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Course Description 
This course provides a comprehensive guide for evaluating the structural integrity of 
critical connection components used in civil, structural, and mechanical engineering. 
Emphasis is placed on assessing welded joints, mechanical fasteners, anchorage 
systems, and overall connection behavior under service and ultimate loading 
conditions.  
 
The course explores inspection techniques, applicable code provisions, failure modes, 
load path continuity, and condition assessment for both new and aging infrastructure. 
Participants will develop the skills needed to recognize compromised connections and 
recommend remediation, retrofit, or replacement strategies based on sound 
engineering principles. 
 
 
Course Objectives 
By the end of this course, participants will be able to: 

• Understand the mechanical behavior and performance criteria of connections 
in structural systems 

• Identify types and applications of welds, fasteners, and anchors in both steel and 
concrete structures 

• Recognize common failure modes and fatigue mechanisms associated with 
connections 

• Apply visual inspection, non-destructive testing (NDT), and destructive testing 
methods 

• Interpret design and performance requirements from relevant codes and 
standards 

• Evaluate deterioration due to corrosion, overload, vibration, or installation error 
• Formulate engineering judgments for structural adequacy and repair techniques 

 
 
Intended Audience 
This course is suitable for licensed professional engineers involved in structural, civil, 
mechanical, industrial, construction, and architectural engineering. It also applies to 
engineers working in infrastructure assessment, maintenance, forensic investigation, and 
code compliance. 
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Chapter 1 
Fundamentals of Structural Connections and Load Transfer 
Mechanisms 
 
Structural connections are the vital links that bind the elements of any structural system 
into a unified, load-bearing framework. Whether in steel, concrete, timber, or 
composite materials, connections serve as the primary conduits through which loads 
are transmitted from one component to another, ultimately delivering forces to the 
foundation.  
 
A comprehensive understanding of how these connections behave under load, 
interact with surrounding elements, and fail under certain conditions is critical to 
assessing and preserving structural integrity. 
 
Structural Load Paths and Force Transmission 
Every structure is designed with a specific load path in mind. Dead loads, live loads, 
environmental forces such as wind or seismic effects, and other dynamic actions must 
be channeled through beams, columns, walls, and bracing systems toward the ground.  
 
Structural connections are the interfaces that facilitate this flow of forces between 
discrete elements, maintaining continuity and equilibrium throughout the structure. An 
effective load path must be complete, unobstructed, and capable of resisting applied 
loads without excessive deformation or failure. 
 
For example, in a steel-framed building, floor loads are typically transmitted through 
floor slabs to secondary beams, from secondary beams to girders, and then to columns 
and foundations. Each transition point—from slab to beam, beam to girder, girder to 
column—requires a connection designed to resist the appropriate combination of axial, 
shear, and moment forces. The failure of a single connection can compromise the 
entire load path and result in disproportionate collapse, especially in redundancy-
limited systems. 
 
Types of Structural Connections 
Structural connections are categorized by their function and the types of forces they 
are designed to resist.  
 
The three most common types are: 

• Moment connections, which resist rotation and transmit bending moments in 
addition to shear and axial forces. These connections are typically rigid and are 
essential in moment-resisting frames and structures designed for seismic 
resistance. 

• Shear connections, which primarily resist shear forces and allow some degree of 
rotation. These are often used in simple beam-to-column or beam-to-girder 
attachments where rotational flexibility is acceptable or desirable. 

• Bearing connections, often found in pinned or bolted joints, transfer forces 
through direct bearing between components. They are typically not designed to 



resist moments but can be very effective for axial or shear load transfer in 
statically determinate systems. 

 
Each type of connection must be evaluated not only for its static performance under 
design loads but also for its behavior under cyclic, dynamic, and environmental 
conditions, which can induce fatigue or long-term deterioration. 
 
Material Compatibility and Interaction 
The interaction of dissimilar materials in structural connections—such as steel to 
concrete, wood to steel, or aluminum to steel—requires special attention to material 
properties and long-term behavior. Differential thermal expansion, galvanic corrosion, 
and varying deformation characteristics can lead to stress concentrations and 
serviceability issues over time. 
 
For instance, steel bolts embedded in concrete must account for the potential for 
cracking under expansion, creep of concrete, and moisture migration. Similarly, bolting 
aluminum components to steel without isolation measures can lead to galvanic 
corrosion due to electrochemical potential differences. 
 
In evaluating existing structures, engineers must be able to identify and assess the 
compatibility of these material interfaces and determine whether original construction 
practices conformed to best practices or applicable codes at the time of construction. 
 
Structural Redundancy and the Role of Connections 
Structural redundancy refers to the capacity of a structure to redistribute loads through 
alternate paths in the event of localized failure. In highly redundant systems, the failure 
of one connection may not result in collapse due to the presence of multiple load 
paths. However, in many real-world structures—particularly older or economically 
designed buildings—connections are critical points of vulnerability with little tolerance 
for failure. 
 
The importance of redundancy places an added emphasis on inspecting and 
evaluating connections for both visible damage and hidden defects. Engineers must 
consider not only the load-carrying capacity of individual components but also how 
those components work in unison and respond to accidental or unexpected loading 
conditions. 
 
Behavior of Connections Under Service and Ultimate Loads 
Under service conditions, connections should maintain structural integrity, limit 
deflection, and provide stability without visible distress or excessive movement. 
However, during overload scenarios such as seismic events, high wind, or accidental 
impacts, connections are expected to behave predictably and avoid sudden, brittle 
failure. 
 
Ductility is a desirable characteristic in many connection types, as it allows deformation 
to absorb energy and redistribute forces. Brittle connections, such as some welds or 
unreinforced masonry anchors, may fail without warning. The evaluation of structural 



connections must therefore include consideration of failure modes, deformation 
capacity, and the potential for progressive collapse due to localized failure. 
 
Connection Detailing and Constructability 
The performance of any connection is closely tied to how well it is detailed and 
constructed. Poor detailing—such as inadequate edge distances, lack of proper weld 
access, or improper fastener spacing—can compromise strength and lead to 
premature failure. Equally, constructability issues may result in field modifications or 
improper installation that deviate from design intent. 
 
Field evaluations must take into account the original design details, construction 
records (if available), and any observable discrepancies that might affect 
performance.  
 
Engineering judgment is critical in distinguishing between cosmetic flaws and 
structurally significant defects, especially in aging or poorly documented structures. 
 
Conclusion  
Structural connections are more than just the sum of their parts—they are the linchpins 
of a building’s structural system. Understanding the behavior of connections, their 
design philosophy, and the way they interact within a load path is the foundation of 
any integrity assessment. Before any specific evaluation of welds, bolts, or anchors can 
take place, one must fully grasp the role of connections in maintaining structural 
equilibrium, serviceability, and safety. 
 
 
  



Chapter 2 
Understanding Welded Joints and Their Structural Behavior 
 
Welded joints serve as one of the primary methods for connecting structural steel 
components. The inherent advantage of welding lies in its ability to create continuous, 
monolithic connections without the need for additional fasteners or mechanical 
systems.  
 
When properly designed and executed, welded connections can transfer axial forces, 
shear, and moments with high efficiency and minimal deformation. However, welding 
also introduces localized heating, metallurgical changes, and potential discontinuities 
that must be understood and carefully evaluated for structural integrity. 
 
Types of Welds in Structural Applications 
Several types of welds are used in structural engineering, each suited for particular 
loading conditions, joint geometries, and fabrication constraints.  
 
The most commonly used weld types include: 

• Fillet Welds are the most widely used in structural steel applications. They are 
triangular in cross-section and typically applied in lap joints, T-joints, and corner 
joints. Fillet welds are effective in transferring shear and, to a lesser degree, axial 
loads. Their ease of application and adaptability to varying joint configurations 
make them a preferred choice in many field and shop welds. 

• Groove Welds are used when the joining members are prepared with a beveled 
or grooved edge to allow full penetration of the weld. Groove welds are 
capable of transferring large axial and bending forces and are commonly 
specified in moment-resisting frames, bridge girders, and critical load-bearing 
applications. 

• Plug and Slot Welds are typically used to join overlapping plates where bolts are 
not desirable or feasible. These welds transmit shear through filled holes or slots 
and are generally secondary in function, supplementing the primary load 
transfer mechanisms. 

 
Weld Symbols and Detailing 
Proper weld detailing begins with the interpretation and application of standard 
welding symbols, as defined by the American Welding Society (AWS). These symbols 
convey critical information such as weld type, size, length, location, and finishing 
requirements.  
 
