results to beam B2. The results of the experimental
analysis of Test Sample B3 are presented in tabular (Table 5) and graphical form
(Figures 16 and 17). The failure of the Test Sample B3 occurs when a bending
moment of 5.31 kNm is applied. After unloading, the residual deflection is 3.16 mm,
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Test sample B3
Phase Shear force Bending moment Deflection Axial deformation Strain &
[kN] [kNm] [mm] [mm] %o
0 0.46 0.16 0.00 0.000 0.000
1 1.94 0.80 0.32 0.117 0.390
2 3.43 1.45 0.73 0.158 0.526
3 4.91 2.09 114 0.213 0.710
4 6.40 2.73 2.73 0.303 1.010
5 8.04 3.25 3.38 0.363 1.210
6 8.77 3.76 4.10 0.453 1.510
7 9.96 4.28 4.88 0.483 1.610
8 11.15 4.79 5.68 0.613 2.043
9 12.33 5.31 6.41 0.873 2.910
Load relief 0.46 0.16 3.16 0.134 0.446

Table 5.
The test vesults for test sample B3.
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Figure 16.
Diagram of deflections for test sample B3.

and the plastic strain of the reinforcement is 0.446%o. Based on the obtained experi-
mental results, an experimental flexural capacity of all test samples is 5.31 KNm.

5.4 Width of cracks

One of the basic assumptions in the design of reinforced concrete structures in
flexure is that the concrete does not take over the tensile forces and that all tensile
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Figure 17.
Diagram of strains for test sample B3.

stresses are taken over by the steel reinforcement. Cracks occur when actual tensile
stresses exceed the tensile strength of concrete. In general, cracks in the tension zone
of reinforced concrete do not affect the flexural capacity of the structure to a large
extent. On the other hand, when designing reinforced concrete structures to service-
ability limit states (SLS), the width of cracks is also considered, especially in facilities
where width of cracks affects the corrosion of reinforcement, external appearance,
and impermeability to liquids or gases. The limit width of cracks for reinforced
concrete structures ranges from 0.3 to 0.4 mm, depending on the exposure class of the
concrete. In this research, during the experimental analysis, crack propagation was
also observed, considering that it was feasible, although it was not the primary goal of
the research.

The widths of the cracks in the concrete were observed using an optical magnifier
with a magnification of 200 times. The following figure shows the measured crack
widths at a bending moment of 3.76 kNm.

Figure 18 shows that the width of the cracks is up to 0.30 mm at a bending
moment of 3.76 kNm. However, by increasing the bending moment to 4.28 kNm, the
cracks widen from 0.41 to 0.85 mm, which is shown in Figure 19.

6. Determination of flexural capacity of beams with modulus of elasticity
of steel reinforcement E; = 200 GPa

The determination of the flexural capacity of the beams is conducted using a
rectangular stress distribution in the concrete section, according to EN 1992-1-1,
Section 3.1.7 (13) (Figure 20).

The determination of flexural capacity assumes a system in equilibrium. In this
case, the compressive force in the concrete and the tensile force in reinforcement are
equal.

52



Proposing a Design Model for Determining Flexural Bearing Capacity of RC Beams Reinforced...
DOT: http://dx.doi.org/10.5772 /intechopen.1002342

Figure 18.
Measured crack widths at a bending moment of 3.76 kNm (in mm,).

Figure 19.
Measured crack widths at a bending moment of 4.28 kNm (in mm,).
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Figure 20.
Rectangular stress distribution in the concrete section [16].
F.=Fg (4)
Then, the compressive force in concrete is:
Fo=0.-A (5)
where
o, - compression stress in concrete;
A - concrete area in compression.
Compression stress in concrete is:
_ a - ck _ 085 ka 6
o = = (6)
Ye 15
while concrete area in compression is:
A=b-s @
and tensile force is calculated as:
Fg = o - Ay (8)
where:
o, - tensile stress in reinforcement.
A, - cross-sectional area of reinforcing steel.
Tensile stress in reinforcement is:
T T
"k _ Ly (9)
v, 115
while flexural capacity is:
Mgy = F - 2 (10)

In this specific case of the cross section of a reinforced concrete beam with dimen-
sions of width 100 mm and height 200 mm, made of concrete class C 25/30,
reinforced with longitudinal reinforcement in both zones 2 @ 8, of reinforcing steel

fyk = 500 MPa, the calculation of the flexural capacity is as follows:
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Figure 21.
Rectangular stress distribution and dimensions in actual concrete section (dimensions in mm).
Fcc = FSt (11)
0.85-f, T
0.567f 4, b -s = O.87fyk - Ay (13)
Based on that, the height of the compressive concrete block is:
0.87f,,-As  0.87-500-100.48
s = fyk - 73 = 30.83 mm (14)
0.567f 4, - b 0.567 -25-100
The arm of internal forces g is obtained as:
z2=d—05-5s=180—0.5-30.83 = 164.58 mm (15)

Based on the obtained values, the flexural capacity of the cross section is
(Figure 21):

Mg, =Fs -z = 0.87fy,e -A; -2 =0.87-500-100.48 - 164.58 = 7.19 kNm (16)

7. Model for determining the flexural capacity of RC beams reinforced by
steel with reduced modulus of elasticity

Table 6 displays an overview of the experimentally recorded axial deformations of
the test beams with the mean value of strains depending on the phase of loading of test
beams to the failure.

Data on strains are also shown in the diagram in Figure 22, which shows a signif-
icant concurrence of experimental strains for all three samples of reinforced concrete
beams.

Considering the mean strain was 2919%o at the moment of failure of test
beams, and the mean value of the modulus of elasticity of the reinforcing steel with
reduced modulus of elasticity (127.33 GPa), the tensile stress in the reinforcing steel
was:

05 = Eimean) - €mean = 127.33-2.919 - 10> = 371.68 MPa (17)
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Phase Shear force Bending Axial deformation

[kN] moment [kNm]

Test Sample Test Sample  Test Sample

Mean
strain € %o

B1 [mm] B2 [mm] B3 [mm]
0 0.46 0.16 0.000 0.000 0.000 0.000
1 1.94 0.80 0.406 0.410 0.390 0.402
2 3.43 1.45 0.540 0.560 0.526 0.542
3 4.91 2.09 0.683 0.680 0.710 0.691
4 6.40 2.73 0.946 0.960 1.010 0.972
5 8.04 3.25 1.200 1.196 1.210 1.202
6 8.77 3.76 1.460 1.496 1.510 1.489
7 9.96 4.28 1753 1.736 1.610 1.700
8 11.15 4.79 2.043 2.053 2.043 2.047
9 12.33 5.31 2.916 2.930 2.910 2.919
Table 6.
Comparison of experimental test results for axial deformation.
Bending moment Bending moment
[kNm] [kNm]
N &3 _/_ 189
an am 7 i
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g B Testsample B1 - Aﬂ
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Figure 22.

Concurrence on experimental strains for all three samples of test reinforced concrete beams.

Furthermore, this means that the tensile force in the steel reinforcement is:

Fy =0, - A; = 371.68-100.48 - 10 > = 37.346 kN
and based on the equilibrium of forces in the cross section
F.,.=Fg
that is
0.567f , - b -s = 37.346 kN
s0, the depth of the compression stress block of concrete s is

Fy 37.346

= 0567, b 0567-25-100 20"

s
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and the arm of internal forces is equal to:
2=d—-05-5=180—-0.5-26.35=166.82 mm (22)
Based on this, the compression stress in concrete is:

~ Fy  37346-10°
~0.567-b-s  0.567-100 -26.35

— 2500 MPa =f, =25.00 MPa  (23)

O¢

which exhausted the compression capacity of the concrete, so the compression
stress block of the concrete fails by brittle fracture through concrete, and confirmed
by experiment, so there is a complete concurrence of the experimental and calculated
data on the flexural bearing capacity of the section reinforced by steel with reduced
modulus of elasticity.

8. Conclusion

The experimental research showed that test RC beams reinforced by steel with
reduced modulus of elasticity (127,33 GPa) have reduced flexural capacity in compar-
ison with designed flexural capacity of beams reinforced by steel with “normal”
modulus of elasticity (200 GPa) by 26.15% (Table 7).

The experiment showed that reduced modulus of elasticity of steel in reinforced
concrete beams leads to faster increase in the strain of the reinforcement, which
additionally leads to the displacement of the neutral axis toward the extreme com-
pression fiber of the section, reducing the compression stress block of the concrete,
and as a result of the equilibrium of forces in the cross section, consequently leads to
the brittle failure of the concrete, which reduces the flexural capacity of the cross
section in comparison to the designed flexural capacity according to EN 1992-1-1. This
is especially pronounced in the case of reinforced concrete beams with smaller
dimensions of cross section.

The results of this research can be applied if reinforcing steel with a reduced
modulus of elasticity has already been embedded into the reinforced concrete beams,
all with the aim of determining the flexural capacity of the already constructed beam,
as the basis for concluding whether it is necessary to repair or rertrofit the concrete
beam or even the entire structure.

The calculation model proposed in this research can also be used for further
research for beams with larger cross-sectional dimensions and a larger amount and
diameter of embedded steel reinforcement with a reduced modulus of elasticity, as
well as for RC slabs in order to confirm or modify the model.

The reasons for the presence of steel reinforcement on the local markets with a
reduced modulus of elasticity are not discussed here. However, the installation of this

Experimental flexural capacity for test beams Designed flexural capacity for test Percentage
with reduced modulus of elasticity [kNm] beams according to EN 1992-1-1 [%]
[kNm]
5.31 7.19 73.85
Table 7.

Comparison of experimental flexural capacity test vesults for test beams with reduced modulus of elasticity and
designed flexural capacity for test beams according to EN 1992-1-1.
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type of steel reinforcement in concrete elements without prior insight into the
mechanical properties of the steel reinforcement before installation can lead to serious
consequences in the service of the building or facility. In this sense, in areas and
countries with inadequate control of the market for construction materials, it is
necessary to examine the mechanical properties of the steel reinforcement before
installation and make sure that it corresponds to the mechanical properties required
by the design. In this sense, when it comes to steel reinforcement, it is not enough to
check the yield strength of the steel reinforcement only, but also other specified
mechanical properties, especially the modulus of elasticity, which this research has
shown.
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Chapter 3

Fracture Behavior of Structural
Steels under Earthquake Dynamic
Loadings

Alireza Khalifeh, Habib Danesh Manesh
and Abolghasem Dehghan

Abstract

The satisfactory design of the components is highly dependent on the adequate
knowledge of the material behavior and operational conditions. For the structures
under earthquakes, often this information is not available, is incomplete or inaccurate,
and leads to increases the risk of the possible failures. The extensive brittle fracture of
steel structures during the Northridge earthquake (USA, 1994) and Kobe earthquake
(Japan, 1995) highlighted many of these deficiencies. The investigations have shown
that the failures were caused by combination effects of high strain rate, welding
defects, welding residual stress, and seismic loads. In this chapter, the effects of strain
rates on mechanical properties of steel materials have been discussed. Welding defects
act as cracks and cause the structures to fail at loads lower than design stress. Thus, the
issue has been evaluated from the view point of failure mechanics. Welding processes
produced residual stresses in the weldments. These regions have higher stresses triax-
iality and will be prone to brittle fracture. Therefore, the role of residual stresses in the
failure of steel structures is well expressed. The contents given in this chapter can be
of great help in preventing the failure of structures during an earthquake and the
occurrence of human and financial losses.

Keywords: structural steels, dynamic loadings, mechanical properties, fracture
behavior, residual stress

1. Introduction

An earthquake is an unexpected, unpredictable and uncontrollable natural event
that occurs in earthquake zones. High loading rate, load application rate 0.1-1/s,
changes the mechanical behavior of structural steels. This makes the used metal
structures susceptible to brittle fracture and causes many human and financial losses
[1-7].

If a structure can withstand large inelastic deformation change, without instability,
it is said that it has shown ductile behavior. Design engineers believe that by choosing
materials and connections with high flexibility and proper strength, fracture caused
by earthquakes can be prevented. Many buildings have been designed and built based
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on this vision. But extensive brittle fracture during two earthquakes in 1994 in
Northridge, America and 1995 in Kobe, Japan cause doubt on this idea [8, 9]. Many
cases of such unpredictable brittle fracture have been reported in the lower-flange
welds of steel moment resistant frames (WSMFs) as it is seen in Figures 1 and 2

[12, 13]. WSMFs are often constructed using large rolled sections of A36 (beams) and
A572 (columns) steel with flux-core field welds (E70T-4) utilized for transferring the
primary load [14]. This prompted the idea of new research programs to study the
causes of these fractures and to propose needed changes in design and construction
procedures [12, 15, 16].

Comprehensive and extensive field and laboratory studies have been conducted
regarding the causes of fracture of structures during the two events of Northridge and
Kobe earthquakes. The results of the investigations showed that the unexpected and
brittle failures in the steel structures during earthquake dynamic loadings were caused
by factors such as high strain rate, welding defects, improper connection design, low
toughness of the materials used, and seismic loads [6, 16-21]. The residual stress

Fracture

Figure 1.
Example of steel structural failure due to earthquakes [10].

Figure 2.
Photograph of a typical brittle fracture in steel structuves [11].
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caused by welding is another important factor involved in fracture of structural steels
under earthquake type dynamic loadings [22-25]. The extent of residual stresses can
sometimes reach the yield stress of the material [26]. Therefore, the effect of the
presence of residual stresses should also be considered in the fracture studies of steel
structures.

In this chapter, the earthquake type dynamic loading is first introduced. Then, the
effects of high strain rate on mechanical properties of structural steels are expressed.
In next step, the effects of welding defects on fracture behavior of steel structures are
discussed using fracture mechanic criteria’s. Finally, the residual stresses and their
effects are explained in detail.

2. Strain rate effects on mechanical behavior

Many studies have been done to determine the plasticity characteristics
metals at high strain rates. This information is vital in the performance of
structures in earthquake and impact conditions [27, 28]. The strain rate, ¢ is defined
as follows:

. de

5—% (1)

The conventional unit of strain rate is s* [29].

Increasing the strain rate causes the yield point to be observed in steels that do not
have a yield point in the static state. For most materials, increasing the strain rate
causes an increase in flow stress. The amount of increase depends on the type of
material and temperature. For most materials, the effect of strain rate on the flow
stress curve, o, at a constant strain and temperature can be described by a power
expression [27, 29]:

o= Cé" 2)

where ¢ is stress, ¢ is strain rate, and m is called strain rate sensitivity.

Kaufman and Chang have estimated that in the absence of sources of stress con-
centration, the value of the nominal strain rate (¢) for welded joints during an earth-
quake is in the range of 0.01 to 1/s [30, 31]. This amount of strain rate is 1000 to
10,000 times higher than the quasi-static laboratory conditions. Meanwhile, the pres-
ence of stress concentration in front of a crack in the weld of the structure can
increase the strain rate to 0.05 to 1/s on the local volume of the material. This amount
of strain rate increases the flow stress and reduces the fracture toughness of steel
structures and welds and facilitates the conditions of brittle failure (Figure 3) in
welded joints [32].

In general, the yield stress of structural steels increases with increasing the strain
rate and decreasing temperature [27]. The study of the effect of strain rate on the flow
properties of three main types of materials used in structures (A36 beams, A572
columns and E70T-4 welds) was done by Kaufman, Fisher Rolf and Barson (Figure 4)
[21]. Accordingly, the lower strength A36 material exhibits the most strain sensitivity
compares with higher strength steels grades such as A572 steel and E70T-4. The results
shown in Figure 4 are based on measured UJ‘,?’”” by Kaufman and Fisher and the

empirical model (Eq. (3)) provided by Rolf and Barson [11].
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Figure 3.
Typical photograph of a typical brittle fracture in steel structures.
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where o-fé" " is the static yield strength at room temperature (MPa), T (°C) and ¢
refers to the temperature and strain rate of interest, respectively.

According to Figure 4, For A36 steel the yield strength increases by 45% at the
strain rate of 1/s and by 65% at the strain rate of 10/s. For A572 steel, a 40% increase in
yield strength has been observed for a strain rate of 10/s. This sensitivity value for the
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weld metal obtained from E-70 T-4 with higher strength than A36 and A572 reaches
25% at a strain rate of 10 seconds, which is a much lower value [32].

2.1 Mechanism

The increase in yield strength of steels due to the increase of strain rate can be
described using dislocations theories. The equation for the movement dependence of
dislocations on the strain rate is considered as follows [27, 34].

&= pbv (4)

where p is the density of dislocations, 7 is the average velocity of dislocations and b
is the Burgers vector. On the other hand:

vxt™ (5)

where 7 is the shear stress and m is a constant whose value is equal to 35 for iron
[27, 34]. In low carbon steels, the dislocations are locked with carbon and nitrogen in
the structure. The only way for pb? to adapt to the imposed strain rate is to increase 7.
According to Eq. (5), this state requires applying high stress which lead to increasing
the yield stress [27, 34].

Research has shown that the increasing strain rate also affects the fracture tough-
ness of materials [35, 36]. The graph of the effect of strain rate on the fracture
toughness of a steel is given in Figure 5. As it can be seen in the picture, with the
increase in loading rate, the temperature of the transition from ductile to brittle of
steels has shifted to higher values. This means that the brittle failure of the material
under dynamic loads occurs at a higher temperature [35].

700 - Dynamic Kyp

2100 -50 0 50 100
Temperature ('C)

Figure 5.
The effect of loading rate and temperature on fracture toughness of a carbon steel material [35].
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During an earthquake fire may also occur. In a fire, the high thermal conductivity
of steel can spread the heat in the steel structure from a local part to the whole
structure in a short time. The mechanical properties of steel structure members will be
affected by high temperature impressively. This may have caused numerous economic
losses and casualties. Yet, when the fire is extinguished, some fire-affected structural
steels may still be used, and what determines they are reusable or not is whether their
residual mechanical properties meet the engineering requirements. Therefore, it is of
great importance to study the post-fire mechanical properties of structural steels
[37, 38]. An equation is proposed by Johnson-Cook, which well express the simulta-
neous effect of temperature and strain rate on flow stress behavior can be used
[39, 40]:

o =[A +Be"|[1 + Clné*][1 — T*™] (6)

where ¢ is the stress, € is the plastic strain, m is the sensitivity coefficient to the
strain rate, A, B, C are the constants of the material. The values of £* and T*™ are
expressed as follows:

(T —T,y)

@)

where Ty, is the melting point of the material, T is the ambient temperature, ¢ is
the static strain rate and ¢ “is the dynamic strain rate.

3. Effects of welding defects and fracture mechanic

Welding defects are among the important factors of structural failure under
earthquake loads [17, 31, 41, 42]. The most important welding defect of welded
joints is the incomplete penetration defect, which occurs due to insufficient
penetration of the molten welding metal in the root pass. The factors that produce this
defect are improper adjustment of welding parameters, improper connection design,
and the use of back strips [10]. The location of this defect is shown schematically in
Figure 6.

Generally, fracture of ductile steels characterized by the nucleation, growth and
coalescence of microvoids [27, 43]. The welding defects has formed during the

Weld Metal Weld Meta

\‘{cld Metal

crach £~ crach )__1 crack
NF ia - NF > “WF .
_‘1[7\1 ' . i ﬁL/_J

gdp| . Backing Bar gap[ > Fillet weld

(a) (b) (c)

Figure 6.

