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Abstract

The damage rating index (DRI) is a microscopy tool and methodology used to identify
deterioration caused by internal swelling reactions (ISR) in concrete. The DRI was initially
developed to evaluate concrete affected by alkali-aggregate reaction (AAR) and has since begun
to be employed for other types of ISR. It utilizes a point-count method to count distinct
petrographic and distress features across a surface, providing insight into the type, extent, and
pattern of deterioration. This study addresses research gaps related to the DRI’s ability to
distinguish between ISR mechanisms, the connection between microscopy and mechanical
responses, operator variability, and the use of technology for more efficient data collection. This
thesis is paper-based and includes five papers aimed at addressing the identified research gaps.
The first topic is divided into two papers, with the first exploring the tool's adaptability by
modifying the counting method to better describe deterioration due to delayed ettringite formation
(DEF). The study illustrates the enhanced capability of the DRI to characterize DEF-induced
deterioration more effectively. The second paper assesses the counting method in relation to
mechanical responses. The second topic and third paper investigates the relationship between
distress features and mechanical responses. The research employs linear regression through
detailed analysis, establishing significant correlations that provide valuable insights into the
engineering implications of distress features observed under microscopy. The third topic is
variability, and the fourth paper presents an approach for autonomous operator training aimed at
improving skill acquisition and reducing variability. This approach proposes a robust training
framework, demonstrating promising results in standardizing operator performance. The final
topic and fifth paper evaluate a technique for assessing the outcomes of automating the collection

of distress feature counts via images. The study compares the accuracy and efficiency of operator-



based versus machine-based data collection, highlighting the advantages of automation in terms
of consistency and speed. The combined findings from these studies offer a comprehensive
understanding of the DRI’s adaptability to ISR mechanisms, distress feature analysis, autonomous
training methodologies, and automated evaluation techniques. Future research can build upon
these findings and approaches to further innovate and refine the use of the DRI in engineering

practices.
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Chapter 1: Introduction

1.1.Synopsis

Internal swelling reactions (ISR) are among the most severe mechanisms of concrete deterioration
affecting critical infrastructure worldwide [1-3]. Alkali-aggregate reaction (AAR), delayed
ettringite formation (DEF), and freezing and thawing (FT) constitute ISR mechanisms, which
result in an expansive phenomenon that develops and leads to internal and external cracking,
reduction of load capacity (i.e., public safety concerns), and significant deformations that impact
the serviceability and accessibility of the structure (e.g., operation of doors and flood gates, dilation
joint alignment, uneven sidewalk surfaces, etc.). Effective maintenance and repair of concrete
affected by ISR necessitate an examination of the current condition of the concrete material to
determine the cause and extent of damage, as well as the potential for further deterioration. In
Canada, AAR has prompted investigations across several provinces [4-10], the establishment of
material testing and reactive aggregate usage standards (CSA A23.2-27A), and the development
of condition assessment tools such as the stiffness damage test (SDT) and the damage rating index
(DRI) [11-15]. While the parameters of the SDT have been extensively studied for integration into
engineering practice [12,16,17], work remains to be done for the DRI due to several factors, such
as time constraints, subjectivity in result interpretation, and a lack of conceptual understanding of
the method as an engineering tool. Consequently, the DRI, a microscopy tool developed in Canada
in the 90s [13], enables an operator to identify the cause and extent of damage to concrete using a
stereomicroscope. The DRI was initially introduced as a petrographic tool and continues to be
utilized as such [18-20], while it has more recently found application in engineering practice
[10,11,21-25]. Through a point counting method, all distress features (i.e., cracks categorized by

location, type, and whether filled with reaction product) are classified and counted in 1 cm by 1
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cm squares on the surface of a sawn and polished concrete core, weighted using pre-determined
factors based on the severity of these features relative to the damage, and normalized over 100
cm?. The DRI generates a wealth of valuable information, such as a numerical score for direct
comparisons, bar charts of the weighted and unweighted normalized counts (the latter being for
the extended version of the DRI [15,26]), heatmaps to visualize the distribution of the deterioration
[27,28], and, most importantly, correlations with volumetric expansions [14,29-31]. Therefore, a
multi-level assessment was developed to characterize the cause and extent of damage based on
SDT outputs, mechanical property losses, and the DRI number for ISR [21]. However, the DRI
number alone does not capture the various patterns generated by AAR, DEF, and/or FT at different
levels of deterioration. Therefore, this work addresses the limitations associated with using the
DRI in engineering practice for a better understanding and determination of ISR-induced
deterioration in concrete. Reliable, accessible, and practical evaluation tools to assess concrete

deterioration are crucial for accurately investigating critical infrastructure affected by ISR.

1.2.Research objectives
The main objectives of this research are as follows and illustrated in Figure 1.1:

1. Adaptability: Apply the DRI tool to concrete affected by mechanisms other than ASR, such

as delayed ettringite formation (DEF).

2. Subjectivity: Reduce the subjectivity of the DRI outputs by correlating the distress features
with expansion and mechanical responses to better understand the role of each distress

feature for a given ISR extent of damage.



3. Accessibility: Improve the DRI tool’s accessibility for scientific and engineering
practitioners by establishing an autonomous operator training and calibration protocol by

defining the ranges of expected values obtained by experienced operators.

4. Ingenuity: Propose a universal evaluation technique of machine learning outputs to
understand better the distress feature count distributions, capturing the extent of AAR

damage and better selecting training datasets.
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Adapting the DRI toolto
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Paper 1:

Proposing a new counting
method to distinguish DEF from
other mechanisms.
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Addressing subjectivity through
decomposition of DRI data for ISR
(i.e., ASR, FT and DEF and
combined)for a mare
caomprehensive evaluation of
damage.

I

Paper 2:

Validating the counting
method with correlations to

mechanical responses.

Paper 3:

Proposing a frameworkto evaluate ISR
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of the distress features.

Decomposing DRI data towards
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Objective 3: Variability

Reducing operator
variability when
distinguishing among
various extents of
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Addressing operator
variability through training
material by means of an
autonomous training

Objective 4: Ingenuity

Using emerging technologies to
automate a repetitive task and
modernize the analysis.

Paper 5:

Applying instance segmentation
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images and reviewing DRI data
towards its automation.

'

protocol to evaluate ASR-
induced deterioration.

Figure 1.1. PhD Thesis objective organization.

Paper 6:

Evaluation of model performance
using an approach suitable for the
DRI.




1.3.Thesis organization

This thesis will be divided into 10 chapters. Chapter 1 introduces the research gaps regarding the
evaluation of damage to concrete caused by internal swelling reactions (ISR) using the damage

rating index (DRI) as an evaluation tool.

Chapter 2 will follow with a comprehensive literature review on using the damage rating index
(DRI) since its development to understand how engineering practitioners can adopt it to evaluate
damage to concrete objectively. Chapter 2 will raise the questions that have prompted this research
program, such as “How do you address/consider the variability when conducting the analysis?”
“How do you draw objective conclusions from the results?”” and “How can we adopt the DRI as
an engineering tool?”. This chapter begins with an insight into how durability and preservation
are paths towards sustainable approaches, followed by an overview of internal swelling reactions
such as alkali-aggregate reaction (AAR), delayed ettringite formation (DEF), and freezing and
thawing (FT), along with the current methods used to diagnose their damage to concrete. The core

of the literature review is captured by a critical review of the DRI since its development.

Chapter 3 demonstrates the research methodology and experimental program associated with the

subsequent chapters 4 through 10.

Chapter 4 presents a peer-reviewed conference paper that has been presented at the 1st
Interdisciplinary Symposium on Smart & Sustainable Infrastructures (ISSSI 2023) international
conference in conjunction with the 77th RILEM Annual Week (Réunion Internationale des
Laboratoires et Experts des Matériaux, systémes de construction et ouvrages) and was published

with Springer entitled “Capturing internal swelling reactions (ISR) damage in concrete through

the damage rating index (DRI) ”. This chapter highlights the methodology adopted to distinguish



https://link.springer.com/10.1007/978-3-031-53389-1_84
https://link.springer.com/10.1007/978-3-031-53389-1_84

DEF from ASR through the counting procedure. The adaptability of the DRI tool was further
presented at the 29° Colloque sur la progression de la recherche québécoise sur les ouvrages d’art
where the constructive feedback from operators in other academic institutions and practitioners in

the industry was well received. The presentation was entitled “L ‘évaluation de béton atteint par

les réactions de gonflement interne ”.

Chapter 5 presents a peer-reviewed conference paper entitled “Evaluation of damage due to DEF

through the multi-level assessment” published by the 17" International Conference on Alkali-

Aggregate Reaction in Concrete (ICAAR) via Springer. This chapter assesses the damage
characteristics caused by DEF in comparison to mechanical responses to validate the counting

method proposed in Chapter 4.

Chapter 6 presents a journal paper to be submitted to Cement and Concrete Research, in which the
distress features noted in the DRI methodology are evaluated against expansion and mechanical
responses to distinguish their roles in ISR-induced concrete deterioration. This paper also
addresses variability within a sample, establishes confidence intervals for the total counts of each
distress feature based on the extent of ISR deterioration, and breaks down the DRI data to better

understand the contribution of the count distribution to the extent of deterioration.

Chapter 7 presents a technical letter from RILEM that has been accepted for submission, acting as
a guide for operator calibration. Due to the significant demand for training in the damage rating
index’s (DRI) methodology, this work was developed to function as an independent training
protocol. Alongside creating this paper, a workshop was organized as a pre-conference event for
ICAAR. This workshop received support through co-sponsorship from RILEM’s Educational

Activities Committee (EAC) PhD Course program and ACI (American Concrete Institute).


https://www.transports.gouv.qc.ca/fr/ministere/role_ministere/colloques-congres-conferences/colloques-ouvrages-art/Documents/29/L’évaluation%20de%20béton%20atteint%20par%20les%20réactions%20de%20gonflement%20interne.pdf
https://www.transports.gouv.qc.ca/fr/ministere/role_ministere/colloques-congres-conferences/colloques-ouvrages-art/Documents/29/L’évaluation%20de%20béton%20atteint%20par%20les%20réactions%20de%20gonflement%20interne.pdf
https://link.springer.com/chapter/10.1007/978-3-031-59419-9_25
https://link.springer.com/chapter/10.1007/978-3-031-59419-9_25

Chapter 8 presents a peer-reviewed conference paper entitled “Reviewing the damage rating index

(DRI) concept towards its automation” published at the 17" International Conference on Alkali-

Aggregate Reaction in Concrete (ICAAR) via Springer. This work follows a feasibility study on
the automation of DRI using machine learning [32], which yielded promising results. However, a
new approach was necessary because of the large volume of new training data required. Therefore,

this project is ongoing in collaboration with Englobe Corp.

Chapter 9 presents a peer-reviewed journal paper submitted to Cement that outlines a proposed
method for interpreting DRI data collected through its automated version. This method facilitates
more efficient visual and statistical comparisons, enabling multidisciplinary efforts to achieve a

common metric for evaluating a machine learning model’s performance.

Chapter 10 summarizes the findings of this research program and provides insights into further

studies and steps necessary to advance the use of the DRI in engineering practice.


https://link.springer.com/chapter/10.1007/978-3-031-59419-9_77
https://link.springer.com/chapter/10.1007/978-3-031-59419-9_77
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Chapter 2: Literature review

2.1.Durability: The key to a sustainable future

Concrete is recognized as the most widely used building material worldwide. Its consumption
signifies economic growth, as a significant portion of critical infrastructure is constructed using
concrete. The mass of existing concrete can now be compared to global biomass [1]. However,
concrete production considerably impacts the environment; cement production alone accounts for
26% of CO2 emissions from the global industrial sector [2]. While society depends on reliable
infrastructure to ensure the smooth movement of people, goods, energy, resources, and
information, sustainability initiatives in the concrete industry aim to produce concrete materials
that emit lower CO2 levels to address climate change. For instance, electrification has been
investigated as an alternative to fossil fuels for energy; however, it significantly affects the
environment and communities where infrastructure, such as dams, is located [3]. Additionally,
natural resources are becoming scarce in urban centres, where mining and exploitation in remote
regions further obstruct societal progress. The Canadian federal government has invested in the
maintenance and repair of existing infrastructure, translating into a preservation initiative for a
more sustainable future by reducing the need for new concrete production and minimizing the
disposal of unused concrete in landfills. Recycling concrete remains a challenge within the circular
economy due to the lack of a Canadian standard protocol guiding practitioners on mixture
proportioning and the non-urgent need to decrease landfill space in such a vast country. Therefore,
our duty as civil engineering practitioners and academics is to ensure that existing infrastructure
continues to serve the public safely and ethically. However, concrete deterioration caused by an

active mechanism—where conditions such as temperature, relative humidity, and chemical
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composition accelerate the deterioration—poses a considerable challenge for owners/operators of
critical infrastructure. These mechanisms cause irreversible damage that shortens the service life
of concrete, with available strategies limited to mitigation (i.e., reducing the Kinetics) and
rehabilitation (i.e., external measures to fully or partially restore the lost mechanical performance
of the affected element). Although demolition and rebuilding with better-performing materials
may seem like the most viable option when repair costs exceed those of alternatives—such as with
Montréal’s Champlain Bridge [4,5]—in other cases, demolition leads to immeasurable disruptions
and consequences for society and the environment, as demonstrated with the Mactaquac Dam in
Fredericton, where the “Mactaquac Life Achievement Project” is currently being implemented to
achieve the intended 100-year service life [6]. Furthermore, extending the service life through
design by 50% can reduce cumulative CO2 emissions by 14% [7]. Conversely, the challenges
arising from the decreased service life of a given concrete due to persistent distress mechanisms

require additional resources.