For example, a fillet weld symbol placed on the arrow side of a reference line, with a 
specified leg size, denotes the weld's geometric parameters. Incomplete, ambiguous, 
or incorrect welding symbols can result in improper fabrication, leading to overstressed 
joints or inadequate performance. 
 
Detailing must also consider weld access for the welding operator, minimum and 
maximum weld sizes based on base metal thickness, and potential distortions due to 



thermal contraction. Structural engineers should collaborate with fabricators and 
inspectors to ensure that the weld design is both constructible and verifiable. 
 
Welding Processes Used in Structural Fabrication 
Several welding processes are utilized in the construction industry, each with distinct 
advantages, limitations, and quality control implications: 
 

• Shielded Metal Arc Welding (SMAW), often referred to as stick welding, is a 
manual process suitable for field welding and repair work. It offers versatility but is 
sensitive to operator skill and environmental conditions. 

 
• Gas Metal Arc Welding (GMAW), commonly called MIG welding, is more 

automated and often used in shop fabrication. It allows for higher productivity 
and consistent weld quality under controlled conditions. 

 
• Flux-Cored Arc Welding (FCAW) is similar to GMAW but uses a tubular wire filled 

with flux. It is favored in structural steel applications due to its deep penetration 
and adaptability to thicker sections and outdoor use. 

 
• Submerged Arc Welding (SAW) is used for long, straight welds in heavy plate 

applications, particularly in fabrication shops. It produces high-quality, deep-
penetration welds with minimal spatter or porosity. 

 
Each process introduces varying levels of heat input, penetration depth, metallurgical 
effects, and susceptibility to defects such as porosity, lack of fusion, or slag inclusions. 
Understanding the characteristics and limitations of each process is essential when 
evaluating weld behavior and quality. 
 
Stress Distribution and Load Transfer in Welds 
The structural behavior of welds is governed by the way they transfer stress between 
connected members. In a fillet weld subjected to shear, stress is distributed along the 
throat of the weld—an imaginary line bisecting the 45-degree angle of the fillet triangle. 
In groove welds, load transfer occurs through the full depth of penetration, with stresses 
assumed to be uniformly distributed across the effective weld area. 
 
However, actual stress distribution in welds is complex and non-uniform, especially at 
discontinuities, terminations, and regions of geometric change. Concentrated stresses 
often arise at the toes of welds, where cracks may initiate under cyclic loading. In 
critical applications, the weld must be designed not only for static strength but also for 
fatigue resistance and post-yield ductility. 
 
Heat-Affected Zone and Metallurgical Considerations 
Welding introduces localized heating that alters the microstructure of the base metal 
adjacent to the weld, forming the heat-affected zone (HAZ). The HAZ does not melt, 
but its mechanical properties can change significantly due to thermal cycles. Grain 
growth, residual stresses, and changes in toughness or hardness may occur, especially 
in high-strength or alloy steels. 
 



Cracking in the HAZ, such as lamellar tearing or hydrogen-induced cracking, poses a 
serious threat to structural integrity. These defects may not be visible during a surface 
inspection but can develop over time under service loading or environmental 
exposure. Engineers must consider these risks during both design and post-construction 
evaluation. 
 
Welding Defects and Structural Implications 
Common defects in welds include: 

• Lack of fusion, where the weld fails to bond adequately to the base metal 
• Porosity, caused by trapped gas bubbles, which can reduce strength and 

toughness 
• Cracks, which may form during cooling due to residual stress or poor joint 

preparation 
• Undercutting, where the base metal is melted away at the edge of the weld, 

reducing effective cross-section 
 
The structural impact of these defects depends on their size, location, and orientation 
relative to the applied load. A small surface crack in a lightly loaded weld may be 
inconsequential, while a subsurface lack of fusion in a high-demand moment 
connection can lead to catastrophic failure. Evaluation procedures must assess both 
the nature and criticality of such defects. 
 
Design Assumptions in Welded Connections 
Design codes such as the AISC Steel Manual provide guidance on allowable stresses, 
weld sizes, and minimum requirements. These assumptions are based on idealized 
behavior, uniform material properties, and defect-free execution.  
 
Real-world conditions, however, rarely meet such perfection. It is the responsibility of the 
evaluating engineer to determine whether the as-built or in-service welds conform to 
the intent and safety factors embedded in the design codes. 
 
When evaluating welds in existing structures, it is often necessary to compare observed 
welds to design drawings, assess conformance to applicable standards, and—where 
needed—perform nondestructive testing to confirm internal integrity. In the absence of 
records, engineers may need to make conservative assumptions and recommend 
reinforcement or further investigation. 
 
Conclusion  
Welded joints, while offering seamless load transfer and design versatility, present a 
complex interplay of metallurgical, geometric, and performance-related variables. 
Understanding the types of welds, the mechanics of stress distribution, and the potential 
for defects is essential for any engineer tasked with evaluating structural integrity.  
 
The next step in ensuring weld reliability is the rigorous application of inspection and 
testing protocols, which will be discussed in the next chapter. 
 
 
  



Chapter 3 
Inspection and Evaluation of Welded Connections 
 
The structural soundness of a welded joint cannot be assured by design calculations 
and visual appearance alone. Effective inspection is essential to verify that the weld 
conforms to specified design criteria, is free of critical defects, and retains its intended 
mechanical properties throughout the service life of the structure.  
 
This chapter explores the key methods used to inspect and evaluate welds, ranging 
from basic visual assessments to advanced nondestructive testing (NDT) techniques.  
 
The application of these inspection methods is critical not only during initial fabrication 
but also throughout the operational life of a structure, particularly in high-load, fatigue-
sensitive, or safety-critical environments. 
 
Visual Inspection of Welds 
Visual inspection is the most fundamental form of weld assessment. It is typically the first 
step in the inspection process and, when properly performed, can identify many 
surface-level discontinuities, such as cracks, undercuts, incomplete fusion, slag 
inclusions, and improper weld profiles. 
 
Qualified inspectors should be trained to recognize acceptable tolerances in 
accordance with applicable standards such as AWS D1.1 (Structural Welding Code – 
Steel) or AWS D1.5 (Bridge Welding Code).  
 
They must verify parameters such as: 

• Weld size and leg length for fillet welds 
• Uniformity and continuity of weld beads 
• Termination quality at start/stop points 
• Absence of surface cracks, spatter, and porosity 
• Proper alignment and fit-up of welded components 

 
Visual inspection may involve simple tools such as measuring gauges, fillet weld 
templates, magnifying glasses, and straight edges. Although inexpensive and non-
invasive, visual inspection is limited to surface-level defects and cannot assess internal 
discontinuities or metallurgical defects. Nevertheless, its value is substantial in identifying 
early fabrication errors or signs of deterioration in aging structures. 
 
Nondestructive Testing (NDT) Methods 
Where visual inspection leaves off, nondestructive testing offers a suite of technologies 
capable of detecting internal flaws, verifying weld penetration, and evaluating 
subsurface integrity without damaging the component. The selection of a particular 
NDT method depends on the material type, weld geometry, accessibility, and the 
nature of anticipated defects. 
 
 



Key NDT methods include: 
 

• Ultrasonic Testing (UT) is one of the most widely used NDT techniques for weld 
inspection. High-frequency sound waves are introduced into the weld using a 
transducer, and the reflections from internal surfaces or discontinuities are 
captured and analyzed. UT is especially effective for detecting incomplete 
fusion, cracks, and slag inclusions in full-penetration groove welds. It is capable 
of measuring flaw depth and size, making it suitable for critical connections in 
bridges, high-rise buildings, and industrial facilities. 

 
• Radiographic Testing (RT), or X-ray inspection, provides a visual representation of 

internal weld structures by passing ionizing radiation through the component and 
capturing the image on film or a digital sensor. RT is particularly effective in 
identifying volumetric defects like porosity and slag inclusions. Its primary 
limitation lies in the need for radiation shielding and the difficulty of interpreting 
overlapping or angled joints. Radiographic testing is often reserved for high-
profile applications where internal weld quality is paramount. 

 
• Magnetic Particle Testing (MT) is used to detect surface and near-surface 

discontinuities in ferromagnetic materials. A magnetic field is applied to the weld 
area, and iron particles suspended in liquid are applied. If defects are present, 
they disrupt the magnetic field and attract the particles, forming visible 
indications. MT is valuable for identifying cracks, laps, and cold shuts on the 
surface of steel welds and is widely used in field conditions due to its portability 
and speed. 

 
• Dye Penetrant Testing (PT) is used to locate surface-breaking defects on non-

porous materials, regardless of magnetic properties. A liquid dye is applied to the 
cleaned surface, followed by a developer that draws the dye from any cracks or 
flaws. PT is limited to detecting surface discontinuities but is simple and cost-
effective, especially for non-ferrous metals or polished welds. 