Schematic of defects in beam-to-column welding connection. (a) Cracks in the beam-to-column connection with
the presence of backing strip, (b) crack in connection without backing bar, (c) connection with backing bar and
corner welding [10].
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construction of steel structures act like a notch. The presence of the notch in a steel
material creates the triaxial state of stress at the site of failure initiation. The triaxiality
strongly affects the ductile fracture of steels. The triaxiality is measured as the ratio of
hydrostatic tension or mean stress o, to von Misses effective stress o, [43]. Rice and
Tracy showed that the rate of change of the mean hole radios R strongly depends upon
the stress triaxiality [44]:

dR 30,
7= 0.28d¢eexp (2@) (8)

Where dR is the change in hole radius for a given increment of plastic strain de.
This means that the radius of voids on the fracture surface of a ductile steel increases
with increasing triaxiality and the fracture surface will be similar to a brittle fracture
mode [44].

In steel structures and in the conditions of dynamic loads of an earthquake, the
simultaneous effect of notch and load application rate is encountered. Mirza et al.
[43]. conducted a series of tensile test on notched milled steel samples at different
strain rates and discussed the dependence of the failure mode on notch and strain rate.
Fractographic examination of the fractured surfaces using scanning electron micros-
copy for 4 and 0.5 mm notch profiles tested at high rates (3 x 10 s™) and quasi static
rates is shown in Figure 7. The 4 mm notch specimen for both strain rate shows a
dimple fracture surfaces representing ductile fracture (Figure 7a and c) whereas for
0.5 mm notch (severe condition)the surface displays flat facet containing large multi-
ple cracks, representing a brittle fracture mode (Figure 4b and d). Summary results
of fractography examination for mild stees are given in Table 1 [43]. Dependance of
the fracture mechanism on the notch radios and strain rate can be clearly seen in the
table. The results of the table show a stronger dependence of the failure mode on the
notch severity compared to the strain rate.

By using the science of fracture mechanics in the design of structures, assuming
the presence of cracks which is inevitable, the conditions can be advanced in such a
way as to prevent the premature brittle failure and occurrence of severe losses caused
by earthquakes [24, 45-47]. In the theory of fracture mechanics, a parameter is
introduced as stress intensity factor, which has the following relationship with
stress, ¢, and defect length a [48, 49]:

K =f(g)ovma ©)

f(g) is a function of the geometry of the part and the crack.

According to this criterion, failure occurs when the value of K; reaches the critical
value of Kjc. The Kj¢ is called fracture toughness of material. It is a material property
in the same sense as that yield strength [50]. As mentioned above, the fracture tough-
ness is also affected by the strain rate where its value decreases at high strain rates
(Figure 5). The value of stress intensity factor can be measured using standard samples.
In France, the NFA 03-180 standard specifies the necessary conditions for performing
the required tests to determine the K¢ value of steel structures [35, 45, 51]. It is worth
mentioning that steel structures are usually made of low carbon and low alloy steels.
Using the critical stress intensity factor for this group of materials causes many errors.
Therefore, this criterion can only be used for them at low temperatures and where the
material is in a brittle state. To solve this problem, modeling and two-dimensional and
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Figure 7.
SEM image of a mild steel, (a) and (b) 4 and 0.5 mm notch specimen tested at 10 ms* (c) and (d) 4 mm and
0.5 mm notch specimen tested at quasi-static state [43].

Notch radius(mm) 2.5x10%s? 3.5 x 10% st 8 x 10%s™ Quasi-static
4 D D D
2 B D D
1 B B D
0.5 B B B

D = ductile fracture; and B = brittle fracture.

Table 1.
Variation of failure mode from ductile to brittle for a mild steel [43].

three-dimensional finite element methods have been used to evaluate the failure of
structural steels and their connections in higher temperatures [24, 32, 47, 52].

In Eq. (9) determining the f(g) function is an important topic in fracture mechan-
ics and has been determined for many parts with different geometries and cracks. In
cases where this function is not known, the stress intensity factor can be determined

68



Fracture Behavior of Structural Steels under Earthquake Dynamic Loadings
DOT: http://dx.doi.org/10.5772 /intechopen.1004017

]

2b

Figure 8.
A plate with a limited width has a central crack.

using numerical methods. Here are some situations that are investigated in the field of
steel structures that are the subject of this research.

The stress intensity factor for a plate with a large width and a central crack of
length 2a (shown in Figure 8) is expressed according to Eq. (10) [49].

K = oy/7a (10)

If the width of the sheet is limited and equal to 2b, the correction factor should be
considered so that the effect of the stress on the edges of the sample in the stress
distribution of the crack tip can be included in the relationship of the stress intensity
factor. In this case, to Eq. (10) will be as follows [49]:

K; = ov/7a b tan = (11)
7a 2b

Connecting beam to column is a very common connection in steel structure build-
ings. Numerous defects in the joint have been the cause of cracking and failure of steel
structures in recent earthquakes [6, 17-19, 53, 54]. Examples of these fractures are
shown in Figures 1 and 2. Due to the complexity, the evaluation of the failure
conditions of the beam-column joint should be done using finite element methods.
Here one of the presented models is introduced. The model is based a type of
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Figure 9.
A schematic of the beam-to-column connection design before the Northridge earthquake [22].

connection design used in structures before the Northridge earthquake [22]. This
design method is shown in Figure 9. Investigations have shown many failures in
the lower flange part of these connections. It was easily determined that the origin
of these cracks was the lack of sufficient penetration of the weld, which occurred
at the root pass with a small radius as shown in Figure 10. The radius of these fine
defects is in the range of micrometers, which can be considered and modeled as a
crack.

In this model, the crack of the bottom flange of the beam to the column is consid-
ered as an edge crack like the one shown in Figure 11a. The stress intensity factors are
defined as the following relations depending on the geometry of the crack and the way

of loading [22]:
I<t = O¢ \/%Yt (12)

Kb = Op \/ﬁYb (13)

where, parameters o, and oy, are reference stresses for tension and bending,
respectively. Y, Yp and Q are stress magnification factors which are defined as the
following relationships:

Y, = 3.776 — 64.493 (?) 46272 (?)2 —7 (‘;’)3 + 6140 (%)4 6583 (%)5 + 2741 (%)6
(14)

Y, = 2.168 — 27.1(‘%) +237.7 (‘;)21003(%’)3 12168 (‘%)4 2290 (‘;’)5 + 944.8(%)6 (15)
an 165
Q=1+1464 (E) (16)
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~ \_crack
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(b)

E;%l;;:r:;ztic of beam and column failure of structures due to earthquake (The ovigin of the defect is lack of
sufficient penetration), (b) Bimaterial interface at the weld—column fusion line [14].

where c is the half crack width. This particular dimension of the crack, which is not
seen in Figure 11a, represents its out-of-plane dimension. It is worth mentioning that
in the case that the external moment M is also applied, the total stress intensity factor
is given as follow [22]:

M D gy, + vy 17)

K=—
21\ Q

In this relation, I is the second moment of area of beam section, D is the depth and
t is the flange thickness. In the meantime, when the back strip is used (Figure 11b),
the conditions become more critical, so Yt and Yb are multiplied by the ;% factor.
Where Y1 can be calculated from the following equation:

®)

-0.33
Y =1.081| < (18)
' ((%)+ (?))

4. Effects of welding residual stress

One of the main problems of metal structures is residual stress and distortion
caused by localized heat during welding [26, 55]. Residual stresses are the stresses that
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auﬁqt P
-

Tbb

(b)

Figure 11.
(a) Schematic of beam-to-column connection under load P and moment M, and (b) showing the same conditions
with the presence of a back strip.

exist in a body when external loads are removed. These stresses are also called internal
stresses in some cases. The risk of brittle fracture in welded structures generally
increases in the presence of residual stresses. Panontin et al. show that residual stress
can increase the local stress triaxiality ahead of the axial crack front in a cylindrical
pressure vessel [56]. The increased triaxiality caused by residual stress can transform a
low-constraint structural configuration into a higher constraint (more sever) leading
to cleavage fracture at a lower load level [56]. Zhang and Dong [57] and Matos and
Dodds [23] found that residual stress alone consume approximately 30% of the avail-
able fracture toughness (about 65 MPa,/m) for connection welds utilizing E70T-4
electrodes [21].

Residual stresses are caused by various factors such as mechanical work and
welding in parts [22, 58, 59]. There are many factors that are effective in the formation
of residual stresses. These parameters include design parameters, material parameters
and manufacturing parameters. Design parameters include how to connect compo-
nents. Material parameters include base metal and weld metallurgical conditions.
Welding parameters include welding method, input heat, preheating, and how to
restrain components during welding [60].

In welding processes two factors are determined. Firstly, the welding residual
stress by cause of temperature changes during welding. Second, in some steel grades,
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Figure 12.
Distribution of residual stvesses in a volled steel T beam with a welded end-plate [63].

the solid-state austenite to martensite transformation in the time of cooling generates
a significant value of the residual stresses [61, 62]. The former case is caused by non-
uniform temperature changes in the body and are often known as thermal stresses. In
fact, during the welding operation, the contraction and expansion of the weld metal
and the base metal near the weld metal due to heating and cooling are restrained by
the base metal away from the weld metal (Figure 12). Its result is the generation of
tensile residual stresses in the weld and compressive residual stresses in the base metal
away from the weld [63].

Residual stresses caused by welding are applied both longitudinally and trans-
versely to the weld and the area affected by the weld. Meanwhile, the dimensions of
the longitudinal residual stresses are wider. Figure 13 shows a schematic representa-
tion of o, stress changes during welding according to temperature in different areas of
a butt joint [63].

The most important negative effects of residual stresses in a welded joint are the
addition of these stresses to the applied loads during service, which are usually not
considered in the design [55, 64]. This multiplies the importance of studying the
dimensions of these stresses in a joint [63].

The effect of residual stresses is modeled by Righiniotis et al. [24]. The model is
based on the fact that the residual stresses are applied uniformly and to the dimen-
sions of half the yield point in the thickness of the flange, where o, is the material’s
yield strength. According to this, the residual stress filed is express as follow [20]:

Ores = 0y (1 — 0.917u — 14.533u”+83.1154° — 215.45u* + 244.16u° — 96.36u°  (19)

Where # = x/t, x and t parameter are present in Figure 11a.

The stress intensity factor (K,;) for this type of crack face loadings is developed
utilizing the weight function method [65]. Based on this, the stress intensity factor for
an arbitrary crack is expressed as follows:
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K = J o(x)h(a, x)dx (20)
0
Where k(a, x) is the weight function and given as:
h(a,x) = E ou” (a,) 1)

(1—u?)K*(a) oa

In Eq. (20), for plan strain state,  is the crack opening displacement, E is the
Young’s modulus and # denotes to Poisson’s ratio. The * parameters K (a) refers to a
known reference loading condition.

Although the reference stress intensity factor is known for many cracks with
different geometries [66], not much information is available about the reference
displacement solution. For such cases, the weight function is expressed as an infinite
series with undetermined coefficients. For example, for an edge cracks the weight
function may be written as [65]:

ha,x) = —[ 4 —&—iCn(l—r)’H'% (22)

where 7 = x /a as shown in Figure 11a. The self-consistency and the
geometry conditions are method to evaluate some of coefficients in Eq. (22) [65].
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The self-consistency cannot be used in this state due to non-symmetric
geometry of Figure 11a. The geometry condition state that using of Eq. (20) to different
loading conditions should result in their respective stress intensity factors.

In the case presented here, two constants C, can be calculated using the solution
for tension, Y;, and bending, Y. By determination of Cy and C; and substitution in
Eq. (22) and using Eqgs. (20) and (21) results in the stress magnification factor for any
other loading o(u) as:

3

Y(v)zﬁa(u){w—i—co(l—%)%—i-cl(l—%)7} du (23)

v v

For many cracks, when faced with loading conditions such as residual stresses that
are distributed in the thickness, it is expressed a nominal function (for example
Eq. (11)) [22]. Here the magnification factor will be given as

n
Y = ZA,-Yi (24)
i=0

Where Y is related to ;. Determination of the stress magnification factor in
this case, Yy, is associated with determination of Y; and weighting their contribution as
prescribed by Eq. (24) [22]. By determining the stress magnification factor, the value of
the stress intensity factor related to the residual stress is stated as follows

Kyes = Gy gYVES (25)

For a fully elastic flange, fracture moment is expressed as:

M = 2( Kic — Ko /gI[D — )Y, + 1Y, M<M, (26)
Ta

Where Kjc is the material’s plane strain fracture toughness and M, is the beam’s
yield moment. The inequality of 26 indicates the upper bond of the Linear Elastic
Fracture Mechanics (LEFM) credit.

A common solution to reduce residual stress is to perform a post weld heat treat-
ment, PWHT, after part fabrication which helps to homogenize the microstructure. It
was found that PWHT can reduce residual stress up to 70% when the treatment is
performed in the 600-700°C range [67].

5. Conclusions

The extensive failures of steel structures during the Northridge and Kobe earth-
quakes showed that the available information regarding the behavior of materials used
in the construction of steel structures and also their design has many deficiencies in
earthquake loading conditions. This is not far-fetched considering the basis of the
information obtained from the classical plasticity theory, which is based on the static
tensile test. Comprehensive field and laboratory investigations were conducted by
manufacturers, consumers, designers and welding inspectors on the remains of
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destroyed structures during these two earthquakes. The investigations have shown
that three important factors in the brittle failure of structures are high strain rate,
welding defects, welding residual stress. In general, the yield stress of structural steels
increases with increasing the strain rate where the lower strength materials exhibits
the most strain sensitivity compares with higher strength steels grades. The increasing
strain rate also decreases the fracture toughness of materials. This means that the
transition of ductile into brittle takes place at higher temperatures. Welding defects
are among the important factors of structural failure under earthquake loads. These
impefections created during the construction of steel structures act like cracks. Cracks
facilitate brittle fracture of steels. In this chapter, this issue is well analyzed from the
viewpoint of fracture mechanics. The welding process also induces a local triaxial
residual stress field in the welding connections. The order of residual stress can be

in order of the yield point of the steels and should be considered in design and
manufacturing of steel structuers (for example, performing stress relief heat
treatments).
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Chapter 4

Seismic Assessment of RC Shear
Wall Structure under Real Seismic

Sequences Using Equivalent
Shell-Wire Model

Omid Karimzade Soureshjani and Ali Massumi

Abstract

Shear walls are commonly used in areas with moderate to high seismic hazards.
They are cost-effective, simple, and significantly reduce the relative displacement.
Accurate non-linear assessments of shear wall structures require highly detailed
models and finite element (FE) analyses. The inclusion of analyses on the cumulative
damage and damage evolution like seismic sequences adds a higher level of complex-
ity to the assessments. Here, an equivalent shell-wire model is used to propose a
simple, accurate technique with less computational cost. The areas under the capacity
curves were modeled using 3D solid and equivalent shell-wall models and revealed
only a 4.48% difference with a 50% difference in computational cost. The hysteresis
curves of the experimental and equivalent shell-wire models showed good agreement.
To examine the cumulative damage, damage evolution, strength and stiffness degra-
dation of the model, a six-story structure was designed and analyzed under seven
mainshocks-aftershocks in both cases of 3D solid and equivalent shell-wire models.
The results showed that increasing the plastic strain or damage increased the differ-
ence between the results of the models, but this was negligible. Besides the accurate
and appropriate results of the equivalent shell-wire model, it required about 39% less
computational cost than the 3D solid model.

Keywords: mainshock-aftershock, shear wall, equivalent shell-wire model,
cumulative damage, nonlinear seismic behavior

1. Introduction

Concrete shear walls are reinforced vertical structural elements that are designed
to resist lateral forces, increase structural stiffness, and prevent high inter-story drift
ratios [1]. Because of the relatively simple construction procedure, high seismic per-
formance, high energy dissipation, and ductile behavior, shear wall systems have
become popular for use in mid- to high-rise structures in cities with moderate-to-high
seismic hazards [2, 3]. This makes accurate seismic behavior by shear-wall structures
of importance.
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Shear walls in structural systems should be able to tolerate either axial or lateral
loads to increase the structural system performance [4]. Study of the seismic behavior
of such structures in past earthquakes has shown that they are susceptible to flaws in
the design procedure. In cases such as in Nicaragua (1972), Mexico (1985), and
Armenia (1988), the lack of an appropriate design caused shear-wall collapse [2, 5].
Shear walls should exhibit ductile behavior under large structural forces without
failing [6]. Design problems, the location of the shear walls, and openings in the plans
as well as construction problems can decrease the efficiency of the shear walls under
seismic loads and should be accurately considered during the design [7].

The behavior of shear wall structures under seismic loading has been investigated
in a variety of studies. However, these generally have focused on single-degree-of-
freedom (SDOF) systems or 2D frames of low height. Generally, 3D structures have
been neglected because of the complexity of analysis, design factors, and the compu-
tational cost (simply, the computational cost is the time required to perform an
analysis) [8, 9, 10].

Experimental studies also have usually been limited to samples having low heights
using simple cyclic tests [11]. This could be because of the complex behavior, size of
the shear-wall elements, and the interactions between the concrete, steel rebars, shear
wall, and main structure in the 3D solid models that increase the modeling complexity
and computational cost. In some previous studies, structures have exhibited different
seismic behaviors under seismic sequences depending on the use of 2D or 3D model-
ing; thus, the 3D models have been preferred [12]. The lack of an appropriate tech-
nique for modeling shear wall structures at less computational cost with accurate
results is evident. This study used an equivalent shell-wire technique to decrease the
computational cost in the 3D modeling of shear-wall structures having high accuracy.

A mainshock is usually accompanied by a group of ground motions. Such after-
shocks can increase structural damage and cause failure and even building collapse
[13, 14]. The causes for these include damage evolution, damage accumulation,
strength, and stiffness degradation under seismic sequences or mainshock-
aftershocks. Many studies have evaluated the effect of the seismic sequences on the
structures; however, because of the high computational cost and analysis complexity,
they usually have been limited to short structures or 2D models.

Studying the seismic behavior of the shear wall structures under seismic sequences
could be a big challenge that required high computational costs. The complexity of the
structural elements and the shear wall, the size of the shear wall elements and their
interactions as well as consideration of the cumulative damage, damage evolution,
strength, and stiffness degradation under seismic sequences increases the complexity
of studying the seismic behavior of shear wall structures. The shell-wire model is a
possible alternative to reducing the computational cost of such analyses. To evaluate
the accuracy of the shell-wire technique over 3D solid models, it was compared with a
full-scale experimental model under cyclic loading. This model also was investigated
by design analysis of a six-story medium-height shear wall structure under real seis-
mic sequences.

An alternative analytical model with appropriate accuracy (equivalent shell-wire
model) is presented to analyze shear-wall structures. This model can consider damage
evolution, cumulative damage and strength and stiffness degradation under arbitrary
dynamic loading at a less computational cost compared to usual analytical models such
as 3D solid models. The approach makes it possible to analyze taller structural models
of greater complexity or with finer mesh to increase accuracy compared to a 3D solid
model. Figure 1 lists the aspects of this chapter.
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2. General equations, laws, explanations, and theoretical basis
2.1 3D shell element

It is possible to model structural elements using 3D solid or shell elements; how-
ever, the selection between 2D or 3D shell elements depends on the relative thickness
of the structure. In other words, the third dimension could be neglected. Although 3D
elements can be suitable for any geometry, for shell elements, the ratio of the thickness
to the other dimensions should not be greater than 1 to 10 or less than 1 to 1000 [15].
For shear walls, the ratio of the thickness to height and width is the same for shell
elements; thus, it is possible to consider the shear walls as shells or 3D solid elements.

The selected shell element was a 3D shell with a mesh element type of 4-node
doubly curved general-purpose shell, reduced integration with hourglass control, and
finite membrane strains (S4R) [16, 17]. This is a robust quadrilateral element for
general-purpose applications and is suitable for thick and thin walls depending on the
thickness of the elements. Each node has three degrees of freedom, as for 3D solid
elements (Figure 2). It should be noted that because of the equality of the degree of
freedom, it is easy to combine and tie a 3D shell (shear wall) and 3D solid elements
(beams and columns). Thus, the 3D shell was selected.
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Figure 2.

The S4R element and integration points.