Another approach to fostering a more sustainable concrete industry is the implementation of
circular economy strategies [8]. The primary objectives of this approach are to reduce overall
consumption and divert waste from landfills. This suggests that maintenance, repair, and
rehabilitation become essential tasks to ensure that the concrete in the field meets the purpose for
which it was designed and operates within the intended timeframe (i.e., service life). However,
remedial measures may only be effective when the cause and extent of the damage are known;
thus, their effectiveness depends on a thorough, accurate, and complete diagnosis that requires the
proper tools to deliver such results. Access to reliable diagnostic tools is beneficial for preserving
concrete rather than opting for demolition. Although recycling (or downcycling, in the case of

concrete reduced to aggregate) is a common strategy in a circular economy, recycled concrete
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affected by internal swelling reactions (ISR) presents numerous challenges that can hinder its
potential for further use [9,10]. Furthermore, Canadian standards do not explicitly guide mix-
designers to use recycled concrete (CSA A23.1:19, 2019, clause 8.11.2.2.2.2 and Annex O [11]).
Moreover, the emergence of new, more “sustainable” concrete materials highlights a gap in field
performance data necessary to evaluate their durability. It is crucial to understand the impact of
distress mechanisms in these new materials and the durability testing methods, as some knowledge
may be transferred from conventional concrete to these innovative materials. Nonetheless, the
tools currently employed to evaluate the damage to conventional concrete must offer a satisfactory
level of certainty concerning their field performance to be considered reliable diagnostic

instruments, thereby ensuring the durability of these innovative materials.
2.2.0verview of typical internal swelling reactions (ISR) in concrete

2.2.1. Alkali-aggregate reaction (AAR)

Alkali-aggregate reaction (AAR) is present around the world and one of the leading cause for early
deterioration of concrete infrastructure [12]. There are two types of AAR in concrete: a) alkali-
silica reaction (ASR) which involves reactive silica in the aggregate and b) alkali-carbonate
reaction (ACR) involving carbonate rock aggregates; the latter being less understood and less
common on the field. ASR therefore consists of a chemical reaction between unstable silica
mineral phases from the aggregates and the alkalis (Na*, K*, OH") from the concrete pore solution
resulting in a secondary reaction product formed that swells upon water intake. This secondary
reaction product is often referred to as “silica gel”. The secondary reaction product exerts a
pressure greater than that of the tensile resistance of concrete resulting in cracking of the concrete

(Figure 9.1.1).
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Figure 2.1. ASR-affected concrete retaining wall next to an on-ramp in Québec.

On the other hand, ACR entails carbonate rock aggregate in which the process of dedolomitization
(Equation 2.1) is observed where the dolomite is transformed into calcite and brucite in an alkaline
environment. The damaging effects of ACR therefore remain unknown yet, ACR can be
characterized by dark rims on the aggregate’s boundary and a white carbonate halo around the
aggregate in the cement paste (Figure 2.2a). Dedolomitization (Figure 2.2b) is considered as a
harmless process by some researchers [13-15] although the so-called ACR can cause expansion
[16]. ACR has devasted regions nearby Kingston, Ontario for which the quarries containing such
reactive carbonate rock have since been closed. This reaction is said to not cause expansion nor
expansion related cracks [14] while it is believed that the mechanism causing cracks in such

concrete is the presence of ASR gel [14,17].

CaMg(CO;3), + 20H g —— Mg(OH), + CaC

dolomite brucite calci

-
te3 + CD; aq
Eq. 2.1
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Figure 2.2. The so-called ACR in concrete as represented by a) Katayama [14] with the inclusion of ASR and
b) Stukovnik et al. (2019) without ASR.

2.2.2. Delayed ettringite formation (DEF)

Delayed ettringite formation (DEF) is a form of internal sulphate attack in which cracks in the
concrete’s cement paste are generally observed accompanied by ettringite crystals filling such gaps
without an external source of sulphates (i.e., external sulphate attack). Ettringite is one of cement’s
(i.e., Portland cement) primary hydration products; the others being Portlandite and CSH.
Ettringite plays an important role in controlling concrete’s stiffening; the transition between the
fresh to hardened state [18]. Ettringite can appear in voids (Figure 2.3) and cracks yet doesn’t
indicate damage since it can dissolve and recrystalize in such locations when exposed to long
periods of moisture [18,19]; this form of ettringite is referred to as secondary ettringite and is

considered as harmless [20].
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Figure 2.3. Micrographs of concrete presenting ettringite needles in void from concrete extracted from: a)a
bridge in Brazil and b) jersey barriers from Atlanta, USA.

However, when internal temperatures reach above approximately 65°C [19,20], the conditions
prevent the ettringite from forming and as the temperature reduces, the ettringite forms in the stiff
concrete hence the term “delayed ettringite formation”. The elevated temperatures can be produced
in steam-cured concrete, mass concrete, casting in high heat weather, excess of cement, and certain
cement physical and chemical leading to high hydration heat after which the ettringite crystals
grow under humid conditions [20]. Some researchers state that due to the excessive heat required
for DEF to occur, there is a homogeneous paste expansion detaching it from the aggregate causing
the gaps where ettringite later fills meanwhile others believe the formation of the crystals cause
the cracking [21-25]. Nevertheless, the characteristics of damage to concrete due to DEF remain

as cracks at the aggregate-paste interface and cracks in the bulk cement paste.

DEF is also often found in combination with ASR on the field as a decrease in alkalis consumed
by ASR favours ettringite formation [23,26]. The challenge faced when assessing such combined
mechanisms is the determination of the contribution of the distinct mechanisms. Moreover,
leaching of alkalis at a concrete’s surface could induce heterogenous damage where more evidence

of DEF or ASR could be observed at different locations. Nevertheless, an understanding of the
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damage caused by DEF as captured through the DRI is necessary before attempting to decouple

the combined mechanisms. Thus, this work only focuses on single mechanisms.

2.2.3. Freezing and thawing (FT)

In addition to the combination of DEF with ASR, concrete can experience freezing and thawing
(FT) either independently or alongside ASR when exposed to severe climates such as those found
in Canada. This typically results in deterioration, which is characterized by cracks in the cement
paste (see Figure 2.4a). The deterioration process due to FT often begins with moisture infiltrating
the surface, causing layers of concrete near the surface to delaminate sequentially (refer to Figure
2.4b). Concurrently, the inner regions of the concrete are subject to uneven pressures within the
void system of the cement paste, leading to cracks forming around these voids. Cracks resulting
from FT are usually located at the interface between the aggregate and paste, extending into the
cement paste [27,28]. FT-related deterioration further weakens the aggregate-paste interface,
where the micromechanical properties are most adversely affected [29]. This is consistent with the
crack propagation model described by [30], as shown in Figure 2.4c. There is a lack of extensive
research on the combined impacts of FT and ASR [27,31-34]. Nevertheless, Gong et al. (2020)
explored the effects of FT and ASR, particularly when one distress mechanism was triggered
before the other. Their modelling indicated that FT continues to affect the concrete even as ASR
reaction products accumulate in the entrained air voids, thereby reducing the overall effectiveness

of air entrainment [32].
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Figure 2.4. FT crack pattern: (a) as by [35], (b) from a cross section of a 40 year of canal wall exposed to
water and soil (top and bottom of the image, respectively) [36], and (c) as a descriptive crack propagation
model [30].

However, it is crucial to comprehend the damage inflicted by DEF and FT, as revealed through
stereomicroscopy, before attempting to separate their intertwined mechanisms. There has been a
noticeable rise in instances where ASR has been pinpointed as the main cause of ISR damage when
utilizing a multi-level assessment [27,37—41]. Yet, given the extensive research focused on
diagnosing ASR in comparison to DEF and FT, there are ongoing concerns about the risk of
misdiagnosis, especially in cases involving multiple mechanisms. Thus, gaining a clearer insight
into distinguishing DEF and FT from other mechanisms using visualization tools that illustrate the
damage’s spread and pattern in the concrete is vital, particularly during the early and intermediate

stages.
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2.3. Tools used to diagnose the cause of damage and evaluate its extent

2.3.2. Qualitative evaluation of damage through microscopy

Microscopy is currently used to diagnose secondary reaction products from AAR, DEF, or other
mechanisms producing a secondary reaction product. The secondary reaction products are detected
through optical microscopy or SEM, which can be combined with EDS/EDX to determine the
chemical composition of the observed minerals. Petrography involves producing thin sections
approximately 30 microns thick, after which the sections are examined using optical microscopy
to distinguish the minerals. Conversely, SEM can be used for either thin sections or small mounted
sections (thicker than 30 microns, depending on the capacity of the equipment used for preparation
and analysis). Microscopy serves as a tool to characterize the observed concrete products and
examine areas where damage has occurred. However, such equipment and testing protocols
necessitate experienced petrographers to prepare or validate sample preparation and conduct the
diagnosis. Furthermore, the analysis is limited to the size of the samples that the equipment can
accommodate, meaning multiple sample sets may be required to assess the extent of damage,
depending on the magnification used. Nevertheless, properly characterizing secondary reaction
products remains crucial to a complete diagnosis. Figure 2.5 illustrates the secondary reaction

products associated with ASR and DEF.
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Figure 2.5. Micrographs captured with: a) optical microscopy under reflected light where the solid arrows
highlight a crack filled with ASR secondary reaction product in the aggregates while the dashed arrow
highlights a crack filled with ASR secondary reaction product in the cement paste (field of view of 2 mm), b)
optical microscopy under natural light where the ettringite is highlighted by a blue epoxy (scale bar
represents 1.2 mm) [42], ¢) SEM in BSE mode where both crystalline and amorphous ASR secondary product
is highlighted (scale bar represents 40 microns) [43], and d) SEM in BSE mode where red arrows highlight
ettringite filled crack surrounding the dark grey aggregate particle (black bar shows scale of 60 microns)
[23].

The petrographic and distress features commonly observed as indicators of AAR (ASR and ACR)
and DEF differ significantly from one another, making the diagnosis of each mechanism feasible
through stereomicroscopy. DEF exhibits detached or dislodged aggregate particles [23,44-46],
cracks that are partially or completely filled with ettringite [23], and cracks surrounding the
aggregate that are either partially or completely encompassing it [22]. In contrast, ASR-affected

concrete shows opaque crystalline “silica gel” made up of silicon, sodium, potassium, and calcium
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in the aggregate's cracks, along with amorphous “silica gel” that has a more translucent colour
visible in cracks within the cement paste, which has a higher calcium content [47]. This change in
the characteristics of the ASR secondary reaction product indicates damage progression, as cracks
typically initiate in the aggregate and gradually extend toward the cement paste as the damage
increases, as illustrated in Figure 2.6a [48]. Additionally, the so-called “reaction rims” can be
observed, where the outer edge of the reactive particles darkens (Figure 2.6b), and “silica gel” can
be found in voids of the concrete (Figures 2.6¢ and d), which represent petrographic features.
However, the distinction between features that indicate the presence of ASR and those that signify
ASR damage should be classified into petrographic versus distress features, respectively.

a)
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Figure 2.6. a) Qualitative model of crack propagation in ASR-affected CC with sharp cracks - A and onion
skin cracks — B as per [48], b) micrographs of concrete affected by ASR presenting c) reaction rims,
desiccated “silica gel”, and d) “silica gel” lining a void.

However, a qualitative crack propagation model for DEF is not yet available outside this thesis's
scope, even though models that demonstrate cracking patterns exist for various distress
mechanisms in more deteriorated concrete (i.e., a more advanced stage of damage), as shown in
Figure 2.7. Crack progression aids in characterizing the level of damage, thus complementing the
deterioration assessment, although it can be challenging to examine through qualitative
microscopy. Consequently, the next section of this literature review will introduce image analysis

as a methodology to capture crack propagation and patterns, attempting to quantify the damage.
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Figure 2.7. A crack pattern in concrete affected by a) ASR reactive coarse aggregate, b) ASR reactive sand,
freezing and thawing cycles, and d) DEF. The concrete’s surface is shown on the left-hand side. Adapted from

[35].
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2.3.3. Image analysis: a step towards quantitative assessment of deterioration

Many techniques have been developed over recent decades to understand the implications of
distress features, specifically cracks, and their propagation throughout the material at a larger scale
(i.e., mesoscale). Although all flaws and cracks compromise the quality of concrete, distinguishing
between distress features/cracks that represent the measured mechanical damage is necessary.
Techniques utilizing image analysis to quantify the characteristics of observed cracks at the
mesoscale (e.g., extent, orientation, length, widths, and density) have proven effective in providing
insight into the extent of the damage. By employing readily available open-source software such
as ImageJ, Fiji, and NIH Image [49,50], analysis time may be reduced through the creation of a
subroutine to eliminate unwanted artifacts in the analysis (i.e., voids filled with dye or fluorescent
material when analyzing cracks). Furthermore, image analysis has begun quantifying the
deterioration caused by ISRs based on observed or selected parameters. In an earlier study, Rivard
et al. (2000) identified the lengths of cracks and their orientation as indicators of the extent of
damage caused by ASR, using image analysis on laboratory-made specimens measuring 75 by 75
by 300 mm at 20x magnification. However, they noted that the aggregate influences the damage
indicator (i.e., Potsdam sandstone shows a better correlation between crack density and expansion)
[51]. Later, Lindgard et al. (2012) developed the concept of ‘cracking intensity’ to correlate the
area of cracks with prism expansion induced by ASR, using a larger analysis surface (i.e., 70 mm
by 280 mm) to provide characteristics such as cracking extent and pattern, thereby highlighting
the necessity of using a surface area large enough to represent the concrete element [52]. In the
absence of a reaction product, determining the cause of cracking can be challenging when
employing other microscopy methods; therefore, image analysis may be better suited for these

types of damage. In a study measuring damage from freezing and thawing, Li et al. (2014)
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correlated crack characteristics such as crack length density (i.e., total length over the analyzed
area) and crack area density with mechanical damage for both air-entrained and non-air-entrained
concrete mixtures using image analysis at 40x magnification [28]. Although image analysis
provides valuable insights at a scale more representative of induced mechanical degradation,
selecting crack characteristics as a damage indicator when the damage level remains a challenge
emphasizes the importance of combining tools to evaluate damage from unknown distress
mechanisms. The following section presents the multi-level assessment, which integrates

mechanical and microscopy tools to evaluate and measure the damage caused by ISR.