 
Evaluation Criteria for Weld Acceptance 
Once defects are identified through inspection or NDT, their significance must be 
evaluated using accepted criteria. Not all discontinuities result in automatic rejection.  
 
Weld acceptance is based on factors such as: 

• The type and size of the defect 
• The location and orientation relative to stress flow 
• The service conditions and expected loading 
• The governing code or standard 

 
For example, a small pore or undercut located in a low-stress region may be 
acceptable, while the same defect in a highly loaded moment connection could be 
cause for concern. Codes such as AWS D1.1 provide tables and charts specifying 
allowable defect sizes, lengths, and spacing based on weld category and service 
classification. 
 



Engineering judgment must also be exercised when interpreting test results. Overly 
conservative interpretation may lead to unnecessary repair or rejection, while lax 
criteria can endanger public safety. 
 
Inspection During Construction and Post-Service Evaluation 
Inspection is not limited to post-fabrication or failure investigation. Continuous 
inspection during construction helps prevent issues before they occur.  
 
Key inspection stages include: 

• Pre-weld inspection, verifying material preparation, cleanliness, joint geometry, 
and fit-up 

• In-process inspection, monitoring welding parameters such as current, voltage, 
travel speed, and preheat 

• Post-weld inspection, evaluating finished welds for visible defects and alignment 
 
In service, structures must be inspected periodically for signs of degradation, fatigue 
cracking, or environmental damage. Welded joints in bridges, offshore platforms, and 
high-cycle machinery are especially vulnerable to fatigue-induced cracking, often 
requiring scheduled ultrasonic or magnetic particle inspection over time. 
 
Documentation and Traceability 
A key aspect of weld inspection is documentation. Inspection reports, NDT records, 
welder qualifications, and procedure specifications must be recorded and retained for 
regulatory compliance, quality assurance, and future evaluation. Traceability is 
particularly important in fracture-critical or life-safety structures where any deficiency 
can have severe consequences. 
 
Digital inspection records are increasingly being integrated into asset management 
systems, enabling engineers to track the history of weld performance and plan 
proactive maintenance. When evaluating existing structures, historical inspection data 
provides invaluable context for assessing deterioration trends and estimating remaining 
service life. 
 
Conclusion  
Welded joints must be scrutinized with appropriate inspection methods to verify their 
structural integrity. While visual inspection offers a first line of defense, nondestructive 
testing provides the tools to detect critical flaws that lie beneath the surface. The use of 
standardized evaluation criteria and sound engineering judgment is vital in determining 
whether welds meet performance expectations or require remediation.  
 
The next chapter will shift focus to another essential category of structural connectors—
anchorage systems in concrete and masonry. 
 
 
  



Chapter 4 
Anchorage Systems in Concrete and Masonry Structures 
 
Anchors play a critical role in structural engineering by transferring loads between 
structural elements and concrete or masonry substrates. From curtain wall supports and 
mechanical equipment mounts to seismic bracing and structural steel column bases, 
anchorage systems are ubiquitous in both new construction and retrofit applications.  
 
The proper design, installation, and evaluation of anchors are essential to ensure the 
performance of load paths and the long-term integrity of a structure. Anchors must 
resist tension, shear, or a combination of both, depending on the nature of the 
connection and the applied forces. 
 
This chapter explores the types of anchorage systems used in concrete and masonry, 
the mechanical principles that govern their behavior, and the key considerations 
engineers must make when evaluating their structural adequacy. 
 
Types of Anchorage Systems 
Anchors are generally categorized into two broad classes: cast-in-place anchors and 
post-installed anchors. Each has unique design implications, installation constraints, and 
inspection requirements. 
 
Cast-in-Place Anchors 
These anchors are embedded in the concrete during initial placement. Typical 
examples include headed studs, hooked rebars, and anchor bolts with nuts and 
washers. They are most commonly used for structural connections such as base plates 
for steel columns, embedded plates for precast panels, and heavy equipment 
foundations. 
 
Because they are installed prior to concrete curing, their location, alignment, and 
embedment depth are fixed at the time of concrete pour. Misalignment can create 
challenges in field connections. However, cast-in anchors typically benefit from a strong 
bond with the surrounding concrete and are less susceptible to installation errors 
compared to post-installed systems. 
 
Post-Installed Anchors 
Used extensively in retrofit, expansion, and field-installed applications, post-installed 
anchors are inserted into pre-drilled holes in cured concrete or masonry.  
 
Several types exist: 

• Expansion Anchors, which develop resistance through mechanical expansion 
against the hole walls. These include wedge anchors, sleeve anchors, and 
torque-controlled bolts. 

• Adhesive Anchors, which use epoxy or other bonding agents to secure the 
anchor rod or rebar inside the hole. They offer high tensile strength and flexibility 
in embedment depth. 



• Undercut Anchors, which mechanically interlock with a specially shaped hole. 
These provide superior resistance to pullout and are used in critical applications. 

• Screw Anchors, or concrete screws, which cut threads into the concrete and are 
used for light to moderate loading. 

 
Post-installed anchors require careful attention to hole cleaning, installation torque, 
curing conditions (for adhesive anchors), and spacing from edges or other anchors. 
Improper installation can lead to premature failure, particularly under cyclic or seismic 
loads. 
 
Load Transfer Mechanisms 
Anchors resist applied loads through various mechanisms, depending on the anchor 
type, material properties, and surrounding concrete or masonry.  
 
Key mechanisms include: 

• Friction: Common in expansion anchors, where radial pressure against the hole 
wall creates resistance to axial pullout. 

• Bonding: Used in adhesive anchors, where chemical adhesion and mechanical 
interlock between the anchor and concrete resist tension. 

• Bearing: Where the anchor shaft bears directly against the concrete in the 
direction of shear. 

• Keying/Interlock: Seen in undercut or deformed bar anchors, where physical 
interlocking prevents pullout. 

 
The effectiveness of each mechanism depends on installation quality, curing time (for 
adhesives), and the concrete condition (age, moisture content, strength, and surface 
cleanliness). Evaluating these mechanisms in existing installations requires both 
theoretical knowledge and empirical testing. 
 
Failure Modes of Anchors 
Anchorage systems must be evaluated not only for the strength of the anchor itself but 
for the failure modes of the surrounding substrate.  
 
Common failure modes include: 

• Steel failure, where the anchor rod or bolt fractures under tension or shear. 
• Pullout failure, especially in adhesive anchors, where the bond between the 

anchor and concrete fails. 
• Concrete breakout, where a cone-shaped wedge of concrete fractures and is 

pulled out with the anchor under tension. 
• Edge failure, where the concrete cracks or spalls if anchors are placed too close 

to the edge. 
• Splitting failure, in thin slabs or masonry where tensile stresses exceed the tensile 

capacity of the material. 
 
Each failure mode is influenced by anchor geometry, embedment depth, spacing, 
edge distance, and material properties. Code-based calculations, such as those found 
in ACI 318 Chapter 17, provide the framework for analyzing these limit states and 
ensuring safety margins. 



 
Anchor Design in Accordance with ACI and ICC-ES Standards 
The American Concrete Institute’s ACI 318 includes comprehensive provisions for 
anchorage design under both static and seismic loading. The International Code 
Council Evaluation Service (ICC-ES) provides evaluation reports (ESRs) for proprietary 
anchor products, offering design data, limitations, and qualification criteria. 
 
ACI 318 requires designers to consider multiple limit states for each anchor: 

• Concrete breakout 
• Pullout 
• Side-face blowout (for shallow embedments) 
• Bond failure (for adhesive anchors) 
• Steel strength 
• Seismic performance (for post-installed anchors in SDC C, D, E, and F) 

 
When evaluating existing anchors, engineers must determine whether the original 
design meets these criteria and whether current conditions (e.g., spalling, corrosion, or 
misalignment) may have compromised load-carrying capacity. 
 
Special Considerations for Masonry Anchors 
Anchoring into masonry presents unique challenges due to its composite nature (block, 
mortar, grout) and lower tensile strength compared to concrete. Masonry anchors must 
account for potential failure of mortar joints, hollow cells, and variations in grout quality. 
 
Expansion anchors may crush or split masonry units, while adhesive anchors may have 
inconsistent bonding due to surface irregularities. Hollow-block anchoring often requires 
sleeve inserts or mesh screens to distribute load and ensure effective bonding. 
 