2.2 Wire element

Concrete shear walls contain concrete and rebars. In order to reduce the compu-
tational cost, the steel rebars were modeled as 3D wire elements. Ideally, wire
elements are used when both their thicknesses and depths are considered to be small
compared to their lengths. A 2-node linear 3D truss mesh element (T3D2) was
considered for the wires that only support axial loading along the element [18]. It has
been assumed that the steel rebars do not support the moments or forces perpendic-
ular to the centerline.

It should be noted that because of the degree of freedom equality (shell shear wall,
3D solid columns, and beams), the 3D wire element was selected.

2.3 Shell-wire model

As the goal was the analysis of shear walls at less computational cost, the alterna-
tive model should be able to consider the cumulative damage, damage evolution,
strength, and stiffness degradation under arbitrary loads. These results must be in
good agreement with the complex 3D solid and experimental models. The equivalent
shell-wire model considers shear walls as a combination of a shell (concrete) and wires
(rebars) and uses equivalent concrete and rebars to provide accurate results and
decrease the computational cost. Figure 3a and b show a simple 3D solid model and an
equivalent shell-wire model, respectively.

2.4 Finite element analysis

The type of time integration method and material modeling have an intensive
effect on the accuracy of the analysis [19]. For an accurate dynamic analysis, the
time integration method should be chosen in accordance with the numerical dissi-
pation, dispersion, wave propagation, excitation frequency content, convergence,
desirable behavior and accuracy of the model, and computational cost [16]. Con-
sidering the frequency content of the excitation (earthquake acceleration in this
case), desirable accuracy, and structural models the implicit dynamic time inte-
gration with the application of moderate dissipation was chosen for this study.
This analysis covers more general dynamic events with appropriate accuracy
[16, 18].

ABAQUS software was used to perform dynamic implicit analysis. Nonlinear
implicit time-history analysis has been employed based on the unconditionally stable
Hilber Hughes Taylor (HHT) method, with appropriate time increments and a full
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Shear wall section: (a) 3D solid model; (b) equivalent shell-wive model scheme.

Newton-Raphson solution [18, 20, 21]. The size of time increments is fully automatic
and is calculated based on an algorithm, rate of plasticity, and convergence [18]. The
HHT method is a second-order accurate and unconditionally stable method that
showed appropriate accuracy and convergence in general dynamic problems [22]. The
numerical implementation of the time integration method is explained in Egs. (1)—(8)
[18, 23, 24].

The concrete damage plasticity model was used to define and model the concrete
behavior. This model is based on the assumption of isotropic damage and is an
analytical model used for the analysis of materials with concrete-like properties
subjected to arbitrary loads [18]. Also, this model has a good ability to consider the
interaction between rebars and concrete like the current study.

It should be noted that the ability to accurately consider the damage and damage
evolution is one of the characteristics of the material model (Section 2.5).

The answer for every chosen time step and at any desired degree of freedom can be
obtained as:

. A2 ..
AU|z = PAU| o + (1 — 2)AtU| 4+ 7°(1 — 1) Tt Ult (1)
. Y T\ .. Y .
. 1 1 .. 1\ .
AUlt+ At =U |t+ At — U] (4)
1
ﬂzz(l—a)z ©)
Y:%—a (6)
1
0<r<1 (8)

where U is acceleration in an implicit dynamic step, U is the velocity, and U is the
displacement for a degree of freedom.
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2.5 Cumulative damage (damage evolution)

A comprehensive model should consider the damage, cumulative damage, damage
evolution, strength, and stiffness degradation for the concrete and steel rebars.
Herein, the damage and damage evolution was characterized by the degradation in
strength and stiffness of the materials. The initial damage criteria of the material
(concrete or steel rebars) depended on the specific strength. For ductile material (steel
rebars), when the stress reached its limits, the evolution of the damage variable took
an exponential form according to the fraction strain, strain rate, and displacement at
failure [18, 25-27]. Experimental studies have shown that brittle material (concrete)
under either compression or tension, the initial damage, damage evolution, or cumu-
lative damage could be linked to the model provided by Lubliner et al. [28]. Thus, it
was assumed that the compressive stiffness recovered entirely when the load changed
from tension to compression. Under tensile loading, however, the stiffness did not
recover because of the existence of small cracks [25, 26, 29, 30].

3. Experimental test

To investigate the accuracy of the shell-wire equivalent model, the capacity curve
and cyclic behavior of a shear wall modeled using an equivalent shell-wire model were
compared to the results of complex 3D solid and experimental models. The computa-
tional costs of the models also were compared. The accuracy of the 3D solid model has
been previously investigated and the results have shown good agreement between the
complex 3D solid and experimental models [25].

3.1 Capacity curve

The experimental shear wall used was the RW1 model as tested by Thomson and
Wallace [11], the details of which are shown in Figure 4a. According to previous
studies, there is a good agreement between the experimental test and the 3D solid
model [25]. The capacity curves of the 3D solid model and the equivalent shell-wire
were obtained using monotonic load and nonlinear FE analysis (Atarget = 6.5 cm).
Figure 4b shows the equivalent shell-wire model of the RW1 shear wall.

Figure 5 compares the accuracy of the equivalent shell-wire model by comparing
the area under the displacement-base shear force curves (capacity curves), which are

#3 < > #3/16@0.75m Total height=3.658
o T ] L]
o 3 1T
(] @ =] [ ]
- [ 1.22m
#3@0.2m = >3 f'e =276 MPa, f, = 420 MPa
(a)
equivalent shell ¢ »equivalent wire (area = 2x#3) @ 0.2m
. . s e 3 = 3 = ]
equivalent wire «
(area = 2x#3/16) 1.22m
» equivalent wire (area = 2x#3)
(b)

Figure 4.
RW1 model: (a) 3D solid and experimental models [25]; (b) equivalent shell-wire model scheme.
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Figure 5.
Capacity curve comparison. 3D solid model. Equivalent shell-wire model.

equal to the absorbed energy. The models (equivalent shell-wire and 3D solid models)
differed by only 4.48%, which indicates good agreement between them. The equiva-
lent shell-wire model required about 50% less time to complete this task, which
suggests that the computational cost also decreased by 50% when using the equivalent
shell-wire model compared to the 3D solid model. It should be noted that the size of
the mesh elements was the same for both models.

3.2 Cyclic behavior

The cyclic behavior of the equivalent shell-wire model was assessed to obtain a
hysteresis loop using a displacement protocol. Hysteresis curves provide valuable
information about the nonlinear behavior of the models under cyclic loading, includ-
ing the strength and stiffness degradation [31-33]. Comparison of the hysteresis
curves of the equivalent shell-wire model with the 3D solid and experimental models
showed good agreement on both the compressive and tensile sides (Figure 6). This
indicates that the equivalent shell-wire is an appropriate model that considers the
strength and stiffness degradation under arbitrary loading.

4. Shear wall design

The accuracy of the equivalent shell-wire model, including damage evolution,
cumulative damage, strength and stiffness degradation, and computational cost were
investigated under seismic loading. To this end, a shear wall structure was designed
and analyzed under mainshock-aftershock seismic sequences. The building was a
six-story reinforced structure with a height of 18 m that was intended for residential
use in an area with a high seismic hazard level. The shear walls were designed in
accordance with the simple tension and compression boundary element method
(Simple T & C) [25, 34-36].

The pier of the wall was designed for a factored axial force (Pr_,,) and moment
(M _top) based on the loading combinations. The applied moment and axial force can

be converted to the tantamount force applied to the bottom of the boundary elements
Egs. (9)-(10) as:
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Base shear (kips)

Displacement (in.)

= 3D solid model [25] Equivalent shell-wire model

Experimental model [11]

Figure 6.
Hysteresis curve comparison. 3D solid model [25]. Equivalent shell-wire model. Experimental model [11].
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where L, is the wall length and By_;,; and By, are the width of the left and right

boundary members, respectively.
Under tensile or compression, the area required for rebars can be calculated using

Egs. (11) and (12), respectively, as:
P
o,

Abs(P
Poen ~ O As
Ap=—F———F— (12)
(bsf y ¢cf c

where P is either Pl 1op OF Pright—10p> Ast is the area required for the steel reinforce-
ments in the concrete design, ¢ is the steel resistance factor, f is the steel yield
strength, P yaxfuctor is defined by the shear wall design preferences (default is 0.80), ¢,
is the concrete resistance factor for compression, f is the concrete compressive
strength, A, is the gross area and is equal to the total area (ignoring reinforcements),
and A, is the area required for steel reinforcements in the concrete design.

It should be noted that for negative values of A, no compressive reinforcement is
required; however, for all cases, the reinforcing ratio should be less than the maxi-
mum allowable ratio. Table 1 presents the details of the shear walls, boundary mem-
bers, and equivalent shell-wire model scheme of the six-story structure.

Ag = (11)
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Story Columns Shear wall and boundary Equivalent shell-wire shear wall model
No. (boundary  member
members)
1&2 C5050-16#6 25 em - 127 em P equivalent shell
K s = ey e e e e e e« e o 2
2R B = ' m. P equivalent wire (area = 2x $12) @37
shear reinforcement: $12@18cm > shear reinforcement: (area = 2= $12) @1&
3&4 C5050-16#6 20 om - 10832 om T P equivalent shell
ol . - ‘!' P equivalent wire (area = 2x $10) @32
shear reinforcement: $12@23cm P shear reinforcement: (arca = 2% $12) @23cm
5& 6 C5050-16#4 Wem-H10@2em - equivalent shell
X | p- equivalent wire (area = 2x §$10) @32
1wgia
- . ¥ shear reinforcement: (area = 2x $12) @32cm
shear reinforcement: $12@32cm
Table 1.

Details of shear walls, boundary members, and equivalent shell-wire model scheme.

5. Seismic sequence selection

The seismic behavior of the shear wall structure in Section 4 was tested under
seven real mainshock-aftershock seismic sequences. It is known that near-field and
far-field ground motions have different effect on the seismic behavior of a structure
[37]; thus, near-field mainshock-aftershock records were selected from the PEER
database [38]. The seismic declustering method (independent-dependent) was used

No. Event Station Date Magnitude  PGA
(Mw) (g)

1 Friuli-Italy (Mainshock) Tolmezzo 1976/05/06 6.5 0.35
Friuli-Italy (Aftershock) 1976/05/07 5.2 0.11

2 Cape Mendocino (Mainshock) Petrolia 1992/04/25 71 0.66
Cape Mendocino (Aftershock) 1992/04/26 6.6 0.49

3 Mammoth Lakes (Mainshock) Convict Creek 1980/05/25 6.6 0.42
Mammoth Lakes (Aftershock) 1980/05/25 57 0.37

4 Imperial Valley (Mainshock) El Centro Array #4  1979/10/15 6.5 0.32
Imperial Valley (Aftershock) 1979/10/15 5.0 0.23

5 Northridge (Mainshock) Newhall-Fire 1994/01/17 6.6 0.58
Northridge (Aftershock) Station 1994/01/18 52 0.20

6 Northridge (Mainshock) Rinaldi Receiving 1994/01/17 6.6 0.86
Northridge (Aftershock) Station 1994/01/17 52 0.52

7 Whittier Narrows (Mainshock) LA-Obregon Park 1987/10/01 59 0.42
Whittier Narrows (Aftershock) 1987/10/01 5.2 0.34

Table 2.
Specifications of mainshock-aftershock records [25].
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to choose the seismic sequences. In this method, the sequences were empirically
determined using the data sequences from previous earthquakes and by measurement
of the space-time history [39]. The magnitude of the mainshock should be greater
than that of the aftershock and there are no limitations for peak ground acceleration
(PGA) but the ratio of aftershock PGA to mainshock PGA of the sequences was
considered to be less than 1 for this study [25, 26].

The shear wave velocity of the ground motion records agreed with the seismic
design assumptions (375 < V, (m/s) < 750). The specifications of the mainshock-
aftershock records are listed in Table 2.

Note that an appropriate zero acceleration interval was considered between the
mainshock and aftershock to prevent the undesirable vibrations [40].

6. Analytical results
6.1 Inter-story drift ratio

The inter-story drift ratio is a fundamental structural parameter that can be used for
the study of seismic behavior of structural [41]. It presents valuable data that can be used
for structural judgment and analysis. The use of seismic sequences made it possible to
compare the inter-story drift ratio of the mainshock and mainshock-aftershock for both
the 3D solid and equivalent shell-wire models of the six-story structure. The behavior of
the 3D solid model under seismic sequences was previously investigated [25].

The use of seismic sequences made the cumulative damage easily recognizable
during this process. Figure 7 shows the drift ratio for both the 3D solid and equivalent
shell-wire models for both the mainshock and mainshock-aftershock. This section
examined the accuracy of the equivalent shell-wire model under the uncertainty of
cyclic loading (seven real mainshock-aftershock) while considering the cumulative
damage, damage evolution, strength, and stiffness degradation.

As expected, the seismic sequences caused plastic strain as well as an increase in
the drift ratio (cumulative damage), chiefly in story one [25, 26, 42]. Story one
experienced the highest drift ratio and plastic strain and showed the greatest differ-
ence between the 3D solid model and equivalent shell-wire model results. On average,
there was a difference of about 2% and 3% in the inter-story drift ratio between the 3D
solid model and equivalent shell-wire models under the mainshock and mainshock-
aftershock, respectively.

Note that the size of the mesh elements was the same for both models.

6.2 Changes in inter-story drift ratio (range of inter-story drift ratio)

The previous section (Section 6.1) showed that there is a good agreement between
the inter-story drift ratios of the 3D solid model and the equivalent shell-wire model
(under a 3% difference). It can be seen from Figure 7 that higher plastic strain (high
inter-story drift ratio) increases the difference between the 3D solid model and the
equivalent shell-wire model. Also, seismic sequences caused plastic strain growth
(inter-story drift ratio growth) in some stories. So, it is possible to define the range of
inter-story drift ratio that shows changes in drift ratio under mainshock (lower range)
and mainshock-aftershock (higher range). This parameter would be valuable to
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Figure 7.
Comparison of inter-story drift ratio: (a) Friuli; (b) Cape Mendocino; (c) Mammoth Lakes; (d) Imperial Valley;

(e) Northridge (Newhall-Fire Station); (f) Northridge (Rinaldi Receiving Station); (g) Whittier narrows.
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examine the accuracy of the proposed equivalent shell-wire model under high plastic
strain. In other words, the equivalent shell-wire model can consider accurately cumu-
lative damage, strength, and stiffness degradation if there is a good agreement
between the range of inter-story drift ratio (drift ratio of mainshock and mainshock-
aftershock) of the 3D solid model and the equivalent shell-wire model.

Figure 7 shows that the calculated inter-story drift ratios for both the mainshock
and mainshock-aftershock obtained from the 3D solid and equivalent shell-wire
models were almost similar. The inter-story drift ratios changed (range of the inter-
story drift ratio) under the mainshocks and mainshocks-aftershocks for the models, as
can be seen in Figure 8. Story one recorded the highest inter-story drift ratio, plastic
strain, and damage under the mainshocks and mainshocks-aftershocks; thus, this
story was selected for Figure 8.

Figure 8 shows that, as the plastic strain and inter-story drift ratio increased, the
difference between the results of models increased. For example, the ranges of the
drift ratios for the Friuli mainshock and mainshock-aftershock for both models were
similar (roughly 1% difference). However, for the Cape Mendocino mainshock-
aftershock, there was about a 3.14% difference. Table 3 lists the differences in the
mainshock-aftershock inter-story drift ratios of story one. As seen, there was a less
than 4% difference between the 3D solid and the equivalent shell-wire model in all

) ~_Whittier Narrows— : =
Northridge (Rinaldi Receiving Statlon}- : :

Northridge (Newhall-Fire Station)— foa equivalent shell-

Imperial Valley— i | = . : ire model
Mammoth Lakes— B ! : WaLe InogE
Cape Mendocino— i ] i =
Friuli— H | : : : :
Whittier Narrows= L= !
Northridge (Rinaldi Receiving Station)= : : g ——
Northridge (Newhall-Fire Station)— ; : F :
Imperial Valley— : I == H : — 3D solid model
Mammoth Lakes— I = | : H :
Cape Mendocino— i i i ==
Friuli- 1 ] : H
T T T T T
1.0 12 14 16 18 20 22
Mainshock and mainshock-aftershock inter-story drift ratio range (%)

Ground motion

Figure 8.
Range of story one inter-story drift ratios for mainshock and mainshock-aftershock.

1 2 3 4
Mainshock-aftershock 3D solid Equivalent shell-wire Difference bet. 3
model (%) model (%) and 2 (%)
Friuli 1.21 1.23 1.47
Cape Mendocino 1.85 191 3.14
Mammoth Lakes 1.42 1.46 2.43
Imperial Valley 1.60 1.64 2.44
Northridge (Newhall-Fire Station) 1.66 1.71 2.53
Northridge (Rinaldi Receiving Station) 1.90 197 3.66
Whittier Narrows 1.40 1.42 1.40
Table 3.

Inter-story drift ratio comparison of the story one.
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cases, which is not remarkable (2.44% on average). Thus, the equivalent shell-wire
model provided the appropriate results.

6.3 Computational cost

The computational cost could be defended as “the amount of time required to
complete certain operation” [43]. In FE analysis, the computational cost is the execu-
tion time per increment or the total time required to analyze a job (sum of execution
time for all increments). This study tried to compare the computational cost of the 3D
solid model and the equivalent shell-wire model under certain operations (under
mainshock-aftershocks). Thus, the total time required to analyze the 3D solid model
and equivalent shell-wire model under each seismic sequence was considered as the
computational cost in the current study. For each seismic sequence, the computational
costs of the 3D solid model and equivalent shell-wire model were compared.

As stated, because of the complexity of 3D solid models and their high computa-
tional cost, studies have generally focused on SDOF systems or 2D frames having low
heights. Similar 3D structures have been neglected. It is also known that structures can
show different seismic behaviors under seismic sequences depending on the 2D or 3D
modeling and that 3D models are preferred [12]. Sections 3, 6.1, and 6.2 demonstrated
that the equivalent shell-wire model was able to provide analytical results that were
similar to those of 3D solid complex models that had high computational costs.
Equivalent shell-wire and 3D solid models also showed similar results for cumulative
damage, damage evolution, strength, and stiffness degradation. This makes it neces-
sary to determine the relative computational costs of the equivalent shell-wire and 3D
solid models.

Table 4 lists and compares the time required for analysis using the equivalent
shell-wire and 3D solid models. As it is known that the computational cost is
equivalent to the time required for analysis, on average, the equivalent shell-wire
model had a 39% lower computational cost than the 3D solid model, which is
remarkable. As the inter-story drift ratio or plastic strain increased, the computa-
tional cost efficiency of the equivalent shell-wire model over 3D solid model
increased. It can be said that, considering the accuracy and computational cost, the
equivalent shell-wire model performed better at a less computational cost. This
approach also can be used to study complex and taller structures and even use finer
mesh elements to increase accuracy.

Mainshock-aftershock Comparison of time required for analyses (%)
Friuli —38%
Cape Mendocino —40%
Mammoth Lakes —39%
Imperial Valley —39%
Northridge (Newhall-Fire Station) —39%
Northridge (Rinaldi Receiving Station) —40%
Whittier Narrows —39%
Table 4.

Computational cost comparison.
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7. Conclusions

The realistic seismic behavior of structures, chiefly shear wall structures, under

seismic sequences is of major concern in seismic engineering. In general, 3D solid
structural models show more accurate results than 2D models; however, because of
cumulative damage, damage evolution, and strength and stiffness degradation, analysis
of 3D solid models under seismic sequences accrue higher computational costs, which
means that previous studies have generally only investigated 2D models or low-height
3D solid models. The use of an equivalent shell-wire model is an appropriate technique
for generating accurate results while decreasing the computational cost for shear wall
structures. The results of this study could be summarized as follows:

94

» Comparison of the area under the capacity curve of a shear wall modeled using
the 3D solid model and equivalent shell-wire model, which is equal to absorbed
energy, showed that there was only a slight difference between the curves. The
displacement-based shear curves showed less than a 5% difference; however,
compared with the 3D solid model, the equivalent shear-wire model required
only about 50% of the computational cost.