2.3.4. Multi-level assessment

Concrete in service may not show signs of deterioration for several years, particularly if the
deterioration stems from an ISR such as AAR and DEF, where damage propagates from within
the concrete. The multi-level assessment protocol was developed to evaluate and quantify the
extent of damage caused by ISR, facilitating informed decision-making regarding mitigation,
repair, and rehabilitation strategies. The following section will provide an overview of the concept
behind the stiffness damage test (SDT) and a brief introduction to the damage rating index (DRI),

with a more comprehensive review to be presented in Section 2.4.

e The stiffness damage test (SDT)

The stiffness damage test (SDT) is a mechanical cyclical loading test that measures the amount of
damage (i.e., cracks) within the concrete by evaluating the energy released into the system.
Initially, a loading/unloading test under compression was developed to assess rock cores [53],
where the impact of cracks in a solid material was analyzed via stress-strain curves. Following this
research, Chrisp et al. (1993) created the initial version of the SDT to quantify damage to concrete

caused by ASR while preserving the specimen (the non-destructive nature of the SDT) for future
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testing after a designated period under accelerated exposure conditions [54]. They discovered that
the parameters best-describing damage varied based on the damage level, typically unknown
during a diagnostic evaluation. The influence of crack orientation was also captured through the
SDT and stress-strain curves (Figure 2.8). The modulus of elasticity was observed to vary because
of crack orientation, and the hysteresis loop is largest when cracks are more perpendicular to the
test load direction. The non-linearity index (NLI) was introduced to indicate the principal direction
of the cracks, where an NLI below unity signifies cracks oriented parallel to the test loading
direction; conversely, an NLI above unity indicates cracks perpendicular to the test loading
direction. This parameter was further corroborated by [55], demonstrating the previously
mentioned trend for cores extracted from reinforced concrete blocks, where an NLI below unity
was found for cores oriented parallel to the reinforcements (i.e., longitudinal), with cracks aligned
to the loading direction, becoming more pronounced with an increase in expansion represented by

a lower NLI.

Stress

Mormal Perpendicular Parallel to Random
1o load load
| Damage |
1 -1

Figure 2.8. SDT and stress-strain response based on crack orientation [54].

Given concerns about differences between laboratory-made specimens and cores taken from actual

structures, a three-part study was undertaken to assess the SDT’s effectiveness in quantifying
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damage to concrete, following a scalable sequence: i) laboratory-made cylindrical specimens
measuring 10 cm by 20 cm, ii) blocks and slabs created in the lab and subjected to various
controlled conditions, and iii) cores extracted from multiple structures affected by ASR [38,56,57].
A modified version of the SDT was applied, increasing the test load to 10 MPa instead of the
5.5 MPa suggested by Chrisp et al., as a load of 10 MPa could close the cracks caused by ASR,
yielding statistically reliable results. It was established that the SDT is more effective in
quantifying ASR damage from cores taken from laboratory-made concrete blocks and in-service
structures than from surface cracking and petrographic examinations. However, while the cause of
the deterioration was known, it did not eliminate the need for microscopy. Furthermore, the
modulus of elasticity, an important mechanical property in structural concrete, shows less
diagnostic significance concerning its loss as expansion increases due to its convergence with
increasing expansion. Smaoui et al. (2004) indicate that the two SDT parameters most valuable for
assessing concrete expansion are the area of the hysteresis loop, which represents the energy
dissipated during the first loading-unloading cycle, and the plastic axial deformation accumulated
over the five cycles. This results in a coefficient of determination (R2) greater than 0.83 when
plotted against expansion, except for one instance where R2=0.27; this is attributed to the precision
of the deformation measurement equipment when analyzing low values of deformation [56].
Meanwhile, the variability of the results for plastic deformation remained minimal, even for those
low values, which had higher uncertainty due to measurement precision, regardless of the type of
reactive aggregate. Moreover, due to the experimental variability, a sample size of 3 is advised,
particularly for cores extracted from structures to account for the material’s heterogeneity under
varying conditions. Figure 2.9 illustrates the output for sound concrete compared to damaged

concrete.
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Figure 2.9. SDT stress-strain response for a) sound concrete and b) damaged concrete [56].

Sanchez et al. (2014, 2015, 2016) then advanced the developments on the SDT as an evaluation
tool with a diagnostic character by comparing all the input/output parameters and proposing
indices to quantify damage, irrespective of the type and initial strength properties of the
conventional concrete [45-47]. One of the proposed input parameters that showed strong
correlations with the level of damage was the test load of 40% of the maximum compressive
strength of sound concrete or concrete that exhibited a low amount of damage, thus maintaining
the non-destructive nature of the test by keeping the load within the elastic range of the material
while also providing minimal variability [45]. Nonetheless, it was noted that for high levels of
damage, the SDT may exhibit a destructive character [45], which was addressed by adjusting the
load in another study [48]. Furthermore, specimen and core characteristics (i.e., aspect ratio,
humidity conditions, end preparation, and core location), along with loading rate, were evaluated

to better define the input parameters and their effects on the outcomes of the SDT [45].

The aforementioned indices represent the energy dissipated into the system relative to the total
energy, specifically the stiffness damage index (SDI) and the plastic deformation relative to the
total deformation as the plastic deformation index (PDI). The SDI (Equation 2.2) measures the

energy used to close the cracks, indicating the loss of physical integrity, while the PDI (Equation
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2.3) assesses the unrecoverable deformation. Meanwhile, the non-linearity index (NLI) indicates

crack direction (Equation 2.4). An illustration of the SDT outputs is shown in Figure 2.10.

Y1 S Eq. 2.2
SDI = ———
1 (SI; + SII)
DI Eq. 2.3
PDI = DIl
NL] = secant of half maximum of first load cycle Eq. 2.4
~ secant at maximum of first load cycle
-0
40% f'c -

DIl

DI

Figure 2.10. Hllustration of SDT outputs.

The NLI is, therefore, used to illustrate the principal direction of the cracks. An NLI below one
indicates cracks parallel to the test loading direction, while an NLI above one denotes cracks
perpendicular to the test loading direction. This parameter was further verified by [55], which

demonstrated the aforementioned trend for cores extracted from reinforced concrete blocks. An
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NLI below one was observed for cores taken in the direction parallel to the reinforcements (i.e.,
longitudinal), where cracks are parallel to the loading direction. Their effect becomes more

pronounced with an increase in expansion, represented by a lower NLI (Figure 2.11).
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Figure 2.11. NLI vs deterioration level for various crack orientations [55].

The contributions to improving the diagnostic capabilities of the SDT led to the elimination of
subjectivity in interpreting the results obtained and aided in quantifying the level of damage to the
concrete. The SDT has since been employed for various distress mechanisms and has proven more
adaptable to ISR mechanisms [44,58-60]. Alongside the development of the SDT for ASR
applications, researchers have utilized the SDT to assess damage caused by fire [61-63]. However,
to consider the multi-level assessment as a comprehensive tool package for the reliable diagnosis
of unknown damage, both the SDT and DRI must fulfil specific reliability criteria to evaluate the

cause and extent of damage.
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e The damage rating index (DRI)

The following presents a general overview of the method, as a thorough critical review is provided
in Section 2.4. The damage rating index (DRI) is a semi-quantitative microscopy tool that employs
a stereomicroscope at 15-16x magnification, while the petrographer/operator counts petrographic
and distress features in the field of view of 1 cm by 1 cm on the surface of a polished and reflective
concrete section (Figure 2.12). Each count is multiplied by a weighting factor that indicates the
importance of the petrographic and distress feature concerning the overall observable and
measurable damage. The sum of all counts is normalized to 100 cm?2 for comparative purposes and
accounts for differences in core or specimen sizes. Due to the various types of feature counts, bar
charts are generated to visualize the importance of certain features and their advancements as

damage.

To prepare concrete cores (or specimens if made in a laboratory) for DRI analysis, the
cores/specimens are cut in half along their axis using a masonry saw fitted with a diamond blade
(notched when used without coolant, and un-notched when used with coolant such as water). One-
half of the core/specimen is ground flat using a coarse grit material (either a powder or an
impregnated disk), while the other half can be used for additional tests (i.e., chemical
characterization). The flattened surface is polished with a descending series of powders or
impregnated disks until a highly reflective surface is achieved. A grid of 1 cm by 1 cm squares is
placed or drawn on the completed surface to delineate the fields of view during the analysis and
prevent overlapping counts. Using a stereomicroscope at 15-16x magnification (depending on
equipment availability), assembled with oblique and/or ring lights, the petrographer/operator

counts and tabulates the observable petrographic/distress features in each square of the grid.
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Consequently, the counts are categorized based on their petrographic/distress features and location

(i.e., within the aggregate or cement paste).

Figure 2.12. Surface preparation for DRI analysis.

Since the DRI was developed in 1992 by Grattan-Bellew [64], modifications have been made to
the method to reduce variability [46] and ensure correlation with the observed level of damage
represented by an expansion level (Al/1%) [38,45,48,56,57,64—69]. Moreover, recent studies have
shown that the DRI number, when combined with other tools such as the SDT, alongside
compressive and tensile strength losses and reductions in modulus of elasticity, can provide a more
reliable diagnosis of the extent of damage in laboratory-made specimens and cores extracted from
concrete elements, regardless of the type of reactive aggregate used [70,71]. These multi-level
evaluations have also been utilized for structures affected by ASR [27,37] and other mechanisms
[30,58-60]. Despite ongoing advancements aimed at creating more reliable and practical condition
assessments through multi-level evaluations, these methods remain non-standardized to date, and
their global adoption, particularly the DRI, has been limited. Generally, mechanical tools are more

readily adopted by engineering practitioners, while microscopy is perceived more as a petrographic
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tool. The following section reviews the concept of the DRI by examining its development and

evolving use over the past decades.
2.4. The damage rating index (DRI): a critical review

2.4.2. The original developments

This section offers a thorough and comprehensive review of the Damage Rating Index (DRI),
addressing its limited application and constraints regarding its acceptability for evaluating the
cause and extent of damage to concrete. This review aims to highlight the underlying reasons for

these reservations about using the DRI as a tool for assessing the cause and extent of ISR damage.

The DRI was significantly influenced by a method developed by [72], as noted in [65], wherein
three orthogonal thin sections measuring 10 cm by 10 cm in total (i.e., normalized to 100 cm?) are
sawn from concrete to represent the anisotropic and heterogeneous nature of concrete. Features
within a 1 cm2 grid were counted at 50x magnification. Sims et al. (1992) highlighted that for a
method to remain objective when analyzing various types of concrete, the procedure must facilitate
comparison and establish the relative extent of damage to the concrete. However, the researchers
indicated that the absence of a standard approach and reference material complicates correlating
the observations with other properties [72]. Furthermore, the method was developed to enhance
the sensitivity of microscopy analysis in AAR diagnosis by employing a point-counting technique,
as microscopy is visual and its results can be qualitative and subjective. The number of occurrences
of the microscopic features associated with ASR observed in concrete was then recorded and
normalized to 100 cm2. Table 2.1 provides a summary of the microscopic features counted using
this method, including how these can be differentiated and a description, thus guiding the operator
towards a systematic approach using a finite variety of pre-determined features that are considered
significant.
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Table 2.1. Pre-determined petrographic features, as per Sims et al. 1992 used for objective analysis of ASR-

affected concrete.

Microscopic feature

Optional differentiation

Description

ASR Reaction sile

hagregate particle size
Type of constituent
* Pornsily of particle

> A

Position associated with
an aggregate particle
where reaction is
cceurring, gel is being
generated and microcracks
ave being propagated.

hSR Gel Deposits

Located in cracks
Located in voids
Altered

Layered

E

Bigcrete deposits of gel
product remctefl from the
reaction site; may be
altered (eq. carbonated)
or have developed a
texture,

Cracks & Microcracks

Cracks or microcracks
Open, closed or filled
Peripheral or radiating
Traversing cement paste,
aggregate or both

E O -

Microcracks are <10um
wide. Cracks and
microcracks might be
single or ramifying,
peripheral to aggregate
or radiating away from a
remotedl reaction site,

Fractnred Aggregate

*  hggregate particle size
Type of constituent
* Porosity of particle

=

Internally fractured
aggregate particles: not
a reaction site but
possibly caused by ASR,

Densified cement paste

*  dbsence or abundance
of portlandite

*  Isolated patches or
bordering cracks

Areas of darkened cement

paste which might be gel

impregnated and in which

Ca{0l), might have become
depleted.