Evaluation of masonry anchors should include: 

• Verification of grout presence and condition 
• Inspection for cracks and unit displacement 
• Assessment of anchor alignment, embedment, and spacing 
• Testing or conservative re-design where documentation is lacking 

 
Environmental and Installation-Related Degradation 
Anchors are susceptible to degradation from environmental exposure and poor 
installation practices. Corrosion, particularly in coastal or industrial environments, can 
significantly reduce steel capacity and lead to failure without visible warning. Adhesive 
anchors installed in damp holes or below the minimum curing temperature may not 
achieve full strength. Vibration and cyclic loading can loosen torque-controlled 
anchors, leading to reduced capacity over time. 
 
Engineering evaluations must consider: 

• Environmental conditions (e.g., chlorides, freeze-thaw) 
• Anchor age and maintenance history 
• Signs of movement, cracking, or corrosion 
• Compatibility of anchor material with surrounding substrate and intended loads 

 



Conclusion  
Anchorage systems provide vital connections between structural elements and their 
supporting substrates. Their effectiveness depends not only on anchor type and 
configuration but also on installation quality, surrounding conditions, and ongoing 
maintenance. Failure modes can arise from a variety of sources, requiring thorough 
assessment methods to identify compromised connections and preserve structural 
integrity.  
 
The next chapter will focus on field and laboratory testing techniques for evaluating 
anchors and determining their in-situ performance. 
 
 
  



Chapter 5 
Testing and Evaluating Anchors and Embedments 
 
Evaluation of anchor systems in concrete and masonry often requires more than visual 
observation. While corrosion, cracking, or misalignment may offer clear signs of distress, 
many structural issues with anchors are concealed within the substrate and cannot be 
detected without systematic testing.  
 
This chapter outlines the key methods used to evaluate anchorage systems in the field 
and laboratory. It explains how to interpret test results and apply them to determine 
structural adequacy or identify necessary repairs. Testing is especially critical in safety-
critical installations, seismic retrofits, and post-installed anchor applications where 
proper load transfer must be verified after installation or during long-term service. 
 
Field Testing of Anchors 
Field testing is typically conducted to verify the capacity of installed anchors, especially 
when documentation is lacking, or when conditions deviate from original design 
assumptions. There are two main testing approaches; proof load testing and ultimate 
load testing. 
 
Proof Load Testing 
This method involves applying a predetermined load to the anchor—usually a fraction 
of the design load (often 50% to 75%)—to verify that it can sustain the applied force 
without displacement or failure. Proof testing does not aim to determine ultimate 
strength but rather confirms installation quality and basic functionality.  
 
Common applications include: 

• Quality assurance for post-installed anchors in critical installations 
• Verification of anchor installation in inaccessible or unobservable locations 
• Periodic inspection of safety-related anchors (e.g., seismic bracing, facade 

supports) 
 
The anchor is loaded axially using a hydraulic jack while deflection is measured with a 
dial gauge or displacement transducer.  
 
Acceptance criteria generally include minimal residual movement, no signs of cracking 
or distress in the substrate, and no drop in load during the hold period. 
 
Ultimate Load (Pullout) Testing 
This method is used to determine the maximum load an anchor can resist in tension or 
shear before failure. Unlike proof testing, pullout testing seeks to establish actual 
performance characteristics, especially for anchors in aged, damaged, or unknown 
substrates. 
 
Pullout tests are often employed in: 

• Forensic investigations following structural failure 



• Condition assessments of aging infrastructure 
• Evaluations for retrofitting or change of use in existing structures 
• Validation of alternative or proprietary anchorage methods 

 
The test is conducted by applying increasing load until anchor failure occurs, while 
continuously measuring displacement. Failure modes are documented, including steel 
yielding, bond failure, concrete breakout, or anchor pull-through. The results are 
compared to code-based calculations or used to calibrate design assumptions. 
 
Instrumentation and Setup 
Testing anchors in situ requires careful setup to avoid interference from external factors.  
 
Common equipment includes: 

• Hydraulic test jacks, rated for the expected load range 
• Load cells or pressure gauges, to measure applied force accurately 
• Displacement transducers, LVDTs, or mechanical dial indicators to monitor 

movement 
• Reaction frames or tension fixtures, to isolate the anchor load path from the 

surrounding structure 
 
It is critical to ensure that the reaction forces from the test apparatus do not influence 
adjacent components or distort results. Proper anchorage of the reaction frame is 
essential to maintain alignment and load fidelity. 
 
Factors Affecting Test Results 
Field testing must account for many variables that can affect anchor performance, 
including: 

• Concrete strength, which varies with age, moisture, temperature, and 
composition 

• Presence of reinforcement, which may increase capacity or alter failure modes 
• Edge distance and spacing, influencing breakout potential 
• Anchor orientation, including horizontal or overhead installations 
• Hole condition, such as contamination, irregularity, or surface roughness 
• Installation workmanship, especially for adhesive anchors, where improper 

cleaning or curing can reduce capacity by over 50% 
 
Engineers must interpret results with an understanding of these variables. Anomalously 
low results may indicate installation error or deterioration, while high variability may 
suggest inconsistent conditions within the substrate. 
 
Interpreting Load-Displacement Curves 
In pullout tests, the load-displacement curve is a key indicator of anchor behavior.  
 
A typical curve includes: 

• Elastic region, where load increases linearly with minimal movement 
• Plastic region, indicating yielding or bond slip 
• Failure point, where load drops abruptly or displacement increases rapidly 

 



A steep, well-defined elastic region followed by sudden failure suggests brittle behavior, 
common in unreinforced concrete breakout. A more gradual transition indicates 
ductile performance, often seen in steel yielding or well-bonded adhesive anchors. 
 
The shape of the curve, combined with failure mode observation, provides insight into 
anchor reliability, suitability for reuse, or need for reinforcement. 
 
Laboratory Testing and Qualification of Anchors 
Beyond field tests, laboratory evaluation is used to establish baseline anchor 
performance, particularly for proprietary post-installed systems. Organizations such as 
the International Code Council Evaluation Service (ICC-ES) and European Technical 
Assessment (ETA) bodies require comprehensive testing under controlled conditions to 
issue approval reports (e.g., ESRs). 
 
Lab tests evaluate anchor performance in: 

• Tension and shear across varying embedment depths 
• Seismic cycling, including tension-reversal and displacement-controlled loading 
• Temperature and moisture variations 
• Sustained load performance over time (creep testing) 
• Installation variances and adverse conditions 

 
These results form the basis for allowable load tables and design recommendations 
used in engineering practice.  
 
When field conditions match laboratory scenarios, engineers can rely on published 
data. However, in non-standard or degraded installations, field testing is often 
necessary to confirm performance. 
 
Load Testing in Masonry Substrates 
Testing anchors in masonry introduces additional complexities due to unit variability, 
mortar joint inconsistencies, and potential voids. Pullout tests must account for grout 
presence, block orientation, and cracking risk. Hollow units may require custom testing 
fixtures or verification of internal reinforcement. 
 
For light-duty applications, such as facade anchors or signage mounts, empirical testing 
is often the only practical method of establishing performance. Engineers should apply 
conservative interpretations and consider overdesign or redundancy where conditions 
are uncertain. 
 
Post-Test Evaluation and Engineering Judgment 
Testing is only one part of the evaluation process. Engineers must use sound judgment 
when deciding how to respond to test results.  
 
Options may include: 

• Acceptance of anchors based on satisfactory results 
• Reinforcement of anchor systems with supplemental fasteners or added 

embedment 
• Removal and replacement of failed or marginal anchors 



• Structural modification or redistribution of loads 
• Application of load reduction factors or service limitations 

 
Documentation of testing, including test setup, conditions, and observations, is vital to 
support conclusions and recommendations. In regulated environments, testing reports 
must conform to recognized standards and be signed and sealed by licensed 
engineers. 
 
Conclusion  
Testing anchors and embedments is a critical aspect of evaluating connection integrity 
in both new and existing structures. Field proof load and ultimate pullout tests provide 
direct evidence of anchor performance, while laboratory testing establishes the 
parameters for design and product approval.  
 
A proper understanding of load transfer, substrate interaction, and failure mechanisms 
is essential for interpreting results and making sound engineering judgments.  
 
The next chapter will turn to the evaluation of fasteners—specifically bolts and 
mechanical connections—and their role in structural load transfer. 
 
 
  



Chapter 6 
Fasteners in Structural Systems 
 
Bolted and mechanically fastened connections serve as one of the most reliable and 
commonly used means of joining structural elements in both steel and timber 
construction. Fasteners allow for precise alignment, ease of disassembly, and controlled 
application of pre-load forces. When properly designed and installed, fasteners provide 
robust shear and axial load transfer capabilities and can perform well under static, 
dynamic, and seismic loading conditions. 
 
