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ABSTRACT

Concrete structures are subjected to various types of surface defects such as honey-
combs, surface voids, form streaking, etc. Proper understanding of the root causes of
each type of defect is significant in preventing recurrence as well as applying remedies.
An extensive field survey was conducted in connection with the construction sector of
Sri Lanka to gather information on the current practices. It was found that the con-
struction industry needs more awareness on correct practices. This study attempts to
fill the gap between current field practices and standard practices. Poor workmanship
in consolidation of fresh concrete leads to most of the defects, but this study shows how
the understanding of technical background of each activity and the proper planning at
initial stages contribute to effortless improvements in workmanship. Contradictions
between codes of practices for design of reinforced concrete and codes of practices
for consolidation of concrete were also discussed under this study. In order to identify
the impact from reinforcement on UPV tests on concrete, a series of UPV tests (con-
ventional approach) were done, and the drawbacks of that approach are highlighted
under this study. As a modern approach, vibration pattern analysis of structural el-
ements has emerged as a valuable technique for various purposes within the field of
structural engineering. The analysis of vibrational patterns can be employed for dif-
ferent objectives, including damage detection, modal parameter identification, health
monitoring, and structural integrity assessment. The presence of non-homogeneity in
structural elements poses unique challenges in terms of analysing their behaviour, pre-
dicting their response to loads, and detecting damage or deterioration accurately. The
straight-forward mathematical models based on first principles are for homogeneous
elements having uniformly distributed mass and uniform distribution of stiffness. This
study has developed a novel mathematical approach based on first principles for mode
shapes of beams having deviated regions of mass and stiffness. This insight can help
to identify key factors influencing the mode shapes and their variations. Furthermore,
this study has done an extensive study on mode shape curvature analysis for identifi-
cation of hidden honeycombs in concrete structures. The findings of this analysis fill
research gaps in the study area. Moreover, the novelty of that approach is its extension
to the analysis of portal frames. Consequently, a combination of conventional non-
destructive tests and mode shape curvature analysis will provide a robust approach for
hidden defect detection and assessment in structural concrete elements.

Keywords: Honeycombs, Mode shape curvature, Vibration, Mathematical Approach, UPV,

Concrete, Compaction, First Principles
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CHAPTER 1

INTRODUCTION

1.1 Background

Honeybees build honeycombs as a series of hexagonal cells in order to store their
honey and larvae. Each cell in the honeycomb is six-sided and connected to each
other. Figure 1.1 shows the Honey bee’s bee hive with a hexagonal pattern.

Fig. 1.1: Bee hive with hexagonal pattern

In the construction industry, the term "Honeycomb" is used in two ways such as
to describe structural core material that is lightweight, yet strong and stiff (Honey-
comb structures) and to describe defects in concrete structures that occur when voids
or pockets are left in the concrete. This study focuses on the construction defects
termed "Honeycombs" in the construction industry.

Honeycombs in construction defects refer to a type of defect in concrete that occurs
when cavities are left in either the surface or inside of concrete mass after pouring and
compaction of concrete. These voids can create a pattern that resembles the cells of a
honeycomb, hence the name. One of the common and critical defects in concrete struc-
tures is honeycomb damage. In the construction industry, there are numerous examples
of instances where these honeycombs are not properly identified during the construc-
tion period, which can be costly to repair in a later part. Failure to identify these defects
can lead to construction collapse and loss of life and property. Hence, at present, the
construction industry requires excessive awareness of these honeycombs and ways of
avoiding/overcoming them. Figure 1.2 shows a surface defect of a concrete retaining
wall. In order to minimize such construction defects, proper investigation of the root
cause of honeycombs is crucial. There are various factors causing these construction
defects which have been discussed in this study.

The identification of construction defects like Honeycombs is linked with the de-
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Fig. 1.2: A honeycomb in the surface of a retaining wall

velopment of concrete as a building material and the development of construction prac-
tices. During the early years of construction, there was limited knowledge and under-
standing of the processes and the materials used in concrete, so did the understanding
of the formation of construction defects. As knowledge of concrete technology was
developed, the world moved towards major constructions using concrete, and the iden-
tification of construction defects like honeycombing and remedial actions was also
significant. In the mid-20th century, research works have been carried out to study the
effects of honeycombing on structural integrity and related risks and consequences of
construction defects. Talbot [2] and Potter [3] have done studies on concrete and de-
fects like honeycombing in early-20th century. Hebard [4] has defined honeycombs as
voids in concrete that are caused by the failure of the concrete to bond to the form-
work through his publication in 1924. More information on the early studies has been
elaborated later in this report.

1.2 Problem Statement and Research Gap

Identification and Prevention of Honeycombs in structural concrete elements has been
a hot topic with the development of concrete technology and construction practices.
Many studies have been carried out to identify the root causes for such construction de-
fects. Furthermore, guidelines/standards have been established by various institutions
in order to minimize the occurrences of honeycombs in structural concrete elements.

If we consider the local construction industry, through an extensive field survey
under this study, it was found that most of the contractors are not following standard
practices in concrete works, and are lack of knowledge in technical background of the
formation of construction defects. This study has provided a set of guidelines for local
contractors and has attempted to fill that gap in the local construction industry.

The lack of raw materials for construction activities is a challenge that the world
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is facing nowadays. In order to face this, there’s a vast development in design opti-
mization and ways of minimizing the demand for raw materials. Therefore, the identi-
fication and prevention of construction defects like honeycombs have become critical.
There are some occasions where the honeycomb is not visible from the outside. The
conventional approach in the identification of honeycombs is visual inspection. There-
fore, most of the time, hidden honeycombs are hidden until a failure. However, there
are some conventional, hidden defect detection methodologies in practice such as the
Ultrasonic Pulse Velocity (UPV) test, Rebound hammer test, etc. This study shows the
drawbacks of these conventional approaches.

There are fewer studies on hidden honeycomb detection methods. Pandey et al. [5]
have shown a damage detection approach from changes in curvature mode shapes in
1991 and thereafter, several studies have been carried out on that, and as at present,
there’s a requirement of a modern hidden-damage detection method for concrete struc-
tures. Mode shape curvature analysis is a far better approach to fulfilling that require-
ment. This study contributed to developing that hypothesis with a novel mathematical
approach focusing on the identification of the location and the severity of such defects.
Apart from that, this study has done in depth analysis of the formation of honeycombs
which helps to understand the governing factors so that remedial actions can be taken
on a proper basis.

1.3 Objectives

Objectives of the study:

i. A step forward in the modern approach of hidden honeycomb detection - mode
shape curvature analysis.

ii. Better understanding of the formation of honeycombs in structural concrete ele-
ments.

iii. Examination and evaluation of the drawbacks of conventional hidden honey-
comb detection methods.

iv. Publication of a set of guidelines to avoid and mitigate the occurrences of hon-
eycombs in structural concrete elements.

Overall, this study will aim to improve the theoretical understanding of honey-
combs in concrete structures, recommendations for better practices in the local context,
and to contribute in developing a modern approach for hidden honeycomb detection,
based on mode shape curvature analysis by introducing a novel mathematical model.

3



1.4 Scope and Limitations

As elaborated in the previous section, this study has introduced a novel mathematical
approach in identification of hidden honeycomb defects based on mode shape curvature
analysis. The validation of the approach was done by incorporating finite element
models. This study has not considered the validation through physical models as it
requires advanced sensors and technology, which shall be done as the next step of this
study.

Moreover, the extensive field survey on honeycomb defects was done in the local
construction industry as the reporting of the current practices, level of understanding,
and remedial actions in the local context are objectives of this study. Therefore, the
recommended guidelines are more related to the local construction industry.

1.5 Significance and Contribution

The world is moving towards advancements in concrete technology and construction
practices focusing on design optimizations and lesser use of raw materials. Parallel
to that, the durability of structures has become a prime concern. Therefore, a better
understanding of formation of construction defects, identification of hidden defects in
concrete structures has become critical. There’s a higher requirement for the develop-
ment of damage detection parallel to the development of concrete technology.

This study contributed in stepping forward in hidden honeycomb detection in con-
crete structures based on mode shape curvature analysis. A novel mathematical model
has been developed and used for this, which shows the location and severity of hidden
defects in structural concrete elements.

Further, this study has developed a hypothesis for the formation of honeycombs in
concrete structures based on several observations. This hypothesis can be effectively
used in taking remedial actions for occurrences of honeycombs.

As per the extensive field survey done in the construction industry, it was observed
that the contractors lack of technical knowledge behind their activities and are not
following standard practices. This study contributed in setting a set of guidelines for
local contractors to mitigate the chances of occurring honeycombs by addressing key
points in the design and planning stage as well as in the operation stage.

1.6 Outline of the Thesis

• Chapter 1 gives an introduction and the background of the study, highlighting
the research gap, objectives, scope, limitations, and significance.

• Chapter 2 elaborates on the literature review and the research gaps addressed in
this study.
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• Chapter 3 provides an experimental and theoretical approach to understanding
the formation of honeycombs.

• Chapter 4 details the extensive field survey conducted, analyzes the findings of
the field survey, and provides recommendations.

• Chapter 5 discusses the impact of reinforcement on UPV tests through an exper-
imental approach.

• Chapter 6 presents a novel mathematical model for the derivation of the mo-
tion equation for non-homogeneous elements, relating to mode shape curvature
analysis in damage detection.

• Chapter 7 offers a detailed explanation and analysis of hidden honeycomb de-
tection based on mode shape curvature analysis, representing a step forward in
studies of mode shape curvature analysis for hidden damage detection in struc-
tural concrete elements.

• Chapter 8 provides the conclusion of the study, elaborating on the key findings,
and overall recommendations, and discussing how the novelty of this study con-
tributes to further developments in this area.

5



CHAPTER 2

LITERATURE REVIEW

2.1 Pioneering Studies

A comprehensive study on concrete technology is imperative for investigating con-
struction defects such as honeycombs. The use of concrete dates back to ancient times.
Ancient civilizations such as the Egyptians, Greeks, and Romans all used a form of
concrete in their building projects.

John Smeaton [6], who lived from 1724 to 1792, is known for his work on the
Eddystone Lighthouse off the coast of Cornwall, England. He used hydraulic lime,
which is a type of concrete, in the construction of the lighthouse in the mid-1700s.
However, it is important to note that hydraulic lime is not the same as the modern
Portland cement concrete that is widely used today.

Joseph Aspdin [7], who patented a method of making Portland cement in 1824, is
generally credited with inventing modern concrete. His invention of Portland cement
was a key development in the history of concrete, as it enabled the production of a
durable, strong, and versatile building material that could be used for a wide range of
construction projects.

Proper mixing of fresh concrete and construction defects are co-related to each-
other. There are many studies on explaining what really happens to fresh concrete
when vibrating, yet understanding of the interaction between vibration and fresh con-
crete is open for study. Walz [8] has shown that there’s a reduction of friction between
ingredients in the concrete mix as a result of acceleration produced during vibration. In
his research, Kolek [9] identified two distinct stages in the process of concrete consoli-
dation, namely slumping and entrapped air removal. Meanwhile, L’Hermite et al. [10]
investigated the consolidation mechanism under vibration and observed that vibration
induces particle motion and eliminates internal friction within the mix. Their study
also highlighted the differences in concrete behaviour between static and vibrated con-
ditions. According to them, concrete mix tends to act as a fluid during vibration. These
findings have been crucial for developing standard practices for concrete works in or-
der to mitigate construction defects like honeycombs.

2.2 Consolidation of fresh concrete

2.2.1 Constitutes of fresh concrete

The concrete mix consists of three basic components such as water, aggregate, and
cement. As a result of mixing cement with water, the cement paste is composed and it
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coats fine aggregates and coarse aggregates, further, through the hydration process, the
cement paste gets hardened and acts as a binding agent for aggregates. The outcome
of the entire process produces a composite solid material known as concrete.

To use concrete as a material for structural elements in a structure, it has to fulfil
some other facts as well. The material has to be up to expected standards in strength
wise, durability, workability, etc.

For a given concrete mix design, certain measures are expected at the stage of pour-
ing concrete in order to ensure the designed quality of concrete at the post-pour stages.
Expelling entrapped air from freshly placed concrete and maintaining the required den-
sity of concrete by packing its aggregates are important in this regard. Figure 2.1 is
from a publication on Petrographic Methods of Examining Hardened Concrete by the
U.S. Department of Transportation [1].

Fig. 2.1: Cross section of hardened concrete [1]

It shows a cross-section of hardened concrete. There, aggregates, cement paste, and
bug holes are visible. Homogeneous mixing of these components and the expelling
of entrapped air in concrete are important to assure the quality of the mix. Proper
compaction of concrete does a major role in this regard.

When concrete is poured on any mold of a structural element, initially, the mix is
not homogeneous. Air is entrapped in the mix which needs to be expelled. To over-
come this condition, the mix needs to be vibrated sufficiently; known as the concrete
compaction.

2.2.2 What happens when vibrating fresh concrete?

There are many studies on explaining what really happens to fresh concrete when vi-
brating, yet understanding of the interaction between vibration and fresh concrete is
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open for study.
Freshly placed concrete often contains trapped air, leading to a honeycombed struc-

ture. If the concrete hardens in this state, it will become uneven, weak, porous, and
have a poor bond with the reinforcement, as well as an unattractive appearance. To
achieve the desired qualities of concrete, the mixture must be properly compacted.

Compaction, or consolidation, involves rearranging the solid particles in freshly
mixed concrete or mortar to reduce air pockets. This is typically done using meth-
ods like vibration, rodding, tamping, or similar techniques. The same process can be
applied to other cementitious mixtures, soils, or aggregates.