* The cyclic behavior of the RW1 shear wall modeled using the equivalent shell-
wire model was compared with the results of an experimental study. The
generated hysteresis curves showed good agreement between the equivalent
shell-wire model and the experimental model, including for cyclic strength and
stiffness degradation.

* In order to assess the accuracy of the equivalent shell-wire model, including the
cumulative damage, damage evolution, strength, and stiffness degradation, a six-
story shear wall structure was designed and modeled using the 3D solid model
and equivalent shell-wire model in Abaqus. As expected, the seismic sequences
increased the drift ratio and damage in the intended structure. Comparison of the
inter-story drift ratios under the mainshock and mainshock-aftershock showed
good agreement between the 3D solid model and equivalent shell-wire models.
For example, in story one, on average, there was about a 1.5% and 2.5%
difference in the inter-story drift ratio between the 3D solid and equivalent shell-
wire model under mainshock and mainshock-aftershock, respectively.

* Assessment of the inter-story drift ratio showed that an increase in the plastic

strain or damage increased the difference between the results from the 3D solid
and equivalent shell-wire wire models. For example, under the Friuli seismic
sequence, there was about a 1% difference in the inter-story drift ratio between
the model for story one. This difference was 3.14% under the Cape Mendocino
seismic sequences, which could be because of the higher drift ratio (plastic
strain) experienced by story one under the Cape Mendocino mainshock-
aftershock (1.91%) compared to the Friuli mainshock-aftershock (1.23%).

Comparison of the story one inter-story drift ratio for the 3D solid and equivalent
shell-wire models showed less than a 4% difference between models for all
sequences used (almost 2.5% on average). This indicates that the equivalent shell-
wire model provided accurate results and could appropriately consider the
cumulative damage, damage evolution, strength, and stiffness degradation.



Seismic Assessment of RC Shear Wall Structure under Real Seismic Sequences Using...
DOI: http://dx.doi.org/10.5772/intechopen.108761

* Along with the accurate and appropriate results of the equivalent shell-wire
model, on average, this model required 39% less computational cost than the 3D
solid model. This suggests that it is possible to analyze structural models of
greater height, more complexity, or with finer mesh to increase accuracy at the
same computational cost and accuracy of a 3D solid model.
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Design Method and Construction
Technology in Tunnel Engineering
under Complex Geological
Conditions

Siming Tian, Yang Xue, Zhenyan Tian, Shaoshuai Shi,
Weidong Guo, Wei Wang and Ruijie Zhao

Abstract

Over the past 40 years of reform and opening up, China’s railway tunnel
construction industry has made great progress. The completed railway tunnels
account for nearly 90% of the total length of China’s railway tunnels. At present,
China’s tunnel construction technology is relatively advanced, but with the develop-
ment of tunnel engineering in the southwest, railway tunnel construction is facing a
series of major and complex geological problems. This chapter mainly introduces the
tunnel design theory and method, support structure system, construction technology,
and equipment under complex geological conditions. In addition to the technical
problems and challenges faced by the current railway tunnel engineering, this chapter
puts forward the development of active support collaborative control concept and
technology, digital survey and design, intelligent construction, and intelligent
operation and maintenance, so as to provide a useful reference for promoting the
development of tunnel engineering.

Keywords: tunnel engineering, complex geology, design method, construction
technology, supporting structure

1. Introduction

In the twenty-first century, China’s railway tunnel engineering has developed
rapidly. Especially with the construction of high-speed railways and intercity railways
and the implementation of the national “western development” strategy, railway
tunnels show that the requirements due to high construction standards and complex
geology, and complex special tunnels are gradually increasing, The scale of urban
tunnels in complex environment and underwater tunnels crossing rivers and seas has
increased rapidly. The completion and opening of these tunnel projects have made
outstanding contributions to traffic and economic development. At the same time,
there has been an accumulation of a large number of scientific and technological
achievements and practical experience in railway tunnel engineering.
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After 40 years of development, China’s railway tunnel has made great progress in
basic theory, design method, construction technology, and equipment development. It
has made major achievements and breakthroughs in high-speed railway tunnel, large-
section loess tunnel, underwater tunnel, and TBM tunnel in complex and dangerous
mountainous areas. It has significantly improved the technical level of railway tunnel
construction and demonstrated the international influence of China’s railway tunnel
construction [1]. However, with the advancement of national major railway construc-
tion and the construction of underwater tunnels across rivers and sea, China’s railway
tunnels are also facing technical challenges in structural durability, the construction of
large buried deep and ultra-long railway tunnels in high sea uplift seismic areas, large-
diameter shield high water pressure long-distance construction, and safe operation of
tunnel engineering. Therefore, combined with the current needs of tunnel engineering
construction, this chapter summarizes and analyzes the tunnel engineering design
methods and construction technology under complex geological conditions, and puts
forward the direction of development and prospect according to the technical problems
and challenges faced by the current railway tunnel engineering.

2. Theory and method of railway tunnel design

Since the 1980s, China has always adopted the standard design and analogy design
methods based on experience. In recent years, China’s railway design has incorporated
the concepts of “New Austrian Tunneling Method [2],” “Norwegian method [3],” and
“New Italian method [4].” At the same time, a semi-quantitative approach to railway
tunnel design has been developed, which incorporates information about the complex
and diverse terrains, and the geological and climatic conditions affecting China’s
railway tunnels. Structural design has changed from allowable stress method to prob-
ability reliability method based on limit state, and numerical simulation methods
based on finite element and finite difference have also begun to be applied to struc-
tural design. Tunnel design quality has been greatly improved, and tunnel design ideas
have also undergone major changes. There is a shift in design from one that relies
solely on the lining bearing to those that rely on the surrounding rock. Many studies
have been carried out in the aspects of surrounding rock stability evaluation and
classification, and surrounding rock deformation control design. Finally, a tunnel
construction method with Chinese characteristics based on active control of sur-
rounding rock deformation was formed, which greatly promoted the development of
railway tunnel design theory and methods [1].

2.1 Design method based on surrounding rock stability evaluation and
classification

The standard design and analogy design of railway tunnel in China are mainly
based on the evaluation and classification of surrounding rock stability. The stability
of surrounding rock is directly related to the safety of tunnel construction and is the
core issue of design and construction. After a lot of engineering practice and analysis,
it is proposed to take the self-stability of surrounding rock as the index and formulate
a unified surrounding rock classification standard, as shown in Table 1, which has
guided the design and construction practice of railway tunnel for a long time.

However, in the actual construction process, the surrounding rock revealed by
excavation does not correspond to the basic level of surrounding rock, so it is difficult
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to judge on-site, and it is easy to have weak or strong support parameters. In recent
years, railway builders have carried out a lot of scientific research and test work to
improve and strengthen the quantitative classification of surrounding rock. By refin-
ing the basic quality index of surrounding rock (BQ) and the elastic wave velocity
range of surrounding rock with different lithologies, the concept of surrounding rock
sub-grade is proposed, and the surrounding rock of grades III, IV, and V is divided
into two sub-grades, respectively. The index combination corresponding to each sub-
grade is the sub-grade division standard. Finally, the BQ value range corresponding to
each sub-grade surrounding rock is determined, which well guides the design and
construction of railway tunnel. The sub-grade and stability of railway tunnel sur-
rounding rock are shown in Table 1.

The surrounding rock classification method of railway tunnel has been relatively
perfect. The measurement while drilling technology such as advance drilling parame-
ters has developed rapidly, and the intelligent construction technology of tunnel has
been continuously promoted. It would be possible to establish a method to map rock
mass quality indicators based on drilling parameters, and then dynamically and auto-
matically quantify and interpret the grade of surrounding rock.

Surrounding rock Stability description of surrounding rock at all levels
level

Basic level Subclass

I — The surrounding rock is stable, no collapse, and rockburst may occur

11 — If the exposure time is long, local small collapses may occur, and the damage is
mainly due to falling blocks, the side walls are stable, and the roof of the gentle
rock layer with poor interlayer bonding is easy to collapse; the temporary self-
stabilizing span is 17-20 m

I 1 When the arch is not supported, a small collapse can occur, the side wall is
basically stable, and the blasting vibration is too large and easy to collapse; the
temporary self-stabilizing span is 14 ~ 16 m

I 2 When the arch is not supported, a small collapse can occur, the side wall is
basically stable, and the blasting vibration is too large and easy to collapse; the
temporary self-stabilizing span is 10-13 m

v Vi1 When the arch is unsupported, it can collapse greatly, and the side wall
sometimes loses its stability; the temporary self-stabilizing span is 7-9 m

Iv2 When the arch is not supported, it can cause a large collapse, and the side wall
sometimes loses its stability; the temporary self-stabilizing span is 5-6 m

\4 Vi The surrounding rock is easy to collapse, and if it is not handled properly, there
will be large collapse, the side wall often has small collapse, and the surface is
prone to subsidence or collapse to the surface during shallow burial; the
temporary self-stabilizing span is 3-4 m

V2 The surrounding rock is easy to collapse, and if it is not handled properly, there
will be large collapse, the side wall often has small collapse, and the surface is
prone to subsidence or collapse to the surface during shallow burial; the
temporary self-stabilizing span is less than 3 m

VI — The surrounding rock is easy to collapse and deform. When there is water, the
soil and sand often gushing out together with the water. When buried shallowly,
it is easy to collapse and penetrate to the surface; there is no self-stability

Table 1.
Sub-classification and stability of surrounding rock of railway tunnel [5].
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2.2 Design method for deformation control of surrounding rock

The research team of high-speed railway tunnel surrounding rock stability control
technology led by Zhao Yong and others [1] innovatively proposed a set of tunnel
construction technology methods with Chinese characteristics. Its principle is that on
the premise of ensuring the stability of surrounding rock, small tremie advance
grouting, reasonable lining support, and other means are used to control the defor-
mation of surrounding rock, give play to the coordination between the support struc-
ture and the surrounding rock structure, make full use of the self-supporting capacity
of surrounding rock, and form a fast and durable tunnel stability structure system. As
shown in Figure 1, advance reinforcement is used to prevent surrounding rock col-
lapse and control the scope and extent of damage to the excavation surface. The initial
support structure bears all additional stresses released by the surrounding rock due to
excavation to help the surrounding rock share the load. As a safety reserve, the
secondary lining shares part of the load with the primary support.

This method considers that the surrounding rock of the tunnel is composed of “shal-
low surrounding rock” and “deep surrounding rock.” The surrounding rock in the loose
area needs to be supported in time for the load of this part of the surrounding rock.
Outside this range, the surrounding rock with good overall stability and capable of bearing
the stratum load is called “deep surrounding rock.” It is composed of “loading layers,”
which start from the shallow surrounding rock interface and appear alternately [1].

2.3 Design method of mechanized large section of tunnel

The tunnel construction team of the Hubei section of the Zhengwan High-speed
Railway has carried out scientific research and field practice related to the construc-
tion of large-scale mechanized large-section tunnels. In summary, the relevant
methods of railway tunnel mechanized large-section design and construction are
explained as follows [6, 7].

In terms of mechanized supporting design, it covers four operation areas: advance
support, excavation, initial support, and secondary lining, which are divided into
basic supporting and reinforced supporting according to the perfection of the config-
ured machinery. Advance support is one of the auxiliary measures to ensure the
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Figure 1.
Schematic diagram of the control design principle of the full deformation process of the tunnel.
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stability of the excavation face of the tunnel, which is taken ahead of the excavation of
the tunnel face. The main methods are pipe shed, small conduit, horizontal jet
grouting pile, etc. Excavation refers to the work of loosening, breaking, excavating,
and transporting soil or rock for mucking during the construction of tunnels. The
initial support refers to the support carried out immediately after excavation, which
generally includes shotcrete, shotcrete with anchor rod, shotcrete anchor rod, and
steel frame combined support. Secondary lining is a formwork concrete or reinforced
concrete lining applied inside the initial support during tunnel construction, and
together with the initial support, it forms a composite lining.

In terms of construction method design, there are full-section methods and
microstep methods. In the aspect of face stability evaluation, a combination of quali-
tative evaluation and quantitative evaluation is adopted, which is divided into three
types: stable, temporary stable, and unstable.

In terms of advance support design, advance support measures (including surface
shotcrete, advance small conduits, pipe sheds, surface anchors, advance grouting,
etc.) are determined according to the results of the face stability evaluation. The
engineering analogy method and the limit equilibrium method are used to analyze and
determine the parameters. The design model of the tunnel face advanced support is
shown in Figure 2, and the calculation formula is shown in formula (1) [8].

In terms of the design method of tunnel support, the load structure model is used
for calculation. The surrounding rock pressure in the shallow buried and eccentric
pressure sections is adopted according to the formula value of the tunnel design code,
and the deep buried section is determined according to the measured value of
deformation and stress.

Pl +ﬂ1a1Fc

K=—F"————
ﬁz(Fw +(l2Fq)

+ 53 (1)

where f1, f,, 5 are coefficients related to the internal friction angle of surrounding
rock; oy is the vertical deformation pressure reduction coefficient of the disturbance
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Figure 2.
Design model of advance support of the tunnel face. Note: L, is the length of the unsupported section, m; 6, is the
failure angle of the tunnel face; D is the height of the tunnel, m.
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section in front of the tunnel face under the pipe shed support; , is the cohesion
increase coefficient of surrounding rock after pre grouting reinforcement of tunnel
face; F. is the cohesion force of the sliding surface, kN; F, is the resultant force of
vertical deformation pressure of the sliding body, kN; F,, is the self-weight of the
sliding body, kN; P; is the bolt support force of the tunnel face, N; K is the stability
coefficient of the tunnel face.

This method has now formed the standard for China National Railway Group Co.,
Ltd. (draft for approval in 2021). The promulgation of this standard will greatly
promote the mechanization level of railway tunnel drilling and blasting construction
and provide technical support for the intelligent construction of railway tunnels.

2.4 Total safety factor method for tunnel support structure design

Xiao Mingqing and his team summarized and proposed the “total safety factor
method for tunnel support structure design” through years of tunnel engineering
design, construction, and research [9]. The total safety factor is a factor used to
simultaneously evaluate the overall structural safety of initial lining and secondary
lining. The technical idea of this method is to regard the interaction relationship
between the support structure and the surrounding rock as the relationship between
the action force and the reaction force. The deformation compatibility between
supporting structure and surrounding rock is not strictly considered, which greatly
simplifies the problem to be solved. The judgment of whether the tunnel needs
support and the calculation of the support force need to be determined after numer-
ical analysis using various constitutive models that are consistent with the actual
situation. The intrinsic safety and deformation of the support structure are calculated
by the load structure model to realize the safety evaluation and quantitative design of
the support parameters [10]. Figure 3 is a composite structure model formed by
combining the three-layer structure of bolt-surrounding rock-bearing arch, shotcrete
layer, and secondary lining. In it, the purpose of spray layer is to reinforce the tunnel
structure and improve the stability and safety of the tunnel. The secondary lining is a
molded concrete or reinforced concrete lining constructed on the inner side of the
primary support, which forms a composite lining together with the primary support
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Figure 3.
Calculation model of total safety factor method.
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to achieve the effect of reinforcement support. Therefore, we use the model shown in
Figure 3 to calculate the total safety factor and evaluate the safety of the tunnel
support structure. The relevant calculation formula is as follows [11]:

Construction stage (without secondary lining):

K. = 7K1 + K (2)

Operational stage:
When using durability anchors:

Kop = K3 + €K; + Ks (3)
When using non-durable bolts:
Kop = €Ky + K3 (4)

where K. and K, are the total safety factor in the construction stage and operation
stage, respectively; K;, K,, and Kj are the safety factors of anchor-rock bearing arch,
initial support, and secondary lining, respectively; # is the correction factor for the
safety factor of the anchor rock bearing arch; € is the correction factor of the safety
factor of initial support.

The total safety factor during the construction period is recommended as follows:
when the sprayed layer is made of steel fiber reinforced concrete or with a steel frame,
it is not less than 1.8, and when the sprayed layer is made of plain concrete, it is not
less than 2.1. The recommended total safety factor during the operation period is: not
less than 3.0 when the secondary lining is made of reinforced concrete, and not less
than 3.6 when the secondary lining is made of plain concrete. A tunnel that satisfies
the above-mentioned total safety factor is a safe and good tunnel. When the stress of a
section of the spray layer or secondary lining composite structure is greater than the
safety bearing capacity, it will reach the damage stage. At this time, if the offset
distance of the axial force N is large and the steel bar is configured appropriately, large
eccentric compression failure will occur. If the offset distance of the axial force N is
small but the configuration of the steel bar is excessive, small eccentric compression
failure will occur. The calculation model of large and small eccentric compression
failure is shown in Figure 3(b) and (c).

This design method can easily calculate the safety factor of the tunnel at different
stages, and it is hoped that it will be further improved through field measurement and
model test, which provides a convenient calculation method for the quantitative
design of the tunnel.

3. Tunnel construction technology
3.1 Informatization design and construction technology

In the 40 years of tunnel development in China, we have constantly summarized
the practical experience of railway tunnel construction informatization, taking safety
and quality management as the main line, and reference to domestic and foreign
engineering construction informatization experience. An information-based design
and construction technology based on advanced geological prediction and monitoring
measurement has been formed.
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The traditional advanced detection methods mainly focus on advanced drilling,
seismic emission, electromagnetics, electrical methods, etc. In recent years, with the
development of drilling equipment, advanced exploration technology has also been
developed rapidly. Dozens of meters to thousands of meters can be achieved. At the
same time, some new ideas of advanced tunnel geological prediction technology have
been proposed, including tunnel-induced polarization technology, tunnel nuclear mag-
netic resonance technology, single-hole directional radar technology, and seismic wave
water exploration technology. It has played a beneficial and positive role in promoting
the advancement of advanced geological forecasting technology and improving engi-
neering service capabilities. The three-pole bathymetric induced polarization method
proposed by Shandong University, which can quantitatively estimate the water volume
of water bodies within 30 m in front of the driving face, and the full-space transient
electromagnetic method, which can identify and locate the water bodies within 80 m in
front of the driving face, are suitable for quantitative detection in adverse geological
conditions [12]. Important progress has been made in the field, especially the feasible
method for estimating the water content of aquifers, and the establishment of a com-
prehensive advanced detection technology and system [13, 14]. The above achieve-
ments have been successfully applied in many projects with complex geological
conditions, such as the Chengdu-Lanzhou Railway, the Chengdu-Kunming Railway,
and the Beijing-Zhangjiakou High-speed Railway. It fully reflects the rapid development
of advanced geological forecasting technology, which provides important support for
the safe and efficient construction of railway tunnels in China.

Tunnel site monitoring and measurement is a key link in tunnel construction and
the basis for realizing information-based design and construction. The traditional
monitoring technology mainly relies on personnel entering the construction site and
using traditional measuring tools for manual operation measurement; in recent years,
with the proposal and development of automatic monitoring technology, automatic
total station monitoring technology, optical fiber sensing technology, and 3D laser
scanning technology have appeared. Digital close-up photography technology, moni-
toring technology based on the Internet of Things, etc., greatly improve the accuracy
of monitoring and measurement, and provide reliable basic data for tunnel
informatization construction.