This chapter discusses the various types of fasteners used in structural systems, their 
behavior under load, and the principles that govern their use in different engineering 
applications. Emphasis is placed on how fasteners contribute to the overall integrity of 
structural connections and how to ensure their proper selection, installation, and 
maintenance. 
 
Types of Fasteners and Their Applications 
Structural fasteners come in various forms, each suited for specific loading conditions, 
materials, and structural configurations.  
 
The primary categories include: 

• Bolts and Bolted Assemblies 
• High-Strength Bolts 
• Anchor Bolts and Headed Studs 
• Timber Fasteners 

 
Bolts and Bolted Assemblies 
Bolts are threaded fasteners used with nuts and washers to create clamping force 
across connected components. Structural bolts used in steel construction are governed 
by specifications such as ASTM A325 or A490 (now replaced by ASTM F3125).  
 
These bolts are used in both bearing-type and slip-critical connections: 

• Bearing-Type Bolted Connections: In these joints, shear forces are transferred by 
direct bearing of the bolt against the sides of the hole. Some slippage is 
acceptable, and friction is not relied upon for load transfer. These are widely 
used in low-seismic, low-fatigue applications where minor movement is tolerable. 

• Slip-Critical Bolted Connections: These rely on the friction between the faying 
surfaces (contact surfaces) of the connected members, developed through bolt 
pre-tensioning. Slip-critical joints are essential in seismic regions, fatigue-sensitive 
connections, and high-vibration applications such as bridges and tall buildings. 
To ensure slip resistance, surfaces are prepared using Class A or Class B surface 
treatments to increase friction coefficients. 

 
High-Strength Bolts 
High-strength bolts are the backbone of structural bolting systems. They are typically 
installed using methods that ensure proper tensioning, such as: 



• Turn-of-nut method, where the bolt is turned a specified angle beyond snug-tight 
• Calibrated wrench method, using torque wrenches adjusted to deliver the 

required pre-load 
• Tension-control bolts, which have spline ends that shear off at the correct tension 
• Load indicating washers, which show whether the proper clamping force has 

been achieved 
 
Anchor Bolts and Headed Studs 
Used to connect structural members to concrete, these fasteners provide both shear 
and axial restraint at critical interfaces, such as column base plates and machinery 
mounts. Anchor bolts may be cast-in or post-installed, and must be evaluated for edge 
distance, embedment depth, and resistance to pullout and shear. 
 
Timber Fasteners 
In timber construction, mechanical fasteners include lag screws, wood screws, nails, 
and bolts. These fasteners rely on bearing and withdrawal resistance, which varies 
based on wood species, moisture content, and grain direction. Pre-drilled holes, proper 
spacing, and consideration of seasonal shrinkage are essential to performance. 
 
Behavior of Fasteners Under Load 
Fastener performance is governed by how loads are transferred through the joint. 
Depending on the joint design and fastener type, load transfer mechanisms include: 

• Shear, where the fastener resists relative movement between connected 
components 

• Tension, where the fastener pulls components together or resists separation 
• Combined shear and tension, such as in diagonal bracing connections or sloped 

beam end plates 
• Bearing, where the fastener presses against the edge of the bolt hole 
• Friction, in slip-critical joints, where clamping force generates resistance to 

slippage 
 
The integrity of a fastened joint depends not only on the capacity of the fastener itself 
but also on the surrounding materials. Bolt hole elongation, deformation of connected 
parts, and local crushing must all be considered in evaluating the joint’s true capacity. 
 
Preloading and Clamping Force 
Preloading bolts creates clamping force that holds the components together. This is 
essential in preventing loosening under vibration, minimizing fatigue cracking, and 
achieving frictional resistance in slip-critical joints. The correct amount of preload is 
crucial: under-tightening may lead to slippage or joint separation, while over-tightening 
can cause bolt yielding or thread damage. 
 
Engineers must ensure that: 

• Bolts are tensioned uniformly and to the specified magnitude 
• Torque-based methods are calibrated and verified in the field 
• Secondary locking mechanisms (e.g., locknuts, thread adhesive) are used in 

vibration-prone environments 
 



Loss of preload over time due to relaxation, embedding, or material creep must also be 
accounted for, particularly in connections exposed to thermal cycling or sustained 
loading. 
 
Bolt Group Behavior and Eccentric Loading 
In most structural joints, multiple bolts are arranged in groups to resist applied forces. The 
interaction between these bolts must be analyzed as a system. When eccentric loading 
is present, such as a moment applied through a bolted end-plate, the bolts may 
experience unequal load sharing. Tension develops in bolts farthest from the centroid of 
rotation, while those near the center carry less load. 
 
Bolt group analysis requires considering: 

• Load eccentricity and resultant force distribution 
• Bolt spacing and edge distances to prevent concrete breakout or local failure 
• Combined axial and shear effects, often requiring vector resolution of loads 
• Connection stiffness, which can influence load redistribution 

 
Design software or analytical methods such as the Instantaneous Center of Rotation 
(ICR) approach are often used to analyze bolt group response under complex loading. 
 
Design and Specification Standards 
Bolted connections are governed by standards and design manuals including: 

• AISC Steel Manual, which provides load and resistance factor design (LRFD) and 
allowable stress design (ASD) methodologies 

• RCSC Specification for Structural Joints Using High-Strength Bolts, which offers 
detailed requirements for bolt types, installation procedures, and joint 
classification 

• ASTM standards, which define material properties, dimensional tolerances, and 
performance requirements for fasteners 

• IBC and ASCE 7, which provide seismic and wind loading considerations 
affecting fastened joints 

 
Adherence to these standards ensures consistency, safety, and compatibility between 
components. Field evaluation of fasteners must involve comparing observed conditions 
to specified standards, identifying deviations, and determining whether those 
deviations affect performance. 
 
Conclusion  
Mechanical fasteners—whether bolts, screws, or anchors—are essential elements in 
structural systems. Their ability to transfer load depends on a combination of geometry, 
material strength, installation quality, and interaction with connected elements. 
Understanding the behavior of fasteners under load, including the role of preload, 
group effects, and joint configuration, is crucial for evaluating the performance of any 
structure.  
 
In the next chapter, we will examine how these connections perform under service 
loads and extreme conditions, and how engineers assess their condition during 
inspections.  



Chapter 7 
Assessing Bolted and Mechanical Fastener Connections 
 
The evaluation of bolted and mechanically fastened connections requires more than a 
superficial glance at the presence of bolts or screws in place. A comprehensive 
assessment must consider the condition, performance history, and in-service behavior 
of the fasteners and the joint as a whole.  
 
This chapter focuses on the practical techniques, engineering judgments, and 
diagnostic indicators used to assess fastener connections in structural systems. It 
addresses the behavior of fasteners under service loads, the impact of fatigue and 
dynamic loading, the signs of distress, and appropriate testing and inspection 
protocols. 
 
Performance Under Static and Dynamic Loading 
Bolted connections must resist both static and dynamic loads throughout a structure’s 
service life. Static loads involve constant or slowly changing forces, such as dead loads 
and live loads. In contrast, dynamic loads involve time-dependent or fluctuating forces 
such as wind, seismic activity, mechanical vibration, and impact. 
 
Under static loading, bearing-type bolted connections typically show predictable 
deformation, and the primary concern becomes bolt slip, yielding, or hole deformation. 
In well-designed connections, any deformation remains within serviceability limits. 
 
Under dynamic or cyclic loading, however, connections are subjected to repeated 
stress reversals that can lead to fatigue failures. Slip-critical joints are preferred in such 
cases, as they minimize micro-movement and delay crack initiation. 
 
Forensic investigations of failures often reveal overlooked dynamic effects. For example, 
a bolted bracket exposed to machine vibration may loosen over time, leading to an 
increase in slip or eccentricity and a progressive loss of capacity. Fatigue cracks often 
initiate at the bolt hole edge, especially where stress concentrations are present or the 
hole is oversized. 
 
Common Signs of Distress in Fastened Joints 
Engineers performing visual inspections of fastened connections should be trained to 
recognize symptoms that indicate performance degradation or impending failure.  
 
These signs include: 

• Rust streaking at fastener locations, which may indicate water intrusion, 
corrosion, or material incompatibility 

• Loose or missing bolts, which suggest loss of preload, vibration loosening, or 
improper installation 

• Elongated or deformed holes, visible where connected parts have shifted under 
load 

• Visible cracking in plates or bolt threads, indicating excessive tension, fatigue, or 
improper torqueing 



• Gap formation between connected members, signifying bolt loosening or loss of 
clamping force 

• Evidence of fretting or wear, a result of repetitive movement at the interface 
between fastened surfaces 

 
These indicators may appear in isolation or in combination. Each must be interpreted in 
the context of the joint’s function, orientation, and loading conditions. 
 