In 1963, in a conference held in Budapest, Hungary, several explanations on the
subject were uncovered. Kolek [9] showed that the process of consolidation occurs
in two stages; they are the slumping of concrete and the removal of entrapped air.
Kirkham [11] showed the force applied to the concrete, amplitude of vibration, and
the number of vibrations transmitted to the concrete are the most important factors
affecting the degree of consolidation.

In 1976, Taylor [12] showed acceleration and amplitude as the most important
parameters of internal vibrators. He had used Gamma-ray scanning to determine the
density of concrete in his laboratory tests related to his study. In 1977, Alexander [13]
commented on the mechanics of motion of fresh concrete. He showed that, during
vibration, stiffness, and damping practically disappear and only mass was involved.

L’Hermite and Tournon [10] have done a study on the mechanism of consolidation
under vibration and shown, that vibration sets particles in the mix to motion and elim-
inates internal friction of them. They have shown the differences between concrete
at rest and during vibration. During vibration concrete undergoes two stages such as
rapid subsidence of the uncompacted mixture (stage 1) and the removal of entrapped
air (stage 2). Furthermore, they have shown that the internal friction during vibration
is reduced to about 5% of the value at rest.

After this transformation, the vibratory motion was controlled by the mass forces
with little or no effect from stiffness or damping, which tells that the concrete dur-
ing vibration behaves like a fluid. Therefore, over-vibration leads to more and more
subsidence of materials and ends in segregation.

ACI committee 309 sponsored an international symposium on concrete consolida-
tion in San Francisco, 1986. Characteristics of fresh concrete during vibration were
deeply discussed there. Iida and Horigome [14] found that dividing the mixing wa-
ter into two parts and adding them to the no-slump lean concrete mixture at different
stages enhances its compaction properties.

When the mortar does not fill the space between the coarse aggregate particles,
honeycomb occurs. This indicates that consolidation has not been completed in these
locations. However, although the concrete is free of honeycombs, still there can be air
voids as complete removal of air voids is not that feasible. The amount of entrapped air
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in the concrete mix mainly depends on the level of vibration, concrete mix constituents
and the placement of concrete. The surface air-voids due to these are commonly called
bug-holes. Keeping the vibrator closer to the form and progressing with layer thick-
nesses of 150mm will considerably reduce these surface air-voids.

The above studies help to understand the physical behaviour of ingredients of fresh
concrete. These studies, models, and results are very significant in understanding the
formation of honeycombs.

2.3 Main causes for honeycomb damages and standard practices

2.3.1 Main causes for honeycomb damage and preventive actions

Galappaththi et al. [15] have listed the main causes for structural defects and the reme-
dies practised in the local construction sector. They have shown that the lack of adher-
ence to quality assurance and quality control guidelines and relevant standard practices
as a critical drawback in the Sri Lankan construction industry. They have identified
that, poor QA/QC practices, detailing errors, poor coordination, poor workmanship,
and unfavourable working conditions as the main factors for defects. Furthermore,
the importance of contractors and workers following QA/QC practices, construction
standards, and specifications to ensure fewer construction defects has been highlighted
throughout their study.

Savitha [16] has highlighted the significance of the quality assurance of construc-
tion materials in order to minimize construction defects and to ensure the durability of
products. Furthermore, Jamaluddin et al. [17] have shown the importance of taking
action to minimize the possible failures of structures by conducting proper structural
health monitoring of structures. They have identified the root cause for a failure of
effluent tank concrete walls as occurrences of honeycombs due to improper consolida-
tion of concrete or due to the use of stiff concrete.

2.3.2 Standard practices

The use of immersion vibrators for consolidating concrete is a critical process in con-
struction, and adherence to standard practices is crucial to ensure the quality and dura-
bility of the resulting structures. One valuable resource in this regard is the Indian
Standard, "Code of Practice for Use of Immersion Vibrators for Consolidating Con-
crete" [7]. This standard provides comprehensive guidelines and knowledge on the
proper utilization of immersion vibrators, offering insights into standard ways of using
these vibrators for effective concrete consolidation and it is more related to construc-
tion activities in Sri Lanka.

In addition to the Indian Standard, the American Concrete Institution (ACI) has
published several reports that contribute to the understanding of concrete consolida-
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tion, the behaviour of fresh concrete during vibration, and the identification and con-
trol of visual surface defects. One such report is the ACI Committee 309’s publication,
which offers extensive knowledge and guidance on the consolidation of concrete [8].
Furthermore, ACI Committee 309’s reports [9] and [10] delve into the behaviour of
fresh concrete during vibration and provide valuable insights on the identification and
control of visual surface defects.

To ensure overall quality control and assurance in concrete construction, it is essen-
tial to consider relevant standards and best practices beyond consolidation techniques.
ASTM C31/C31M-21, the "Standard Practice for Making and Curing Concrete Test
Specimens in the Field" [18] provides guidelines for the proper creation and curing
of concrete test specimens, aiding in quality assurance during the construction pro-
cess. Neville’s comprehensive reference, "Properties of Concrete" [19], and Mehta and
Monteiro’s book, "Concrete: Microstructure, Properties, and Materials" [20], offer in-
depth insights into the properties and behaviour of concrete, including consolidation
techniques and the occurrence of surface defects.

2.4 Detection of honeycombs in structural concrete elements

Whenever a honeycombing takes place on the surface of a concrete element, it can be
easily observed (usually, when removing shuttering) by the execution team or QA/QC
team. Thereafter necessary actions can be taken, but what if the honeycombing takes
place inside the concrete mass? Then it can’t be easily identified, sometimes it might be
hidden until signs of a failure are exposed. However, if there’s any doubtful situation,
non-destructive tests (NDT) are carried out for further examination.

2.4.1 Conventional approaches

Commonly practised non-destructive tests are rebound hammer tests and ultrasonic
pulse velocity (UPV) tests. However, it’s difficult to test the entire element by these
methods, only a selected location can be examined [21]. Therefore, for civil structures,
a global non-destructive examination (NDE) technique utilizing the vibration charac-
teristics of a structure is effective in assessing the condition of the overall structure
[3]. But this does not mean that NDE techniques can’t be utilized for single elements.
Localized NDE techniques can be utilized upon identification of a damage location, to
determine the specific nature of the damage in an element of a structure [1].

Rytter [22] has introduced a procedure for structural health monitoring by defining
four levels as below;

Level I: Identify that damage has occurred.

Level II: Identify that damage has occurred and determine the location of dam-
age.
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Level III: Identify that damage has occurred, locate the damage, and estimate its
severity.

Level IV: Identify that damage has occurred, locate the damage, estimate its sever-
ity, and evaluate the impact of damage on the structure or estimate the
remaining useful life of the structure.

2.4.2 Modern approaches

The application of vibration characteristics is a commonly used method in nondestruc-
tive examination (NDE) on a global scale. It typically encompasses the following two
aspects [23]:

1. Performing dynamic tests to gather modal parameters such as natural frequen-
cies, mode shapes, and damping properties, or other characteristics like time
histories and frequency response functions.

2. Employing a damage detection algorithm to ascertain the presence of damage
within the structure, determine its location, and assess its severity.

Let’s consider the above two features as two phases of non-destructive examina-
tion. The first phase is associated with dynamic testing of the structure which requires
a source of excitation to vibrate the structure, the use of sensors, and experimental
modal analysis procedures to extract modal parameters such as frequencies and mode
shapes. The second phase is developing a damage detection algorithm referring to
observations in the first phase.

In the field of structural dynamics, there are two primary types of dynamic tests
conducted on structures. The first method is known as the input-output method, which
entails applying a predetermined input, such as an impulse load or a known forcing
function, to the structure. Following the application of this input, the resulting free vi-
bration response of the structure is measured and analyzed [24]. This approach allows
researchers to understand how the structure reacts and behaves under controlled ex-
ternal stimuli. Conversely, the second method, referred to as the output-only method,
involves measuring the response of the structure under its normal operating conditions,
without any predetermined inputs. This method relies on ambient excitation or natu-
rally occurring forces acting on the structure during its regular usage [24], [25]. By
capturing and analyzing the structural response in its natural environment, researchers
gain insights into the dynamic behaviour of the structure under realistic conditions.
Both of these dynamic testing methods contribute to the comprehensive evaluation and
understanding of structural performance. This can be utilized for damage detection as
well.
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Another modern approach of damage detection is Computational intelligence meth-
ods such as neural networks and genetic algorithms are attractive processes in the area
of structural damage detection because of their effectiveness and robustness in coping
with uncertainty, and insufficient information [26]. In identifying, locating, and es-
timating the severity of damages in concrete structures, machine learning techniques
take more attention of researchers. However high input information requirements and
the development of powerful algorithms are challenges in demonstrating robustness
with field-measured data [23].

Overall, this study will focus on developing a vibration-based, defect detection
method.

2.4.3 Vibration-based damage detection

In 1991, Pandey et al. [5] proposed a novel approach to damage detection of concrete
structures with the use of mode shape curvature analysis. Instead of analyzing the
mode shape of structural elements, they have proposed to analyze the changes in the
mode shape curvature which is a more sensitive parameter in the detection of changes.
The improvements of this approach are still in progress by the researchers.

The basis of this vibration-based damage detection is the change in resonant fre-
quency due to changes in its structural properties (i.e. damages under this context). But
change in frequencies or mode shapes alone does not give accurate results on damage
detection because several damages might give a frequency closer to the resonant fre-
quency [24].

Therefore developing a powerful damage detection algorithm that is sensitive to
small changes is an open area for researchers from the past few decades. There are
many approaches for frequency-based damage detection; Hassiotis [27] formulated an
optimization algorithm on the basis that damage resulted in localized changes in the
stiffness matrix, where the stiffness matrix was resolved through natural frequency
measurements and the classical eigenvalue problem was used to find the eigenvalue
sensitivities to the stiffness matrix.

Sometimes, measuring mode shapes is a difficult task as a large number of mea-
surements might be required to observe accurately characterized mode shapes [28].
Law et al. [29] proposed the expansion of measured modal data to match a finite ele-
ment model; the modal strain energy of each element was normalized with its potential
energy to locate a damage domain; the measured modal frequency changes were used
to estimate damage severity using a sensitivity-based method.

Dawri and Vesmawla [30] have demonstrated honeycomb damage detection with
the help of modal curvature and modal flexibility methods. The pre and post-damage
eigenvectors were the basis for their damage detection. Mode shape curvature for the
beam in the undamaged and damaged condition have been estimated numerically from
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the displacement mode shapes under their study. The special thing here was that they
had used a finite-element model simulating honeycombs in pre-defined locations of
reinforced concrete beam model. Finite element model of an intact reinforced con-
crete beam had been developed using ANSYS. The honeycomb had been simulated
by reducing the stiffness of the designated damaged elements. Then the absolute dif-
ferences between the curvature mode shapes of the intact and the damaged beam had
been plotted. The maximum difference for each curvature mode shape occurred in the
damaged region. The difference in the curvature mode shapes had been localized near
the damaged zone. In addition, they have shown that the higher modes were more
sensitive to the damage.

Another study on the determination of damage location in RC beams using mode
shape derivatives was done by Ismail et al [31]. They used a shaker and an accelerom-
eter to record the response mode shape from the damaged reinforced concrete beam
model. When compared with undamaged mode shapes, the mode shape differences
were higher near damaged locations.

2.5 Research Gap and summary of Literature Review

As elaborated in this chapter itself and from the findings under field survey, rebound
hammer test and ultrasonic pulse velocity (UPV) tests are the common practices for
non-destructive examination of honeycombs and other defects. However, there are cer-
tain drawbacks in these approaches. Mode shape curvature analysis in identification of
hidden defective regions in a structural element is still not well established. There are
several studies on different approaches in mathematically modelling the mode shapes
for non-homogeneous elements. However, that area is still open for study. This study
attempts to fill that research gap by introducing a novel mathematical model for mode
shape analysis of non-homogeneous elements.

Apart from that, another area that needs explanations is that, how the smooth thin
cement paste layer is formed in mold surface when vibrating and what are the gov-
erning factors behind the formation of that layer. This study provides a hypothesis
explaining this phenomenon. This follows several experimental observations as well.

Moreover, local construction practices often reveal a significant gap in understand-
ing the underlying causes of certain observed defects. This study addresses this issue
by offering guidelines to effectively reduce the occurrence of honeycombing in con-
crete. By identifying the key factors contributing to these defects, the study aims to
enhance the quality and durability of concrete structures. Additionally, the proposed
guidelines are designed to align with current industry standards, ensuring practical ap-
plicability and improving overall construction outcomes.

Knowledge of concrete technology is crucial for investigating honeycomb defects.
The invention of Portland cement was a pivotal development in the history of concrete
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technology. Today, numerous studies focus on the further advancement of concrete
technology, as the world increasingly moves towards the construction of mega struc-
tures using concrete. Consequently, the development of methods for identifying and
preventing construction defects has become a critical concern in the construction in-
dustry.

There have been many pioneering studies aimed at understanding the behaviour of
fresh concrete during consolidation. The "Symposium on Vibration Compaction Tech-
niques," held in Budapest, Hungary, in 1963, was a landmark event that provided in-
depth explanations related to the compaction of concrete. The conclusions and recom-
mendations from this symposium have had a significant impact on the current practices
of vibration compaction. Subsequently, institutions such as the American Concrete In-
stitute (ACI) have published reports and standards related to concrete compaction, the
identification of construction defects, and remedial actions.