Information-based design and construction technology is currently the mainstream
of railway tunnel construction. Data on the geology, the surrounding rock dynamics,
and the support status are obtained through advanced geological prediction, monitor-
ing, and measurement. This approach makes it possible to sort and analyze the above-
named data, assess the stability of the surrounding rock and support structure system,
determine the support parameters, and construction methods that are more consistent
with the surrounding rock dynamics, and guide on-site construction. In recent years,
with the development of information-based design and construction technology, intel-
ligent construction technology has also been proposed. In 2020, tests and verifications
were successfully carried out around the major subsystems of the intelligent construc-
tion collaborative management platform in four sections of Zhengwan High-speed
Railway, including Gaojiaping, Baokang, Xingshan, and Xinhua, and the purpose of
intelligent tunnel construction was initially achieved [15, 16].

3.2 Tunnel auxiliary construction method of drilling and blasting method

The auxiliary construction methods commonly used in railway tunnels in China
mainly include advanced bolting, advanced small conduit grouting, advanced pipe
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shed grouting, advanced grouting in the cave and surface grouting, etc. With the
development of drilling and grouting equipment, the work efficiency of auxiliary
construction methods has also been greatly improved, especially the development of
advanced grouting in the cave and surface grouting technology, which provide
important technical means for dealing with mud (water) intrusion in the tunnel,
strengthening weak, broken strata and landslides and other unfavorable geology.

The advanced grouting technology in the cave has wide applicability, strong perti-
nence, and flexible operation. With the development of engineering requirements and
technology, the current main processes include forward segmented grouting, drilling
and injection integrated backward segmented grouting, horizontal sleeve valve tube
bundle fine grouting, and full hole one-time constant pressure and constant flow
grouting, which can be reasonably selected according to different geological charac-
teristics and reinforcement requirements. Influenced by the effect and technology of
advanced grouting in the cave, the deep hole grouting technology outside the cave has
developed rapidly in recent years. This technology is widely used in the advanced
reinforcement of various weak, water-rich, and broken rock tunnels. The construction
depth of grouting holes can reach 150 m. After reinforcement, the average monthly
excavation footage of soft rock tunnels can reach 80 m [17, 18]. The advanced
grouting in the cave and surface grouting are shown in Figures 4 and 5.

The above technologies have been successfully applied in many projects such as
Beijing-Shenzhen Passenger College, Ha-Mu high-speed railway, Menghua railway,
Yinxi high-speed railway, Taijiao high-speed railway, Zhangjihuai railway, and so on.

In order to meet the needs of engineering grouting, the drilling and grouting
machinery equipment have also made great development. The drilling equipment has
been developed from the original tunnel drilling rig carried on the shoulder to the
current crawler-type multi-functional drilling rig. The equipment is widely used in
hydropower cofferdam construction, dam anti-seepage construction, highway slope
anchoring, subway tunnel pipe shed support construction, airports, and deep founda-
tion pits for high-rise buildings. Its construction efficiency and drilling capacity are

Figure 4.
Advance pre-grouting construction in the cave.

109



Advances in Structurval Integrity and Failure

Figure 5.
Surface grouting construction.

greatly improved. At the same time, the grouting material has also developed from the
traditional ordinary cement-based grouting material to the fast-hardening sulfate
cement-based grouting material. This material has controllable setting time, high early
strength, and strong dispersion resistance, which greatly improves the construction
efficiency of advance grouting and the effect of water plugging and reinforcement.

In terms of grouting effect inspection and evaluation, on the basis of traditional
analysis method, inspection hole method, excavation sampling method, displacement
estimation method, etc., geophysical exploration methods such as in-hole imaging and
cross-hole CT have been developed, so that the inspection of grouting effect is more
intuitive and objective.

3.3 Mechanized large section construction technology of tunnel by drilling and
blasting method

With the rapid development of high-speed railway in China, great progress has been
made in the construction technology of high-speed railway tunnels. A new break-
through has been made in the mechanized construction of drilling and blasting tunnels,
and the mechanization of a single process has gradually shifted to the mechanized
construction of all processes. The drilling and blasting method has evolved from manual
blasting to drilling with rock drill jumbo or multi-arm drill truck. During the application
of millisecond blasting, pre-crack blasting and smooth surface blasting technology, the
entire excavation section is drilled, while blasting is either carried out simultaneously or
at controlled and short intervals, to minimize vibration and other associated effects. The
construction of mechanized large-section tunnels of Zheng-Wan high-speed railway
and Cheng-Lan high-speed railway involved the construction of large-section excava-
tions under surrounding rock conditions at all levels [7], as shown in Figure 6. The
mechanization of the tunnel construction entails the main processes of operations such
as excavation, initial support, waterproofing, and secondary lining. The main equip-
ment includes rock drilling jumbo, bolt drilling rig, wet spraying manipulator, steel
frame installation jumbo, self-propelled inverted arch trestle, etc., as shown in Figure 7.
Rock drilling jumbo is a kind of rock drilling equipment used in tunnel and under-
ground engineering. It can move and support multiple drilling machines to drill
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(b)

Figure 6.
Surface grouting construction. (a) Full-section method (including inverted arch). (b) Microstep method I (upper
section inverted arch). (¢) Microstep method II (including inverted arch).

simultaneously. Anchor Drilling Rigs roadway bolt support equipment is used to
improve support effect, reduce cost, speed up roadway formation, reduce auxiliary
transportation volume, reduce labor intensity, and improve roadway section utilization
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Schematic diagram of the whole process of tunnel mechanical supporting.

rate. Wet spraying manipulator is a construction machinery designed and
manufactured to replace manual spraying concrete in order to reduce labor intensity
and improve working conditions. It has the functions of making the nozzle pitch
forward and backward, swing left and right or circle, and the boom can be retractable,
lifted and rotated to meet the construction requirements of shotcrete.

3.4 Tunnel construction technology of shield method

The shield method has strong adaptability to the stratum and can be applied to
various strata such as clay, sand, bedrock, etc. It has obvious safety and economic
advantages in the construction of urban railway tunnels and underwater railway
tunnels. At the same time, in order to adapt to the complexity of geological conditions,
shield equipment has been developed from the previous single-function earth pres-
sure shield and mud-water shield to dual-mode and multi-mode shields.

The shield tunnel adopts the prefabricated segment assembly to form the lining
structure in time, which ensures the safety, reliability, and high quality of the tunnel
construction. The prefabricated assembly structure has the advantages of fast con-
struction speed, good quality, and green environmental protection. Gradually popu-
larize the application of prefabricated assembly structures, such as the Tsinghua Park
shield tunnel of the Beijing-Zhangjiakou high-speed railway, and realize the fully
prefabricated assembly of the under-track structure [19].

The segment is completed by the shield’s own assembly equipment, and the bot-
tom structure is completed by the matching box culvert assembly machine, realizing

Box culvert installation Side box culvert
process assembly technolog

(@ (b)

Figure 8.
Box culvert and side culvert installation. (a) Central box culvert installation. (b) Side box culvert installation.
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the rapid assembly construction of the middle-box culvert and the side box culvert.
The middle box culvert block and the block and the side box culvert block and the
block are all sealed with EPDM rubber strips. The installation of box culvert and side
box is shown in Figure 8.

The tunnel constructed by this technology is clean and tidy in the tunnel, and the
tunnel is completed at one time, which reduces the construction time of under rail
structure and greatly improves the construction efficiency. It is the development
direction of shield tunnel construction in the future [20].

3.5 TBM tunnel construction technology

The TBM method is a construction method for tunnel construction using a full-
face tunnel boring machine. The hard rock TBM uses the disc cutter on the rotary
cutterhead to squeeze and shear the rock, before picking up the stone slag using the
bucket teeth on the rotary cutterhead. The slag is discharged to the main belt conveyor
and transported it backwards, and then transports the slag to the outside of the tunnel
through the traction slag truck or the tunnel continuous belt conveyor. It has the
advantages of advanced technology, fast speed, one-time forming, good working
environment, high safety, small disturbance to surrounding rock and small damage to
natural environment. It enables the construction of deep buried long tunnel in com-
plex geographical landform which is difficult to realize by traditional drilling and
blasting method. It is one of the most advanced tunnel construction equipment [21].
China has successfully built Qinling Tunnel, Mogouling Tunnel, Taohuapu No. 1
Tunnel, Zhongtianshan Tunnel and West Qinling Tunnel by TBM technology.
Through the joint efforts of domestic engineering construction, design, equipment
manufacturing, and other related units, domestic TBM has been greatly improved in
function, cost, reliability, automation, and geological adaptability, and can be applied
to many fields of engineering and tunnels with different geological conditions. The
full-face rock tunnel boring machine (TBM) has dominated the domestic and inter-
national market since the first domestic TBM was launched and successfully applied in
2014. It has laid a foundation for the wider application of TBM technology in railway
mountain tunnel projects [22-24].

4. Development direction and prospect

The number and length of railway tunnels in China have ranked first in the world.
The topography, geology, and regional environment are also the most complex in the
world. The types, standards, and functions of tunnel engineering are complete, and
the technical achievements are remarkable. However, with the high-quality develop-
ment of China’s economy and the application of new technologies such as
informatization, digitization, and intelligence, the development of railway tunnel has
also ushered in new opportunities and challenges.

4.1 Improving the active support system of tunnel

With the popularity of tunnel construction concepts such as “New Austrian
Tunneling Method [2],” “Norwegian method [3],” and “New Italian method [4],” the
development of railway tunnel design theory and method has been greatly promoted.
The tunnel engineering community has gradually realized that protecting and making
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full use of the self-supporting capacity of tunnel surrounding rock is the core idea of
tunnel construction. From the perspective of mechanics, the essence of tunnel support
is to change the excavated surrounding rock from two-dimensional stress state to
three-dimensional stress state, So as to inhibit the relaxation development of sur-
rounding rock and improve the self-stability of surrounding rock.

Active support means that the support should be set up in time before the sur-
rounding rock relaxes, and the surrounding rock should be actively protected,
strengthened, and improved, mainly through anchor (cables) and other supporting
components to penetrate into the surrounding rock to form a combined arch effect
and improve the surrounding rock. It can improve the continuity of the surrounding
rock and enhance the shear strength of the surrounding rock, thereby maintaining and
improving the self-supporting ability of the surrounding rock. It is hoped that through
the construction of national major railway tunnel projects and in combination with
scientific research and tests, the concept of tunnel active support will be further
improved and popularized, and the technical system of railway tunnel construction
with Chinese characteristics will be improved.

4.2 Research on key technologies of BIM and GIS in tunnel life cycle

BIM (Building Information Modeling) takes the relevant information data of the
construction project as the basis of the model, establishes the building model, and
simulates the real information of the building through digital information simulation.
It has the characteristics of information completeness, information relevance, infor-
mation consistency, visualization, coordination, simulation, optimization, and plot-
ting. At present, the three-dimensional simulation in BIM is mainly used to check the
conflict in the construction process and improve the communication efficiency of
project management [25]. With the popularization and application of BIM technology
in the world, in recent years, China’s survey and design units and construction units
are also actively promoting the information construction based on BIM, and exploring
the application of BIM Technology in the whole life cycle of Railway Tunnel Survey
and design, construction, safety operation and maintenance. At present, it is leaping
from the “modeling based” stage to the “multi-dimensional data application based”
stage. However, BIM 3D information model has deficiencies in scale expression,
consistent analysis, spatial unified benchmark, overall positioning and so on.

GIS (Geographic Information System) is based on spatial 3D visualization and
spatial database technology. It is oriented to massive 3D geospatial data and integrates
complete 3D spatial entities above, underground, and inside and outside the tunnel.
It has powerful functions of spatial data storage, management, retrieval, and analysis.
In addition, GIS can dynamically monitor and analyze environmental changes in
different periods, and can also be developed to integrate data collection, spatial
analysis, and decision-making processes into a common information flow. It
significantly improves work efficiency and economic benefits, and provides technical
support for solving urban tunnel construction problems and ensuring sustainable
maintenance [26].

Therefore, combining BIM with GIS, integrating BIM model into GIS scene, and
giving full play to their advantages can not only meet the accuracy requirements of
different projects, but also reduce the measurement work, reduce the cost of spatial
information collection, and realize the sharing and utilization of data [27]. This is the
development direction of digitalization and informatization of tunnel engineering in
the future [28].
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4.3 Research on intelligent construction technology of railway tunnel

In recent years, with the continuous improvement of labor cost, the number of
skilled construction technicians on the tunnel site has decreased year by year. The
“machine instead of people” in tunnel engineering construction has become a realistic
demand. Less people (or even unmanned) is the inevitable trend of tunnel engineer-
ing construction and development in the future. On the basis of the high integration of
mechanization, dataization, informatization, and artificial intelligence, equipment
(less internal combustion, more power, high efficiency, and capacity matching) that
can adapt to the high altitude hypoxia environment is selected for hierarchical
matching. At the same time, robots with self-perception, self-learning, self-decision,
and self-implementation functions are developed to carry out intelligent operations in
the main processes of tunnel construction. It is of great significance to build a full-life-
cycle tunnel intelligent construction system with deep integration of mechanization
and informatization to ensure safe and reliable construction [7, 16]. This is of great
significance for improving construction efficiency, ensuring construction safety, and
improving construction quality.

Based on the current demand for railway tunnel construction, technical level and
development status, the development trend of railway tunnel intelligent construction
technology is to implement intelligent construction system, continuously accumulate
and improve tunnel design and construction methods under various geological condi-
tions, and finally break through the theory of tunnel intelligent construction technol-
ogy based on deep learning. Realize a self-learning and self-adaptive intelligent tunnel
construction system. Subsequently, an intelligent tunnel construction system with
dynamic perception, implementation analysis, accurate decision-making, and inde-
pendent implementation is established to comprehensively promote and realize the
intelligent tunnel construction.

At present, based on the mechanized large-section rapid construction technology
of tunnel, the Hubei section of Zhengzhou Wanzhou high-speed railway has prelimi-
narily constructed the intelligent construction technology system of high-speed rail-
way tunnel, and has successfully carried out the site test.

4.4 New technologies for tunnel intelligent operation and maintenance

With the increase of railway tunnel engineering in China year by year, lining
defects and diseases are also gradually increasing. The risk of safe operation of high-
speed railway tunnel is prominent. The later tunnel operation and maintenance
involve many problems, such as many personnel and equipment, complex road envi-
ronment, high operation risk, difficult patrol inspection, etc. [29]. The maintenance
demand of tunnel operation far exceeds the existing maintenance capacity. It is urgent
to develop intelligent monitoring, operation and maintenance, and disease treatment
technology of tunnel condition based on Internet of things technology [30]. It includes
the research and development of structural health intelligent detection and monitor-
ing system suitable for tunnel and underground engineering, tunnel condition evalu-
ation intelligent decision system based on big data, efficient tunnel, and underground
engineering maintenance technology and intelligent equipment.

The establishment of intelligent operation and maintenance system can improve
the ability of information collection. With the help of mobile Internet technology and
information standards, information transmission and integration can be accelerated.
The use of artificial intelligence technology can enhance information mining
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capabilities and improve information collaboration capabilities. Thus, a set of infor-
mation collection system, a set of network transmission system, a data processing
center, an operation service platform, a collaborative service network, a set of techni-
cal and business standard system, and a set of responsibility traceability verification
system can be formed. “Measurable, visible, controllable and usable” has been devel-
oped into “real-time monitoring, dynamic monitoring, intelligent control, timely ser-
vice and accurate prediction” to provide guarantee for tunnel operation and
maintenance management.

China has an extensive amount of tunnel construction in relation to most coun-
tries. The scale of tunneling is large. Based on years of research on operation and
maintenance, the recommendation is to build a new “predictive” operation and
maintenance system with full life cycle cost and performance as control indicators. At
the same time, it is to develop integrated operation and maintenance technology
equipment, rapid maintenance and reinforcement technologies, and multi-functional
intelligent operation and maintenance management systems to achieve low-cost and
highly efficient tunnel operation and maintenance management [30].

5. Epilogue

Over the past 40 years, the design method and construction technology of China’s
railway tunnel engineering have made rapid progress and made great achievements
while drawing on the advanced technology at home and abroad. However, there are
many technical problems when dealing with ultra-long and deep-buried tunnels, long-
distance submarine tunnels, and those in complex urban environments. These prob-
lems are mainly focused on areas pertaining to intelligent construction, operation and
maintenance. Therefore, railway workers should pay more attention to the intelligent
construction of tunnels in future, to promote greater development of railway tunnel
construction.
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Chapter 6

Underground Excavations
below the Water Table by the
Cut-and-Cover Method

Estanislao Pujades, Miao Jing, Chunhui Lu and Anna Jurado

Abstract

Most underground constructions, which are needed to improve mobility and
increase available space in urban areas, require excavations that are usually deeper
than the water table (e.g., for the construction of stations or underground parking
lots). A frequently used technique to develop excavations under these conditions
consists in combining the cut-and-cover method with a dewatering system based on
deep pumping wells. Retaining walls used for the cut-and-cover method allow exca-
vating between vertical walls and minimizes the inflow of groundwater, while deep
pumping wells provide dry and stable conditions. Despite this technique is widely
used, some aspects related with the presence of groundwater must be considered to
avoid accidents. Dewatering systems must be properly designed to guarantee suitable
conditions and to minimize the pumping settlements outside of the working area. In
addition, it is required to assess the presence of defects in the retaining walls because
the flow of groundwater through them may entail negative consequences. This chap-
ter explains procedures (i) to design efficient dewatering systems considering the
working conditions, the stability and the impacts generated in the vicinity of the
construction, and (ii) to evaluate the state of the retaining walls by using
hydrogeological tools.

Keywords: underground excavation, dewatering system, cut-and-cover method,
pumping settlements, bottom stability, weather tightness assessment test

1. Introduction

The 70% of the world’s population will be living in urban areas by 2050 [1]. Then,
new infrastructures are needed for the development of cities and to cover the
demands of the growing population. New infrastructures will improve the mobility
(i.e., railway or motorway tunnels, stations, etc.) and the available space (i.e., under-
ground parking lots). These new infrastructures must be constructed underground
due to space limitations on the surface of urban areas, thereby, developing urban areas
in the vertical direction. Most cities already have underground infrastructures and
thus, the new ones should be deeper than the previous ones. Consequently, new
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infrastructures will probably be developed below the water table and will interact
with groundwater.

The interaction between groundwater and the construction of underground infra-
structures is bi-directional, meaning that the infrastructure may impact the natural
behavior of aquifers (during and after its construction) and that the presence of
groundwater hinders their construction, and in certain circumstances, even their
utilization. Thus, the interaction between groundwater and underground infrastruc-
tures must be properly considered.

There are different construction methods adapted to the different kinds of infra-
structures and the requirements of their construction. Among them, the cut-and-
cover method is one of the most used in urban areas for constructing linear or non-
linear infrastructures [2]. This method involves excavating between vertical retaining
walls that minimize the needed space for the construction because, in the absence of
retaining walls, the excavation walls must be inclined increasing enormously the
needed space in case of deep excavations. The cut-and-cover method must be com-
bined with dewatering facilities when excavations are developed below the water
table [3]. Despite this dry conditions can be reached by collecting water at the surface
by means of a system of trenches, and pumping it with a sump pump [4], stable
conditions at the strata below the excavation bottom can only be reached by using
deep pumping wells. The retaining walls (i) allow excavating between vertical walls,
(ii) minimize the inflow inside the excavation and (iii) mitigate the potential impacts
generated by the dewatering outside [5], whilst pumping wells reduce the piezometric
head, ensuring dry conditions and providing stability to the excavation bottom [6].
The main actions to develop constructions by the cut-and-cover method combined
with deep pumping wells (summarized in Figure 1) are: (1) to construct the
retaining walls, (2) to drill the pumping wells and reduce the piezometric head until
the required depth, (3) to excavate until the desired depth, (4) to construct the
infrastructure and (5) to fill the space between the top of the infrastructure and the
surface [7].