Field Testing of Fasteners 
In cases where visual inspection raises concerns or documentation is incomplete, field 
testing may be necessary to assess the condition and strength of bolted joints.  
 
Several methods are available including: 

• Torque Testing: This method evaluates the torque required to tighten or loosen a 
bolt. If bolts loosen under torque significantly lower than specified, the joint may 
have experienced preload loss. However, torque values can be misleading if 
corrosion or friction at the threads affects measurement accuracy. 

• Direct Tension Measurement: Using specialized washers or ultrasonic 
measurement tools, direct bolt elongation or tension can be assessed. These 
methods are highly accurate but require access to the bolt shank and often pre-
installation baseline data. 

• Load Testing of Assemblies: In some cases, full-scale load testing of the 
connected assembly may be performed. This is generally reserved for critical or 
non-redundant joints in structures such as bridges, offshore platforms, or high-rise 
building connections. 

• Dye Penetrant and Magnetic Particle Testing: These techniques can be applied 
to fasteners suspected of cracking or suffering from fatigue. Dye penetrant is 
especially useful for stainless steel or nonmagnetic fasteners, while magnetic 
particle inspection is effective on ferrous fasteners. 

• Vibration and Cyclic Loading Effects: Repeated or fluctuating loading is one of 
the most common causes of fastener degradation. Loosening under vibration 
occurs due to small slippages between threads and loss of contact pressure. Self-
loosening can be accelerated in joints subjected to shear or non-axial loads. 

 
To combat this, engineers use several methods: 

• Lock nuts, which apply additional thread pressure 
• Thread-locking adhesives, creating a semi-permanent bond 
• Split washers or spring washers, introducing resilience into the joint 
• Proper preloading, ensuring sufficient clamping force to maintain friction 

 
When inspecting in-service structures, any signs of loosening in vibration-sensitive 
connections should trigger further investigation and retightening protocols. 
 
Fatigue and Crack Propagation in Bolt Holes 
Crack initiation in bolt holes typically begins at areas of high stress concentration, such 
as the hole edge, especially in plates with high stress ranges or low toughness. In slip-
critical joints, where movement is minimized, fatigue performance is significantly better. 



However, in bearing-type joints, especially where slippage occurs under repeated 
loading, micro-cracks can propagate with each cycle. 
 
Engineers must look for: 

• Hairline cracks at the perimeter of the bolt hole 
• Corrosion product buildup, indicating internal micro-movement 
• Differential movement between members, visible at the connection interface 

 
In older structures, especially those not designed for fatigue considerations, these signs 
often precede more visible damage. 
 
Document Review and Verification 
In addition to field observations, engineers should review: 

• Installation records, confirming bolt type, installation method, and torque values 
• Design drawings, noting joint type (bearing vs. slip-critical) and spacing 
• Material test reports, verifying fastener material properties and coating 

compatibility 
• Maintenance logs, indicating whether retightening or bolt replacement has 

been conducted 
 
Where such documentation is absent or incomplete, engineering conservatism should 
be applied in evaluation. 
 
Engineering Judgment in Connection Evaluation 
Ultimately, fastener condition must be evaluated within the context of structural 
performance. Not all visual anomalies equate to failure, and not all properly installed 
fasteners ensure safety in degraded systems.  
 
When evaluating bolted connections: 

• Consider the role of the joint in the load path 
• Determine if redundancy exists in the system 
• Assess whether distress is isolated or systemic 
• Recommend repair, reinforcement, or replacement as appropriate 

 
Where doubt exists, engineers may choose to design supplemental fasteners or 
redistribute loads, especially in aging or critically loaded structures. 
 
Conclusion  
The assessment of bolted and mechanical fastener connections demands a balance 
of technical knowledge, inspection skill, and engineering judgment. By recognizing 
signs of deterioration, understanding loading behavior, and applying appropriate 
testing methods, engineers can ensure that these vital connections continue to perform 
safely and effectively.  
 
The next chapter will shift focus from specific connection types to a broader discussion 
of failure modes and durability concerns in all structural connection systems. 
 
  



Chapter 8 
Failure Modes and Durability Concerns in Structural 
Connections 
 
Structural connections are points of concentrated stress and load transfer. As such, they 
are inherently more vulnerable to failure than the surrounding structural members. 
Failures in connections can stem from design oversights, material deficiencies, poor 
installation, long-term degradation, or unexpected service conditions.  
 
Understanding the various failure modes and durability challenges that affect 
connections is essential for preventing structural compromise, particularly in safety-
critical systems. 
 
This chapter examines common connection failure modes and long-term durability 
concerns, with emphasis on how they manifest, what conditions promote them, and 
how they may be mitigated or addressed in structural evaluations. 
 
Common Structural Connection Failure Modes 
Failures in connections typically occur at one of the following locations: the fastener, 
the joined material, the interface between components, or the substrate (concrete or 
masonry). Below are the most prevalent failure modes encountered in structural 
practice. 
 
1. Fatigue Failure 
Fatigue occurs when a structural connection is subjected to repeated or fluctuating 
stresses over time, even if those stresses are well below the material’s yield strength. This 
is particularly relevant in bridges, towers, cranes, and mechanical systems subjected to 
vibration or dynamic loading. 
 
Cracks from fatigue often initiate at notches, bolt holes, weld toes, or other stress risers 
and propagate incrementally. Slip in bolted joints or minor movement in welded 
interfaces may accelerate fatigue failure. 
 
Indicators include: 

• Hairline cracks at welds or fastener holes 
• Rust stains radiating from joints 
• Audible popping or creaking under load cycling 

 
2. Brittle Fracture 
Brittle fracture is a sudden and catastrophic failure that occurs without significant 
plastic deformation. It typically affects connections exposed to low temperatures, high 
strain rates, or materials with low toughness (e.g., older steels with coarse grain 
structures or high residual stresses). 
 



Brittle failure is often initiated at sharp flaws or cracks, such as incomplete weld fusion or 
fabrication defects. Connections with poor weld detailing, inadequate notch 
toughness, or excessive restraint during cooling are especially vulnerable. 
 
3. Corrosion-Induced Failure 
Corrosion gradually deteriorates the metallic components of connections, reducing 
their cross-sectional area and weakening their load-carrying capacity. Fasteners, welds, 
embedded plates, and anchor rods are all susceptible. 
 
Two types of corrosion are most common: 

• Uniform corrosion, where material loss occurs evenly 
• Pitting and crevice corrosion, which occur in localized areas and are often more 

dangerous because they concentrate stress 
 
Galvanic corrosion may also occur when dissimilar metals are used without proper 
isolation. Steel-to-aluminum interfaces, for example, must be insulated to prevent 
electrochemical degradation. 
 
4. Concrete Cracking and Breakout 
Anchors and embedded plates in concrete can cause localized cracking, especially 
under tension. When edge distances or spacing are insufficient, or when load exceeds 
breakout strength, concrete can fail in cone-shaped wedges or along reinforcement 
planes. 
 
Spalling, splitting, or surface cracking near anchors are early warning signs. Freeze-thaw 
cycles and chloride intrusion (especially in coastal or de-icing regions) exacerbate 
these failures over time. 
 
5. Weld Defects Leading to Failure 
As covered in previous chapters, welds can fail due to several defects: 

• Lack of fusion or penetration 
• Cracks (hot or cold) 
• Porosity and inclusions 
• Undercutting or burn-through 

 
When welds are subjected to cyclic loads, poor workmanship or stress concentration 
can quickly turn these defects into crack initiation points. 
 
6. Fastener Loosening and Withdrawal 
Fasteners that are inadequately torqued, exposed to vibration, or placed in materials 
with low withdrawal resistance (e.g., decayed wood, soft masonry) can loosen over 
time. Preload loss in high-strength bolts compromises clamping force and increases 
slippage, while screws in pullout-prone substrates may work free with repeated use. 
Indicators of withdrawal include visible movement at connection joints, fastener head 
projection, and signs of impact wear or thread stripping. 
 
7. Creep and Long-Term Deformation 
Creep is the time-dependent deformation of materials under sustained load. In 



structural connections, this is more common in plastics, adhesives, and timber, but it 
can also affect concrete anchors under long-term tension. 
 
Creep may lead to joint separation, reduced preload, or secondary stresses that 
weren’t accounted for in original design assumptions. 
 
Durability Concerns Across Environmental Conditions 
Environmental exposure plays a central role in long-term connection degradation.  
 