Traditionally, the construction industry has relied on conventional non-destructive
damage detection methods, such as rebound hammer tests and ultrasonic pulse velocity
(UPV) tests. However, field studies have highlighted certain limitations in these con-
ventional approaches. As a result, the industry is increasingly adopting modern dam-
age detection techniques based on analyzing vibrating patterns of concrete structures.
These advanced methods are in high demand due to their accuracy and sensitivity, as
the durability of concrete structures remains a primary objective in the advancement of
concrete technology.
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CHAPTER 3

UNDERSTANDING THE FORMATION OF HONEYCOMBS

3.1 Background and problem statement

A proper understanding of the formation of honeycombs is crucial for setting up dam-
age detection methodologies. Mostly, the honeycombs encountered at construction
sites can be visually inspected.

What makes it visible? It’s clear that the smooth, thin cement paste layer is no
longer on the surface of the concrete element whenever there is a honeycomb. Instead,
the aggregates in the core are visible with air voids. Therefore, the unavailability of
that smooth, thin layer of cement paste makes the surface honeycombs visible to the
outside. Therefore, the formation of that layer of cement paste needs to be studied for
a better understanding of the formation of honeycombs. As per the literature survey
done, there’s no proper explanation for the formation of this smooth layer of cement
paste around the surface of the concrete element. Through this study, a hypothesis was
developed to explain this scenario. The development of the hypothesis was based on
the experimental results.

3.2 Experimental approach

As discussed in the literature review, Kolek [9] has shown the process of consolidation
undergoes two stages such as the slumping of concrete and the removal of entrapped
air. Here, we can observe the formation of a smooth thin cement paste layer in the
inner face of the mold. An experiment was carried out to observe this. A mold was
prepared having a transparent glass face on one side.

See Figure 3.1. The mold was filled with fresh concrete and vibrated. Gradually,
it created a smooth, thin cement paste layer on the surface. This smooth, thin cement
paste layer is the key visual observation during the detection of honeycombs from
outside. If the consolidation process is not undergone properly, it will not create this
layer properly. Hence, the honeycombing will be exposed.
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Fig. 3.1: Formation of smooth, thin cement paste layer on the surface

Understanding the mechanism for creating this smooth, thin cement paste layer is
important. As L’Hermite and Tournon [10] explained, the concrete mix tends to act as
a fluid during vibration. As entrapped air releases from mid of the mix to the surfaces,
the cement pastes and the slurry follows the air-entrapping path and meets the surface.
We know that the coarse aggregates touching the mold surface are already coated with
cement paste, therefore the cement paste and slurry coming through the mix to the
surface makes a smooth layer of cement paste.

Fig. 3.2: Core arrangement of fresh concrete prior to vibration

Figure 3.2 shows the core arrangement of fresh concrete prior to vibration. Fig-
ure 3.3 shows how the cement paste and slurry follow the air-entrapping path during
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vibration.

Fig. 3.3: Cement paste and slurry following the air-entrapping path during vibration

3.2.1 Hypothesis for development of smooth, thin cement paste layer on the sur-
face

Figure 3.4 shows changes to the surface when undergoing vibration.

Fig. 3.4: Changes to the inner face of the mold during vibration

Whenever the cement slurry comes to the surface through air-entrapping paths,
it’ll create slurry spots on the surface. Further vibration leads to the development of
cohesive forces between those slurry spots and creates a smooth, thin cement layer
on the surface. Van der Waals forces are weak attractive forces that exist between
all molecules. These forces act to bring the cement slurry droplets closer together,
allowing them to merge. Capillary action occurs when the cohesive forces within a
liquid, such as cement slurry, are stronger than the adhesive forces between the liquid
and the mold surface. This causes the liquid to be drawn into narrow spaces, such as
the gaps between the droplets, leading to their fusion. Overall, cohesive forces act to
bring the individual cement slurry droplets closer together, allowing them to merge and
form a continuous surface in the mold.

3.2.2 Formation of honeycombs and visual inspections

As elaborated in the previous section, the formation of a smooth, thin cement paste
layer around the mold surface governs whether the honeycombing is visual to the out-
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side or not. If the compaction was not done adequately, the smooth layer of cement
paste will be incompleted in the mold surface and it indicates the improper compaction
of concrete.

Figure 3.5 shows a case where the left face of the mix has been compacted properly,
but, the right face has not been compacted up to the required level. Hence that face has
an incomplete smooth layer of cement paste which highlights that there’s a honeycomb.
Therefore, this shows how important the occurrence of this smooth layer of cement
paste is, in the identification of possible honeycombs. The construction industry has
more examples of this nature, but, it lacks the discussion on the governing factors
which make honeycombing visible to the outside. As a study on honeycombing in
concrete structures, this study has developed a hypothesis in this regard which helps in
taking actions for mitigation of honeycomb occurrences.

Fig. 3.5: Visibility of honeycombs and smooth layer of cement paste in the surface

3.2.3 Hidden honeycombs

There are instances where the honeycombing is not visible to the outside. What makes
the honeycombing is visible? It is non other than the level of formation of the smooth,
thin cement paste layer. Imagine a situation where the outer perimeter of fresh concrete
is consolidated properly, but not the core. Then, there will be an unconsolidated region
(a honeycomb) in the core of the concrete mix. This is not visible to the outside as
the formation of a smooth thin layer of cement paste has been formed on the surface
as the outer perimeter of the mix had been compacted properly. Identification of the
location and severity of these hidden honeycombs is challenging. Current practices for
such detections are elaborated under the chapter on Field Survey.
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3.3 Importance of understanding the root cause for defects

As elaborated in this chapter, improper compaction could be the main reason for hon-
eycombing and the improper formation of the smooth, thin layer of cement paste on
the mold surface. However, that is not the only reason. Most of the time, the root
causes for such defects are misunderstood as the improper compaction of fresh con-
crete. Therefore, proper identification of the root causes is important in avoiding the
recurrence of the same defect in a project. This aspect has been addressed in depth
in the next chapter. Figure 3.6 shows a case where slurry leakage leads to improper
surface appearance.

Fig. 3.6: Defects due to slurry leakage

Here the mix is well compacted but, the smooth, thin layer of cement paste has
been affected due to slurry leakage. Sometimes, this type of incident could be misun-
derstood as due to improper compaction, but it is due to poor workmanship in form-
work.

19



CHAPTER 4

FIELD SURVEY

A field survey on honeycombs was done considering several aspects such as root causes
for honeycombing, possible locations of honeycombing, and ways of mitigating such
scenarios. The field survey was carried out at several local construction sites.

4.1 Defect observations

4.1.1 Defects in a concrete retaining wall due to poor workmanship in com-
paction of concrete.

Figure 4.1 shows a surface defect observed in the bottom of 2nd lift of 225mm thick
concrete retaining wall (RW).

Fig. 4.1: Defects in a concrete retaining wall due to poor workmanship in compaction
of concrete.

25mm diameter immersion vibrator had been used for compaction of concrete.
The reinforcement bar detailing of the retaining wall had enough space for flow of
concrete and insertion of the needle vibrator. But the needle vibrator compaction had
not been carried out in a certain volume of fresh concrete; hence the proper surface
finish was not achieved, and the volume left unconsolidated. The un-consolidation of
the concrete is visible to the outside as smooth surface finish was not achieved in the
area of concern. However, this does not mean that the defect is only on the surface.
Some contractors just close these defective surfaces either by mortar or a grouting
material, not knowing how far inside the unconsolidated concrete exists. At least a
UPV test needs to be carried out to identify the damage inside.
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4.1.2 Defects in the concrete shear wall due to reinforcement bar congestion.

It is very clear that the defect shown in Figure 4.2 is due to rebar congestion. 25mm
and 40mm diameter needle vibrators had been used for the compaction of concrete.

Fig. 4.2: Defects in a concrete wall due to reinforcement bar congestion.

The defective location was congested with rebar detailing. It was observed that
25mm and 20mm diameter rebars were lapped in the same location blocking the flow
of concrete. Here, the reinforcement engineer has to work on lapping locations con-
sidering the flow of concrete as well.

4.1.3 Defects in an inclined concrete column due to difficulty in compaction

Honeycombs were observed in several inclined columns of a structure as shown in
Figure 4.3.

Fig. 4.3: Defects in an inclined concrete column.

25mm immersion vibrator had been used for the compaction of concrete and as
per reinforcement detailing, there was enough space for inserting needle vibrator. A
special feature of these rectangular columns was the inclination. Vibrator compaction
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of the bottom of the inclined outer face was difficult due to this. That created defective
areas.

Column lift height was 1m to avoid segregation in placing concrete. Flexible hoses
had been used to place the concrete to corners under inclination. The ideal option could
have been having self-compacting concrete (SCC). Thereafter, to avoid repetition of
this in the remaining set of inclined columns, the needle vibrator had been attached to
a steel rod and continued the compaction in unreachable corners of the column, but,
that is not a standard practice.

4.1.4 Reinforcement bar congestion at a junction of four beams.

Next observation was a location where four upstand beams were connected to a col-
umn. Since the column size was also reduced at this level, some outer re-bars from the
column below had been terminated. (see Figure 4.4).

Fig. 4.4: Reinforcement bar congestion at a junction of four beams.

As per the column terminating detailing by the structural designer; terminating bars
need to be bent in ’L’ shape. That created the worst situation as there was no inserting
space for beam rebars once the column head rebar works were done. The root cause
of this issue is the impractical detailed design of reinforcement and element sizing.
Secondly, the execution team should have taken this issue to the design consultants
prior to the execution at site. But that needs more involvement in proper planning.
The challenge here was that design consultants need to give a solution to this without
affecting to the progress of the project. As a solution, the upstand beam width was
increased and converted to a tapered beam, some ’L’ shaped terminated bars were cut
as approved by the designers and several more changes were done to beam sizing and
rebar detailing. This made a considerable impact on the project’s progress.

22



4.1.5 Surface defects due to concrete slurry leakage

This was a rectangular concrete column. Compaction had been done with a 25mm
needle vibrator with no issue with re-bar congestion. But a concrete slurry leakage had
taken place during the vibration due to improper mold joint preparation and resulted in
creating a defective surface as shown in Figure 4.5.

Fig. 4.5: Surface defects due to concrete slurry leakage.

Sometimes, these types of defects are misunderstood as due to improper com-
paction. The defect can be rectified using an appropriate grout.
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4.1.6 Defects due to embedded parts

Observations shown in Figures 4.6 and 4.7 were found in a shear wall where embedded
parts took place.

Fig. 4.6: Defects due to embedded parts-1

Fig. 4.7: Defects due to embedded parts-2

25mm and 40mm needle vibrators had been used for compaction. Re-bar arrange-
ment was not obstructing the compaction process, but embedded parts did, and these
are the locations where moldings need to be customized. There is a possibility to
have improper mold joints around the embedded parts which leads to concrete slurry
leakages as well, resulting in defective surfaces.
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4.1.7 Defects due to misalignment of formwork/mold

The observation shown in Figure 4.8 is a location where the formwork was misaligned
to the kicker of the wall. Hence there had been a slurry leakage from the gap, and it
created a defective surface.

Fig. 4.8: Defects due to misalignment of formwork/mold

4.1.8 Defects due to inadequate application of form oil

Form oil had not been applied properly to the plywood boards, hence there had been
difficulty in removing the boards. In several locations, the surface cement paste had
been stuck to the formwork and created defective surfaces as shown in Figure 4.9. This
could be observed in several locations of the same element.

Fig. 4.9: Defects due to inadequate application of form oil
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4.1.9 Segregation of aggregates was observed from the ready-mix concrete.

Fig. 4.10: Segregation of aggregates was observed from the ready-mix concrete.

As shown in Figure 4.10, at this stage (Prior to pouring concrete), the reason for
segregation can be improper grading of aggregates and the differences in the specific
gravity of mix constitutes. The problem with segregation is that, it cannot be physically
observed as it also gives similar surface finish but weak inside.

4.1.10 Honeycombing was detected at the bottom of columns

A pre-fabricated formwork system was used for these columns. The column height
was 3.5m, therefore there had been difficulty in vibrating the bottom layer of concrete
from a height of 3.5m. There’s a chance of segregation of concrete due to high free
fall height. Well-monitored workmanship is required to attend to these challenges, and
lack of attention has been the root cause for this kind of honeycombing at the bottom
of the column (See Figure 4.11).

Understanding the aforementioned root causes for defects is important in prevent-
ing the recurrence of the same in the upcoming activities of a project.
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Fig. 4.11: Improper compaction at the bottom layers of 3.5m height concrete column.

4.2 Analysis of data gathered from field survey

Tables 4.1, 4.2, and 4.3 below produce a representation of some interesting data gath-
ered from the field survey. Thirty major construction sites have been taken into con-
sideration for this analysis.

TABLE 4.1: Number of occurrences for each root cause for honeycombing - out of
30 construction sites

SN Root cause for honeycomb/defect No. of cases As a percentage
1 Due to poor compaction practices of workers 25 83%
2 Due to poor workmanship of shuttering 20 67%
3 Due to re-bar congestion 16 53%
4 Due to not applying form oil sufficiently 12 40%
5 Due to vibrator-unreachable locations 9 30%
6 Due to embedded parts in concrete 6 20%
7 Due to non-standard concrete mixes 3 10%

Consider the data in Table 4.1;

• Honeycombing due to re-bar congestion.

• Honeycombing due to unreachable locations in the complex structural elements.
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• Honeycombing due to embedded parts.

Above three defective possibilities can be managed at the design stage of the struc-
ture. Improving the workmanship of the workers has to be addressed separately by
showing and educating them about the standard ways of practising. Further, proper
planning at the initial stages of the project has a huge impact on improving the work-
manship of the workers, which means workers will not face major difficulties in han-
dling vibrators through complex structural elements. This will be discussed later in
this chapter.