# Sitwated in a different grid square.

The point-counting technique used for cracks in networks is illustrated in Figure 2.13, where the

crack network is divided into segments and nodes. The point counts can be calculated by tallying
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all 16 segments and subtracting the 8 nodes to arrive at a total of 8 cracks. In practice, this technique
is less obvious; therefore, cracks are often counted beginning from one segment tip (starting point)
and following the crack until all ends have been addressed (endpoints), which results in the same
number of cracks. Sims et al. (1992) further proposed using indices to describe the level of progress
achieved thus far or to predict further development and stated that surfaces larger than 200 cm?

were considered impractical [72].

Figure 2.13: Point-count method using nodes and segments in a crack network. Colours highlight counts of
segments used in practice during point counts for the DRI. Adapted from [72].

Afterwards, Grattan-Bellew [54] developed the DRI to address the cost of sample preparation for
the thin sections used in the method proposed by Sims et al. (1992), the fragility of thin sections
leading to cracks that resemble undistinguishable damage, and the lengthy and costly analysis time
required when large aggregates are incorporated into concrete (such as in dams), where larger
surface areas are necessary for representativeness. The DRI has frequently faced criticism within
the ISR community as a method for quantifying damage in concrete, mainly due to its time-

consuming procedures and the high variability among its operators. Consequently, the nature of
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the DRI has been modified since its proposal as a method for evaluating damage, adjusting both
the petrographic/distress features counted and the applied weighting factors, which are presented

hereafter.

Initially, the DRI was developed to assess ASR generated by the coarse aggregate in concrete
dams; therefore, the counted petrographic/distress features were based on observable ASR
characteristics [64]. Weighting factors (Table 2) were applied to those counts somewhat arbitrarily.
The lowest factor was assigned to closed cracks in the aggregate (i.e., 0.25) as these features may
have been caused by natural or manufacturing processes (i.e., rock weathering, extraction,
crushing, sieving, etc.). Other features were selected to highlight ASR when additional distress
mechanisms were observed. The applied weighting factors increased with damage severity (that
is, extension into the cement paste). For example, a crack in the coarse aggregate containing gel
(i.e., a reaction product formed within the aggregate because of ASR, with a weighting factor of
2) had a lower weighting factor compared to a crack in the cement paste with gel (i.e., a factor of
4), indicating the progression of ASR damage. Conversely, cement paste cracks without gel were
assigned a weighting factor of 2, as they may represent other distress mechanisms unrelated to
ASR, such as shrinkage, freezing and thawing, or sulphate attack. This method, therefore, biased
the identification towards ASR while still underscoring other distress mechanisms through their

counts.

The use of the DRI, however, was still limited due to its high variability, stemming from the nature
of the observed petrographic features and the operator's ability to distinguish and identify them as
ASR features. This includes the presence of substances like polishing abrasives or other residues
in cracks that could be misidentified as gel. Consequently, this limitation restricted its use to

experienced petrographers rather than operators. However, Dunbar and Grattan-Bellew (1995)
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reported a covariance of 16.6% among three operators using the same equipment and analyzing
the same concrete surface, which was deemed acceptable, while others achieved a covariance of
22% after a one-hour training session [73], as noted in [46]. Evidently, variability decreases with
experience; however, other circumstances influence the outcomes of the DRI and will be discussed

further in the following sections.

2.4.3. Moadifications and current method

The degree of damage is often defined by the level of expansion achieved through concrete
swelling, which measures the change in length or volume relative to its initial length or volume
measurement (Al/1% or Av/v%). Consequently, many authors attempt to correlate the Damage
Rating Index (DRI) with the level of expansion obtained in laboratory-made specimens, leading
to the use of the DRI to assess the expansion level when it is unknown (i.e., as part of the diagnostic
process to determine the extent of the damage). To begin correlating petrographic/distress features
to ASR damage, Rivard et al. (2002) examined various features concerning the achieved expansion
of concrete prisms produced in a laboratory and cores extracted from reinforced and plain concrete
blocks. They proposed removing the reaction rim and the air voids filled with gel from the counted
features, as these indicate the presence of ASR rather than damage to the concrete. However, since
both features are signs of ASR, they should still be noted during an investigation into the cause of
the damage. This distinction consequently begins to differentiate petrographic features from
distress features, with the latter being more representative of the concrete deterioration due to ASR,

as observed through mechanical testing methods.

Several works have proposed modifying or adding weighting factors and changing grid sizes to
better represent damage caused by ASR through the DRI [64,74-76]. In 2011, the DRI procedure

was revised [46] by altering the petrographic and distress features to focus on those that best
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represent ASR damage. Consequently, distress features and their associated weighting factors were
adjusted to tackle the variability issues observed from misinterpreting reaction products versus
other substances, the consequences of sample preparation (i.e., the removal of reaction products),
and to more accurately reflect the significance of the petrographic features regarding the damage.
This new set of distress features and factors (Table 2.3, further introduced in the subsequent
section) has reduced the overall variability among petrographers and operators to below 20% in
an intra-laboratory analysis. The following will, therefore, outline the rationale behind the
proposed weighting factors from the petrographic perspective and their impact on the losses in

mechanical properties and durability.

The petrographic perspective

The weighting factor of 0.25 remains for closed cracks in the aggregate (CCA) since they are less
likely to represent any ASR damage but are still considered, as they can serve as reactive sites
acting as fast-track channels and may open later in the reaction stages. For the open cracks in the
aggregates, whether or not they contain reaction products (i.e., OCA and OCARp, respectively), a
factor of 2 has been chosen to account for the possibility of reaction product removal and to
minimize interpretation issues. It is worth noting that the coarser fraction of sand particles (i.e.,
down to 1 mm in size) is now also considered, as previously verified by [48]. Thus far, only the
coarse aggregates have been included in the DRI analysis, and incorporating finer particles
broadens the application of the DRI to encompass ASR-reactive sands. However, this does not
restrict the counts to this size; in some instances, cracks can be observed in smaller sand particles,
including secondary reaction products and extensions into the cement paste, thus representing an
advanced ASR stage. Moreover, aggregates may have been cut such that only a small portion is

visible (i.e., the tip of an elongated particle). Cracks observed in the cement paste, whether
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associated with reaction products or not (i.e., CCP and CCPrp, respectively), are then assigned a
weighting factor of 3 to reflect the severity of the damage through its extension into the cement
paste when stemming from the aggregate. However, a crack in the cement paste may not be related
to ASR yet can still significantly impact the mechanical and durability properties of the concrete;
therefore, the highest weighting factor is considered appropriate. For instance, a crack in the
cement paste originating from an aggregate will then be counted as two cracks with a total weight
of 5 (i.e., 1 OCA x 2 + 1 CCP x 3 =5). In all cases, cracks, regardless of size, are to be counted
because if they are found in abundance, their effect on the result will be significant. Conversely, if
their occurrence is less frequent, their impact would be diluted in the result. Villeneuve (2011)
further confirmed the removal of voids filled with secondary reaction products and reaction rims
in the aggregate, as they greatly influenced variability [46]. Nevertheless, such petrographic
features may not necessarily indicate damage within the concrete; for example, ettringite needles
in a void do not imply DEF or other forms of sulphate attack and, therefore, are not counted as a

distressing feature but rather as a petrographic feature to further enhance the analysis.

In the literature, some works refer to the reaction product as "gel," as indicated by the “G” in
“OCAG and CCPG." This terminology is reasonable when evaluating concrete affected by ASR;
however, it may further limit the use of the DRI for other mechanisms. Therefore, the notation
“RP” will henceforth be used to signify that a crack is filled with a reaction product (i.e., OCArp
and CCPrp). Additionally, it remains unclear in the literature throughout the developments of the
DRI why a CCP or debonded/dislodged aggregate (referred to as CAD/Debon where cracks are
located in the coarse aggregate-paste interface) would be assigned a weighting factor of 3 when
not associated with ASR. One explanation may be that the factors were selected in reference to

ASR to depict the evolution of the damage, where a CCP or CAD/Debon resulting from ASR is
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considered another, more severe stage of damage—namely, that the damage has propagated from
the aggregate to the cement paste. For DEF, a crack in the interface represents the beginning of
damage that simultaneously diminishes both the modulus of elasticity and compressive strength;
therefore, a weighting factor of 3 can be justified but needs to be verified through mechanical
losses. Moreover, CCPs are inherently linked to decreased durability, as openings on the surface
of concrete may facilitate the ingress of harmful agents and expedite deterioration from within. An
initial attempt to correlate the loss in mechanical properties with the DRI was made, finding that a
sharper decrease in the modulus of elasticity is observed for DEF-affected concrete [29], which
justifies the weighting factor of 3 for debonded aggregates. However, no studies have been
conducted to correlate cracks present in the aggregate-paste interface caused by DEF with losses
in modulus of elasticity. Based on the DRI guide developed at Université Laval [70], a crack in
the aggregate-paste interface is considered as a debonded aggregate when 50% of the interface is
met with a crack; yet, it is not clear how to account for this crack regarding counts when extending

into the bulk cement paste. Further work is necessary to adopt the DRI for DEF.

In addition, a corroded/disaggregated particle (DAP) previously proposed by [74,75] consists of a
factor of 2, as it affects the integrity of the aggregate and is the most indicative of ASR, although
occurrences are rare. The optimized weighting factors were then verified using a wide range of
reactive aggregates, which showed that DRI increases with expansion for laboratory-made
specimens [32,60], highlighting the diagnostic potential of the DRI. Table 2.3 describes the pre-
defined list of petrographic/distress features, along with the associated weighting factors from the
original version and its most recent iteration development. It should be noted that the features with

the suffix -RP were previously introduced as “with gel”; however, this limits the DRI’s usage to
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ASR, and Debon henceforth indicates the debonded aggregate to clarify that examinations extend

beyond the coarse aggregate.

Table 2.2. Petrographic/distress features as per the DRI and their weighting factors.

Original weighting Optimized Type of
Petrographic/distress feature factor weighting factor feature
[64] [46]

Crack in the aggregate 0.25 - Distress
Closed crac(kcl Cn: ;Se aggregate ) 025 Distress
Opened cratéélg At\?e aggregate i 2 Distress

Opened crack in the aggregate with 9 2 Distress+
reaction product (OCARre)* petrographic
Corroded/debonded aggregate - 2 Distress
Reaction rim in aggregate 0.5 - Petrographic
Crack in the cement paste (CCP) 2 3 Distress
Crack in the cement paste with 4 3 Distress+
reaction (CCPgp) petrographic
Air voir lined/filled with gel 0.5 - Petrographic
De-bonded aggregates (Debon) 3 3 Distress

Mechanical property and durability loss

The relationship between distress features and losses in mechanical properties is seldom explored
in the literature. Figures 2.14a and 2.14b further illustrate the correlation between the DRI and the
modulus of elasticity and SDI, indicating that the weighting factors chosen for calculating the DRI
correspond to the damage in concrete [45]. Although the correlation between the DRI and
expansion is more frequently presented in the literature, expansion may not directly correlate to
damage, even though damage increases with expansion. Additionally, varying slopes are observed
in Figure 2.14, particularly in Figure 2.14b, suggesting that one single linear regression may not
accurately represent the relationship between DRI and other variables that measure damage.
Furthermore, a reduced stiffness is generally associated with damage to the aggregate (and/or the

aggregate/paste interface, which acts as a bridge transferring stresses to the aggregate). Therefore,
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a weighting factor of 2 for cracks in the aggregate is appropriate for open cracks. In contrast, for
cracks in the cement paste, a weighting factor of 3 is supported by tensile strength reduction testing,
where concrete affected by freezing and thawing (labelled FT) demonstrates the greatest loss.
Moreover, cracks located only in the aggregate-paste interface simultaneously affect both the
aggregate and cement paste by impairing the transfer of stresses from the cement paste to the
aggregate, thereby reducing the modulus of elasticity and compressive and tensile strengths.
Hence, a weighting factor of 3 for such cracks is justified. Concerns regarding the DRI’s capability
to characterize damage were raised due to the absence of a count for cracks extending from the
aggregate to the cement paste [77]. However, as aforementioned, such cracks would consist of 2

with a total weighted count of 5 (i.e., 1 OCAx2 + 1 CCP x 3 =5).
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Figure 2.14. Mechanical response as a function of DRI for a) modulus of elasticity and b) SDI, an SDT output
parameter [45].