The presence of groundwater must be carefully considered during the execution of
underground infrastructures by the cut-and-cover method. Groundwater may pro-
duce instabilities at the bottom of the excavation giving rise to liquefaction or bottom
uplift events [8]. Then, the dewatering system, in addition to providing dry condi-
tions, must reduce the water pressure as much as necessary to ensure stable conditions
[6]. However, the hydraulic head should not be lowered more than necessary in order
to minimize the impacts outside of the enclosure. The potential impacts produced

Maximum
Pumping well excavation deep Piezometric
head

Retaining walls

/

STEP 1 STEP 2 STEP 3 STEP 4 STEP 5

Figure 1.
Cut-and-cover method steps for the construction of an infrastructure below the water table (modified from [7]).
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outside the enclosure are: (i) the loss of hydraulic resources [9], which is relevant in
areas where water resources are scarce, and (ii) the soil subsidence (i.e., settlements)
[10], which can endanger nearby buildings and infrastructures, either surface or
underground. Common practices to minimize the groundwater-related issues consist
of: (i) deepening the retaining walls until reaching an impervious layer and (ii)
injecting jet-grouting below the excavation bottom to avoid the groundwater flow.
However, both practices are risky since the stability of the excavation relies on

the permeability of the retaining walls and the jet-grouting block. On the one hand,
jet-grouting injection is complex and is difficult to reach a uniform and impervious
block of treated soil [11, 12], especially in unconsolidated granular materials. On the
other hand, defects in retaining walls, through which groundwater enters into the
excavation, are relatively common [13, 14]. Then, the use of deep wells seems to be a
more reliable option.

Faulty retaining walls do not block the groundwater and may endanger the con-
struction development because they increase the risk of bottom instabilities, excava-
tion flooding, sinkholes and soil deformations outside the enclosure [7, 15, 16]. Then,
it is of paramount importance to determine the hydraulic conditions of the retaining
walls before starting the excavation stage to adopt measures if needed (i.e., repair the
retaining walls or redesign the dewatering system).

This chapter aims at explaining in detail how to design the dewatering system of
deep excavations below the water table carried out by the cut-and-cover method
considering groundwater stability issues and the potential impacts generated
around the excavated area. In addition, this chapter exposes the consequences
of faulty retaining walls and how they can be characterized by means of
hydrogeological tools.

2. Dewatering system

The objective of a dewatering system is to provide workable conditions. Dry
conditions are reached by dropping the piezometric head, at least, up to the maxi-
mum excavation depth, while stable conditions are achieved by reducing the water
pressure in the soil located below the excavation bottom to guarantee that it is
lower than the total vertical stress. Then, dewatering systems must be designed
accounting for the piezometric head distribution above and below the maximum
excavation bottom. The impact produced outside the excavation by the lowering of
the piezometric head must be also considered when designing a dewatering system.
The induced drawdown to ensure working conditions must not be excessive to
minimize outer impacts such as (i) the loss of hydraulic resources, and (ii) soil
settlements [17].

Groundwater can be extracted by different techniques but deep wells are the most
appropriate in the context of urban deep excavations developed by the cut-and-cover
method. Sump pumps [4] remove water from the excavation and allow working in
dry conditions, but they do not drop enough of the water pressure below the excava-
tion and bottom instabilities may occur. Well points are more adequate for shallow
excavations because they extract water by suction and the maximum drawdown
produced is lower than 6 m. Then, for developing deep excavations, well points must
be installed in successive tiers or stages as excavation advances [18]. As a result, the
area occupied by the excavation is usually very large, which is not acceptable in urban
environments.
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2.1 Bottom stability

Deep excavations developed below the water table can suffer bottom stability
problems when pore water pressure (Py) is too high. Bottom instabilities arise when
Py, below the excavation bottom exceeds the total vertical stress (ov), then, according
to Eq. (1) [19], when the effective vertical stress (o%,) is lower than 0,

oy = ov — Py, (1)
where oy and Py, are defined as:
oV =2Yss (2)
and
Pw = hyw 3)

where yg and yyy are the specific weights of the soil and water, respectively, 2 is the
depth where ov is calculated, and /4 is the piezometric head at the same location. The
two types of stability problems that excavation may suffer are liquefaction and bottom
uplift (Figure 2) [8]. Liquefaction occurs when the excavation bottom is made of
unconsolidated materials and under unconfined conditions. If 67, is lower than 0, the
soil completely loses its shear strength and starts to behave like a fluid. Bottom uplift
may occur when the excavation bottom is located above a confined aquifer whose Py,
is not enough reduced [17]. Liquefaction and bottom uplift may also produce the
deformation of the soil outside the excavation since the soil may migrate towards the
centre of the excavation when they occur. In order to design dewatering systems to be
able to guarantee the bottom stability, a safety factor (SF) is calculated below the
excavation at different depths. Ideally, the depth of the points where SF is calculated
should increase gradually. SF is defined as:

_ v
SF = By (4)

Stability is guaranteed when SF > 1. However, given that errors in the
hydrogeological characterization are relatively common, it is advisable to consider

Liquefaction Bottom uplift
Digger sinking into the ground Piezometric head
—— .
_______ Pudy VA 1 SR I A
"=l o', <0 S [ = e
Unconfined Unconfined
Unconsolidated av aquifer aquifer
soil l_
"f -~ Soil displacement| _
Pw
Confined
aquifer
Figure 2.

Schematic description of bottom instabilities, liquefaction (left) and bottom uplift (right).
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values of SF larger than 1 [20, 21]. Theoretically, a value of SF equal to or larger
than 1.2 [22] should be sufficient as some strengths, like the friction between the
soil and the retaining walls, that are opposite to Py are not considered in Eq. (4).
Consequently, SF computed using Eq. (4) is conservative. The stability of the
bottom must be assessed for different dewatering schemes by numerically calcu-
lating the piezometric head and computing SF below the maximum excavation
depth.

2.2 Impacts outside of the construction area

Dewatering systems may induce groundwater drawdown outside the excavation
enclosure. Despite this impact is temporal, it must be considered in arid and semi-arid
regions where water scarcity is a source of concern. Thus, dewatering systems must
modify the piezometric head distribution outside of the enclosure as little as possible,
which can be reached by deepening the retaining walls and avoiding oversizing the
dewatering system more than needed to ensure stable conditions. Soil subsidence
outside the enclosure as a result of the groundwater drawdown is another conse-
quence of the dewatering. Soil subsidence (i.e., pumping settlement) is really feared in
urban areas, the reason for which dewatering systems consisting of deep pumping
wells are sometimes discarded. Instead, less efficient solutions are adopted like deep-
ening the retaining walls more than needed until reaching deep low conductive layers
[23] or using a jet-grouting bottom plug [24]. However, dewatering is not the only
cause of soil subsidence occurring outside excavation; there are other construction-
related actions that may induce larger soil deformations, like the digging of the
retaining walls [20, 25]. Anyway, soil subsidence associated with the dewatering must
be estimated during the design phase in order to choose the dewatering scheme that
ensures more stability and less settlements. Pumping settlements can be calculated by
using hydro-mechanical numerical models but they are time-consuming and a
wide variety of parameters (hydraulic and mechanical) are needed, which are
difficult to estimate. Therefore, analytical tools to predict the pumping settlements
during the design phase in a short period and with acceptable error are of paramount
importance.

Settlements can be computed by establishing the relation between the volumetric
strain in the vertical direction (g;) and the vertical effective stress (s,) as follows:

& = % = aloy, (5)

where Az is the length variation in the vertical direction (i.e., the settlement), b is
the aquifer thickness and « is the compressibility of the porous material. Assuming a
Biot’s coefficient equal to 1, which is realistic for soft soils [26], then Eq. (1) is valid
and oy can be considered constant. Thus,

Az = abAPy, (6)

Eq. (6) is commonly used for the quantification of settlements caused by
groundwater variations [17]. The meaning of a depends on the mechanical boundary
conditions (i.e., displacement constraints). If the soil can only be deformed in the
vertical (i.e., it is laterally confined), then a is the vertical compressibility of the soil
[27] and is defined as [28-30].
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where G is the shear modulus, 1 is the lame constant (drained conditions), E is the
Young’s modulus and v is the Poisson’s coefficient. If it is considered that displace-
ments produced by groundwater drawdown occur in the three dimensions (e.g., in the
presence of a pumping well [29, 30]), a can be defined as:

B 1 31 -2)
T E ©

Settlements around a single pumping well in steady state assuming a flat porous
medium with axial symmetry can be computed from the solution proposed by Bear
and Corapcioglu (1981) [30] as:
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where Q is the pumping rate, R is the influence radius of the pumping, » is
the distance between the well and the site where the settlement is computed and K
is the hydraulic conductivity of the porous medium (K = T/b, where T is the
transmissivity of the aquifer. py, and g are the water density and the gravitational
constant, respectively, and are needed to express the variation of the groundwater
head in Pascals. Note that Bear and Corapcioglu (1981) [30], defined @ as 1/(4 + G)
that is somewhat inconsistent with the common definition of compressibility shown
in Eq. (8).

Previous equations assume that pumping settlements are proportional to ground-
water drawdown, but this seems not to be true in the proximity of pumping wells as
pointed out by Pujades [29] who modified Eq. (9) to improve the estimation of
settlements occurring around pumping wells as follows:

(03
"UR

. forr< —
Ap = PwEQ _ 03p\ () 70 o)
47K "R )* 4 () forr>9b/70andr<0.7h
r forr>0.7b
" (%)

Assuming elastic behavior for aquifers, which occurs in the case of overconso-
lidation, the term apy,g can be replaced by the specific storage coefficient (Ss) by
considering the equation for elastic aquifers proposed by Jacob [31, 32]:

Ss = pwga + pygop (11)

where 6 is the porosity and f is the water compressibility coefficient. The first term
of Eq. (12) (pyga) is associated with soil deformation (Ssg) while the second term
(pwgdp) is related to water (Ssw). Considering that shallow-draining soils are much
more compressible than water [33, 34], Ssw can be neglected. Thus,

Ss = Ssg = pyga (12)
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Using Ss instead of py,ga facilitates the computation of settlements since Sg can be
easily derived from pumping tests. Parameters related to the compressibility of the
soil can be also obtained from laboratory tests, but results may not be realistic since
tested samples (i) cannot be representative of large volumes of aquifer and/or (ii) can
be altered during the extraction processes.

Two kinds of settlements can be differentiated depending on their spatial
distribution. If settlements are constant and their magnitude does not vary across
the space, they are known as ‘non-differential settlements’, whilst ‘differential
settlements’ occur when the soil deformation varies depending on the location.
Potential damage of pumping settlements increases as induced settlements are more
differential. Groundwater head distribution far from pumping wells is usually
nearly flat, and therefore, large differential settlements are not expected from its
variation. Largest hydraulic head variations are expected in the proximities of
pumping wells, but, as observed by Pujades [29], pumping settlements close to
pumping wells are constant and non-differential as a result of an arch effect that
develops around the well.

However, this fact does not mean that pumping settlements are always non-
differential and harmless because groundwater drawdown produces differential set-
tlements in several situations, for example, when the aquifer is heterogeneous, which
is relatively common. Variations in the hydraulic conductivity, the mechanical
parameters or the geometry of the pumped aquifer induce differential settlements that
can damage nearby infrastructures. This fact highlights the paramount importance of
performing a detailed geological, hydrogeological and geotechnical characterization
before designing dewatering systems.

3. Retaining walls

The objectives of the retaining walls are: (i) to allow excavating between vertical walls
[5], (ii) to prevent the groundwater entrance into the excavation [35] and (iii) to mini-
mize the impacts of the dewatering outside the enclosure [36]. There are different kinds
of retaining walls that can be used for developing deep urban excavations below the water
table such as retaining walls made up of concrete piles and panels or jet-grouting piles.
Sheet piles can be also used for urban excavations but they are not used to support very
deep excavations [37]. Retaining walls are made up of impervious materials to prevent the
groundwater flow. However, construction defects in the retaining walls, through which
groundwater can easily flow, are relatively common [13, 14]. There are several factors
that may cause defects and they depend on the nature of the retaining walls. Defects in jet
grouting retaining walls may be related to deviations and variations of the column
dimensions [14], which is common in high vertical heterogeneity soils [38] because the
area affected by the treatment depends on the properties of the soil. In addition, the
presence of coarse sediments may produce shadow effects, leading to zones without
treatment and openings [11]. The permeability of retaining walls made up of concrete
piles or panels (i.e., diaphragm walls) can also be compromised by construction defects
[21, 39] that can lead to openings. Openings may occur when: (i) sediments made of large
boulders are drilled, (ii) the walls of the drilled space collapse or (3) the configuration of
the slurry wall excavator is not suitable. Note that faulty enclosures commonly have
numerous defects because, similar difficulties arise during the drilling of each one of the
individual structures (i.e., concrete piles and panels or jet-grouting piles) that constitute
an underground enclosure.
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3.1 Consequences of faulty retaining walls

Consequences of faulty retaining walls depend on the relative location of the
defects with respect to the bottom of the excavation (Figure 3). If defects are located
above the excavation bottom, groundwater inflow (i) may drag sediments from out-
side leading to the formation of sinkholes [22] and (ii) may flood the excavation
making it difficult for construction tasks. In addition, groundwater drawdown and its
associated consequences (i.e., settlements) will increase outside the enclosure. If
defects are located below the bottom of the excavation, drawdown and settlements
will also increase outside the excavation site. Moreover, the pore water pressure will
be higher than expected below the excavation leading to bottom instabilities (i.e.,
bottom uplift or liquefaction, structure instability and subsidence related to soil
migration [15]).

3.2 Detection of defects

If retaining walls have defects, corrective measures can be carried out such as: (i)
injecting a sealing substance to repair them, or alternatively, (ii) redesigning the
dewatering system considering their actual hydraulic condition. In any case, the state
of the retaining walls must be assessed before starting the excavation stage because
corrective measures must be carried out before starting the pumping. If the excava-
tion and the dewatering have started and there are attempts to repair the defects, the
sealing substance will be dragged towards the pumping wells. As a result, the defects
will not be repaired and the pumping wells may be damaged. If the dewatering system
needs to be redesigned, new pumping wells should also be drilled before the excava-
tion stage to minimize interference with the construction tasks and avoid bottom
instabilities. Pujades et al. [7] and Pujades et al. [16] proposed two methods to assess
the hydrogeological behavior of linear and non-linear underground enclosures and
locate isolated defects. Both methods are based on pumping tests carried out inside the
underground enclosure and their interpretation by using diagnostic plots. Both
methods are based on the premise that changes in the flow behavior between linear
and radial during the pumping depend on the characteristics of the retaining walls.
Two different types of retaining walls are considered depending on the number and

Defect above the bottom Defect below the bottom
Sinkhole
Subsidence Dragged soil j Subsidence

= )i

Pumping well Pumping well

Stability issues

Figure 3.
Consequences of faulty retaining walls if defects are located above (left) and below (right) the bottom of the
excavation.
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a)

Figure 4.

Example of (a) heterogeneous and (b) homogeneous retaining walls.

distribution of defects (Figure 4). If there are isolated defects, retaining walls are
named ‘heterogeneous’, while if there are numerous defects more or less homoge-
neously distributed, retaining walls are named ‘homogeneous’.

3.2.1 Linear enclosures

Linear underground enclosures refer to underground excavations with a linear
shape surrounded by retaining walls. This kind of enclosure is used, for example, for
constructing tunnels. Figure 5 illustrates the flow behavior evolution during pumping
inside a linear underground enclosure. The flow is radial when the pumping starts
because groundwater flows from all directions (Figure 5a). The flow is radial until the
effect of the retaining walls reaches the pumping well, at this time, 0.1z, the behavior
of the flow starts to change from radial to linear. The flow is totally linear at a time
equal to 1. ty; is defined as:

No defects Defects
Homogeneous walls
;b

a) @) t<0.1t,, N
Pu%pingwell d) | | | || | | I

b |[]|[{@]]]][t01t

A Retaining walls Heterogeneous walls

Piezometer ’ do Defect
¥
o(JITT@ATI) o [THer?

Figure 5.
Schematic description of the flow behavior during a pumping inside a linear enclosure.
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S(ddw)z
T

tr1 = (13)

where S is the storage coefficient of the aquifer, T is the transmissivity of the
aquifer and d, is the distance between retaining walls. After ¢;;, the flow is
totally linear since pumped groundwater only arrives from the inner part of the
enclosure that is drained linearly. If retaining walls are located at the edges of the
enclosure, the flow continues to be linear until the enclosure is totally drained.
However, if there are no retaining walls closing the edges of the enclosure,
groundwater coming from all directions of the aquifer (i.e., with a radial behavior)
enters the enclosure through them. Then, when the effect of the opened lateral
edges of the enclosure reaches the pumping well the flow behavior at the
pumping well changes from linear to radial. The behavior of the flow starts to change
from linear to radial at a time equal to 0.1¢;, and it is totally radial after ¢; . ;5 is
defined as:

2
t = @ (14)

where L is the distance from the well until the end of the underground enclosure. If
the behavior of the flow is observed in an observation point, ¢r, is as follows:

—d)?
L) = M (15)

where d,, is the distance from the well until the observation point. The flow
changes faster from linear to radial if there are defects in the retaining walls. If there
are numerous defects and the retaining walls can be considered homogeneous
(Figure 4b), the behavior of the flow starts to change from linear to radial at 0.1¢;, 4,
where t;, ; is defined as:

2
tro1 = 8(1,1/1/1) (16)

and

A= \/ 2adw/Tddw (17)

where a, = T /Wa, is the leakage coefficient (conductance) of the retaining
wall and T, and wy, are the transmissivity and the thickness of the retaining walls,
respectively. The inverse of 1 is the length of retaining walls affected by the pumping
when all pumped groundwater enters the enclosure through the defects [7]. Finally, if
retaining walls have very few defects and can be considered heterogeneous
(Figure 4a), the behavior flow changes from linear to a combination of radial and
linear. The radial component is related to the groundwater entering the enclosure
through the defect while the linear component is related to the groundwater coming
from the side of the enclosure where the defect is not located. In this case, the flow
does not behave as radial until a characteristic time equal to ¢ ;. The change in the flow
behavior starts at a time of 0.1¢;, », where t;,, is:
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2
l1po = S(zd% (18)

do is the distance between the pumping well and the defect. If the head evolution is
measured in an observation point different from the pumping well, ¢, , 5 is:

S(2do — d,)>
tro2 = % (19)

Identifying the changes in the flow behavior during a pumping test and applying
Egs. 13 to 19, it is possible to know (i) if the retaining walls are faulty or not, (ii) if
they have numerous (homogeneous) or very few (heterogeneous) defects, (iii) their
effective hydraulic conductivity and (iv) the position of the defects. However,
flow behavior changes are really difficult to identify by observing the drawdown
evolution. In this context, the use of diagnostic plots is useful to differentiate the
changes in the behavior of the flow. Diagnostic plots are developed by calculating the
derivatives of drawdown with respect to the logarithm of time (s’) and plotting it
versus time. s is very sensitive to drawdown variations and, for this reason, diagnostic
plots allow us to detect variations that are difficult to observe in the drawdown
evolution [40].

Figure 6 shows the diagnostic plots calculated by considering infinite impervious
retaining walls (black line), finite impervious retaining walls (purple line), faulty
homogeneous retaining walls (red line), faulty heterogeneous retaining walls (blue
dashed line) and the absence of retaining walls (gray line). The characteristics of the
homogeneous and heterogeneous retaining walls have been chosen to ensure that their
effective hydraulic conductivity is the same, and thus, 0.1¢;,1 and 0.1, occur at
the same time. In the beginning, the flow is radial for all scenarios since the retaining
walls have not affected the pumping well. When it occurs, the flow behavior becomes
linear and separates from the radial tendency (Figure 6, gray line). If the retaining
walls have no defects (Figure 6, purple line), the flow is linear until the pumping well

2%
0.1 th -“0 a\\g
L

Heterogeneous

) walls 5
e 3
()] 01 tLZ.T 0.1&_2_2 -2
= 5
c
0!
Homo Z
geneous _, S
0.1t walls — )
B Radial — No walls
log Time
Figure 6.