TABLE 4.2: Methods used for compaction of concrete - out of 30 construction sites

SN Method of vibration No. of construction sites As a percentage
1 Immersion vibrators 30 100%
2 Manual compaction 15 50%
3 External vibrators 4 13%
4 Surface vibrators 00 00%
5 Re-bar shaker 00 00%

As per Table 4.2, immersion vibrators (needle vibrators) are the most common
practice in the local construction industry. Almost all the construction sites used im-
mersion vibrators and most of the time both manual compaction and immersion vibra-
tor compaction were used in practice.

TABLE 4.3: Methods used for honeycomb detection in construction projects - out of
30 construction sites

SN Tests carried out for defective areas No. of construction sites
1 UPV test 06
2 Rebound hammer test 16
3 Expert consultation 03
4 Demolition of defective element 04

As per the data in Table 4.3, defective area investigation methods in practice raise a
crucial question. A common investigation test carried out is the rebound hammer test,
and most of the time, the rebound hammer test was carried out for the surfaces where
rectification was done. However, this method is not suitable for major defect investiga-
tions as it gives only indications on surface hardness and penetration resistance. Core
defects cannot be identified through this method. Kumavat [32] has done a study on
various factors affecting the results of rebound hammer test. He has elaborated that
deviation in rebound index vs. compressive strength as an indication of various factors
influencing the rebound index. Therefore, Kumavat [32] concludes that the effective-
ness of the rebound hammer test has to be checked considering the factors affecting
the results.
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4.3 Improving workmanship by proper planning at initial stages:
based on field survey

As discussed under field survey, proper planning at initial stages and reinforcement
detailing done considering the practicality in compaction contributes to effortless im-
provements in workmanship.

4.3.1 Correct use of code of practice

There are some discrepancies between codes of practice for design of reinforcement
and codes of practice for compaction of concrete using immersion vibrators.

First, consider BS 8110-1: 1997, Part 1: Code of Practice for design and construc-
tion. There, under clause 3.12.11.1, guidelines for minimum distance between bars
is given. As per that, minimum distance required is the maximum size of coarse ag-
gregate in concrete + 5mm [18]. This means if the maximum coarse aggregate size
is 20mm, the minimum distance between bars shall be 25mm. But when it comes
to compaction of concrete using immersion vibrators, it leads to major difficulties as
available needle vibrator diameters range from 25mm to 90mm.

However, this issue has been addressed in BS EN 1992-1- 1: 2004, Part 1-1: Gen-
eral rules and rules for buildings. There, under clause 8.2 Spacing of bars, it has
specifically mentioned that the spacing of bars shall be such that the concrete can be
placed and compacted satisfactorily for the development of adequate bonds. Further, it
has been mentioned that there should be sufficient space between the resulting columns
of bars (when several layers of bars are present) to allow access for vibrators and good
compaction of the concrete.

IS: 3558 1983 (Reaffirmed 2004) is an Indian Standard Code of practice for the
use of immersion vibrators for consolidating concrete. Under clause 8.8 on vibrating
the reinforced concrete, it recommends to make sure minimum space of 75 mm ex-
ists between the bars or groups of bars to allow the vibrator to pass freely. In local
construction industry, still the British Standards are mostly used for design of rein-
forcement in structural elements which had given less attention for practicality in the
compaction of concrete. Therefore, it is better to work on reinforcement detailing
along with standards for the vibration of concrete.

4.3.2 Incorporating general details of structural drawings to special cases

As illustrated in subsection 4.1.4 of this chapter, there are some situations, where fol-
lowing general notes/detailing as they are, tends to create a mess. For example, there
can be a general note to terminate all column re-bars by bending an anchorage length
inward. But this cannot be applied directly for a heavily reinforced column as it ends
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up in congestion. In such situations, execution team has to bring the issue to the de-
signer prior to executing it at site. Most of the time, this kind of issues were taken to the
designer when the work was half-way done. On the other hand, designers need to be
skilful enough to foresee this type of issues at the design stage. They can make aware
the execution team in advance. Usually, placements of embedded parts are done by the
mechanical team of a project. They should have coordinated it with the reinforcement
designers in order to avoid any kind of congestion in structural elements.

4.3.3 Points to be considered in improving workmanship related to shuttering

Most of the time, whenever a honeycombing was observed, contractors conclude it as a
result of poor compaction. But the root cause can be some other reason. Understanding
of root cause is important as it helps to avoid the recurrence of the same later. Defective
surfaces due to concrete slurry leakage could be misunderstood as a result of poor
compaction. If the root cause was understood correctly, modifications to formwork
system can be arranged. Minimizing the number of joints in shuttering can be a good
improvement. Then, application of form oil is also important in order to have a smooth
surface finish. Most of the time, defects due to not applying form oil are misunderstood
as defects due to poor compaction. If the root cause is identified correctly, the team can
take necessary actions to overcome that in the next task. Use of un-damaged shutters
is important to have a smooth surface. Verticality and correct alignment of formwork
panels are also important to avoid honeycombing.

4.3.4 Use of self-compacting concrete and importance of experienced work groups.

For unreachable areas in structures and congested spots, self-compacting concrete can
be used. However, identification of such requirements and pre-planning is important.
Experienced concrete pouring groups, concrete supervisors and formwork supervisors
can make a considerable impact on the outcome. There are such reputed contractors
and working groups in the industry who produce concrete with fewer defects. The
relationship between experienced working groups and occurring of honeycombs shall
be further studied.

4.3.5 Standards used for compaction of fresh concrete

• Code of practice for use of immersion vibrators for consolidating concrete –
Indian Standard IS: 3558 – 1983 (Reaffirmed 2004)

• Building construction machinery and equipment — Internal vibrators for con-
crete — Part 1: Terminology and commercial specifications ISO 18651-1:2011(en)

• 309-72 Standard Practice for Consolidation of Concrete (Revised 1982)
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• Guide for Consolidation of Concrete Reported by ACI Committee 309 - ACI
309R-96

• Behaviour of Fresh Concrete During Vibration ACI 309.1 R-93 (Reapproved
1998)

From the above standards, Code of practice for use of immersion vibrators for
consolidating concrete – Indian Standard is somewhat familiar with local construction
practices. The Indian Code has mainly focused on compaction of concrete with im-
mersion vibrator. (Which is the most practised method for compaction in Sri Lanka as
well).

However, as per the discussions had with local builders, they have less or no idea
about any standards for compaction, yet they are practising some correct methods as
per the guidelines from the consultants and engineers. Our idea is, that these builders
need to be more exposed to these standards and correct methods of practising.

4.4 Guidelines and recommendations for designers and contractors
to mitigate the occurrence of Honeycombs and other Concrete
Defects

4.4.1 Improving workmanship through proper planning

• Reinforcement detailing for practical Compaction:

– Plan reinforcement detailing in the early stages, considering the practical-
ity of concrete compaction.

– Ensure that reinforcement spacing allows for adequate access for vibrators
to ensure proper compaction.

4.4.2 Correct use of Codes of practice

• Addressing discrepancies in Codes:

– Align the design of reinforcement spacing with standards for concrete com-
paction.

– Follow BS EN 1992-1-1: 2004, which emphasizes the importance of spac-
ing bars to allow effective concrete placement and compaction.

– Adhere to IS: 3558 1983, ensuring a minimum of 75 mm spacing between
bars to allow immersion vibrators to pass freely.
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4.4.3 Incorporating general details of structural drawings into Special Cases

• Customization of general notes for complex structures:

– Review and customize general reinforcement notes for specific cases to
avoid congestion and compaction issues.

– Foster proactive communication between the execution team and designers
to resolve potential issues before construction begins.

4.4.4 Improving workmanship related to shuttering

• Identification of root causes of defects:

– Accurately identify the root causes of defects such as honeycombing and
surface irregularities.

• Shuttering practices:

– Minimize the number of joints in shuttering to prevent concrete slurry leak-
age.

– Ensure proper application of form oil for a smooth surface finish.

– Use undamaged shutters and ensure correct alignment and verticality of
formwork to prevent honeycombing.

4.4.5 Use of self-compacting concrete

• Application in congested areas:

– Utilize self-compacting concrete in hard-to-reach and congested areas to
ensure uniform compaction.

• Importance of experienced work groups:

– Engage experienced concrete pouring groups and supervisors to enhance
the quality of the finished concrete and reduce defects.

4.4.6 Standards for compaction of fresh concrete

• Exposure to relevant standards:

– Educate builders on the standards for concrete compaction, such as IS:
3558 – 1983 and other relevant guidelines from ACI and ISO.

– Promote adherence to these standards in local construction practices to im-
prove the quality of compaction and reduce defects.
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4.4.7 Continuous education and training

• Workshops and Seminars:

– Organize training sessions for contractors and workers to familiarize them
with best practices and standards in concrete compaction.

• On-Site demonstrations:

– Conduct on-site demonstrations of proper compaction techniques using
immersion vibrators and other tools.
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CHAPTER 5

INVESTIGATION ON IMPACT FROM REINFORCEMENT ON

UPV TESTS ON CONCRETE

5.1 Conventional methods used in local construction sector for de-
fect detection in concrete structures

Rebound hammer test and ultrasonic pulse velocity (UPV) test are the most common
conventional approaches in detecting the location and severity of honeycombs in struc-
tural concrete elements.

As discussed in the chapter on "Field Survey", it was found that UPV tests are
mainly conducted for major doubtful locations in concrete structures. However, there’s
no proper investigation into the reinforcement arrangement of the area taken into con-
sideration for the UPV test. Therefore, it’s critical to understand the impact on the UPV
test results due to the reinforcement arrangement of the concrete structure. Otherwise,
the UPV results could be misleading or misinterpret the condition of the concrete ele-
ment.

5.2 Assessing the impact of reinforcement arrangement for UPV tests

Three specimen were taken into proposed tests as shown in Figure 5.1.

• Sketch 1: Normal, lightly reinforced beam element without any honeycombing.

• Sketch 2: Lightly reinforced beam element with a 25 mm thick polystyrene
layer placed in the upper half.

• Sketch 3: Heavily reinforced beam element with a 25 mm thick polystyrene
layer, including additional reinforcement bars passing through the polystyrene
layer in the longitudinal direction.

Here, expanded polystyrene (EPS) has been used to recreate honeycombs in the
concrete specimen. EPS is lightweight and has a low density while blocking the con-
crete paste flowing through it. Honeycombs in concrete are voids with no solid mate-
rial, so their density is essentially zero in the affected area. Therefore it’s expected a
honeycomb-like area in the concrete specimen by inserting EPS.
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Fig. 5.1: Sketches showing reinforcement arrangement of different specimen

5.3 Specimen preparation and conduct of UPV tests

The tests were set out in a way such as to examine how impactful is the reinforcement
arrangement of a concrete element for UPV tests. Figures 5.2, 5.3, 5.4, 5.5 and 5.6
below are showing specimen arrangement and conduct of UPV tests.

Fig. 5.2: Reinforcement arrangement of specimen with no honeycombs

Figure 5.2 shows the reinforcement arrangement of specimen with no honeycombs.
This was used to compare the impact when there’s a honeycomb in the concrete ele-
ment. As elaborated earlier, dimensions were kept as 300mm x 250mm x 150mm. The
12mm diameter RE500 reinforcement bars were used with 6mm diameter mild steel
stirrups as shown. Furthermore, this reinforcement arrangement has been considered a
light reinforcement arrangement compared to the other specimen shown in Figure 5.4.
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Fig. 5.3: Reinforcement arrangement of the lightly reinforced specimen with a
honeycomb

Figure 5.3 shows the specimen with the same properties except for a known hon-
eycombing arranged in a specified location of the concrete element. A 25mm thick
polystyrene piece covering half of the cross-section of the element was used to create
a deviation of the homogeneity.

Fig. 5.4: Reinforcement arrangement of the heavily reinforced specimen with a
honeycomb

Figure 5.4 shows a similar specimen but with heavily reinforced concrete. Rein-
forcement bars going through the non-homogeneous region of the specimen make it
heavily reinforced concrete as it’s a possible scenario in heavily reinforced concrete
elements which impacts the results of UPV tests.
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Fig. 5.5: Showing lightly (LHS) and heavily (RHS) reinforcement arrangement of
specimen with honeycombs

Figure 5.5 shows the lightly reinforced concrete specimen and heavily reinforced
concrete specimen together. Note that additional longitudinal bars are going through
the polystyrene piece in the heavily reinforced concrete element.

Fig. 5.6: Conducting the UPV test

Figure 5.6 shows how the UPV test was conducted. Cleaning of the concrete sur-
face at the test locations is significant in ensuring good contact between the transducers
and the concrete. Furthermore, a thin layer of gel, grease, or water-based substance
between the transducers and the concrete surface is important in transmitting the ul-
trasonic waves efficiently. Instrument calibration was done prior to the testing on the
beam to ensure that there were no errors in the equipment. So, time taken was mea-
sured in the Calibration rod and checked with the defined time (L=58.6 microseconds).
The test was performed at Day 28 of casted concrete specimen. Grease is applied to the
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contact surface to get better coupling action between the instrument and the concrete
surface.

The UPV tests for these specimens were carried out for both faces as shown in
Figure 5.7.