Key concerns include: 

• Moisture and Humidity: Water ingress promotes rust, freeze-thaw 
deterioration, and microbial growth. In timber structures, moisture promotes 
rot and reduces fastener grip. In steel, standing water can initiate corrosion 
even in protected connections. 

• Temperature Extremes: Thermal expansion and contraction may loosen 
fasteners or initiate cracking in welds and concrete. Repeated temperature 
cycling can also exacerbate fatigue or induce creep, especially where 
dissimilar materials expand at different rates. 

• UV and Solar Radiation: Polymeric or adhesive connections may degrade 
under prolonged UV exposure, losing their bonding properties and structural 
cohesion. 

• Chemical Exposure: Industrial atmospheres, de-icing salts, and marine 
environments introduce chlorides, sulfates, and other corrosive agents. These 
agents accelerate corrosion and chemical attack, especially in steel-to-
concrete interfaces and exposed anchors. 

 
Case Examples Illustrating Failure 
Example 1: Anchor Pullout in Parking Deck 
A post-installed adhesive anchor used to support railing systems failed in a multi-story 
parking deck after years of exposure to de-icing chemicals and water infiltration. The 
failure mode was a combination of adhesive bond degradation and concrete 
cracking due to freeze-thaw cycling. A pedestrian was injured when the railing gave 
way. 
 
Example 2: Bolt Fatigue in Truss Bridge 
High-strength bolts in a steel truss bridge experienced fatigue cracking after 40 years of 
service under constant vehicular vibration. Visual inspection revealed hairline cracks 
and rust trails. Ultrasonic testing confirmed internal flaws. The bolts were replaced and a 
load redistribution retrofit was implemented. 
 
Example 3: Weld Brittle Fracture in Cold Climate 
A welded moment connection in an industrial structure in a northern climate 
experienced brittle fracture during a sudden temperature drop. Investigation revealed 
inadequate notch toughness in the weld material and an embedded flaw that acted 
as a crack initiation point. The design was revised to incorporate notch-tough weld 
material and preheat welding procedures. 
 
 



Preventive Strategies and Remediation Approaches 
Preventing failure and extending connection durability involves a combination of 
design, material selection, and maintenance strategies: 

• Use corrosion-resistant materials (e.g., stainless steel, galvanized coatings) in 
exposed environments 

• Detail connections to shed water, avoid traps, and permit inspection access 
• Provide adequate edge distances and embedment depths in anchors 
• Follow proper weld procedures, including preheat, interpass temperature 

control, and post-weld inspection 
• Conduct regular inspections, especially for high-risk connections 
• Apply protective coatings or sealants, particularly in aggressive environmental 

zones 
• Design for redundancy and secondary load paths, so that isolated failures do not 

result in global collapse 
 
Conclusion  
Connection failures can have serious and often unpredictable consequences. The 
varied failure modes—ranging from fatigue and corrosion to brittle fracture and 
pullout—demand vigilance, technical understanding, and proactive mitigation.  
 
Recognizing how these failures occur, the conditions that encourage them, and the 
warning signs they produce is vital for any engineer tasked with structural evaluation.  
 
In the next chapter, we will explore how codes and engineering criteria provide 
standardized approaches for evaluating and classifying structural connection integrity. 
 
 
  



Chapter 9 
Code Requirements and Engineering Criteria for Integrity 
Evaluation 
 
The structural integrity of connections is not solely a matter of observation or 
experience—it must also be evaluated within the framework of accepted codes, 
standards, and engineering criteria. These documents provide the foundational 
guidelines for design, construction, and assessment, ensuring that evaluations are not 
subjective but grounded in verifiable benchmarks of safety and performance. 
 
This chapter explores the relevant codes and engineering provisions that govern the 
inspection, assessment, and remediation of structural connections. It also addresses 
how these criteria should be applied during forensic evaluations, maintenance 
planning, or structural upgrades. 
 
Relevant Standards and Codes for Connection Evaluation 
Numerous industry standards govern how connections are to be designed, fabricated, 
inspected, and assessed. While many of these are prescriptive in nature for new 
construction, they also include performance-based provisions and criteria applicable to 
existing structures. 
 
American Institute of Steel Construction (AISC) 
The AISC Steel Construction Manual and its associated standards provide extensive 
criteria for bolted and welded steel connections.  
 
Two key documents include: 

• AISC 360: Specification for Structural Steel Buildings 
• AISC 341: Seismic Provisions for Structural Steel Buildings 

 
These standards provide load and resistance factor design (LRFD) and allowable stress 
design (ASD) methodologies, establish classifications for bearing-type and slip-critical 
joints, and define requirements for weld sizes, bolt pretension, edge distances, and 
fastener types. 
 
For existing structures, AISC Design Guide 15 (“Rehabilitation and Retrofit Guide”) offers 
guidance on evaluating the adequacy of older connections that may have been built 
under outdated standards. 
 
American Concrete Institute (ACI) 
ACI 318: Building Code Requirements for Structural Concrete contains specific 
provisions for cast-in and post-installed anchors, particularly in Chapter 17. 
 
Anchorage design provisions include: 

• Required embedment lengths and edge distance 
• Concrete breakout strength in tension and shear 
• Steel strength, pullout, and side-face blowout modes 



• Factors for cracked vs. uncracked concrete 
• Requirements for adhesive anchors under sustained loads or in seismic zones 

 
Post-installed anchors must also comply with testing and approval standards, such as 
those in ACI 355.4 for adhesive systems. 
 
American Welding Society (AWS) 
AWS D1.1 (Structural Welding Code—Steel) and D1.5 (for bridges) define weld 
designations, acceptable tolerances, qualification procedures, and inspection 
standards. 
 
Relevant evaluation tools include: 

• Tables of allowable discontinuities by weld type 
• Minimum requirements for penetration, throat thickness, and reinforcement 
• Nondestructive testing protocols and rejection criteria 
• Welder certification and process qualification standards 

 
These codes are critical in determining whether observed weld flaws are acceptable or 
require remediation. 
 
International Building Code (IBC) and ASCE 7 
The IBC adopts reference standards such as AISC, ACI, and AWS, integrating them into 
enforceable building regulations. ASCE 7 (“Minimum Design Loads and Associated 
Criteria for Buildings and Other Structures”) defines loading scenarios for which 
connections must be evaluated, including: 

• Dead, live, snow, and wind loads 
• Seismic forces and load combinations 
• Importance factors and load amplification for critical structures 

 
In assessing existing structures, these codes may be applied directly or with rational 
modifications where strict compliance is infeasible. 
 
International Code Council Evaluation Service (ICC-ES) 
For proprietary anchors, fasteners, and other structural products, ICC-ES Evaluation 
Reports (ESRs) provide detailed information on tested performance, approved 
installation procedures, and design limitations. These reports are essential references 
when verifying the acceptability of specific products installed in the field. 
 
Engineering Judgment and Structural Reliability 
Despite the precision of modern codes, existing structures often present conditions that 
do not fit neatly into prescriptive categories. In such cases, engineering judgment 
becomes critical. 
 
Key principles of engineering judgment in connection evaluation include: 

• Contextual relevance: Not every deviation from code equates to failure. For 
instance, a slightly undersized fillet weld in a lightly loaded bracing member may 
be non-critical if loads are low and redundancy exists. 



• System performance: Focus on whether the connection, as part of a larger load 
path, is performing acceptably under service conditions. 

• Material overstrength: Many older structures were built with higher-quality 
materials than required by previous codes, offering additional safety margin. 

• Comparison to current requirements: When upgrading a structure, connections 
are often evaluated under modern loads and performance expectations. These 
evaluations must weigh feasibility, cost, and necessity. 

 
Engineering reliability assessments often involve calculating demand-to-capacity ratios 
(DCRs), applying safety factors, and considering service-level deformations or fatigue 
cycles rather than merely checking strength limits. 
 
Condition Assessment Categories 
When conducting an inspection or forensic analysis, engineers may categorize 
connection conditions using a standardized condition rating system: 

• Excellent: No observed deterioration, damage, or deviation from code 
• Good: Minor wear or aging, no structural compromise 
• Fair: Moderate degradation or minor flaws with limited structural impact 
• Poor: Noticeable damage, deformation, or reduced capacity; may require 

repair 
• Critical: Severe deterioration, evidence of overstress or failure; immediate action 

required 
 
Condition ratings must be justified with objective data—visual evidence, measured 
dimensions, test results—and correlated to the demands placed on the connection by 
the structure. 
 
Documenting Evaluation Findings 
Proper documentation is essential, especially in legal or compliance-sensitive 
evaluations.  
 