2.4.4. Factors influencing DRI outcomes

e Sample preparation

From previous studies, the sample preparation procedure can vary from using water (i.e.,
uncontrolled or controlled water flow) with polishing powders or disks of various sizes/grit
sequences attached to a hand-held polisher or a rotating table. The time needed to achieve the

desired surface quality varies based on the aforementioned factors and the concrete itself (i.e., type
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of aggregate, strength of cement paste, degree of damage, etc.), with “harder” concrete taking more
time to polish compared to “softer” concrete. Additionally, some polishing disks require a specific
amount of water to reduce friction heat, allowing for efficient use of the disks while extending
their lifespan. The criticism of excessive water usage in concrete sample preparation, especially
for ISR which involves a reaction product, stems from the fact that water can wash out the desired
petrographic features (i.e., reaction products) either fully or partially. Grattan-Bellew and Mitchell
(2006) (information extracted from [46]) compared DRI values for ASR-affected concrete
specimens (using the original weighting factors) across various polishing techniques and found
that dry polishing with disks resulted in the lowest DRI values, followed by wet polishing using
polishing powders on a rotating table, while wet polishing with disks produced the highest DRI
values (i.e., 115-150, 263, and 361, respectively) [73], indicating the influence of sample
preparation on the variability of DRI results. While the use of water could lead to ASR gel washout
from observable cracks, fewer cracks with gel should logically result in a lower DRI number (i.e.,
the weighting factors used for this analysis when “gel” is encountered in cracks are 2 and 4 as
opposed to 0.25 and 2 for the aggregate and cement paste, respectively). However, using water
may create a more reflective surface, allowing more features to be observed. On the other hand,
polishing powder is often trapped in voids or open cracks, decreasing their apparent counts due to
the uncertainty in distinguishing trapped powder residue from “gel” within cracks and voids.
Furthermore, stereomicroscopes can have a magnification of 15x or 16x based on the model, which
is not likely to increase variability; however, the type of light (i.e., colour, ring vs oblique goose-
necks), light intensity, position, and the incident angle of the incoming light wave/ray (i.e.,
highlighting cracks while minimizing shadow artifacts) used to create the visible image from the

reflective surface can impact variability. It is crucial to note that different laboratories worldwide
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may use locally available equipment to gather data for calculating DRI, which may enhance that
variability. Nonetheless, establishing a calibration procedure or metric is necessary to promote the
use of DRI in condition assessment rather than standardizing the microscope and its setup, which

could reduce accessibility to the DRI tool.

e Combined types of damage

In addition, concrete in service can be subjected to a multitude of conditions from environmental
factors and micro-climates, loading, reinforcement, and confinement, among others, as well as
various distress mechanisms. Some distress mechanisms may be active or may have occurred in
the early stages of the concrete’s life (i.e., shrinkage, loading cracks, etc.) which might compromise
the concrete’s durability and further accelerate active ISR mechanisms through the ingress of
harmful agents (i.e., water, chlorides, carbonation, etc.). In such cases, the cracks that were not
caused by an active ISR mechanism can be counted but do not signify the damage caused by ISR.
However, the distinction between these cracks is not clear. A researcher [78] noted that mechanical
cracks could not be distinguished from those produced due to ASR through the DRI. Sims et al.
(1992) also mentioned that identifying ASR features is relatively straightforward, yet the resultant
damage becomes more challenging when other mechanisms are involved [72]. Furthermore, the
DRI for sound concrete is not negligible due to aggregate features in the form of closed cracks
resulting from rock weathering/processing, as well as minor cracks in the cement paste.
Nevertheless, the cracks in the aggregate may act as reactive sites to further develop ASR if the
aggregate is reactive. Thus, they contribute to the DRI with a small attributable weighting factor
to account for their less significant impact on the overall results and mechanical property loss
[46,48]. Furthermore, [79] indicated that for 45 MPa concrete, more cracks were observed

compared to 25 and 35 MPa concrete at low damage levels, highlighting the DRI's ability to
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capture such differences. Yet, understanding how to further incorporate compressive strength and
other variables in crack counts remains a crucial aspect of the overall condition assessment

challenge.

e Damage distribution

Damage homogeneity or heterogeneity can be observed during the analysis of the surface, which
could significantly influence the outcomes of the DRI. The DRI number, as a simple indicator,
does not capture the cause of the damage or its spread. However, when the cause is known and the
damage is visualized as homogeneous throughout the analyzed surface, the DRI provides insight
into the extent of the damage. In field concrete, this may not be true, as the cause and extent of the
damage are often unknown, and the spread of damage varies with respect to the depth from which
the core was extracted. For example, more “gel” was observed at greater depths during
petrographic examinations [80]. In harsh climates such as Canada, evidence of freezing and
thawing can further contribute to the heterogeneity of the damage [27]. Moreover, within the same
structure, differences can be observed; in some cases, one mechanism may be triggered, while in
another location within the same structure, a different mechanism may be more apparent [23].
Meanwhile, for the same type of damage, various degrees can be observed. This was evident for a
core extracted from the entire thickness of a dam, which produced a damage profile relative to
depth [81]. It was further noted that damage heterogeneity within the material could induce
variability in testing results [79]. Nonetheless, it is expected that to obtain a reliable quantitative
and objective assessment of damage to concrete, the damage should be homogeneous in each core

or specimen in order to be considered a representative specimen.
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e The human factor

Furthermore, some discrepancies were observed when evaluating the damage (represented by
expansion) using the DRI with the original weighting factors that considered signs of ASR. Thus,
as the DRI number and degree of damage increased, the concrete was mechanically assessed to be
at a lower level of damage, highlighting the necessity to adjust the weighting factors [76].
Following the intra-laboratory study conducted by [46], the variability among the group of
operators was found to be below 20% after adhering to a detailed training and procedure. However,
this study was carried out within a single laboratory, using the same sample preparation techniques
and equipment. An inter-laboratory study for the DRI tool has yet to be conducted, which impedes
its standardization. Nonetheless, it remains a significant challenge to consider and address every
parameter that may influence the outcomes of the DRI, thus underscoring the need for an approach
to develop a calibration procedure to adapt the tool for various scenarios, ensure transparency, and

account for the variabilities that will arise.

2.4.5. Adapting the DRI tool for engineering purposes

e Using the DRI to capture distress mechanisms other than ASR

In the literature, the DRI has primarily been employed for evaluating ASR, either by indicating its
presence or semi-quantifying the damage caused. Consequently, the terminology used to describe
the DRI has been biased towards ASR. For instance, it often specifies whether there is “gel” in a
crack rather than a reaction product and further states that the method was developed to assess
ASR in concrete [57] rather than being developed by ASR but not limited to it. More recently,
DEF damage has been assessed using the DRI [44-46,59,60] with the current weighting factors,

whereas it was previously utilized to distinguish DEF with the original weighting factors [42,82].
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Others have applied the current weighting factors to evaluate distress mechanisms, such as freezing
and thawing, and external sulphate attack, which were also assessed through the DRI [30,44,83].
Figure 15 illustrates the distinction between various types of distress mechanisms through the bar
charts created while gathering counts for the DRI calculation. It is evident that the damage caused
by ASR, when compared to DEF for similar DRI values (i.e., ~ 500 and 600, respectively), shows
larger orange bars for the concrete affected by DEF. According to [45], for ASR+DEF, there
appear to be more open cracks in the aggregate and fewer in the cement paste; therefore, the pattern
has changed, but the overall number of such cracks remains the same, as illustrated in Figure 15.
One may observe arrows indicating similar expansion levels; however, the observed features differ
significantly, with larger orange bars shown for DEF-affected concrete compared to ASR and
likewise for freeze-thaw-affected concrete. Nevertheless, defining the ranges of values per distress
feature representing a significant difference between types and levels of damage remains essential

for objective results interpretation.
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Figure 2.15. Comparison of various distress mechanisms as captured through DRI bar charts [45].

e Considering the uncertainty

The DRI is often regarded as a petrographic tool, which may not be the most suitable approach for
correlating mechanical property losses and responses due to damage concerning the location and
extent of the cracks. It is expected that an individual conducting the analysis and feature counts
for DRI calculations possesses adequate knowledge and experience, thereby establishing the
person as competent for the analysis. In ASTM C856/C856M — 20 “Standard Practice for
Petrographic Examination of Hardened Concrete” [84], the qualifications of the operator (as a
petrographer or technician under a petrographer’s supervision) are outlined (Figure 2.16).
Conversely, the DRI is a point-count method where cracks are counted, making it more similar to

ASTM C457/C457M — 16 “Standard Test Method for Microscopical Determination of Parameters
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of the Air-Void System in Hardened Concrete” [79], which does not specify the qualifications of
the operator.

4. Qualifications of Petrographers and Use of Technicians

4.1 All petrographic examinations of hardensd concrete
described in this practice shall be performed by or under the
technical direction of a full time supervising petrographer with
at least five vears experience in petrographic examinations of
concrete and concrete-making materials. The supervising con-
crete petrographer shall have college level courses that include
petrography, mineralogy, and optical mineralogy, or five vears
of documented equivalent experience, and experience in their
application to evaluations of concrete-making materials and
concrete products in which they are used and in cementitiouns-
based materials. A resume of the professional background and
qualifications of all concrete petrographers shall be available.

4.2 A concrete petrographer shall be knowledgeable about
the following: concrete-making materials; processes of
batching, mixing, handling. placing, and finishing of concrete;
the composition and microstructure of cementitious paste; the
interaction of constitwents of concrete; and the effects of
exposure of such concrete to a wide variety of conditions of
service.

4.3 Sample preparation shall be performed by concrete
petrographers or trained technicians pursuant to instructions
from and under the guidance of a qualified concrete petrogra-
pher. Aspects of the petrographic examination, such as the
measurement of sample dimensions, photography of as-
received samples, staining of sample surfaces. that do not
require the education and skills outlined in 4.1, shall be
performed by concrete petrographers or by trained technicians
pursuant to instructions and under the guidance of a gualified
concrete petrographer. The analysis and interpretation of the
features that are relevant to the investigation and evaluation of
the performance of the materials represented by the sample
shall be made solely by concrete petrographers with qualifica-
tions consistent with those outlined in 4.1.

Figure 2.16. Excerpt taken from ASTMCC856/C856M — 20 describing the skill set and knowledge required to
perform a petrographic evaluation of hardened concrete samples.

Indeed, a certain level of expertise and knowledge about concrete and geology is preferred to assist
the operator in distinguishing cracks from rock features (i.e., grain boundaries, veins, weathering,
etc.). Moreover, since these features may resemble closed cracks in the aggregate (CCA), the
decision to conserve (or reduce their weighting factor from [64,74—76] to 0.25) was made to lessen
their impact on the final calculation, as they are considered as not necessarily representative of
damage. This reduction can also be seen as mitigating the effect of misclassification of these

difficult-to-distinguish features.
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In the literature, access to the procedure adopted for conducting the DRI is limited; therefore, a
thorough protocol is necessary to promote the use of the DRI and reduce variability. Additionally,
recent works have continued to employ the original weighting factors to calculate the DRI. This
flexibility depends on the desired output from the DRI, where petrographic features and associated
weighting factors can be considered if the operator or petrographer desires a more petrographic
analysis. In contrast, an operator analyzing for engineering purposes focuses solely on the distress
features (i.e., cracks) that indicate damage. Nonetheless, the operator may select the type of
analysis conducted: i) petrographic features or ii) calculating the frequency of occurrences of
features that best describe the observed damage using Equation 2.5 and the weighting factors that
describe the damage as per the applicable guidelines. It should be noted that, up until now, the DRI

calculation has always been descriptive rather than a mathematical equation.

2,025 X CCA+2 X (0OCA+ OCAgp + DAP) + 3 X (CCP + CCPgp + CAD)
DRI = x 100cm?
Number of analyzed 1 cm? squares

Eq. 2.5

Where CCA is the total number of closed cracks in the aggregate;

OCA and OCAgp are the total numbers of open cracks in the aggregate without and
with reaction product, respectively;

DAP is the total number of disaggregated/corroded particles;

CCP and CC Pgp are the total numbers of cracks in the cement paste without and with
reaction product, respectively, and

CAD is the total number of debonded aggregates.

Moreover, the approaches addressing the uncertainty of the DRI are seldom discussed [85], despite
the fact that equipment and tools invariably exhibit a degree of uncertainty concerning the value

produced. It is often asserted that a new “operator” should generate a DRI number within +10%
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of that of an experienced petrographer. Indeed, meeting this criterion may be challenging when a
clear protocol and description are not readily available. This £10% value can thus be interpreted
as reflecting the uncertainty of an operator’s result. However, this figure may not necessarily
represent distinct levels of damage captured through the DRI or any other factors that can influence
variability. For instance, if an operator analyzes two ASR-affected cores with a statistically
significant area of analysis, such as 200 cm2 (i.e., often mentioned without reference to a statistical
verification, as discussed in the following), and the results differ by 15%, one might question
whether "the level of damage can be considered different?" To delve into the answer to this inquiry,
a review of results obtained from [44] was carried out to underscore the variability that can arise

from various types of damage mechanisms.