Fig. 5.7: Sketches showing faces where UPV tests were carried out

5.4 Experimental results

Tables 5.1, 5.2 and 5.3 show UPV test results for the specimen shown in figure 5.1 and
test faces shown in Figure 5.7

TABLE 5.1: UPV test results for Specimen 01 - Lightly reinforced arrangement with
no-honeycombs
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TABLE 5.2: UPV test results for Specimen 02 - Lightly reinforced arrangement with
honeycombs

TABLE 5.3: UPV test results for Specimen 03 - Heavily reinforced arrangement with
honeycombs
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5.5 Analysis of results

5.5.1 Lightly reinforced concrete with no honeycombs

If we consider the UPV test results in Table 5.1 which represents concrete elements
with lightly reinforced arrangement and no honeycombs, the pulse velocities are in a
certain region from 3.71 km/s to 3.86 km/s with no major deviations. This indicates
that the concrete element has homogeneous properties.

5.5.2 Lightly reinforced concrete with honeycombs

Next, let’s consider, the results in Table 5.2 which represents a concrete element with a
honeycombing (created using polystyrene). There, the deviated area can be identified
from the reduction in pulse velocity for both faces A and B. Face A and Face B are
elaborated in Figure 5.7 and Figure 5.1 shows the placement of polystyrene inside the
concrete element. Face A points 1 & 2 and Face B point G could be identified as per
reduced pulse velocity, and it aligns with the expected output as the polystyrene piece
had been placed halfway from the depth of the concrete element. Therefore, it’s clear
that honeycombs in lightly reinforced concrete can be identified from UPV tests.

5.5.3 Heavily reinforced concrete with honeycombs

Here, heavily reinforced concrete denotes that, there are reinforcement bars going
through the honeycombed area of the element. This case was taken into considera-
tion as there are many possibilities to create such arrangements in heavily reinforced
concrete elements. In order to investigate this, the specimen was created in a way such
that several reinforcement bars are going through the polystyrene piece as shown in
Figure 5.1. The results show that UPV test fails to identify the surrounding honey-
combs as the pulse is transmitted through the reinforcement bars. The results in Table
5.3 for Face A show that Point 2 and Point 3 observations are showing slightly high
pulse velocities due to the effect of reinforcement bars parallel to the direction of the
pulse. However, the observations in the perpendicular direction to the bars for the same
location in Face B, shows reduced velocities. This indicates that UPV test results might
be misleading whenever there are reinforcement bars going through the honeycombed
areas and the measurements are taken parallel to the bars.

5.6 Conclusions

As elaborated in this chapter. UPV tests have limitations in the identification of hidden
honeycombs in concrete structures. Especially, when it comes to heavily reinforced
concrete, the test results can be misleading. Therefore, this study further extended

40



to study on an alternative approach for hidden honeycomb detection which will be
discussed in the subsequent chapters.
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CHAPTER 6

MATHEMATICAL APPROACH

In the previous chapter, the importance of moving into alternative approaches for the
detection of hidden honeycombs in concrete structures was highlighted. As per the lit-
erature survey shown in Chapter 2, the use of vibration properties of concrete structures
for damage detection is an area currently the researchers are working on. Therefore,
this study focused on a novel mathematical approach in order to fill a research gap in
the field of study.

Makarios [33] has presented a mathematical calculation for the identification of
eigenfrequencies and mode-shapes of beams with a continuous distribution of mass
and elasticity and for various conditions at support. He has used first principles for the
formulations of motion Equations. Vaicatis [34] has used two-variable perturbation
expansion method by simulating spatially random variables on a computer, in order to
investigate characteristics of non-uniform beams. According to him, the accuracy of
that method increases with higher frequencies.

Abrate [35] has shown that natural frequencies of certain non-homogeneous rods
are equal to that of a uniform rod when both ends are fixed. The vibration of a beam
of general shape has also been studied using the Rayleigh-Ritz approach.

There are studies on mode shape analysis of beams with arbitrarily varying cross-
sections. Sohani [36] has done studies on this and has presented a mathematical
approach on Euler-Bernouli and Timoshenko beams with arbitrary symmetric cross-
sections. That approach can be used for different boundary conditions as well. Another
study on vibration of a circular beam with variable cross sections, using differential
transformation method has been carried out by Abdelgany et. al. [37].

Above studies show that there’s no straight-forward method for modal analysis of
non-homogeneous beams, this study has attempted to formulate an equation for modal
analysis of non-homogeneous elements.

6.1 Free vibration of a homogenous system

The mathematical approach for free vibration of an ideal single-degree-of-freedom
system with a homogenous distribution of mass and stiffness is well-known in the
field. As elaborated by Makarios [33], the equations (6.1) and (6.2) indicate a free
vibration of an ideal single degree of freedom system that has eigen-frequency =

√
𝜆.

𝑞(𝑡) + 𝜆 · 𝑞(𝑡) = 0 (6.1)

𝐸𝐼𝑦 · Φ′′′′(𝑥)− 𝜆 · 𝑚̄ · Φ(𝑥) = 0 (6.2)
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Where, Φ(𝑥) is an unknown spatial function with spatial-dimension 𝑥, and 𝑞(𝑡) is an
unknown time function with time dimension 𝑡. The uniform distribution of mass is
given as 𝑚(𝑥) = 𝑚̄, and the uniform distribution of the stiffness is given as 𝐸𝐼𝑦(𝑥) =

𝐸𝐼𝑦, where 𝐸 is the material modulus of elasticity and 𝐼𝑦 is the section moment of
inertia about the y-axis. The derivation of the equations (6.1) and (6.2) are commonly
known in the field and, as such, are not explicitly presented here.

6.2 Free vibration of a non-homogenous system

Fig. 6.1: Detailed sketch for formulation of motion equation

In Figure 6.1, the mass 𝑚(𝑥) and the stiffness 𝐸𝐼𝑦(𝑥) vary with the length of
the element. Hence, the element has non-homogenous properties. In this case, the
equations (6.1) and (6.2) do not represent the exact modal behaviour of the system.

6.2.1 Formulation of the motion equation

In order to formulate the motion equation of the beam element with non-homogeneous
properties, consider an infinitesimal part of the horizontal beam, at location 𝑥 from the
origin 𝑂, and the infinitesimal length of the part is 𝑑𝑥. On this infinitesimal length,
the flexural moment is 𝑀(𝑥, 𝑡) and the shear force is 𝑄(𝑥, 𝑡) with their differential
increments, while the axial force 𝑁(𝑥, 𝑡) is ignored as it does not affect the vertical
beam vibration along z-axis [33].

The resulting force 𝑃𝑧(𝑥, 𝑡) of the external dynamic loading can be written as
shown in equation (6.3), where 𝑝𝑧(𝑥, 𝑡) is the force per unit length.

𝑃𝑧(𝑥, 𝑡) = 𝑝𝑧(𝑥, 𝑡) · 𝑑𝑥 (6.3)

According to D’Alembert principal, the resulting inertia force 𝐹𝑎(𝑥, 𝑡) is noted as
shown in equation (6.4) where 𝑢𝑧(𝑥, 𝑡) is the unknown spatial time-function in the
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direction of z-axis and 𝑚(𝑥) is the mass distribution along x-axis.

𝐹𝑎(𝑥, 𝑡) = (−𝑚(𝑥) · 𝑑𝑥) · 𝑢̈𝑧(𝑥, 𝑡) (6.4)

Consider the force equilibrium of the infinitesimal part of the beam along z-axis with
reference to Figure 6.1

∑︁
𝐹𝑧 = (𝑄+

𝜕𝑄

𝜕𝑥
𝑑𝑥) +𝑚(𝑥) · 𝑑𝑥 · 𝑢̈𝑧(𝑥, 𝑡)− 𝑃𝑧(𝑥, 𝑡)−𝑄 = 0 (6.5)

From equation (6.3) and (6.5);

𝜕𝑄

𝜕𝑥
= 𝑝𝑧(𝑥, 𝑡)−𝑚(𝑥) · 𝑢̈𝑧(𝑥, 𝑡) (6.6)

Now, consider the moment equilibrium with reference to the weight centre of the in-
finitesimal part of the beam, in the direction of the y-axis (See Figure 6.1).

∑︁
𝑀𝑦 = 𝑀 +𝑄

𝑑𝑥

2
+ (𝑄+

𝜕𝑄

𝜕𝑥
𝑑𝑥)

𝑑𝑥

2
− (𝑀 +

𝜕𝑀

𝜕𝑥
𝑑𝑥) = 0

𝑄 =
𝜕𝑀

𝜕𝑥
(6.7)

As per Euler-Bernoulli Bending theory, the equation (6.8) is considered for further
calculations. (Where shear deformations are ignored).

𝑀(𝑥, 𝑡) = 𝐸𝐼𝑦(𝑥) ·
𝜕2𝑢𝑧(𝑥, 𝑡)

𝜕𝑥2
(6.8)

By inserting equations (6.7) and (6.8) into equation (6.6), we can get the motion equa-
tion without damping for the considered beam element as given in equation (6.9).

𝑚(𝑥) · 𝑢̈𝑧(𝑥, 𝑡) +
𝜕2

𝜕𝑥2
(𝐸𝐼𝑦(𝑥) ·

𝜕2𝑢𝑧(𝑥, 𝑡)

𝜕𝑥2
) = 𝑝𝑧(𝑥, 𝑡) (6.9)

𝑝𝑧(𝑥, 𝑡)−𝑚(𝑥) · 𝑢̈𝑧(𝑥, 𝑡) =
𝜕2

𝜕𝑥2
(𝐸𝐼𝑦(𝑥) ·

𝜕2𝑢𝑧(𝑥, 𝑡)

𝜕𝑥2
)⏟  ⏞  

RHS

(6.10)

By further simplifying the RHS of the equation (6.10);

𝑝𝑧(𝑥, 𝑡)−𝑚(𝑥) · 𝑢̈𝑧(𝑥, 𝑡)

= 𝐸𝐼𝑦(𝑥) · 𝑢′′′′
𝑧 (𝑥, 𝑡) + 𝐸𝐼 ′𝑦(𝑥) · 𝑢′′′

𝑧 (𝑥, 𝑡) + 𝐸𝐼 ′′𝑦 (𝑥) · 𝑢′′
𝑧(𝑥, 𝑡) + 𝐸𝐼 ′𝑦(𝑥) · 𝑢′′′

𝑧 (𝑥, 𝑡)

(6.11)

Here, the unknown spatial time function 𝑢𝑧(𝑥, 𝑡) can be written in the form of separated
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variants as shown in equation (6.12).

𝑢𝑧(𝑥, 𝑡) = Φ(𝑥) · 𝑞(𝑡) (6.12)

Where Φ(𝑥) is an unknown spatial function and 𝑞(𝑡) is an unknown time-function.
From equations (6.11) and (6.12);

−𝑞(𝑡)

𝑞(𝑡)
=

𝐸𝐼𝑦(𝑥) · Φ′′′′(𝑥) + 𝐸𝐼 ′𝑦(𝑥) · Φ′′′(𝑥) + 𝐸𝐼 ′′𝑦 (𝑥) · Φ′′(𝑥) + 𝐸𝐼 ′𝑦(𝑥) · Φ′′′(𝑥)

𝑚(𝑥) · Φ(𝑥)
(6.13)

the left part of equation (6.13) is a time-function and the right part of the equation is a
spatial function. In order to make the equation true, the two parts must be equal with
a constant 𝜆. Then, the equation is separated into two following differential equations
(6.14) and (6.15).

−𝑞(𝑡)

𝑞(𝑡)
= 𝜆 =⇒ 𝑞(𝑡) + 𝜆 · 𝑞(𝑡) = 0 (6.14)

𝐸𝐼𝑦(𝑥) · Φ′′′′(𝑥) + 𝐸𝐼 ′𝑦(𝑥) · Φ′′′(𝑥) + 𝐸𝐼 ′′𝑦 (𝑥) · Φ′′(𝑥) + 𝐸𝐼 ′𝑦(𝑥) · Φ′′′(𝑥)

𝑚(𝑥) · Φ(𝑥)
= 𝜆 =⇒

𝐸𝐼𝑦(𝑥) · Φ′′′′(𝑥) + 2𝐸𝐼 ′𝑦(𝑥) · Φ′′′(𝑥) + 𝐸𝐼 ′′𝑦 (𝑥) · Φ′′(𝑥)− 𝜆𝑚(𝑥) · Φ(𝑥) = 0 (6.15)

Say 𝐸𝐼𝑦(𝑥) = 𝑃 (𝑥);

𝑃 (𝑥) · Φ′′′′(𝑥) + 2𝑃 ′(𝑥) · Φ′′′(𝑥) + 𝑃 ′′(𝑥) · Φ′′(𝑥)− 𝜆𝑚(𝑥) · Φ(𝑥) = 0 (6.16)

Equation (6.16) is a 4𝑡ℎ order linear homogeneous one, Φ(𝑥) is the unknown spatial
function in the z-direction, along the x-axis. 𝑃 (𝑥) is an unknown coefficient func-
tion based on the variation of stiffness along the beam element and 𝑚(𝑥) is the other
coefficient function based on the variation of mass along the beam element.
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6.2.2 Applying the motion equation to a non-homogeneous element

Fig. 6.2: Representing beam element with non-homogeneous properties

As shown in Figure 6.2, the beam element has a segment where stiffness and mass
properties vary compared to other segments. However, the properties do not vary
within a segment. For a certain segment, we have homogeneous properties. There-
fore, Segment-wise functions for the mode shapes in the sample calculation are not
that complex. Therefore, solving the entire equation for the mode shape by consider-
ing boundary conditions at each segment seems to be the simplest way, compared to
fitting a curve for the property variation along the element using equation (6.16).

Let’s say spatial functions of the three segments are Φ1(𝑥) , Φ2(𝑥), and Φ3(𝑥).