Evolution of the logarithmic derivative of the drawdown (s’) assuming infinite impervious retaining walls (black
line), finite impervious retaining walls (purple line), faulty homogeneous retaining walls (ved line), faulty
heterogeneous retaining walls (blue dashed line) and the absence of retaining walls (gray line).
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notices the effect of the end of the enclosure. At this time, s’separates from the linear
tendency. If retaining walls have defects (Figure 6, red and blue dashed lines), the
separation from the linear tendency occurs before. The transition period between
linear and radial flow is shorter when retaining walls are homogeneous than when
they are heterogeneous. If the retaining walls are homogeneous, the effect of radial
flow starts to be observed at 0.1f;, ; and s’ is maximum at 0.5¢; 5 ;, when half of the
pumped flow is radial. This proportion increases with time and s" as the flow behavior
becomes more and more radial. If the retaining walls are heterogeneous, the flow
behavior separates from the linear tendency at 0.1¢;, 5, but s’ decrease more slowly
than for homogeneous walls because the linear component of the continues being
relatively high as groundwater from the aquifer (i.e., from all directions) only reaches
the enclosure through the defect. The decrease rate of s’ increases when the effect on
the groundwater behavior of the lateral edges of the enclosure starts to be observed in
the pumping well, then at 0.1¢;,. Figure 6 shows that s’ has a different evolution
depending on the kind of retaining walls. Once the retaining walls are classified as
homogeneous or heterogeneous, it is possible to calculate their effective hydraulic
conductivity (homogeneous retaining walls) or the position of the defect (heteroge-
neous retaining walls) only by identifying the times when s” separates from the linear
tendency.

Diagram in Figure 7 aims at clarifying the changes in the flow behavior and the
times when they occur. Difference in the flow behavior when the retaining walls are
impervious or faulty occurs when the flow changes from linear to radial since ¢, ; is the
same in all situations.

3.2.2 Non-linear enclosures

Non-linear underground enclosures refer to underground excavations with a
non-linear shape surrounded by retaining walls. This kind of enclosure is used, for
example, for constructing stations or emergency shafts for deep tunnels. Figure 8a
illustrates the evolution of the groundwater flow behavior when pumping inside a
non-linear enclosure and Figure 8b shows the evolution of the logarithmic derivative
of the drawdown (s”) considering impervious retaining walls (black line), faulty
homogeneous retaining walls (red line) and the absence of retaining walls (gray line).
Groundwater flow behaves radially (stage 1) from the beginning of the pumping until
the effect of the retaining walls is noticed at the observation point (e.g., the pumping

2

Impervious walls tro = s@L)

L2 T
. Radial flow 5(dgy)? Linear flow Faulty homogeneous S(1/2)2 Radial flow
o y=—7p— (21 = —
walls T
Faulty heterogeneous §(2dg)*
walls liz2 = T
Figure 7.

Diagram of the flow behavior evolution for impervious and faulty retaining walls.
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Figure 8.

a) Schematic description of the flow behavior during a pumping inside a circular (i.e., non-linear) enclosure. b)
Evolution of the logarithmic derivative of the drawdown (s’) assuming impervious retaining walls (black line),
faulty homogeneous retaining walls with a hydraulic conductivity of 0.5 m/d (ved line) and the absence of
vetaining walls (gray line).

well), when the flow behavior changes from radial to linear. This change in the flow
behavior starts at 0.1¢¢; and the flow is totally linear at ¢¢; defined as:

S(ZVexc)z
T

tc1 = (20)
where 7,y is the radius of the excavation. Note that ¢¢; may vary if the pumping
well is not located in the centre of the excavation, but this effect is too short and can
be neglected. In Figure 8b, 0.1¢¢; occurs when the black and red lines separate from
the gray line (i.e., the scenario without retaining walls where the groundwater flow is
always radial). From t¢; to 0.1¢c;, the flow is linear (stage 2) because the excavation is
drained vertically and groundwater only comes from the inner part of the enclosure.
The groundwater flow that crosses the retaining walls (Qyy) increases progressively as
the piezometric head inside the enclosure decreases. Given that Qyy, represents the
portion of the groundwater crossing the retaining walls from the aquifer, it is a radial
component controlling the flow behavior. Stage 2 finishes when the groundwater
entering the enclosure through the retaining walls cannot be neglected and s’separates
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from the linear tendency (Figure 8b). After, there is a transition period until the flow
behavior is totally radial (stage 3). During the first part of the transition period from
stage 2 to stage 3, the pumped groundwater coming from inside the enclosure (Qg) is
higher than Qyy, and then, s’ continues increasing. Note that Qg is a linear component
of the flow, and then, the flow behaves linearly as the portion of Qg increases. During
the second part of the transition period, Qyy is higher than Qg and s’ decreases. The
inflection point in s’ occurs when Qyy is equal to Qg at tc,. At this time, the maximum
value of 5" (s'max) is reached. t¢; and s’a4x are related to the effective hydraulic
conductivity of the retaining walls (K.g) as follows:

SWwTexc
K = R 21
= 2rrb (21)
and
Q,ww
K, = P In2.2 22
& 27 exeS' MAX b " > ( )

Stage 3 (Figure 8) is reached when all pumped groundwater comes from outside
the enclosure and Qg is 0 m/d.

The application procedure to ascertain the state of the retaining walls in a non-
linear enclosure is as follows [16]:

1.To determine the hydraulic parameters of the subsurface before starting the
construction process.

2.To perform a watertightness assessment test (WTAT) [20, 41, 42] before
starting the excavation and after drilling the retaining walls. The pumping well
and piezometers must be located inside the underground enclosure, and at least,
one observation point is needed.

3.To calculate s’ from the observed drawdown and identify s'pax and tc;.
Depending on the location of the pumping and observation points, the number of
observation points and the measured drawdown, different approaches can be
adopted:

a. K¢ can be always estimated from ¢c; by using Eq. (21). Only one
observation point is needed, but it is advisable to calculate K,z using
different observation points and compare the results.

b. Pumping well and observation points are randomly distributed
(Figure 9a): The pumping well is placed anywhere (i.e., it can be centred
or not) and the piezometers are located at different distances from it. In
this case, the retaining walls can be assessed from s’s4x by using data from
more than one observation point. If s’4x is equal in all observation points,
the retaining walls behave homogenously and their K g can be computed
by Eq. (22). If s’y ax varies within observation points, (i) the enclosure is
faulty and behaves heterogeneously or (ii) the retaining walls are
homogeneous and their Kz> 0.01 K. In this case, K4 can only be
estimated from ¢, by applying Eq. (21).
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Schematic description of the pumping well and observation points needed to characterize the state of a circular
enclosure by a WTAT. Figure 9a Shows a random distribution while Figure 9b shows a strategic distribution of

all the required elements.

S and L represent the distance from the well to the piezometers.

c. Pumping well and observation points are strategically distributed
(Figure 9b): The retaining walls can be assessed using s’a4x. In this case, it
is advisable to drill, at least, three piezometers and one centred pumping
well. Two of the piezometers should be located equidistant from the
pumping well whilst the other one should be drilled at a different distance.

i.

ii.

iii.

4, Conclusions

If max is the same in all observation points, K. can be calculated
by applying Eq. (22).

If s’pax is only equal in the observation points located at the same
distance, the retaining walls are homogeneous and K> 0.01 K.
Thus, K, cannot be estimated from s’y4x.

If s’max is not the same at any observation point, even at those
located at the same distance from the pumping well, the retaining
walls behave heterogeneously and K, cannot be estimated from
$’max- In the hypothetical and unlikely case that there is a defect
located at the same distance to the observation points equidistant
to the pumping well, s’y74x will be equal at both observation
points. Then, another piezometer at the same distance as the
previous ones would be needed to establish the behavior of the
retaining walls.

This chapter is focused on the interaction between deep excavations performed by
the cut-and-cover method and groundwater. The first part of the chapter explains
how to design dewatering systems to bring about workable conditions (i.e., dry and
stable conditions) and estimate settlements generated outside the excavation as a
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result of lowering the piezometric head. Despite there being different kinds of
dewatering systems, deep pumping wells seem to be the most adequate in the context
of deep excavations. Deep pumping wells are useful to provide dry conditions, but
also to reduce the water pressure below the excavation bottom bringing about stable
conditions and avoiding liquefaction or bottom uplift events. The bottom stability
must be anticipated during the design phase of dewatering systems by computing, for
example, the safety factor as the ratio between the total vertical stress and the water
pressure. The chosen dewatering system must be the one that, providing adequate
conditions for the excavation, causes the minimum impacts outside of the construc-
tion area. Pumping settlements that occur as a result of lowering the piezometric head
are really feared, especially in urban areas, because they can damage nearby infra-
structures. Therefore, they must be estimated when designing dewatering systems.
Hydromechanical models allow for estimating soil deformations precisely, but they
are time-consuming and numerous parameters are needed. Thus, analytical equations
like those proposed in this chapter are really useful to approximate the magnitude of
the pumping settlements generated by a dewatering system.

The second part of the chapter describes how to ascertain the state of the retaining
walls before starting the excavation phase. Retaining walls are essential to develop
deep excavations in urban areas since they allow excavating within the enclosure of
vertical walls (minimizing the needed space) and obstruct the flow of groundwater
towards the excavation. However, defects in retaining walls are relatively common. If
defects are not detected and remediation actions are not taken before starting the
excavation phase, several issues may arise like the development of sinkholes in the
outer part of the excavated enclosure, bottom instabilities or excavation flooding
events. Here, two methods based on the interpretation of pumping tests are explained
for the assessment of linear and non-linear enclosures. The methods allow to deter-
mine if the retaining walls have many defects or not. In the case where there are many
defects, the hydraulic properties of the retaining walls can be known by identifying
times when the behavior of the groundwater flow changes and applying the proposed
equations. If there are few isolated defects, they can be located by analyzing the
evolution of the groundwater flow behavior and using the proposed equations.
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Water pressure

total vertical stress

effective vertical stress

specific weight of soil

specific weight of water

soil/aquifer depth

piezometric head

safety factor

volumetric strain in the vertical direction

settlement — length variation in the vertical direction

aquifer thickness

compressibility of the porous material

shear modulus

lame constant (drained conditions)

Young’s modulus

Poisson’s coefficient

pumping rate

influence radius of a pumping

radial distance from the pumping well

hydraulic conductivity

transmissivity of the aquifer

water density

gravitational constant

specific storage coefficient

(porosity)

water compressibility coefficient

portion of the specific storage coefficient associated with soil deformation
portion of the specific storage coefficient associated with water

time at which the behavior of the flow changes from radial to linear in the
case of linear enclosures

distance between retaining walls in liner enclosures

time at which the behavior changes from linear to radial in the case of linear
enclosures

distance from the well until the end of the linear underground enclosure
distance from the well until the observation point

time at which the behavior of the flow changes from linear to radial behav-
ior in case of faulty homogeneous retaining walls

time at which the behavior of the flow changes from linear to radial behav-
ior in case of faulty homogeneous retaining walls

conductance of the retaining walls

transmissivity of the retaining walls

thickness of the retaining walls

distance between the pumping well and the defect

distance between the pumping well and the piezometer

derivate of drawdown with respect to the logarithm of time

time at which the behavior of the flow changes from radial to linear in the
case of non-linear enclosures
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Vexe radius of the excavation

Qw pumped groundwater that reaches the inner part of the excavation by
crossing the retaining walls

Qr pumped groundwater coming from inside the enclosure

S Mmax maximum value of s’

tco time when s’y;4x occurs
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Chapter 7

On-Line Monitoring and Intelligent
Diagnosis Technology of Rail
Transit Ventilation System

Yongxing Song

Abstract

With the rapid development of economy and urbanization, subway has gradually
become the main pillar of urban development. The ventilation system is the key
guarantee of air quality in rail transit, and its condition monitoring and intelligent
diagnosis are very important. The core problems of the complete set of a ventilation
system required by the subway station have not been completely solved. The ventila-
tion system includes the ventilator and additional equipment. The level of
informatization and intelligence of the ventilation system and ventilator is not very
high, and they have not yet been fully formed into an integrated diagnostic system. In
view of the above two core issues, several scientific issues need to be tackled. This
chapter studies the online monitoring and intelligent diagnosis mechanism of key
equipment in the subway ventilation system. This mainly includes (1) modulation
model of acoustic vibration signal; (2) noise reduction technology and feature extrac-
tion method; and (3) cases of multi-type typical fault identification fan equipment
based on modulation model. Typical fault features were extracted respectively, which
verified the effectiveness of the signal demodulation method for the diagnosis of rail
transit ventilation systems.

Keywords: ventilation system, modulation model, feature extraction, fault
identification, rail transit

1. Introduction

With the rapid development of economy and urbanization, rail transit has gradu-
ally become the main pillar of urban development. However, the underground tunnel
is a relatively closed space. On the one hand, the ventilation system is needed to
ensure the ventilation of the underground space to ensure the supply of fresh air for
personnel and normal operation of equipment. On the other hand, in case of fire and
other major fire-fighting failures, the normal operation of the fan is required to ensure
the timely discharge of harmful gases and the inhalation of fresh air.

At present, the core problems of rail transit ventilation system have not been
completely solved. The ventilator and ventilation system have not been fully formed
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as an integrated diagnostic system yet. The degree of informatization and intelligence
of the ventilation system is not high. In view of the above core issues, several issues
need to be tacked.

Multi-sensor data fusion technology is the first issue. There are hundreds of mon-
itoring points in the ventilation system, which contain various types of sensor data.
Multi-sensor data fusion is a multi-channel signal acquisition system that realizes the
data fusion, data storage, and real-time display of multiple signals.

Then, fault diagnosis, prediction, and processing technology is the second issue.
Based on the data integrated by the multi-sensor data fusion technology, the features
will be extracted by signal post-processing methods. In a general case, the extracted
features could represent fault feature, which are used for fault diagnosis and fault
prediction.

Finally, the platform for data analysis and management is the third issue, which
combines the multi-sensor data fusion technology with the fault diagnosis, prediction,
and processing technology. The platform mainly involves sensor network technology,
intelligent acquisition and monitoring technology, and network intelligent diagnosis
technology. The fault diagnosis technology of rotating machinery, which has an
impact on the precision of fault detection, is essential to the realization of the intelli-
gent diagnosis technology of the rail transit ventilation system. Therefore, the fault
feature extraction method of rotating machinery signals has been widely studied [1].

For the monitoring signals of rotating machinery, the traditional Fourier transform
spectrum analysis method obtains frequency domain information, but time domain
information is lost. The frequency domain analysis method can accurately obtain the
characteristic information for the steady-state signal of rotating machinery, but in the
non-stationary state condition, time-frequency analysis (TFA) is an effective method
for signal feature extraction. Many researchers have conducted extensive research on
TFA, mainly including short-time Fourier transform (STFT), wavelet transform
(WT) [2], Wigner-Ville analysis [3] methods, and so on.

STFT is a TFA method developed based on Fourier transform, which can obtain
the time-domain and frequency-domain information of the signal, and can realize
better characterization of the non-stationary characteristics of the signal [4]. WT is an
improvement of STFT, which overcomes the limitation of time and frequency resolu-
tion of STFT [5]. In addition, WT is also an effective signal noise reduction method.
Liu et al. used WT to estimate the variance of vibration and noise signals, so as to
realize the noise reduction of monitoring signals [6].

In order to improve the readability of TFA results, many signal decomposition and
analysis methods have been proposed. Common signal decomposition methods include
singular value decomposition [7, 8] (SVD), empirical mode decomposition [9, 10]
(EMD), local mode decomposition [11] (LMD), and ensemble empirical mode decom-
position [12] (EEMD). For the feature components of multi-component fault signals
obtained by signal decomposition, principal component analysis (PCA) can be used as
an effective data dimensionality reduction and feature extraction method [13-15].
Rahmani et al. [16] have proposed an efficient PCA algorithm. Li et al. [17] used the
PCA method to extract multi-sensor features of nuclear power devices to realize
fault detection, fault recognition, and feature reconstruction. Prawin and
Rama Mohan Rao [18] used the PCA method to reconstruct the online time series input
force signal and realized the extraction of principal component features. However, the
feature extraction method based on signal TFA cannot characterize the modulation
information of rotating machinery and thus cannot directly obtain the low-frequency
modulation information.
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During the operation of rotating machinery, mechanical resonance will be caused
by the excitation force. The broadband mechanical vibration caused by excitation
force is the carrier of the modulated signal. Then, the feature frequency of low-
frequency modulation can be extracted by demodulating the resonant frequency
band. Therefore, the demodulation algorithm based on resonance frequency band has
been widely studied. Envelope demodulation (ED), Kurtogram, Fast Kurtogram (FK),
and Protrugram algorithms have been proposed successively, which are widely used
in the extraction of fault features of rotating machinery or components [19]. Under
the situations where the signal-to-noise ratio (SNR) is good, the spectral kurtosis (SK)
analysis algorithm based on resonance narrowband signal demodulation can obtain
better demodulation results. However, under the interference of strong non-Gaussian
background noise, the SK analysis demodulation algorithm is easy to fail. When the
SNR of the monitoring signal decreases, the demodulation and analysis performance
based on the resonant frequency band decreases rapidly.

The demodulation method based on high-order statistics is an effective method to
extract fault features of rotating machinery with high accuracy. It has better demod-
ulation accuracy than the narrowband demodulation algorithm based on resonance
band demodulation. Cyclostationary demodulation algorithm is a typical algorithm
based on high-order statistics demodulation. Antoni and Randall [20] analyzed the
relationship between correlation spectrum and envelope spectrum, and the research
results show that correlation spectrum has better fault feature extraction accuracy.
The analysis method based on second-order cyclostationarity is the most effective
method to extract the fault information of rotating machinery from high-order statis-
tics. Antoni [21] have carried out a detailed application research on the analysis
method of cyclostationary signals, which have a good feature extraction effect on
traditional rotating machinery.

In the research of rotating machinery demodulation algorithm, it is generally
assumed that the noise interference signal is Gaussian white noise. Nevertheless, it is
not consistent with many practical application scenarios. Borghesani et al. [22] carried
out demodulation analysis and research on cyclostationary signals under non-white
noise interference and proposed square envelope spectrum. However, the spectral
correlation (SC) analysis algorithm has high computational complexity. Therefore, the
SC analysis method cannot be effectively used to realize the online monitoring and
fault diagnosis of rotating machinery. Antoni et al. [23] proposed a Fast-SC analysis
method based on STFT, which was verified and analyzed by bearing fault experi-
ments. Horstmann et al. [24] proposed the detection and identification of approxi-
mate cyclostationary signals and the estimation method of a cycle period. In the
algorithm, signal resampling is the key technology. Sophie et al. [25] proposed to use
the cyclostationary analysis method in the angle/time domain to identify the fault
characteristics of the bearing housing under unsteady working conditions. The key is
to use the encoder to collect the phase information and resample the time-domain
fault vibration signal monitored by the rotating machinery. Borghesani and Antoni
[26] analyzed the failure performance of square envelope spectrum and cyclic
demodulation spectrum under peak background noise and further analyzed the effec-
tiveness and anti-noise of logarithmic envelope spectrum by simulation analysis and
experimental verification.