Evaluation reports should include: 

• Photographs of each connection inspected 
• Dimensions and measurements of critical parameters (e.g., weld size, bolt 

diameter, embedment depth) 
• Results of torque, tension, or pullout tests 
• Comparisons to applicable code requirements 
• Engineering rationale for acceptance, remediation, or rejection 
• Sketches or marked-up drawings showing locations and reference numbers 

 
Reports must be sealed by a licensed engineer where required by law and should 
include disclaimers if inspection access was limited or assumptions were made. 
 
Remedial Decision Frameworks 
When connections are found deficient, a rational approach must be followed to 
determine corrective actions.  
 
 



These may include: 
• Reanalysis to determine if the observed condition affects capacity 
• Load testing to verify actual performance 
• Retrofitting, such as adding supplemental fasteners or reinforcing plates 
• Load reduction or operational restrictions (e.g., limiting occupancy or equipment 

load) 
• Replacement of defective components or assemblies 

 
Prioritization is based on risk, importance, occupancy type, and exposure to extreme 
loading events. 
 
Conclusion  
Code-based evaluation of structural connections is a disciplined process that combines 
standards, engineering principles, and practical judgment. Familiarity with the 
governing codes—AISC, ACI, AWS, and others—enables engineers to conduct 
thorough, defensible assessments. Whether applied during routine maintenance or in 
response to distress, these evaluation criteria form the backbone of structural safety 
assurance.  
 
The final chapter will explore strategies for repair, strengthening, and upgrading of 
deficient connections to restore or improve structural performance. 
 
 
  



Chapter 10 
Remediation, Retrofit, and Strengthening of Deficient 
Connections 
 
When structural connections are found to be compromised or inadequate—whether 
due to age, damage, design flaws, or code noncompliance—engineering intervention 
becomes necessary. Remediation and retrofit strategies aim to restore the connection’s 
load-carrying capacity or improve its durability to extend the structure’s service life. 
Strengthening measures may also be employed when a structure undergoes a change 
in use, is exposed to increased loads, or must meet modern code requirements not 
considered in the original design. 
 
This final chapter outlines practical methods and engineering principles for repairing, 
retrofitting, or strengthening various types of structural connections, including welded 
joints, bolted fasteners, and anchor systems. Emphasis is placed on solution design, 
constructability, and ensuring that repairs provide long-term performance with minimal 
disruption to service. 
 
Evaluating the Scope and Objectives of Repair 
Before any remediation is undertaken, a clear understanding of the problem’s extent 
and the required performance outcome must be established.  
 
This includes determining whether the objective is: 

• Restoring the connection to its original strength 
• Upgrading the connection to meet current codes 
• Improving durability to mitigate future degradation 
• Addressing failure mechanisms, such as fatigue, corrosion, or loosening 

 
A comprehensive evaluation will often include: 

• Identification of the failure mode or deficiency 
• Structural significance of the affected connection 
• Load demand and stress distribution 
• Environmental and service conditions 
• Accessibility and constraints for repair implementation 

 
Weld Repair and Enhancement Techniques 
Weld remediation requires caution to avoid exacerbating damage or inducing new 
residual stresses.  
 
Common repair methods include: 

• Grinding and Re-welding: Cracked or defective welds can be removed by 
grinding down to sound metal and reapplying the weld using a qualified 
procedure. Preheat and interpass temperature control are essential to avoid 
hydrogen cracking or embrittlement. 

• Weld Overlay or Supplemental Welding: In some cases, new welds may be 
added alongside existing ones to increase effective throat size or load-carrying 



capacity. This must be coordinated with a structural analysis to ensure 
compatibility with existing stress flow. 

• Post-Weld Heat Treatment (PWHT): Where welding has introduced significant 
residual stress or reduced toughness, controlled heating and cooling cycles may 
be applied to normalize material properties and relieve stress. 

• Alternative Connection Conversion: If a weld is beyond repair or impractical to 
access, engineers may elect to convert the joint to a bolted configuration by 
cutting plates, drilling bolt holes, and installing high-strength fasteners. 

• Fastener Replacement and Upgrading: For mechanically fastened connections, 
remediation often involves replacement, supplemental fastening, or joint 
reconfiguration. 

• Bolt Replacement: Worn, corroded, or undersized bolts can be replaced with 
high-strength equivalents. This process must ensure proper fitment, tensioning, 
and compatibility with hole geometry. Oversized or elongated holes may require 
reaming and the use of larger-diameter fasteners. 

• Supplemental Bolting: Additional bolts may be added to a connection to 
improve load distribution or reduce eccentricity. Care must be taken not to 
induce new stress concentrations or compromise adjacent materials. 

• Installation of Locking Devices: In vibration-sensitive applications, locking 
washers, thread-lock adhesives, or double-nutting may be used to maintain 
preload and prevent loosening. 

• Torque Retention Verification: Following installation, fastener tension should be 
verified by calibrated torque wrenches or direct tension indicators. Regular re-
inspection may be warranted in high-cycle environments. 

• Anchor Reinforcement and Repair: Anchor repair must address both the anchor 
element and the surrounding substrate. 

• Epoxy Injection for Concrete Cracking: Cracks around anchors that compromise 
bond strength may be repaired by pressure injection of epoxy resin to restore 
continuity and prevent water ingress. 

• Supplemental Anchors: When original anchors are undersized or degraded, new 
anchors may be installed in adjacent locations to share load. This may require 
structural analysis to verify that the new load distribution is acceptable. 

• Embedment Enhancement: Post-installed anchors may be deepened using core 
drilling and reinstallation with epoxy or expansion mechanisms to increase pullout 
resistance. 

• Edge Distance Solutions: When edge distances are insufficient, engineers may 
install supplemental plates or brackets that redistribute load into the main body 
of the concrete or structure. 

• Strengthening with Steel Components: In many cases, deficient connections are 
reinforced using steel plates, angles, or channel sections mechanically or weld-
connected to existing components. 

• Cover Plates and Backing Plates: These may be used to increase the effective 
area at bolted or welded joints. For example, a gusset plate can be welded over 
a cracked tee connection to provide load bypass. 

• Angle or Bracket Reinforcement: For connections subject to eccentricity or 
bending, angles can be bolted or welded to redirect forces and stiffen the joint. 

• Splice Plates for Member Continuity: Where a connection has experienced 
section loss or deformation, splice plates on both sides of the member can re-



establish force continuity. All added steel elements must be detailed to account 
for eccentricities, weld access, and interaction with existing materials. 

• Use of Advanced Materials for Retrofit: Modern materials offer new methods for 
strengthening structural connections with minimal intrusion. 

• Fiber-Reinforced Polymer (FRP) Wraps: Carbon or glass FRP systems can be 
bonded around connection zones to confine stress, prevent crack propagation, 
or enhance fatigue resistance. They are particularly useful for masonry or 
concrete elements and do not add significant weight. 

• Post-Tensioning for Clamping and Reinforcement: Where applicable, post-
tensioned rods or tendons may be installed to apply compression across a joint, 
mitigating tension-related failures and crack development. 

• Injection and Bonding Agents: Advanced epoxy adhesives can bond retrofit 
elements to existing structures, effectively transferring load through shear keys or 
interfaces without traditional mechanical fasteners. 

 
Restoration of Load Paths and Structural Redundancy 
In cases where the original connection has failed or cannot be effectively repaired, it 
may be necessary to create a new load path. This can involve: 

• Installing secondary members (e.g., struts or braces) to bypass the deficient 
connection 

• Adding cross-beams or diaphragms to share loads among adjacent joints 
• Using load transfer plates or collector beams to redirect forces into sound 

elements 
 
Such strategies must be rigorously analyzed to ensure that new load paths do not 
introduce instability or localized overstress elsewhere in the structure. 
 
Monitoring and Post-Repair Verification 
Following any connection remediation, post-repair verification is essential. This may 
include: 

• Load testing of the repaired connection 
• Monitoring with strain gauges or displacement sensors 
• Scheduled inspections at defined service intervals 
• Documentation of all repair actions, including materials used, design 

calculations, and quality control procedures 
 
Engineers must verify that the repair meets or exceeds the required performance 
objectives and that no secondary deficiencies have been introduced in the process. 
 
 
Conclusion  
The effective remediation and strengthening of structural connections require a blend 
of sound engineering principles, code adherence, field pragmatism, and careful 
material selection. Whether the solution involves welding repair, fastener upgrade, 
anchor reinforcement, or the application of advanced materials, the overriding goal is 
to restore or enhance the structural function of the connection without compromising 
long-term safety and serviceability. The repair must not only resolve the immediate issue 
but also anticipate future stresses and environmental conditions. With these principles 



applied, engineers can extend the lifespan of structures while upholding the standards 
of professional practice. 
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