TABLE 6.1: Property Table

Segment 1 - Φ1 Segment 2 - Φ2 Segment 3 - Φ3

Length L L/4 L
Stiffness 𝐸𝐼 𝐸𝐼/16 𝐸𝐼

Mass 𝑚 𝑚 𝑚
Eigenfrequency 𝜔1 𝜔2 𝜔1

As per the properties shown in Table 6.1, each segment is considered a homoge-
neous segment respectively. Motion equation can be applied to each segment where
the length is measured in the x-direction, but, the measurements will start from zero
for each segment.

Consider equation (6.16);

𝑃 (𝑥) · Φ′′′′(𝑥) + 2𝑃 ′(𝑥) · Φ′′′(𝑥) + 𝑃 ′′(𝑥) · Φ′′(𝑥)− 𝜆𝑚(𝑥) · Φ(𝑥) = 0

For a certain segment, coefficient functions of differential equation (6.16) are con-
stants, therefore, derivatives of 𝑃 (𝑥) equals to zero; hence it gives equation (6.17) as
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shown below.

𝑃 (𝑥) · Φ′′′′(𝑥)− 𝜆𝑚(𝑥) · Φ(𝑥) = 0 =⇒ Φ′′′′(𝑥)− 𝜆 ·𝑚(𝑥)

𝑃 (𝑥)
· Φ(𝑥) = 0

Φ′′′′(𝑥)− 𝜆 ·𝑚
𝐸𝐼𝑦

· Φ(𝑥) = 0 (6.17)

Let’s say the eigenfrequency of this single degree of freedom system as; 𝜔 =
√
𝜆

Φ′′′′(𝑥)− 𝜔2 ·𝑚
𝐸𝐼𝑦

· Φ(𝑥) = 0 (6.18)

Next, set the positive parameter 𝛽 such as to be equal;

𝛽4 =
𝜔2 ·𝑚
𝐸𝐼𝑦

(6.19)

Mathematically, the general solution for the equation 6.18 is well-known and has the
following form;

Φ(𝑥) = 𝐾1𝑠𝑖𝑛(𝛽𝑥) +𝐾2𝑐𝑜𝑠(𝛽𝑥) +𝐾3𝑠𝑖𝑛ℎ(𝛽𝑥) +𝐾4𝑐𝑜𝑠ℎ(𝛽𝑥) (6.20)

Where, 𝐾1, 𝐾2, 𝐾3 and 𝐾4 are constants. Therefore, for segment one, the general
solution is considered as an equation shown in (6.21);

Φ1(𝑥) = 𝐴1𝑠𝑖𝑛(𝛽1𝑥) + 𝐴2𝑐𝑜𝑠(𝛽1𝑥) + 𝐴3𝑠𝑖𝑛ℎ(𝛽1𝑥) + 𝐴4𝑐𝑜𝑠ℎ(𝛽1𝑥) (6.21)

At 𝑥 = 0, the displacement 𝑢𝑧(0, 𝑡) and flexural moment 𝑀(0, 𝑡) are equal to zero. By
substituting these boundary conditions in equation (6.21) we get the following equation
shown in (6.22) for the spatial function of segment one. Say 𝛽1 = 𝛽;

Φ1(𝑥) = 𝐴1𝑠𝑖𝑛(𝛽𝑥) + 𝐴3𝑠𝑖𝑛ℎ(𝛽𝑥) (6.22)

Next, consider the boundary conditions of segment two (Φ2). Since all segments
of the beam element are in motion as a single unit, the eigenfrequency (𝜔) needs to be
equal for all segments.

Therefore, 𝜔1 = 𝜔2 = 𝜔, but,

𝜔2
1 =

𝛽4
1 · (𝐸𝐼𝑦)1

𝑚1

𝜔2
2 =

𝛽4
2 · (𝐸𝐼𝑦)2

𝑚2

Referring to Table 6.1 and considering the easiness of calculations, let’s keep the mass
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per unit length is same for all segments, but the stiffness is varying, therefore, 𝑚1 = 𝑚2

and 16(𝐸𝐼)1 = (𝐸𝐼)2. Then, 𝛽2 = 2𝛽1 = 2𝛽.
The general solution for segment two is shown in equation (6.23);

Φ2(𝑥) = 𝐵1𝑠𝑖𝑛(2𝛽𝑥) +𝐵2𝑐𝑜𝑠(2𝛽𝑥) +𝐵3𝑠𝑖𝑛ℎ(2𝛽𝑥) +𝐵4𝑐𝑜𝑠ℎ(2𝛽𝑥) (6.23)

Considering the continuity between segments, the motion/spatial properties at the
end of segment 01 shall equal the motion/spatial properties at the start of segment 02.

Therefore,

∙ The displacement at the connecting point of segments; Φ1(𝐿) = Φ2(0)

∙ The moment at the connecting point of segments; 𝐸𝐼𝑦 · Φ′′
1(𝐿) =

𝐸𝐼𝑦
16

· Φ′′
2(0)

∙ The slope at the connecting point of segments; Φ′
1(𝐿) = Φ′

2(0)

∙ The shear Force at the connecting point of segments; 𝐸𝐼𝑦 ·Φ′′′
1 (𝐿) =

𝐸𝐼𝑦
16

·Φ′′′
2 (0)

By substituting the above boundary conditions for segment 01 and segment 02, we
get the following set of equations;

𝐵1 =
5

4
𝐴1𝑐𝑜𝑠(𝛽𝐿)−

3

4
𝐴3𝑐𝑜𝑠ℎ(𝛽𝐿) (6.24)

𝐵2 =
5

2
𝐴1𝑠𝑖𝑛(𝛽𝐿)−

3

2
𝐴3𝑠𝑖𝑛ℎℎ(𝛽𝐿) (6.25)

𝐵3 = −3

2
𝐴1𝑐𝑜𝑠(𝛽𝐿) +

5

4
𝐴3𝑐𝑜𝑠ℎ(𝛽𝐿) (6.26)

𝐵4 = −3

2
𝐴1𝑠𝑖𝑛(𝛽𝐿) +

5

2
𝐴3𝑠𝑖𝑛ℎ(𝛽𝐿) (6.27)

The general solution for segment three is shown below by equation (6.28);

Φ3(𝑥) = 𝐶1𝑠𝑖𝑛(𝛽𝑥) + 𝐶2𝑐𝑜𝑠(𝛽𝑥) + 𝐶3𝑠𝑖𝑛ℎ(𝛽𝑥) + 𝐶4𝑐𝑜𝑠ℎ(𝛽𝑥) (6.28)

Considering the continuity between segments, the motion/spatial properties at the
end of segment 02 shall equal the motion/spatial properties at the start of segment 03.

∙ The displacement at the connecting points of segments; Φ2(𝐿/4) = Φ3(0)

∙ The moment at the connecting point of segments; 𝐸𝐼𝑦
16

· Φ′′
2(𝐿/4) = 𝐸𝐼𝑦 · Φ′′

3(0)

∙ The slope at the connecting points of segments; Φ′
2(𝐿/4) = Φ′

3(0)

∙ The shear force at the connecting point of segments; 𝐸𝐼𝑦
16

· Φ′′′
2 (𝐿/4) = 𝐸𝐼𝑦 ·

Φ′′′
3 (0)
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By substituting the above boundary conditions for Segment 02 and Segment 03, we
get the following set of equations;

𝐶1 = 0.25(5𝐵1𝑐𝑜𝑠(𝛽𝐿/2)− 5𝐵2𝑠𝑖𝑛(𝛽𝐿/2) + 3𝐵3𝑐𝑜𝑠ℎ(𝛽𝐿/2) + 3𝐵4𝑠𝑖𝑛ℎ(𝛽𝐿/2))

(6.29)
𝐶2 = 0.125(5𝐵1𝑠𝑖𝑛(𝛽𝐿/2) + 5𝐵2𝑐𝑜𝑠(𝛽𝐿/2) + 3𝐵3𝑠𝑖𝑛ℎ(𝛽𝐿/2) + 3𝐵4𝑐𝑜𝑠ℎ(𝛽𝐿/2))

(6.30)
𝐶3 = 0.25(3𝐵1𝑐𝑜𝑠(𝛽𝐿/2)− 3𝐵2𝑠𝑖𝑛(𝛽𝐿/2) + 5𝐵3𝑐𝑜𝑠ℎ(𝛽𝐿/2) + 5𝐵4𝑠𝑖𝑛ℎ(𝛽𝐿/2))

(6.31)
𝐶4 = 0.125(3𝐵1𝑠𝑖𝑛(𝛽𝐿/2) + 3𝐵2𝑐𝑜𝑠(𝛽𝐿/2) + 5𝐵3𝑠𝑖𝑛ℎ(𝛽𝐿/2) + 5𝐵4𝑐𝑜𝑠ℎ(𝛽𝐿/2))

(6.32)
Furthermore, at the support end of segment Three, Displacements and Moments are
equal to zero, therefore we have below two equations (6.33) and (6.34) as well.

𝐶1𝑠𝑖𝑛(𝛽𝐿) + 𝐶2𝑐𝑜𝑠(𝛽𝐿) + 𝐶3𝑠𝑖𝑛ℎ(𝛽𝐿) + 𝐶4𝑐𝑜𝑠ℎ(𝛽𝐿) = 0 (6.33)

−𝐶1𝑠𝑖𝑛(𝛽𝐿)− 𝐶2𝑐𝑜𝑠(𝛽𝐿) + 𝐶3𝑠𝑖𝑛ℎ(𝛽𝐿) + 𝐶4𝑐𝑜𝑠ℎ(𝛽𝐿) = 0 (6.34)

In order to solve for above equations, a MATLAB program was developed (See An-
nexes). Figure 6.3 shows the graph plots of the solutions of three segments (Φ1, Φ2,
Φ3).

Fig. 6.3: Mode Shape of Non Homogeneous beam

Figure 6.4 shows a comparison of the mode shape with a homogeneous beam.
Here, the plot in LHS is for a beam having properties of the segments One and Three
of the beam we considered for the calculations. The plot in RHS shows that, due to
the changes in stiffness of segment Two, the entire beam element has a different Mode
Shape.
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Figure 6.5 shows the plot of the mode shape difference between a normal beam and
a beam having deviated stiffness properties in the middle. This is a clear indication of
how the mode shape properties vary with respect to the homogeneity of the element.

Fig. 6.4: Normal beam vs Non-homogeneous beam Mode Shape Comparison

Fig. 6.5: Mode Shape Difference

6.2.3 Conclusions for mathematical approach

This study provides a novel mathematical approach for Mode Shape analysis of non-
homogeneous elements. Identification of Homogeneous regions and Non-homogeneous
regions in an element and implementing the mathematical model based on the conti-
nuity of the element is the key approach presented here. Furthermore, this study has
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provided an equation (6.16) that is applicable to any non-homogeneous single degree
of freedom system;

𝑃 (𝑥) · Φ′′′′(𝑥) + 2𝑃 ′(𝑥) · Φ′′′(𝑥) + 𝑃 ′′(𝑥) · Φ′′(𝑥)− 𝜆𝑚(𝑥) · Φ(𝑥) = 0

If the coefficient functions (i.e. Functions of change of properties) can be iden-
tified in the above equation, the equation can produce the mode shape of that non-
homogeneous element. The sample calculation in this study has been provided for a
beam element having reduced stiffness in a certain region, which is similar to a defec-
tive region of a structural element. Therefore, by comparing the difference in mode
shapes, we can have an idea about the defect of the beam element. Furthermore, if
the analysis is extended up to the comparison of mode shape curvature, more accurate
identification of the location and severity of such defects can be done. If the mode
shapes are available, mode shape curvature can be obtained from that.

6.2.4 Importance of mathematical approach in hidden defect detection in real-
world structures

This mathematical approach or the development of mode shapes for non-homogeneous
elements is for known non-homogeneity of a system. Then the question comes that,
how can we use this model to observe the unknown non-homogeneity of a system? The
answer is that, having this kind of a model we can analyze the behavioural patterns
of mode shapes by changing parameters, so that, this can be a validation model for
the experimental observations of the mode shapes of real-world structural elements.
Hence, this mathematical model fills an essential gap in this study area.

51



CHAPTER 7

MODE SHAPE CURVATURE ANALYSIS

7.1 Introduction

In the previous section, a mathematical model was developed, in order to get the
mode shape of non-homogeneous elements. In this chapter, the mode shape of non-
homogeneous elements will be used to identify the defective regions in elements.

7.2 Mode shape curvature analysis - Methodology

Localized damage in a structure reduces the stiffness of the structure and that affects
the mode shape of the element. It is clear that this is associated with the change in
frequency as well, which shows that there is damage to the structure. However, the
change in frequency only does not show the location of the damage.

Pandey et al. [5] have shown that the curvature of the mode shape is more sensitive
to changes in the homogeneity of elements. This parameter is capable of locating the
damages in an element as well as determining the severity of the damage.

7.2.1 Understanding the changes made to an element when there is a honeycomb

When there is a honeycomb, the defective area consists of loose particles and air voids
and it does not have the expected properties of concrete. Therefore, honeycombs can
be idealized as a reduction in 𝐸𝐼 (Flexural rigidity; modulus of elasticity (𝐸) and the
elements second moment of area (𝐼))

7.2.2 Why the curvature of mode shapes are sensitive to damages

If we consider the bending equation;

𝐸

𝑅
=

𝑀

𝐼
=

𝑓

𝑦
(7.1)

1

𝑅
=

𝑀

𝐸𝐼
(7.2)

Where 1
𝑅

is the curvature of the location considering.
Whenever there is a reduction in 𝐸𝐼 , the curvature of that point increases [5]. This

shows that there is a relationship between the curvature of a certain location and the
Flexural Rigidity of that point. In our analysis, for the idealization of honeycomb, we
have considered the reduction of 𝐸 value while keeping 𝐼 constant. By considering
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the difference in curvature of defective and normal elements along their length, we can
have an idea of the damaged location and the severity of the damage.