According to the research status of demodulation algorithm based on high-order
statistics, although the demodulation algorithm based on high-order statistics can
obtain better demodulation accuracy, its computational efficiency is low, and its noise
resistance needs to be further improved, so it is difficult to realize the online analysis
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of monitoring signals. For these defaults, the DPCA method, which is a demodulation
method based on TFA and PCA, was proposed by Song et al. [27, 28]. Based on this
method, the dimension of time-frequency distribution matrix can be reduced to
realize the fast demodulation of signals. The computational efficiency of this algo-
rithm is sufficient to realize the online analysis of monitoring signals.

2. Modulation models of acoustic vibration signal

Considering the working characteristics of rotating machinery, during the opera-
tion process, due to rotor imbalance, misalignment, flow field instability, and other
factors, periodic impact will occur, resulting in significant modulation signal compo-
nents in the radiated noise of fan equipment. Therefore, according to different work-
ing conditions of rotating machinery, its modulation model can be divided into
amplitude modulation (AM) signal model under steady-state conditions and ampli-
tude modulation-frequency modulation (AM-FM) signal model under unsteady state
conditions. The two working conditions are respectively for constant speed operation
and variable speed operation. In this section, typical modulation models of above
modulation signals will be illustrated and analyzed, respectively.

2.1 Modulation model of AM signal

Under the condition of constant speed operation, the radiated noise signal pro-
duced by rotating machinery contains obvious amplitude modulation signal, which is
mainly due to its periodic excitation force. Under steady-state conditions, because the
running speed of the rotating machinery remains unchanged, the action cycle of
impact force remains unchanged, and finally the characteristic modulation frequency
of amplitude modulation signal remains stable.

N

xpma(t) = Ay cos (27zfmt) Z cos <Z7gfm.t) (1)

1

where x4 is the AM signal of rotating machinery; A4,, is the amplitude of the AM
signal; f,, is the characteristic frequency of the AM signal; f, ; is the frequency of the
carrier signal; N is the total number of carrier signals.

When the spectrum of the carrier signal is line spectrum, its envelope signal has
significant periodicity, and its carrier modulated AM signal has obvious spectral
characteristics, and the sideband has obvious symmetry, as shown in Figure 1. Such
features can accurately reflect the characteristic frequency information of the modu-
lated signal. Therefore, for a simple single component AM modulation signal, enve-
lope demodulation, resonance demodulation, spectral kurtosis analysis, and other
algorithms can be used to extract the characteristic frequency information of the
modulation signal in the monitoring signal.

When the carrier signal spectrum is broadband signal, the envelope signal and
spectrum of broadband carrier AM simulation signal are shown in Figure 2. The time-
domain and frequency domain spectrum characteristics of the amplitude modulation
signal are different from those of the single component line spectrum carrier modula-
tion signal.
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Figure 1.
Mono-component AM signal and its spectrum [29].
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Figure 2.
Wideband carvier AM signal and its spectrum [29].

In time-domain, the envelope signal of wideband carrier modulation signal has
deviation, but the overall trend corresponds to the modulation signal, so it can reflect
the characteristic modulation information of amplitude modulation signal. In the
frequency domain, the spectrum characteristics of wideband carrier modulation sim-
ulation signal appear as wideband frequency domain signal. At this time, there is no
significant distribution feature in the spectrum of the amplitude modulated signal, so
the signal can be demodulated by using the envelope spectrum analysis method, but
the characteristic frequency information of the modulated signal cannot be observed
directly from its spectrum.

2.2 Modulation model of the AM-FM signal

Under the condition of variable speed operation, the amplitude and frequency of
the radiated noise signal generated by rotating machinery are modulated at the same
time. At this time, the modulation signal is mainly amplitude modulation frequency
modulation signal. The main reason for this signal is the periodic change of the impact
force of the rotating machinery with time in the process of variable speed operation.
The AM-FM signal of the radiated noise signal of the rotating machinery established in
this paper is as follows:

n

xpaf (t) = Apg cos (O (1)) Z cos (2xf ;t) (2)

1

where xp47 (t) is the AM-FM signal; A,,ris the amplitude of the AM-FM signal; 6,,,¢
(t) is the change of the modulated signal angle; f,,r (t) is the instantaneous frequency
of the AM-FM signal, as expressed in Eq. (3).

o,
f () = 2o 3)
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For a typical AM-FM signal, the envelope signal of its timing signal is different
from that of a typical AM signal, and its envelope signal does not have typical period-
icity. When the carrier signal is a line spectrum carrier signal, the timing waveform of
the single component AM-FM signal and its corresponding spectrum distribution are
shown in Figure 3.

According to the waveform of single component AM-FM signal, at this time, the
envelope signal can still reflect the waveform characteristics of the modulation signal,
but because the frequency of the modulation signal changes, its waveform does not
have periodicity. Different from the spectrum of single component am line spectrum
carrier modulation signal, the spectrum of single component AM-FM signal does not
have obvious sideband effect and presents a certain bandwidth as a whole, so the
corresponding modulation information cannot be obtained according to its spectral
characteristics.

When the carrier signal is broadband noise, the time-domain waveform and spec-
trum distribution of the AM-FM simulation signal of the broadband carrier signal are
shown in Figure 4. The waveform characteristics of its envelope signal are similar to
the envelope signal of single component AM-FM line spectrum carrier modulation
signal, which can reflect the waveform of the modulation signal, but there is a certain
error. The spectrum of the wideband carrier modulated signal as a whole is a wide-
band frequency domain signal, which corresponds to the wideband spectrum of the
carrier signal as a whole, but it does not reflect the change of the characteristic
frequency of the modulated signal. Therefore, it is difficult to extract the characteris-
tics of AM-FM signals using conventional envelope demodulation algorithm.

For the feature extraction of AM-FM signal, the signal resampling technology and
demodulation technology are often used. The resampling operation of the monitoring
signal of rotating machinery requires the monitoring of phase information. The
resampling signal of rotating machinery can be obtained by using the phase informa-
tion of rotating machinery for data difference and combining the timing signal of the

w V11T
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Figure 3.
Mono-component AM-FM signal and its spectrum [29].
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Figure 4.
Wideband carvier AM-FM signal and its spectrum [29].
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Monitoring signal resampling [29]. (a) Timing signal; (b) speed phase signal; and (c) resampled signal.

monitoring signal, as shown in Figure 5. According to the resampled signal obtained
by resampling the phase data of rotating machinery and the radiated noise signal,
combined with the method of spectrum analysis, the order modulation information of
the acoustic signal of rotating machinery can be obtained.

3. Noise reduction technology and feature extraction method of online fan
monitoring signal

3.1 Radiated noise signal components

The acoustic signal of rotating equipment mainly includes three components:
deterministic signal, modulated signal, and noise signal [29]. Therefore, the sound
radiation model of rotating machinery can be expressed as Figure 6. The vibration
transmission system of rotating machinery can be regarded as a liner time invariant
system. The monitoring signal is the convolution of above three signal components
and transmission path function, as illustrated in Eq. (4)

@ cerrorasarion NN
1 . * .
:: signal excitation

I—
|
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n . : ey | '
:: ® lmp.uls‘e signal M_ p e R —p
I excitation 1 -
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Figure 6.
Acoustic signal model of rotating machinery [29].
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x(t) = [xa(t) + xm(t) + xe(t)] 1 (4)

where x(t) is monitoring signal; x,(t) is deterministic signal component; x,,(t) is
modulation signal component; x,(t) is noise signal component; * represents convolu-
tion operation; % is the transfer function from the vibration source to the monitoring
point. It is worth noting that the impact of transfer function can be ignored since the
transfer function only has a small influence on the frequency characteristics of signal.

The deterministic signal components in the monitoring signal are caused by
mechanical faults in the process of mechanical operation, such as rotor imbalance, bolt
looseness, and so on. The deterministic signal components can be accurately charac-
terized by functional models, which have first-order statistical characteristics under
steady-state conditions as shown in Eq. (5).

x4(t) = Elxa(t + Ty)] (5)

where, E [] represents the statistical average function of the signal; T4 represents
the period of the signal.

Under steady-state condition, the deterministic signal component is the basis of
signal preprocessing analysis since the characteristic frequency and amplitude of the
component do not change considerably.

Modulation signal component is the characteristic component in the monitoring
signal. The modulation signal component is caused by the periodic impulse of rotating
parts in the process of rotation. Under constant speed operation, the modulation signal
is AM signal, whose second-order statistical characteristics have significant periodicity
as shown in Eq. (6).

Xer(t,7) = Exm (t) o (t + 7)]] (6)

where x,,(t, 7) is the autocorrelation function of the rotating machinery monitor-
ing signal; 7 is the delay time.

Under variable speed operation, the modulation signal is AM-FM signal; the rela-
tionship between the order of monitoring signal and the frequency modulation can
also be obtained by resampling. In rotating equipment, the fault features are hidden in
the modulation signal. Faults of various positions, components, and degrees exhibit
distinct characteristics in modulated signals. There is a correlation between fault
features and modulation features. Thus, the fault early warning and fault location
could be realized. Therefore, the modulation signal components in radiation noise
generated by rotating machinery have periodicity of high-order statistics. It is an
effective means for the application of rotating machinery condition monitoring, fault
early warning, and fault location.

Rotating machinery noise signal components are mainly Gaussian white noise,
which does not have the periodicity of first-order, second-order, and higher-order
statistics. Therefore, in order to accurately extract the low-frequency acoustic texture
feature information of rotating machinery, it is necessary to eliminate noise signal
component by utilizing its statistical characteristics.

3.2 Signal preprocessing method

Under the condition of low SNR, the interference of environmental noise and
equipment noise leads to serious clutter interference in the radiated noise signal,
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which is not conducive to the identification and extraction of deterministic charac-
teristic frequencies. The radiation noise is composed of equipment noise and environ-
mental noise. The equipment noise is the noise generated by equipment operation,
which refers to the noise with a certain modulated signal component. The environ-
mental noise is the background noise, which refers to noise unrelated to the operation
of equipment. The equipment noise contains deterministic signal component and the
modulation signal component, while the environmental noise contains noise signal.
Signal preprocessing method is an effective noise reduction method for monitoring
signals. The preprocessing methods for rotating machinery monitoring signals mainly
include time-domain synchronous averaging (TSA) method and auto-regression (AR)
model.

3.2.1 Time-domain synchronous averaging

Because the modulated signal components and noise signal components do not
have first-order steady-state statistical characteristics, while the deterministic signal
components have stable first-order statistical characteristics, synchronous averaging is
a commonly used deterministic component extraction and noise reduction method for
rotating machinery equipment running at a constant speed, as shown in Eq. (7). TSA
is the most commonly used synchronous averaging technology.

M

) 1

x7sa(t)
where x(t) is the monitoring signal; 2 M + 1 is the number of averaging; Trsa is the
duration of averaging period; x7sa(t) is the TSA signal.

However, under the variable speed operation, the TSA cannot be directly used.
The monitoring signal needs to be resampled by the phase signal monitored by the
rotating machinery. According to the resampled signal, combined with the angle-
domain average processing, the angle-domain averaging signal can be obtained-as
shown in Eq. (8).

M

. 1
xrsa(0) = A}}E;m > x(0+mbrsa) (8)
m=—M

where x(0) is the resampling monitoring signal; s, is the angle averaging period;
x1sa(0) is the angle-domain averaging signal.

However, there are a series of problems in the practical application of TSA. In
practice, the feature extraction of deterministic signal components needs to have
certain requirements for the resolution of time-domain signals. Moreover, in order to
meet the requirements of signal analysis frequency resolution, TSA has higher
requirements for the temporal length of monitoring signals and the operating condi-
tions of rotating machinery, which play a certain role in limiting the application of the
TSA technology.

3.2.2 Linear prediction based on auto-vegression model

Linear prediction is an effective algorithm for extracting the deterministic compo-
nents in signals. This algorithm can use historical data to achieve accurate prediction
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of data and then realize the prediction and separation of deterministic components in
rotating machinery monitoring signals. The AR model used to extract the determinis-
tic components can be expressed by Eq. (9).

p
XAR = — Zq(i)x(n —1) 9)

where x 5g is the deterministic signal component obtained by linear prediction of
monitoring signal; p is the order of AR model; ¢ (i) is weight coefficient. ¢ (i) can be
solved by Yule-Walker equations. The process is as follows:

Vxx(o) Vxx(_l) Vxx(_p + 1) q(l) Vxx(l)
Vxx:(l) Vxx:(O) Vxx(_}:7 —-2) Q(2> _ Vxx:(z) (10)
rap—1) ralp—2) .. 7xx(0) q(p) 7xx (P)

The residual signal refers to an interference signal, which is composed of modula-
tion signal and noise signal. The residual signal was obtained by the residual between
monitor signal and linear prediction signal, as shown in Eq. (9) and Eq. (11). In
addition, by using the residual between the original monitoring signal and the linear
prediction signal, the residual signal composed of the modulated signal and the noise
signal can be effectively obtained, as shown in Eq. (11).

r
Xom (£) + %0 (t) = x(t) + Y _ alk)x(t — k) (11)

k=1

where x(t) is monitor signal; x,, (t) is the modulated signal; x.(t) is the noise signal;
a(k) is the weight coefficient of linear prediction. a(k) can be obtained by linear
transformation of AR function of monitoring signal. The process is as follows:

1 N-1
T () :Nzx(n)x(n_l)’()sisp_l (12)
n=0

Therefore, through the linear prediction, the SNR of the modulated signal can be
effectively improved, and then, the interference component in the modulated signal
can be reduced.

In order to better compare the preprocessing performance of the two algorithms,
Gaussian white noise with an SNR of —15 dB is added to the signal model for analysis
and verification, as shown in Figure 7. The raw signal, TSA signal, AR signal, and their
spectrum are shown in Figure 7, respectively.

When SNR = —15 dB, the raw signal contains a lot of noise, and the SNR is very
low. The spectrum of the raw signal has completely lost the ability to characterize the
deterministic signal components. When TSA is used as the preprocessing analysis
method, the spectrum of the preprocessed signal contains a certain characteristic
frequency within the frequency range of 0-100 Hz, but the spectrum still contains a
lot of interference frequencies. At this time, using TSA as the preprocessing method
has lost its effect.
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Comparison of noise reduction. (SNR = —15 dB) [29].

When the linear prediction preprocessing method is adopted, the noise can be
effectively reduced according to the waveform of its time-series signal, and the anal-
ysis results can be obtained based on the linear prediction as the preprocessing
method. There is a low degree of interference in the spectrum, and the characteristic
frequency of deterministic signal components can be more accurately located. There-
fore, under the condition of low SNR, the preprocessing algorithm based on linear
prediction is better than the time-domain average algorithm. In the later sections of
this chapter, the preprocessing method based on the AR model was adopted by
default.

4. Cases of multi-type typical fault identification fan equipment based on
modulation model

4.1 Common failures of multi-type fan equipment

Cyclostationary signal, a kind of widely existing non-periodic and non-stationary
signal, is a modulated signal component of rotating machinery. However, the second-
order statistical characteristics of cyclostationary signals have certain periodicity,
which provides a research basis for cyclic feature extraction of modulated signals.
Cyclic feature extraction method is a signal post-processing method based on signal
demodulation, which reveals the potential periodicity of the monitoring signal and
then obtains more accurate signal modulation information than the traditional signal
processing methods. For cyclostationary signals, the enhanced envelope spectrum
obtained by Fast-SC [23] could realize cyclic feature extraction. In this section, in
order to verify the effectiveness of fault identification and feature extraction methods
for different types of fans, experiments of jet fans and axial fans have been carried
out. The test rigs of multi-type fan equipment are shown in Figure 8. Based on the
vibration acceleration signals collected in their experiments, the enhanced envelope
spectrum (EES) is calculated, and the characteristic frequency of the fault is extracted.
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Test rigs of a multi-type fan [1]. (a) Jet fan and (b) axial flow fan.
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Enhanced envelop spectrum in normal working conditions [1]. (a) Jet fan and (b) axial flow fan.

For fault diagnosis, fault characteristics can be used as a criterion for detailed fault
diagnosis. Different types of fans have different criteria for fault diagnosis:

For a jet fan, the EES of normal working conditions is shown in Figure 9a. It shows
that the labeled cyclic frequencies a = f, 2f, 4f can represent the characteristic fre-
quencies of the jet fan in normal working conditions, in which f'is the shaft frequency
of a jet fan. For an axial flow fan, the EES of normal working conditions is shown in
Figure 9b. It shows that the labeled cyclic frequencies & = 2f are the characteristic
frequencies of the axial flow fan in normal working conditions, in which f is the shaft
frequency of axial flow fan.

In the fault experiments of a jet fan and an axial fan, bolt looseness faults were set
up in the two experimental devices, respectively. The EES of the jet fan in bolt
looseness fault is shown in Figure 10a. It is indicated that in the labeled cycle fre-
quencies, o = f, 2f, 4f, 5f,and 6f are the characteristic frequencies of bolt looseness fault
of the jet fan. The EES of the axial flow fan in bolt looseness fault is shown in
Figure 10b. It is shown that the labeled cycle frequencies a = 2f, 4f, 6f are the
characteristic frequencies of bolt looseness fault of the axial flow fan. The comparison
shows that the cyclic feature extraction method can effectively diagnose the bolt
looseness fault of an axial flow fan and a jet fan. In addition, the cycle frequency of
bolt loosening fault of the jet fan and axial fan is different, so the cyclic feature
extraction can be extended to the fault diagnosis of the subway ventilation system.
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Enhanced envelop spectrum in bolt looseness fault [1]. (a) Jet fan and (b) axial flow fan.

4.2 Typical faults of the axial flow fan equipment

For different types of typical faults, besides the bolt loosening fault of the axial
flow fan device, the EES of blade slight damage fault is also calculated, and the
characteristic frequencies of acoustic signals and vibration acceleration signals before
and after blades abrasion are extracted, respectively.

For acoustic signals, the EES of normal working conditions is shown in Figure 11a.
It shows that the labeled cyclic frequencies a = 2f, 6f, 8f can represent the character-
istic frequencies of acoustic signals in normal working conditions. The EES of dam-
aged blades condition is shown in Figure 11b. It is indicated that in the labeled cycle
frequencies, o = 4f, 6f, and 8f are the characteristic frequencies of blades abrasion fault
of the axial fan.

For vibration acceleration signal, the calculated EES before and after blades abra-
sion are shown in Figure 12. It shows that the labeled cyclic frequencies a = f, 2f, 4f, 6f,
8f can represent the characteristic frequencies of vibration acceleration signals in
normal working and blades abrasion conditions. This is because the blades abrasion
failure set in the experiment was not destructive damage, so no new characteristic
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Figure 11.
Enhanced envelop spectrum of acoustic signals. (a) Prototype and (b) blades abrasion.
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Enhanced envelop spectrum of vibration acceleration signals. (a) Prototype and (b) blades abrasion.

frequency is generated in the enhanced envelope spectrum under blades abrasion
failure. However, compared with normal working conditions, the amplitude of the
cyclic frequency caused by blades abrasion fault changes. These amplitude changes
can also be used as one of the characteristics of blades abrasion fault, so as to realize
the prediction of destructive blades abrasion fault.

5. Conclusion

In this chapter, the key technologies of online monitoring and intelligent diagnosis
are discussed. The feature extraction method based on signal demodulation offers a
powerful solution to fault identification. In addition, common signal noise reduction
methods are researched. Finally, the cases of typical rotating machinery failure were
simulated by experiment. The main conclusions are as follows:

1. According to different operational conditions of rotating machinery, its
modulation model can be divided into AM signal model and AM-FM signal
model. The frequency modulation could be extracted by these models. The
establishment of modulation signal model provides the research foundation for a
signal demodulation method.

2.Signal preprocessing methods could reduce or eliminate the signal noise, which
effectively improves the SNR for further analysis.

3.The fault diagnosis method based on signal demodulation is verified in
experiments of bolt looseness and blades abrasion fault. The experimental results
show that the amplitudes of cyclic frequency components can reveal the spectral
characteristics of the ventilator.
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