Figure 2.17 illustrates the findings from the study, including the average value obtained for each
damage level. The plots represent the ranges of DRI values at different deterioration levels for
various mechanisms, as presented in Table 2.3. The shaded areas indicate ranges where the DRI
values are similar while corresponding expansion values differ. Uncertainty bars are added to the
minimum and maximum values from the operator (i.e., £10%). It is noted that for ASR-affected
concrete specimens with negligible damage or sound concrete, a £20% range of values exists for
all reactive aggregate types studied. At a low damage level, the DRI values range +30%, while for
all other damage levels, the range is +20%, for DEF and ASR+DEF, a £19% difference is observed
at low damage levels, £26% for moderate levels corresponding to 0.11% expansion, and £10% at
very high damage, reaching £24% when exceeding 1% expansion. At low damage levels, cracks
are thin and difficult to detect, thereby causing an operator to potentially produce greater variability
in such cases (when an operator knows there is damage, bias may affect the result). When ASR is

present, the highest variability is expected due to the variability of the reactive aggregate and the
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involvement of the cement paste. For mechanisms involving only the cement paste, cracks are
more easily distinguished, provided they are sufficiently large to be observed at the magnification
used for the DRI 15-16x).
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c) FT and ASR+FT
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Figure 2.17. Visual interpretation of the damage classification as per the DRI with shaded areas representing
ranges with similar DRI values for the corresponding different expansion levels[44].

Table 2.3. Summary of results obtained through multi-level assessment as per [44].

Distress mechanism  Classification of ASR damage Reference expansion level (%) Damage results

degree (%) a
Stiffness loss Compressive strength Tensile strength SDI DRI
(%) loss (%) loss (%)
ASR Negligible 0.00-0.03 - - - 0.06-0.16 100-155
Marginal 0.04 = 0.01 5-37 (-)10-15 15-60 0.11-0.25 210-400
Moderate 0.11 = 0.01 20-50 0-20 40-65 0.15-0.31  330-500
High 0.20 * 0.01 35-60 13-25 45-80 0.19-0.32 500-765
Very high 0.30 to 0.50 = 0.01 40-67 20-35 0.22-0.36  600-925
Ultra high 0.50 to 1.00 = 0.01 - - - - -
=1.00 £ 0.01 - - - - -
FT and FT + ASR Negligible 0.00-0.03 - - - 0.11 147-154
Marginal 0.04 = 0.01 0.23-0.35 0.12-0.32 0.44-0.67 0.16-0.23  496-684
Moderate 0.11 = 0.01 0.28-0.36 0.21-0.32 0.62-0.67 0.25-0.28  590-950
High 0.20 = 0.01 0.33-0.46 0.22-0.37 0.65-0.67 0.27-0.41  677-963
Very high 0.30 to 0.50 = 0.01 0.37-0.52 0.24-0.40 0.65-0.73 0.34-0.45 800-1300
Ultra high 0.50 to 1.00 = 0.01 - - - - -
=1.00 + 0.01 - - - - -
DEF and DEF + ASR  Negligible 0.00-0.03 - - - 0.11 110-147
Marginal 0.04 = 0.01 - - - - -
Moderate 0.11 = 0.01 0.35-0.56 0.09-0.34 - 0.17-0.20  355-599
High 0.20 = 0.01 - - - - -
Very high 0.30 to 0.50 + 0.01 0.55-0.62 0.29-0.43 - 0.19-0.28 623-710
Ultra high 0.50 to 1.00 = 0.01 0.56-0.77 0.40-0.47 - 0.27-0.43  828-1022
=1.00 * 0.01 0.60-0.86 0.40-0.50 - 0.30-0.54 841-1363

# These levels of expansion should not be considered as strict limits between the various classes of damage degree but rather indicators/reference levels of the three different
mechanisms studied in this work.

This comprehensive evaluation of various distress mechanisms enabled the development of a table
to begin applying engineering judgment to the observed and measured damage. However, the plots
(Figure 2.17) reveal the subjectivity in the DRI results; for example, a DRI of 600 for ASR-affected

concrete can represent expansions ranging from 0.15% to 0.40%, as illustrated by the large green
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area highlighted in Figure 2.17a. This underscores the necessity of combining tools through multi-

level assessment to determine the cause and extent of the damage.

2.4.6. What defines a representative sample size?

There is a consensus that a surface area of at least 200 cm? should be analyzed when using the DRI
to represent damage equivalent to a 10 cm by 20 cm specimen or core. Others have found that 110
cm? or less is insufficient as a sample size [76]. Meanwhile, 100 cm? has been deemed suitable for
laboratory-made specimens [48], and even 50 cm? has been shown to provide a sensitive analysis
when evaluating spatial damage in laboratory-made specimens subjected to leaching [85].
Therefore, the sample size in terms of 1 cm by 1 cm squares for any given location within the
concrete (such as near the surface, depending on the type of element and exposure conditions, as
well as the depth of the core) can be considered sufficient at 200 squares (i.e., summing multiple
cores from one location when the width/depth of a single core cannot produce 200 cm?). However,
this sample size has not been verified. Sims et al. (1992) indicated that for their proposed analysis,
a surface area exceeding 200 cm? becomes impractical, but it should be noted that their method is
conducted at higher magnifications than that of the DRI (i.e., 50x vs 15-16x, respectively), thus
requiring a longer analysis time [72]. Nevertheless, in ASTM C C457/C457M — 16 “Standard Test
Method for Microscopical Determination of Parameters of the Air-Void System in Hardened
Concrete” [86], the minimum area is defined per aggregate size (nominal if known, otherwise

observed) and based on the desired output (Table 2.4).
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Table 2.4: Minimum area of finished surface for microscopical measurement when determining the air-void
content of hardened concrete (From ASTM C457/C457M - 16)

Total Area to be Traversgdc for
_ Determination of p,°A, a, or L, min, cm”
Mominal or Observed [in 2]
Maximum Size of Aggregate .

in the Concrete, mm [in] Based on Direct Measurement of:

ng!:ﬁ::;md Paste-Air Ratio, p/A
150 [6] 1613 [250] 645 [100]
75 [3] 419 [65] 194 [30]
37.5[11%] 155 [24] 97 [15]
25.0 [1] 77 [12] 77 [12]
19.0 [¥4 ] 71 [11] 71 [11]
12512 ] 65 [10] 65 [10]
9.5 [38] 58 [9] 58 [9]
4.75 (No. 4) 45 [7] 45 [7]

AThe indicated values refer to reasonably homogeneous, well-compacted con-
crete. The microscopical measurement shall be made on proportionately larger
area of sections if the concrete is markedly heterogeneous in distribution of
aggregate or large air voids. If more than one finished surface is taken from a
single portion of the concrete, the finished surfaces shall be separated by a
distance greater than one half of the nominal or observed maximum size of
aggregate.

The term "sample size” in the context of the DRI typically refers to the number of specimens or
cores under evaluation; thus, the adoption of standard deviation and coefficient of variation is
nonexistent [79]. Some suggest that the 10 by 20 cm sample size may be too small because it is
considered a single specimen [56]. An attempt to incorporate a margin of error or confidence
interval (C.1.) into the DRI of a specific sample size, in terms of the number of analyzed squares,
was proposed by [85], where a single operator standard deviation was derived, as illustrated in
Equation 2.6. This work aids in controlling operator variability. However, the results were based
on laboratory-made specimens affected by ASR. Consequently, the differentiation of damage
levels in relation to the type of damage was not addressed, indicating that the same specimen size
may display varying distress mechanisms, where similar DRI values may not accurately reflect the
same degradation in mechanical properties. Nonetheless, this approach describes the sample size

in terms of squares (i.e., area in cm?), rather than the number of full cores or specimens.
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<Z\/(0.4944 X DRI + 105.53)2> Eq. 2.6

N

C.l.= x 1009
DRI o

Where Z is the selected z-score, DRI is the obtained DRI, and N is the sample size

in squares of 1 cm?.

2.4.7. Visual character and adaptability to automation

Depending on the level of magnification used for the DRI procedure, the analysis takes place at
the mesoscale, where petrographic and distress features are considered the most representative of
measurable mechanical damage. Furthermore, the qualitative aspect of the DRI allows the operator
to visualize the damage along with various characteristics of the cracks and the concrete itself, thus
providing a comprehensive understanding of both the cause and extent of the damage. These
visuals, as illustrated in Figure 2.18, can also be presented as damage or heat maps and patterns
[30,71,83,85,87], from which a damage profile can be derived to aid in correlating damage at

various locations on the analysis surface [67].
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Figure 2.18. Damage mapping in the form of a) a heat map and b) traced cracks through artificial intelligence
[87,88] to visually describe damage spread.
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Moreover, the DRI is a flexible and versatile tool that goes beyond just counting.
petrographic/distress features; it can also provide insight into the origin and extent of damage
where crack extensions can be recorded [66,89,90]. Consequently, an abundance of a specific
petrographic or distress feature may indicate an underlying cause not captured through mechanical
testing. While image analysis is often associated with digital images, the DRI is fundamentally an
image analysis method designed to address feature segmentation problems. With advancements in
technology, high-resolution cameras, and the increasing application of machine learning
algorithms for object segmentation in images, the outcomes of the methods used to derive the DRI
number have been infrequently explored but demonstrate potential for automation. Digital images
have facilitated computer vision and machine learning (ML) in detecting cracks in concrete,
previously time-consuming tasks, especially when considering sample preparation time. As a
result, automated surface cracking detection has significantly increased over the last decade [91-
104]. Meanwhile, the applications of microscopy in concrete are limited and primarily focused on
developing models rather than quantifying damage [105-109]. The feasibility of automating the
DRI has been explored previously [88], yet the techniques employed to evaluate the machine's
performance were limited to categorizing the various crack types. While DRI is well-suited for
automation as an object segmentation task, research on automating the quantification of damage
to concrete remains limited [87,88,110]. Moreover, artificial intelligence (Al) is rapidly becoming
integrated into microscopy software as it generates vast datasets and provides analysis. Unlike
manual pre-processing of images or using subroutines embedded within image analysis software,
which still requires some intervention to specify and verify the output image—specifically to
remove artifacts unrelated to cracks, such as voids and aggregates with a colour tone similar to

that of the cement paste— [110,111]), object segmentation addresses such time-consuming tasks.
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Object segmentation in an image involves identifying objects of interest, which are various types
of cracks in the case of the DRI. Quantitative assessments of object segmentation in microscopy
for concrete deterioration are limited. However, researchers are currently using SEM images
[108,112-116] and tomography [114,117] to develop models for material characterization of
cementitious and other alternative materials. The need for such tools and limited datasets has
encouraged researchers to come together and create one large training pool for SEM-EDS [118].
This data-sharing concept extends to the macro-cracking of concrete surfaces and pavements [119—
122]. Integrating Al into the DRI methodology will undoubtedly improve speed and variability
(improving reproducibility and accuracy). Adopting and tailoring an already trained object
segmentation model for a specific purpose is easing the burden of large image datasets [123]. This
approach benefits applications such as the DRI as it can be trained on various ISR and beyond
without the need to start over, only build upon itself. Nevertheless, the remaining impeding factor
is the quantification of observed objects (cracks) in relation to an objective evaluation of ISR-

induced deterioration in concrete.

2.5. Research gaps
The widespread occurrence of internal swelling reactions (ISR) in developed countries such as
Canada raises concerns about the potential emergence of similar issues in developing nations.
While some information is available regarding ISR and other durability-related problems, there is
a notable lack of urgency and accountability regarding their long-term implications. Developing
standardized protocols is crucial for promoting the knowledge of the damage rating index (DRI)
as a cost-effective tool for assessing ISR. This work addresses key limitations that hinder the
implementation of the DRI methodology in engineering practice. The primary challenges in

evaluating damage using the DRI include the inaccessibility of the protocol, subjective
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interpretations of results for various ISRs, biases favouring alkali-silica reaction (ASR), the
absence of an established training program to reduce operator variability, and the need to refine
the understanding of the concepts behind the data collected for the DRI to apply statistical analysis
for more objective result interpretation.

The DRI serves as a robust petrographic microscopy tool with the potential to be integrated into
engineering practice and adaptable to different types of ISR and beyond. It can be utilized to

develop a skill set and deepen the understanding of concrete deterioration.
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Chapter 3: Research methodology and experimental program

This research program addressed the limitations of using the DRI, specifically its applicability,
variability, and subjectivity in engineering practice. The selected research methodology was based
on a thorough literature review, practical experience as an operator and trainer of new operators,
and interactions with subject matter experts. Currently, the DRI is not a standard test for evaluating
internal swelling reactions (ISR); however, it was acknowledged among the tools referenced in the
latest RILEM State-of-the-Art report [1]. Consequently, this study evaluated the adaptability of
the DRI to capture deterioration induced by DEF, which involved modifications to the counting
procedure, correlating distress features with deterioration as measured through expansion and
mechanical responses. Using linear models, the impact of distress features is evaluated against
expansion and mechanical responses for various ISRs (i.e., ASR, DEF, and FT, both singly and in
combination) to comprehend the subjectivity surrounding the DRI. Additionally, a comprehensive
autonomous training guide for operators was proposed to address variability through training,
along with a methodology for assessing the outputs from an automated version of the DRI for
practical applications. The preparation and analysis of the DRI samples were initially described,
as these samples formed the basis for each topic discussed. The subsequent sections were

organized by objectives, detailing the corresponding materials and methods employed.
3.1. The damage rating index (DRI)

3.1.2. Sample surface preparation

The DRI was conducted on the ISR-affected concrete specimens and cores that had been cut in
half longitudinally with a masonry saw fitted with a diamond blade and water for cooling. The flat

surfaces were ground and polished using successive grits of 30, 50-60, 100-140, 280-400 (80-100
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um), 600-800 (2040 pum), 1200-1500 (10-20 pum), and 3000 (4—-8 pum). The flat and reflective
surface was then partitioned into 1 cm by 1 cm squares using a grid within the field of view of a

stereomicroscope at 15-16x magnification.