We know that there are own mode shapes for every element. If the mode shape of
an element can be identified, curvature related to that mode shape can be calculated.
The knowledge related to the development of equations for mode shapes is already
established. Therefore, through mode shape curvature analysis, we can observe the
location and severity of honeycombs in structural concrete elements.

7.2.3 Formula used for the determination of the curvature for a given function

Curvature; 𝑘 = 1
𝑅

and 𝑦 is the mode shape along the x-direction. See equation 7.3

𝑘 =
𝑑2(𝑦)
𝑑𝑥2

[1 + (𝑑(𝑦)
𝑑𝑥

)2]
3
2

(7.3)

If the function of the mode shape 𝑦 is available, we can derive the mode shape
curvature function for that based on the equation 7.3.

7.2.4 Mode shape curvature of a given mode shape

Consider the mode shape of the element discussed under the mathematical approach
in Chapter 6. See Figure 7.1 below. It shows the mode shapes of the homogeneous
beam and the non-homogeneous beam. From the mode shapes itself, it is clear that
there is a deviation in the non-homogeneous beam element compared to the normal
beam element. The functions of the mode shapes for both cases were taken from the
MATLAB program and the curvature plots of them were derived using the equation
7.2. Figure 7.2 shows the curvature of mode shapes for both cases respectively. As
elaborated in the previous chapter, the stiffness of one beam (in the middle region)
deviated from the other regions of the beam. That change can be observed from the
plots of the mode shape curvature of that beam (See Figure 7.2).

Fig. 7.1: Normal beam Vs Non-homogeneous beam Mode Shape Comparison
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Fig. 7.2: Normal beam Vs Non-homogeneous beam Mode Shape Curvature
Comparison

7.2.5 Difference of Mode shape curvatures

Fig. 7.3: Normal beam Vs Non-homogeneous beam Mode Shape Curvature
Difference Comparison

See Figure 7.3, which shows the absolute difference of mode shapes between the
normal beam and non-homogeneous beam in blue color and the difference in mode
shape curvature in orange color. It is clear that the mode shape curvature is more
sensitive in detecting homogeneity deviations of elements.

As shown in Figure 7.4, the middle 𝐿/4 of the beam is having deviated stiffness
of 𝐸𝐼/16, where 𝐿 is the total length of the beam element, while the normal beam
element has a stiffness of 𝐸𝐼 throughout the entire beam element. Therefore, we can
see a considerable change in the difference in mode shape curvatures between normal
and non-homogeneous beam elements in the mid-region of the beam.
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Fig. 7.4: Non-homogenity properties of beam element

7.3 Mode shape curvature analysis

As discussed in the previous section, mode shape curvature is a good parameter in
identifying defective/non-homogeneous regions in a concrete beam element. Further
analysis in this regard has been carried out focusing on the below points.

• Severity of the non-homogeneity and mode shape curvature

• Extent of the non-homogeneity region and mode shape curvature

• Identification of exact defective region based on mode shape curvature analysis

7.3.1 Methodology

Figure 7.5 shows the methodology for the analysis. SAP2000 software was used for
developing finite element models. The defective region was created by introducing
certain regions of the beam with reduced stiffness in material properties. Then, the
mode shape along the beam length was extracted by taking the displacements of the
nodes of the finite element model. Thereafter, in order to get the variation of the mode
shape curvature along the beam length, the mathematical function of the mode shape
was developed and extracted the mode shape curvature from equation 7.3. MATLAB
software was used for the calculations and the code is given in the Appendix A.
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Fig. 7.5: Flow chart showing methodology for mode shape curvature analysis

7.3.2 Development of the finite element models

SAP2000 software was used to develop the finite element model. A 6m long 150mm x
300mm beam was taken into consideration. 600 segments and, 601 nodes were utilized
in the finite element model (See Figure 7.6) in order to get the displacement readings
at each node. The displacements at each node were recorded and used to fit a curve for
the data using MATLAB. An example is shown below. The material properties were
used as usual homogeneously.

Mode shape 4 of the beam is considered. The nodal displacements (in the vertical
direction (𝑧) of 601 points are as follows;

𝑧 = [0 − 0.018386 − 0.036771 . . . . . . 0.018386]

The nodal points are along the horizontal direction 𝑥

𝑥 = [1 2 3 . . . . . . 601]
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Fig. 7.6: Nodes in Finite Element Model, total 601 nodes for 6m long beam element

Curve fitting was done for 𝑧 against 𝑥 with the help of MATLAB software.

Fig. 7.7: Details of the curve fitting - sum of sine - 08 Terms (MATLAB software)

Figure 7.7 shows the data of the curve fitting carried out with MATLAB, for the
nodal displacements taken from the finite element model. The accuracy of the curve
fitting is important in carrying out further analysis. Furthermore, the curve fitting
function will be used to generate the mode shape curvature. Figure 7.8 shows the fitted
curve.
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Fig. 7.8: Curve fitted plot for Mode 4 - sum of sine - 08 Terms (MATLAB software)

7.3.3 Extracting the mode shape curvature

As elaborated earlier, when the function of the mode shape is available, it is possible
to get the function of the mode shape curvature by using formula 7.4, where 𝑦 is the
function of mode shape and 𝑘 is the curvature.

𝑘 =
𝑑2(𝑦)
𝑑𝑥2

[1 + (𝑑(𝑦)
𝑑𝑥

)2]
3
2

(7.4)

MATLAB software was used to generate the plot of the mode shape curvature.
The code used is given in the Annexures. The Mode Shape Curvature plot is shown in
Figure 7.9 together with the respective mode shape.
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Fig. 7.9: Mode shape and Mode shape curvature plot together

For the easiness in visibility together with the mode shape, mode shape curvature
values were multiplied by 1000 times and scaled up. This procedure was followed for
further analysis and comparison of the mode shape curvature changes.

7.4 Detection of honeycombs with mode shape curvature analysis

Defective regions are introduced to the Finite Element Model by reducing the stiffness
of certain areas by 10 times the usual stiffness. In this case, let’s provide reduced stiff-
ness from nodes 200 to 205 and 450 to 455, which will create two separate defective
regions as shown in Figure 7.10.

Fig. 7.10: Simulated defective locations in the beam

Figure 7.11 shows the curve, fitted with the sum of sines (8 terms), and, slight de-
viations of the defective regions in the mode shape can be identified from the graph.
Nodes 200-205 and nodes 450-455 are the regions where the reduced stiffness prop-
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erties are introduced. Following similar steps shown previously, we can generate the
mode shape curvature plot along the beam length.

The next task is to get the mode shape curvature difference between both cases (i.e.
normal beam and the defective beam). The plot of the mode shape curvature difference
will show the regions of deviated stiffnesses clearly.

Fig. 7.11: Curve fitted plot for Mode 4 with two defective locations: 200-205 and
450-455

7.4.1 Feasibility of using the same simulation to assess the defects within a given
section

This has not been assessed in this study as it considers the average reduction of the
stiffness across a section. Furthermore, the objective is to identify the hidden damage
location in a longitudinal direction of the element. Therefore the indications will in-
terpret that there is a defective region at this point when measured along the element.
Further investigations can be done thereafter, to examine the variation of the defective
regions across a section.

7.4.2 Mode shape curvature analysis

See Figure 7.12 which shows the curvature of the mode shape of the beam, the mode
shape curvature itself highlights the reduced defective regions in nodes 200-205 and
450-455.
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Fig. 7.12: Mode shape and Mode shape curvature plots with two defective locations:
200-205 and 450-455

However, the comparison of mode shape curvature differences between a normal
beam and a defective beam will provide a more sensitive representation of the damaged
locations along the beam. Plots related to this are shown in Figure 7.13.

Fig. 7.13: Mode shape curvature difference between normal beam and damaged
beam: 200-205 and 450-455

Figure 7.13 clearly highlights that the defective regions are in the nodal points
200-205 and 450-455. Therefore, we can say that the mode shape curvature difference
between a normal beam element and a defective beam element is a good parameter to
identify the defective locations in an element.
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Can’t we use the difference in mode shapes (displacements) to detect the defective
locations? Figure 7.14 shows the plot of mode shape difference where no clear signs
for detection of defective locations. Therefore, it shows how important is the mode
shape curvature analysis in the detection of construction defects like hidden honey-
combs.

Fig. 7.14: Mode shape difference between normal beam and damaged beam: 200-205
and 450-455

7.5 Impact on the mode shape curvature analysis when the severity
of the damage is varying.

For this analysis, the impact will be checked by changing the stiffness property of the
element.

The severity of the damage varied changing the stiffness of the material such as a
percentage of the initial 𝐸 (Elasticity) value of the material. (i.e 90% of 𝐸, 80% of
𝐸, 70% of 𝐸, ..... , 20% of 𝐸, 10% of 𝐸). The number of Nodes used for the Finite
Element Model is 601 for a length of 6m. Therefore the distance between two nodes
was 0.01m. The defective regions are from nodes 200-205 and nodes 450-455.

Figure 7.15, 7.16, 7.17 and 7.18 show the sensitivity of mode shape curvature
difference plots in detecting defective regions on different severities of the defect. (i.e
90%, 70%, 50% and 90% of severity respectively). It clearly shows that the mode
shape extracted from the finite element model produces high sensitivity in detecting
defects more than 50% of damage intensity. However, this can be further addressed by
improving the finite element model.
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Fig. 7.15: Mode shape curvature difference between normal beam and 90% of 𝐸
damaged beam; Number of Nodes = 601, damaged regions = Nodes 200-205 and

450-455

Fig. 7.16: Mode shape curvature difference between normal beam and 70% of 𝐸
damaged beam; Number of Nodes = 601, damaged regions = Nodes 200-205 and

450-455
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Fig. 7.17: Mode shape curvature difference between normal beam and 50% of 𝐸
damaged beam; Number of Nodes = 601, damaged regions = Nodes 200-205 and

450-455

Fig. 7.18: Mode shape curvature difference between normal beam and 10% of 𝐸
damaged beam; Number of Nodes = 601, damaged regions = Nodes 200-205 and

450-455
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Figure 7.19 shows the comparison of different intensities together in one graph.

Fig. 7.19: Mode shape curvature differences for different intensities of damage

7.6 Low-intensity damage detection

7.6.1 Improving the finite element model in order to detect low-intensity damage
regions in an element.

The finite element model used so far had 601 nodes only for the entire beam length of
6m. Let’s increase it to 1201 nodes.

Figure 7.20 and Figure 7.21 show that the 50% damage scenario and 90% dam-
age scenario are sensitive in damage detection when the number of nodes in the finite
element model were doubled. (from nodes 601 to 1201). As elaborated in previous
sections, the sensitivity in mode shape curvature difference plots depends on the pro-
cess followed in extracting the mode shape plot, fitting a function to the mode shape
plot, and conversion of the mode shape function to the mode shape curvature plot.
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Fig. 7.20: Mode shape curvature difference between normal beam and 50% of 𝐸
damaged beam; Number of Nodes = 1201, damaged regions = Nodes 400-410 and

900-910

Fig. 7.21: Mode shape curvature difference between normal beam and 10% of 𝐸
damaged beam; Number of Nodes = 1201, damaged regions = Nodes 400-410 and

900-910
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7.6.2 Limitations in detecting damages when the damage intensity is very low

Figure 7.22 shows the plot of mode shape curvature difference for an element when
there are 05% of intensity defective regions. The plot is not responsive enough to
detect the defective locations. Therefore, the FEM has been improved by doubling the
number of nodes again from 1201 to 2401 (See Figure 7.23). Yet, the mode shape
curvature difference shown in Figure 7.23 does not highlight the defective regions.

Fig. 7.22: Mode shape curvature difference between normal beam and 05% of 𝐸
damaged beam; Number of Nodes = 1201, damaged regions = Nodes 400-410 and

900-910

Fig. 7.23: Mode shape curvature difference between normal beam and 05% of 𝐸
damaged beam; Number of Nodes = 2401, damaged regions = Nodes 800-820 and

1800-1820

Based on the above plots, it’s clear that further increments in the number of nodes
do not help to detect the 05% defective regions. The reason for this is the level of
accuracy in fitting a curve for the mode shape node displacement data. For all the
above scenarios, the "Sum of sines" method has been used with 8 terms and that is
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accurate enough to detect defective regions up to a damage intensity of 10% only. For
damage intensities less than 10%, that approach is not sufficient even though the FEM
models were improved. Deviations between Nodal displacement points of mode shape
and the Fitted Curve are shown in Figure 7.24.

Fig. 7.24: Deviations between Nodal displacement points of mode shape and the
Fitted Curve

7.7 Impact on change of mode shapes

All the previous examples were based on Mode shape 4 of the elements.

Fig. 7.25: Mode shape - 2 ; curvature difference between normal beam and 50% of 𝐸
damaged beam; Number of Nodes = 1201, damaged regions = Nodes 400-410 and

900-910

Figure 7.25 is the plot of the mode shape curvature difference for Mode Shape 2.
Regardless of the mode shape 2 or 4, the defective regions could be identified although
the levels of identification are different.
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Fig. 7.26: Mode shape - 7 ; curvature difference between normal beam and 50% of 𝐸
damaged beam; Number of Nodes = 1201, damaged regions = Nodes 400-410 and

900-910

Figure 7.26 shows the mode shape curvature difference for mode shape 7 and it
does not clearly show the defective regions. Furthermore, the mode 2 plot and mode 4
plot are more strong compared to the mode 7 plot in detecting defective regions. This
shows that the initial mode shapes are more sensitive in detecting defects when this
method was followed. In other words, the method is successful for lower frequencies.