3.1.3. Distress feature distinction and counting

The distinction of the distress features was made by following previous work proposed by
Villeneuve (2011), Fournier et al. (2015), and Sanchez et al. (2016) [2—4], taking into account the
operator’s classifications of petrographic feature variability, various types of distress features, and
degrees of deterioration in reactive coarse and fine aggregates. The distress features evaluated in
this study relate to those indicative of ISR-induced concrete deterioration (Table 3.1). The distress
features within each square were counted based on their type until the entire analysis surface had

been assessed.

Table 3.1. Petrographic/distress features considered in this research program.

Optimized weighting

Petrographic/distress feature factor Type of feature
[2]
Crack in the aggregate - Distress
Closed crack in the aggregate (CCA) 0.25 Distress
Opened crack in the aggregate (OCA) 2 Distress
Opened crack in the aggregate with reaction 2 Distress+
product (OCARre)* petrographic
Corroded/debonded aggregate 2 Distress
Crack in the cement paste (CCP) 3 Distress
Crack in the cement paste with reaction (CCPgp) 3 Dlstress+_
petrographic
De-bonded aggregates (Debon) 3 Distress

3.1.4. DRI calculation and other outputs

The weighting factors from Table 3.1 were applied to the relevant distress features to balance their
relative importance concerning the distress mechanism. The DRI calculation summed the weighted

counts for each distress feature and normalized the result by dividing the total by the number of
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analyzed squares, then multiplied by 100 cm? (Equation 3.1). Bar charts were generated to
delineate the features and visualize their relative significance. The extended version of the DRI
represented the unweighted distress feature counts, as proposed by [5], where bar charts were
created to compare expansion levels and distress mechanisms, presented as counts per 100 cm?
and proportions (Equations 3.2 and 3.3, respectively). The crack density (CD) illustrated the total

(OCA + OCARp) + (CCP + CCPrp) counts per cm? (Equation 3.4).

¥(0.25(CCA) + 2(0CA + OCAgp + DAP) + 3(CCP + CCPgp + Debon))

DRI = x 100 cm?
- em Eq. 3.1
Dist . < counts ) Distress feature counts 100 cm?
= X
istress feature 100 o2 " cm Eq. 3.2
Dist . %) = Distress feature counts y 100 cm?
istress feature (%) = ¢ (0CA + 0CAL) + (CCP + CCPrp) n Eg.3.3
counts OCA + OCAgp) + (CCP + CCP
Crack density < o ) = ( Rp)n ( re) Eq. 3.4

Where CCA is the total number of closed cracks in the aggregate, OCA and OCAgp are the total
numbers of open cracks in the aggregate without and with reaction product, respectively, DAP is
the total number of disaggregated/corroded particles, CCP and CCPgp are the total numbers of
cracks in the cement paste without and with reaction product, respectively, Debon is the total
number of debonded/dislodged aggregates, and n is the total number of 1 cm by 1 cm squares

analyzed.
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3.1.5. Mechanical testing

The compressive strength (fc) of cylindrical cores was measured according to ASTM C39 [6] after
47 days of storage at 12°C to inhibit ASR development, followed by a 48-hour resaturation period
[7,8]. The SDT, depicted in Figure 3.1, adhered to the procedure proposed by Sanchez et al. [7],
where a test load of 40% of the design compressive strength (f”c) served as the maximum test load
and a loading rate of 0.10 MPa/s was applied [7,8]. The energy dissipated into the system relative
to the total energy was calculated using the SDI from Equation 3.5, while the plastic deformation
relative to the total deformation was computed using the PDI from Equation 3.6. The modulus of
elasticity was subsequently calculated using the average slope of the second and third cycles

(Equation 3.7).

__ XSk
-0 SDI = Y2 (SI;+SII;) Eq.3.5

40% f'c A

pPpI =2 Eq.36
DII

E = ave.slope of cycles 2 & 3 Eq. 3.7

DI DIl

Figure 3.1. Stress-strain curve with SDT outputs graphically represented.
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3.2. Topic 1: Adapting the DRI tool to concrete affected by DEF

The first research topic adapted from the DRI tool centred on concrete that was impacted by
distress mechanisms beyond ASR, such as DEF. Modifications to the counting procedure were
suggested to underscore distress features indicative of DEF. Since DEF displayed a unique crack
and distress pattern, the distress features were examined by introducing a counting method that
accentuates DEF-related damage to concrete. This proposed counting method was elaborated on
in Chapter 4 and was further employed alongside the mechanical responses outlined in Chapter 5.
This topic was developed in collaboration with Dr. Renaud-Pierre Martin and Dr. Frangois
Toutlemonde, given their expertise in DEF damage at both material and structural levels. The
current study aimed to define distress features readily accessible from the predetermined list in
Table 3.1 without suggesting modifications beyond the counting method to illustrate cracks

representative of DEF-induced deterioration.

3.2.2. Materials and methods for DEF development

The concrete cores used in this study were sourced from an unreinforced beam that was fabricated
and monitored in a laboratory, which was affected by DEF. This beam used specifically chosen
cement to enhance the likelihood of developing DEF, with higher C3A, alkalis, and sulphate
content than a companion cement, as described in [9]. Furthermore, the cement was alkali-boosted
with KOH to achieve approximately 1% Na2Oeq. by cement mass, combined with non-reactive
aggregates (Table 3.2). The targeted compressive strength of the concrete was 40 MPa, which was

achieved using a water-to-cement ratio of 0.46 and a slump of 10 +2 cm.
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Table 3.2. Mixture proportions for DEF beam.

Cement Total water wi/c Coarse gravel (4-12 mm) Sand (<2 mm)

410 kg/m?® 199 kg/m? 0.46 929 kg/m? 854 kg/m?®

To induce DEF, the beam was immersed in a water bath with increasing temperature for 2 hours
after the batching commenced and maintained for 24 hours at a maximum rate of 10 °C/h until it
reached a temperature of 81°C. This temperature was held constant for the following 72 hours.
The cooling period was set at -1°C/h until the temperature reached 25°C, lasting 55 hours [10].
The beam was then stored under conditions conducive to DEF damage, with the bottom portion
(70 mm) submerged in water while the top portion was allowed to dry at 30% relative humidity
(RH). This arrangement created a hydraulic gradient across the height of the beam, leading to
bending in the longitudinal direction and varying degrees of damage throughout. Aluminum
adhesive layers were applied to the side faces to ensure a unidirectional gradient. Further details
on the methodology for inducing DEF damage and effective thermal energy can be found in [9-
11]. Cores measuring 110 mm in diameter and 250 mm in length were extracted from the
unreinforced beam at various depths (Table 3.3) in the transverse direction, similar to the procedure
outlined in [12].

Table 3.3. Expansions corresponding to core depths.

Expansion per depth of beam (m)

0.08 0.44
(Top) 0.17 0.27 0.37 (Bottom)

0.89% 1.27% 155% 1.69%  1.73%

Hydraulic gradient
(relative humidity)

30% - Top
100% - Bottom

Beam Reactivity

P2 High
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3.2.3. Mechanical testing

The SDT was performed on cores measuring 110 mm in diameter and 250 mm in height, following
the procedure outlined in Section 3.1.4. A test load of 30% of /c was applied as the maximum test
load, with a loading rate of 0.10 MPa/s [7,8]. The SDI and modulus of elasticity (E) were calculated
using Equations 3.5 and 3.7, respectively. Cores taken at depths of 0.37 and 0.44 m experienced
failure in some specimens before completing the five cycles; therefore, only the first cycle was
used to calculate the SDI [12].

3.3. Topic 2: Understanding the contribution of distress features towards concrete

deterioration

The second topic examined the relationships between distress features and mechanical responses.
Utilizing the DRI gathered from a previous research program conducted by [2,11], the distress
feature counts were decomposed to understand how the extent of damage influenced the count
distributions concerning the type of ISR. As interest grew in the application of the DRI in
engineering practice, the tool's subjectivity was investigated by correlating the outputs from the
DRI methodology, including the extended version of the DRI [13], as presented in Equations 3.1
to 3.4, with expansion and mechanical responses (i.e., tensile and compressive strengths, modulus
of elasticity, SDI, PDI, and the corresponding hysteresis area). Furthermore, the data
decomposition facilitated the creation of confidence intervals (Cls) for expected distress feature
counts, boxplots, and statistical parameters. This topic was thoroughly examined and presented in

Chapter 6.
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3.3.2. Materials and ISR development

All mixtures individually used the reactive coarse aggregate from New Mexico (NM) and reactive
sand from Texas (Tx). Table 3.4 outlines the characteristics of the coarse and fine aggregates
utilized in the concrete mixtures. The reactive coarse aggregate was combined with non-reactive
granite sand (i.e., Lav) across all groups. Similarly, the reactive sand was combined with non-
reactive Canadian coarse limestone aggregate (i.e., HP) for the ASR mixtures (i.e., 35 MPa and
CPT) and with non-reactive American coarse limestone aggregate (i.e., MM) for the DEF and
DEF+ASR mixtures. A high alkali cement was employed (i.e., 0.90% Na>Oeq. CSA Type GU,
ASTM type 1) in all of the mixtures, which were boosted to 1.25% Na>Oeq. by cement mass, using
reagent grade NaOH, according to ASTM C1293 [16].

Table 3.4. Characteristics of the coarse and fine aggregates.

Specific Absorption AMBT
Aggregate  Reactivity Location Rock type gravity [ f] 14-day exp
[14] (%) [14]
ASR Polymictic Gravel
NM . New Mexico (USA) (Mixed Volcanic, 2.53 1.59 1.056
reactive .
Coarse quartzite, chert)
Non- North Carolina .
MM reactive (USA) Limestone 247 3.12 0.01
Polymictic sand
ASR Corpus Christi (granitic, mixed
. > reactive (USA) volcanic, quartzite, 2.60 0.55 0.755
Fine
chert, quartz)
Lav  NO™  ouebec (cany  Natural derivedfrom oy o) 0.54 0.068
reactive Granite

Concrete specimens (100 mm in diameter and 200 mm in length) were cast and moist-cured in a
curing room for 48 hours after demoulding. Small holes, measuring 5 mm in diameter and 15 mm
in length, were drilled into the ends. Stainless steel gauge studs were then affixed using a fast-
setting cement paste slurry for longitudinal expansion measurements. Following 48 hours of moist

curing, the initial readings were recorded.

88



The ASR specimens (i.e., 35 MPa and CPT proportioned) were stored above a few centimetres of
water in 22-litre plastic pails lined with moisture-wicking fabric at 38°C and 100% relative
humidity. Length changes were monitored over time following standard procedure [16] until the

targeted expansions were reached (i.e., 0.05%, 0.12%, 0.20%, and 0.30%).

The DEF-exposed specimens were cured for 12 hours at 95°C (i.e., following a 4-hour period to
reach the temperature) in an oven four hours after casting. The temperature then decreased to 23°C
for the subsequent 12 hours, after which the specimens were stored in water-filled pails at 23°C.
Length changes were monitored over time until the specimens reached the selected expansion
levels (i.e., 0.12%, 0.40%, 0.50%, 0.80%, 1.0%, and 2.0%). Specimens coupled with ASR were
stored at 38°C and 100% relative humidity (i.e., above water in a sealed bucket) to facilitate ASR
and DEF. Length changes were monitored until the specimens reached the selected expansion

levels (i.e., 0.08%, 0.12%, 0.30%, 0.50%, 0.6%, 0.90%, and 1.5%).

The FT-exposed specimens were stored in a freezing and thawing chamber (i.e., cycling from -
20°C to +5°C for 3 hours per cycle, with 8 cycles per day) according to standard procedure (ASTM
C666). Specimens were removed from the chamber once they reached the targeted expansion
levels (i.e., 0.05%, 0.12%, 0.20%, and 0.30%). Specimens coupled with ASR were taken out at
half of the targeted expansions and exposed to the previously described ASR-enabling conditions

until they achieved full expansions (i.e., 0.05%, 0.12%, 0.20%, and 0.30%).

89



3.3.3. Data analysis

Regressions were developed using linear models with the distress features as the variables against
expansion and mechanical responses. Variations of the linear models (Equation 3.8) were assessed

using the Akaike information criterion (AIC) and the coefficient of determination (R?).
Expansion or mechanical response = S, + (%) + B, (x3) + B3 (x3) + -+ + B (%) Eq. 3.8

Part of the DRI data decomposition involved understanding the cumulative effects of those
observations. This approach established a representative sample size based on the law of large
numbers, as illustrated in Equation 3.9. Converging towards the mean (i.e., DRI) value occurred
as the sample size n, representing the number of 1 cm?2 squares, increased.

X+ X, + X+ +X
DRI =22 °53 n Eq. 3.9
n

The bootstrap method with replacement was employed to define confidence intervals (Cls) for all
distress features across various distress mechanisms and expansion levels. The means were utilized
as the parameters of interest, allowing for establishing the 2.5th and 97.5th percentiles of the
bootstrap estimates to create the Cl. The number of resampling iterations (R) was set at one

thousand to ensure stability.
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3.4. Topic 3: An operator’s guide for autonomous training

The third research topic focused on improving the DRI tool’s accessibility for engineering
practitioners by establishing an autonomous operator training protocol and defining the ranges of
expected values derived from experienced operators. This approach aimed to reduce variability
among operators. The motivation for this topic arose from the high demand for DRI methodology
training and ongoing concerns about minimizing operator variability when assessing the extent of
deterioration. The cumulative counts presented a range of expected values for the six operators per
reactive aggregate type, crack feature, and expansion level, which new operators could use to
ensure their results aligned with these ranges. This enabled autonomous training, where new
operators were expected to employ the same reactive aggregate and proportion the concrete
according to the specifications (CSA A23.2-14A/ASTM C1293[15,16]) while preparing the
specimens with their equipment and laboratory to meet the targeted expansion levels. This training

protocol was detailed in Chapter 6.