7.8 Different mode shapes and mode shape curvature analysis

Fig. 7.27: Mode shape - 2 ; curvature difference between 70% damaged (400-410)
and 50% damaged (900-910) beams

As observed from Figure 7.27 and Figure 7.28, when there are defective regions in
different intensities, the mode shape curvature analysis can provide the severity levels
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Fig. 7.28: Mode shape - 4 ; curvature difference between 70% damaged (400-410)
and 50% damaged (900-910) beams

of the damage as well. However, when it comes to different mode shapes, Figure 7.28
clearly indicates the two defective regions with different intensities while Figure 7.27
indicates only the 70% defective region. This implies that there is an impact from the
mode shape as well on the accuracy of the output.

7.9 Mode shape curvature analysis for a portal frame

In previous sections, mode shape curvature analysis was done for a single beam el-
ement, but, in this section, the study and the analysis will be continued to a portal
frame.

Consider a beam of 150mm x 300mm and two columns of 300mm x 300mm, which
makes a portal frame. There, two defective regions were intentionally kept in the beam
element, and two other defective regions were in two columns respectively. Figure
7.29 shows the finite element model of the portal frame. Frame elements were used for
the finite element analysis. The beam will be denoted as Element 01, Left and Right
columns will be denoted as Element 02 and Element 03 respectively. the defective
regions are marked in red colour in Figure 7.29.

Element 01 is 6m long having 1201 nodes with 0.005m segments. Element 02 and
Element 03 are 4m long each having 801 nodes with 0.005m segments. The defective
regions of Element 01 are from nodes 400 to 410 and nodes 900 to 910 out of total
nodes of 1201. The defective region of Element 02 is from nodes 200 to 210 out of
total nodes of 801. The defective region of Element 03 is from nodes 500 to 510 out
of total nodes of 801.
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Fig. 7.29: Finite element model of the portal frame showing defective regions in red
circles

Fig. 7.30: First five mode shapes of the portal frame considered
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Figure 7.30 shows different mode shapes of the portal frame. Mode shape 05 was
considered for the curvature analysis where the nodal displacements of each element
are basically in a 2D plane. Figures 7.31, 7.32, and 7.33 show the mode shape curva-
ture differences along each element and it’s clear that the plots are clearly indicating
the defective regions of the portal frame. Therefore, this approach is suitable for the
detection of defective regions in portal frames as well as showing positive signs for
more complex structures.

Fig. 7.31: Mode shape curvature difference plot of Element 01 (Mode 5, Defective
regions at nodes: 400-410 and 900-910

Fig. 7.32: Mode shape curvature difference plot of Element 02 (Mode 5, Defective
regions at nodes: 200-210
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Fig. 7.33: Mode shape curvature difference plot of Element 03 (Mode 5, Defective
regions at nodes: 500-510

A drawback encountered here is that the mode shape curvature differences at joints
of the structure are also having higher values due to the combined effects of the ele-
ments. Therefore, a careful analysis is required in reading the resultant plots. However,
defective regions at joints can’t be clearly observed with this approach.

7.10 Summary of the mode shape curvature analysis

Mode shape curvature analysis is a successful approach to detecting several defective
regions in structural elements. Consider two identical beam elements, except that one
beam has certain defective regions where the material properties of those regions are
changed compared to the other. This deviation will end up creating deviations in the
respective mode shapes of those elements as well. Comparison between mode shapes
of those two scenarios is not that much sensitive to identifying the defective regions,
but, the respective mode shape curvatures do that as elaborated in previous sections.
There are limitations in this approach based on the severity of the defective regions.
However, improvements in the finite element model are capable of expanding these
limitations. Mode shape is also a significant factor in this regard.

Extracting the mode shape function based on nodal displacement data is the chal-
lenging part. The entire process depends on how well a curve is fitted to those nodal
displacement data. If that task can be done with a higher level of accuracy, the expected
output results are also accurate to a higher level. The second phase of the mode shape
curvature analysis is to check whether the approach is applicable to portal frames and
found that the mode shape curvature analysis is capable of detecting defects in por-
tal frames as well. This was a significant finding which shows that the approach is
showing positive signs in expanding its limitations to more complex structures.
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7.11 Practical approaches of the proposed method in real-world struc-
tures

This shall be the next stage of this study.
Consider a case where no honeycomb damage can be seen for the naked eye when

the element is inspected. However, the contractor or the client wants to ensure that
there are no hidden honeycombs as well.

In order to implement the mode shape curvature analysis for this case, first, we have
to create an identical finite element model for the selected structural element. From
that, the mode shape curvature for the element can be extracted. As the second step,
the mode shapes of the actual beam need to be extracted by the use of exciters and mode
shape detectable sensors. Then a calibration process for the actual beam and the finite
element model has to be followed so as to analyze the mode shape curvature difference
for the actual beam and the finite element model. This leads to the identification of the
hidden defect. The Figure 7.34 shows the process explained above. This can be started
from a structural beam element and later can extend up to an entire structure with
appropriate analysis.

Fig. 7.34: Mode shape curvature analysis process
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CHAPTER 8

CONCLUSIONS

This study concludes several significant points related to hidden honeycombs in struc-
tural concrete elements as elaborated in this chapter.

8.1 Findings of the study

• A hypothesis was developed explaining the governing factors behind the forma-
tion of honeycombs, which is significant in improving remedial actions.

• Based on the field survey and analysis of the findings, a set of guidelines was de-
veloped for contractors and designers to mitigate the occurrence of honeycombs.

• A novel mathematical model was developed for mode shape analysis of non-
homogeneous structural elements. This mathematical model can be used for
development aspects in finite element modelling software.

• This study critically analysed the limitations and positives of mode shape curva-
ture analysis in hidden defect detection, exploring new areas for studies on this.
Moreover, the analysis is extended from a single element to portal frames.

8.2 Conclusions

Mode shape curvature analysis for hidden defect detection in structural concrete ele-
ments seems a promising approach yet it has its own limitations in implementing with
real-world structures and needs more advanced technology and instruments in order
to extract the accurate mode shapes of elements. This area is open for further studies
and development. Therefore, a combination of conventional non-destructive tests and
mode shape curvature analysis will provide a robust approach for hidden defect de-
tection and assessment in structural concrete elements. Well-established detection ap-
proaches can be practised for initial investigations and based on that, in-depth analysis
and verification for suspicious areas can be done with mode shape curvature analysis
for better results.

For the mode shape curvature analysis, the accuracy of the extraction of the mode
shape curvature formula based on the nodal displacements in the finite model is sig-
nificant for analysis. Furthermore, the mathematical approach developed in this study
can be utilized for finite element software development for accurate outputs related to
mode shape extraction.
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The formation of smooth, thin, cement paste layer at the mold face is critical for
the visibility of a honeycomb formation from the outside. The hypothesis developed in
this study for this phenomenon is important for developing remedial actions for hidden
honeycombs.

Most of the defects at the construction stage can be controlled and minimized by
the decisions taken at the design stage as well as at the planning stage of a project.
Having a better understanding of how the construction activities are carried out is the
key to address at these stages. Moreover, understanding of the root cause for each
defect observed at site is significant in avoiding the recurrence of the same throughout
the project.

Basis for above conclusions are given as a detailed summary below.

8.2.1 Hypothesis on development of smooth, thin cement paste layer on the sur-
face of concrete structures

As per the experiments carried out and the observations, this study provides an expla-
nation on "How the concrete structures have smooth, thin cement paste layer on their
surface". During the compaction of fresh concrete, Whenever the cement slurry comes
to the surface through air-entrapping paths, it’ll create slurry spots on the surface. Fur-
ther vibration leads to the development of cohesive forces between those slurry spots
and creates the smooth, thin cement layer on the surface. Van der Waals forces are
weak attractive forces that exist between all molecules. These forces act to bring the
cement slurry droplets closer together, allowing them to merge. Capillary action oc-
curs when the cohesive forces within a liquid, such as cement slurry, are stronger than
the adhesive forces between the liquid and the mold surface. This causes the liquid to
be drawn into narrow spaces, such as the gaps between the droplets, leading to their fu-
sion. Overall, cohesive forces act to bring the individual cement slurry droplets closer
together, allowing them to merge and form a continuous surface in the mold. This
understanding and explanation is significant in studying the formation of honeycombs.

8.2.2 Root cause analysis in mitigating honeycombs in structural concrete ele-
ments

Honeycombs are a commonly found concrete defect in the local construction indus-
try. Honeycombs are first observed by the frontline workers and most of the time they
tend to judge the defect and do remedial work not knowing the root cause for the de-
fect. Understanding the root cause for each defect and addressing them is important
in avoiding the recurrence of the same defect in future construction. Improving the
workmanship of the workers to produce defect-free structures is the biggest challenge
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in the field. Proper planning at the design stage of a project and at the initial stage of
construction works has the potential to make a huge impact on effortless workman-
ship improvement of the workers. This has been elaborated under this study and has
published a set of guidelines and standard practices for the contractors on mitigating
occurrences of honeycombs in concrete structures.

8.2.3 Identification of hidden honeycombs in concrete structures

As elaborated in this study through a set of experiments and analysis, UPV tests have
limitations in the identification of hidden honeycombs in concrete structures. Espe-
cially, when it comes to heavily reinforced concrete, the test results can be misleading.
The results have shown the impact of reinforcement bars going through honeycombs.
UPV test fails to identify the surrounding honeycombs as the pulse is transmitted
through the reinforcement bars. This shows the significance of moving to other alter-
native methods for the detection of hidden honeycombs. However, there are limitations
in implementing the proposed mode shape curvature analysis in real-world structures
due to difficulties in the extraction of accurate mode shapes with available technol-
ogy. Therefore, a combination of existing damage detection methodology along with
modern approaches will provide robust solutions.

8.2.4 Mathematical Modelling and Analysis of Mode Shapes for Non-Homogeneous
Structural Elements

This study has developed a novel mathematical approach to analyze the mode shapes
of non-homogeneous structural elements. This mathematical model was developed
in order to examine the deviations of vibrational patterns between homogeneous and
non-homogeneous elements.

Identification of Homogeneous regions and Nonhomogeneous regions in an ele-
ment and implementing the mathematical model based on the continuity of the element
is the key approach presented here. Furthermore, this study has provided an Equation
(8.1) that is applicable to any nonhomogeneous single-degree-of-freedom system;

𝑃 (𝑥) · Φ′′′′(𝑥) + 2𝑃 ′(𝑥) · Φ′′′(𝑥) + 𝑃 ′′(𝑥) · Φ′′(𝑥)− 𝜆𝑚(𝑥) · Φ(𝑥) = 0 (8.1)

If the coefficient functions (i.e., Functions of change of properties) can be iden-
tified in the above equation, the equation can produce the mode shape of that non-
homogeneous element. However, the identification of coefficient functions is not that
simple. Therefore, this study has carried out another novel approach for the sample cal-
culation. The sample calculation in this study has been provided for a beam element
having reduced stiffness in a certain region, which is similar to a defective region of a
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structural element. Identification of Homogeneous regions and Non-homogeneous re-
gions in an element and implementing the mathematical model based on the continuity
of the element is the key approach presented here and it has been successful.

8.2.5 Mode shape curvature analysis

The other approach of this study is the mode shape curvature analysis between homo-
geneous and non-homogeneous elements. Mode shape curvature analysis is a success-
ful approach to detecting several defective regions in structural elements. Consider
two identical beam elements except one beam has certain defective regions where the
material properties of those regions are changed compared to the other. This deviation
will end up creating deviations in the respective mode shapes of those elements as well.
Comparison between mode shapes of those two scenarios is not that much sensitive in
identifying the defective regions, but, the respective mode shape curvatures do that as
elaborated in previous sections. There are limitations in this approach based on the
severity of the defective regions. However, improvements in the finite element model
are capable of expanding these limitations. Mode shape is also a significant factor in
this regard. Extracting the mode shape function based on nodal displacement data is
the challenging part. The entire process depends on how well a curve is fitted to those
nodal displacement data. If that task can be done with a higher level of accuracy, the
expected output results are also accurate to a higher level. However, there are practical
difficulties and limitations in implementing the said approach for real-world structures
which needs more research and development.

The second phase of the mode shape curvature analysis is to check whether the ap-
proach is applicable to portal frames and found that the mode shape curvature analysis
is capable of detecting defects in portal frames as well. This was a significant finding
that shows that the approach is showing positive signs in expanding its limitations to
more complex structures.

8.3 Recommendations for future works

An experimental approach to detect hidden honeycombs by using mode shape curva-
ture analysis shall be the next step of this study. Accuracy in extracting mode shapes
of the concrete elements is important in this regard. A lot more research and de-
velopments are required to extract mode shapes of concrete elements in real-world
structures. Furthermore, this approach can be developed in a way such that an entire
structure can be examined for any hidden defects or honeycombs.

The use of Artificial Intelligence (AI) techniques to detect hidden honeycombs in
concrete structures shall be another step in developing this approach. The mode shape
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curvature pattern analysis of various cases and development shall be one path in this
regard. The behavioural patterns of the mode shapes in non-homogeneous elements
can be utilized for this.[38]
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APPENDIX A

MATLAB CODES

The MATLAB code used for mode shape curvature analysis is given in Appendix A
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