3.4.2. Materials and specimen fabrication

Concrete specimen fabrication, ASR development, monitoring, and surface preparation followed
the same procedures outlined in Topic 3. The DRI data from six operators was collected for two
aggregate types: reactive coarse Springhill — Greywacke and reactive sand — Jobe Texas (Table
3.5), using the CPT mixture proportions (Table 3.6) at the following levels of expansion: 0.05%,
0.12%, 0.20%, and 0.30%. Data from at least three operators were selected for each expansion

level.
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Table 3.5. ASR reactive aggregate characterization for operator training.

Aggregate Location Rock type I?jzlr?stilt\;/ ¢ Absorption (%) Reactivity
Fine Ottawa, Ontario Derived from 5 60265 0.82-1.18 Non-reactive
(Canada) granite
Orthoclase, Quartz,
Bracebridge. Ontario Cristoballite, Albite,
Fine (Car?aaa) Bytowmite, 2.73 0.37 Non-reactive
Cordierite, Illite,
Muscovite, Larnite
Fine Ottawa, Ontario Manufa}ctured 274 0.65 Non-reactive
(Canada) crushed limestone
Polymictic sand
- (granitic, mixed
Fine Corpus Christie, volcanics, quartzite, 2.60 0.55-0.89 Reactive
Texas (USA)
chert, quartz)
Coarse Newfoundland High-purity 2.68 0.44 Non-reactive
(Canada) limestone
Coarse Ottawa, Ontario Limestone 2.78 0.42 Non-reactive
(Canada)
Springhill, New i i .
Coarse Brunswick (Canada) Greywacke 2.68-2.72 0.602-0.89 Reactive
Table 3.6. Mix-design per operator.
Water-to-cement Reactive coarse
Operator Cement Water . Non-reactive sand aggregate
ratio O
Springhill
kg per 1 m® of concrete
1 189 0.45 823 (Ottawa sand) 934
2 189 0.45 860 (Bracebridge sand) 915
829 (Manufactured
3 420 187 0.45 sand) 999
4 176 0.42 681 (Ottawa sand) 1044
5 189 0.45 836 (Ottawa sand) 938
Operator Cement Water Reactive sand Non-reactive coarse
Texas aggregate
kg per 1 m® of concrete
1 189 0.45 760 1024 (limestone)
4 176 0.42 732 1072 (limestone)
5 420 189 0.45 765 1020 (limestone)
6 177 0.42 678 1093 (High-purity

limestone)
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3.4.3. Data preparation for ranges of acceptable values

The operator data was then used to establish data ranges (i.e., minimum and maximum), where the
frequency in counts per 100 cm? was presented on the y-axis as a function of the crack feature
count category referred to as “bins.” These count categories represented the squares displaying the
number of cracks (i.e., the number of times 0, 1, 2,...,x cracks were counted in a square as integers)
on the x-axis, allowing a histogram to be plotted from the DRI data per distress feature. The
features selected for this topic relating to ASR damage were CCA, OCA+OCArp, and
CCP+CCPrp, which best described the distress features encountered for the aggregate types chosen
for this topic (Springhill and Texas). This approach was chosen due to its similarity to a well-
established standard procedure (CSA A23.1:19 clause 4.2.3.4.2.), ensuring familiarity for easier

implementation into engineering practice.

3.5. Topic 4: A practical evaluation of the automated version of the DRI

The fourth and final part of this research involved re-assessing the outputs from the automated
version of the DRI, applicable for comparing DRI results. This topic was a collaborative project
between the Department of Civil Engineering and the Department of Mathematics at the University
of Ottawa, alongside an industry partner, Englobe Corp. Following a feasibility study [17],
limitations were identified regarding the automated DRI's applicability [18], particularly
concerning the model's reliability in producing accurate DRI results. Consequently, the machine
learning (ML) model faced inefficient use of the image dataset, requiring over 10,000 additional
annotated images to achieve the targeted accuracy. This issue arose from the incompatibility
between the distress feature counter and the distress feature detector. Nevertheless, the DRI
effectively supported object segmentation problems, prompting another iteration of the model

during this current PhD program. Chapter 8 presented the findings from the first trial using the
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same images employed in the feasibility study. Chapter 9 reevaluated the model’s performance
metrics based on the DRI's application to better understand the automated outputs and select
additional training datasets more efficiently based on the results. This work highlighted an
intriguing challenge encountered in multi-disciplinary projects, which was addressed using

suitable model performance evaluation metrics.

3.5.2. Materials and image dataset

The images collected for this topic were gathered from a Springhill reactive coarse aggregate
combined with non-reactive sand, using CPT mixture proportions, as noted by “Operator 1” in
Tables 3.5 and 3.6. The concrete fabrication, ASR development, and monitoring followed the
procedure outlined in Topic 3. The images were captured from previously prepared specimens
with a 12-megapixel digital camera attached to a stereomicroscope and annotated with RGB colour
codes. A total of 628 images were gathered at expansion levels of 0.05%, 0.12%, 0.20%, and
0.30%, with 141 taken from a 0.30% expansion specimen, annotating 121 distress features, and

50% of these were used for training.

3.5.3. Evaluating the performance of an automated version of the DRI

As part of the collaborative efforts, the ML model was developed by the Mathematics team, while
the Civil Engineering team conducted data preparation and analysis. The first ML model adopted
in this research program was divided into two parts: a detector of distress features and a classifier
and a distress feature counter that utilized a U-Net architecture applied at the pixel level [19]. The
second iteration of this project employed a Mask R-CNN (i.e., mask region-based convolutional
neural network) to consider the distress features as objects (i.e., instance segmentation) while
utilizing publicly available datasets [20-22]. However, the performance metrics used to develop

identification and segmentation tasks with ML did not intuitively convey the machine’s ability to
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perform these tasks for a specific application. In this context, the DRI, namely the types and counts
of distinct distress features obtained by the operator as the ground truth, was compared to the
results from the machine using the Chi-squared goodness of fit test, and the distribution of the

counts was presented as histograms to interpret the automated DRI outputs.

k
XZ — Z (Ol el) Eq 310

Where oj and e; are the observed and expected counts for the ith count category, and k is the total

number of count categories.
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Chapter 4: Capturing internal swelling reactions (ISR) damage

in concrete through the damage rating index (DRI)

Cassandra Trottier!, Leandro F.M. Sanchez?, Renaud-Pierre Martin®, and Frangois
Toutlemonde*

Abstract

Concrete, which forms the foundation of much of the infrastructure, is essential for ensuring a safe
long-lasting, uninterrupted flow of goods and services to the public. However, deterioration in
concrete can occur as service lives come to an end; in some cases, previously unknown factors at
the time of construction may accelerate this process. These distress mechanisms include alkali-
silica reaction (ASR), freezing and thawing (FT), and sulphate attack, with delayed ettringite
formation (DEF) comprising the three major internal swelling reactions (ISR) identified to date.
The advent of more efficient concrete materials has resulted in a lack of field performance,
highlighting the need to identify damage at its initial onset. The damage rating index (DRI) is a
microscopy tool currently employed in North America to semi-quantify damage in concrete. When
combined with other tools, such as mechanical/durability property loss, the stiffness damage test
(SDT), and characterization of the reaction products, the DRI can provide a comprehensive profile
of the damage. This work, therefore, offers an overview of the DRI procedure and its adaptability
to other distress mechanisms, such as DEF, at a representative scale while emphasizing its

accessibility worldwide due to its low cost and energy requirements compared to other tools.

Keywords: Concrete, Internal Swelling Reactions, Delayed Ettringite Formation, Damage
Rating Index, Microscopy, Diagnosis, Durability.
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4.1. Introduction

Concrete has been the most prominent material used to build critical infrastructure, from bridges
and transportation systems to hydroelectric dams while continuing to meet modern demands. Yet,
past standards and practices and the lack of knowledge/awareness of some currently encountered
durability-related issues compromise the serviceability of such concrete infrastructure. Moreover,
it is well understood that cement production alone accounts for 8% of global CO, emissions [1]
The industry's focus has been immediate efforts towards their reduction to meet the targeted
imposed sustainability criteria. Meanwhile, the existing concrete infrastructure that continues to
serve the public embodies energy, materials, and other resources for which CO: has already been
emitted, perhaps even in a less efficient manner. Therefore, it is crucial to redirect sustainability
goals toward the existing infrastructure's preservation and service life extension. However, internal
swelling reactions (ISR) create an additional challenge when evaluating the condition of concrete
infrastructure. The most common types of ISR known to date are alkali-silica reaction (ASR),
delayed ettringite formation (DEF) and freezing and thawing (FT), all of which have distinct
detrimental consequences on the mechanical properties of the concrete, stiffness of the structure
(i.e., serviceability and/or structural stability), durability through accelerated ingress of harmful
agents, and the overall physical appearance of the concrete causing concerns to the public.
Generally, concrete damage caused by ASR originates from aggregate particles. It propagates into
the bulk cement paste, whereas damage is generated in the cement paste for concrete affected by
DEF (i.e., at the aggregate-paste interface) and FT (i.e., cracks parallel to the exposed concrete

surface), as illustrated in Figure 4.1.
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a) ASR b) DEF ¢) FT

Figure 4.1. Typical damage/crack pattern for a) ASR, b) DEF, and 6) FT-affected concrete. The exposed
surface is on the left of the images. Adapted from [2].

Therefore, a reliable condition assessment of ISR-affected concrete infrastructure provides insight
into the cause and extent of the damage to the owners and operators, hence supporting efficient
upcoming decisions (i.e., monitoring, mitigation, rehabilitation, or demolition). Since the
appearance of ISR in concrete infrastructure, many researchers and engineers worldwide have
gained knowledge to understand their deteriorative process in concrete while developing tools to
capture the damage and its further potential. Among those tools are the stiffness damage test (SDT)
and the damage rating index (DRI) used in the multi-level approach to evaluate concrete damage
caused by ISR at scales representative of the material under investigation. The SDT is a mechanical
cyclical tool previously developed for rock cores [3] and further adapted to evaluate concrete
affected by ASR [4-10]. The proposed testing procedure applies a maximum load of 40% of the
compressive strength (i.e., within the concrete’s elastic zone yet able to close cracks and obtain a
response from the material itself) from an undamaged (or less damaged) core which produced a
measurable degree of damage with the lowest variability thus, diagnostic character [5]. Indices
were then attributed [7] to normalize the measured damage which evaluates the energy dissipation
(measured by the stiffness damage index — SDI) within the damaged concrete and its plastic

deformation (measured by the plastic deformation index — PDI) resulting in a mechanical response
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capturing the concrete’s level of damage which may not be detected early enough using
conventional tools or may be significantly compromised at early stages of the damage (i.e.,
compressive and tensile strengths, modulus of elasticity, etc.) [11-13]. Accordingly, the SDT is
more easily adaptable to other types of distress mechanisms in concrete when compared to the DRI
since the SDT is somewhat exempt from operator subjectivity. Results have thus shown that SDT
outputs are more statistically significant when compared to compressive and tensile strength
reductions for various types of ISR, single and combined, in laboratory-made specimens [12-14].
In contrast, the DRI is a microscopic technique used to identify the type(s) of ISR in the affected
concrete, which is complemented by its ability to highlight the extent of damage (i.e., the extent
of cracking into the aggregates and/or the cement paste). The combination of the DRI and SDT,
therefore, allows for a more thorough investigation into the mechanical implications of the ISR-
affected concrete by drawing conclusions based on the type, location, pattern, direction, and extent
of the damage (i.e., cracks in the aggregate and/or cement paste) generated by distinct distress
mechanisms for which the mechanical property losses differ. Nevertheless, the DRI was initially
developed to assess concrete affected by alkali-aggregate reaction (AAR) [15] and further adapted
to evaluate other types of ISR, such as FT and DEF, acting as a single mechanism or coupled with

ASR.

The DRI procedure enables an operator to count distress features within a grid of 1 cm by 1 cm
squares on a concrete section (i.e., cylinder, prism, or core sawn in half, ground flat, and polished
to obtain a reflective surface) using a stereomicroscope at 15-16x magnification. The sum of the
counts per distress feature is weighted using factors associated with the level of damage.
Originally, these factors were selected to highlight signs of ASR and its damage; however, [16]

have modified those factors to reduce the variability of the operators when distinguishing ASR
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features. A closed crack in the aggregate is associated with a low weighting factor (0.25) since this
feature is not necessarily representative of damage. In contrast, an open crack in the aggregate
without and with reaction product (OCA and OCARrp, respectively) indicates the occurrence of
damage. Hence, such cracks are given a weighting factor of 2. Although less frequent,
disaggregated/corroded particles (DAP) are also weighted with a factor of 2. Cracks in the cement
paste without and with reaction product (CCP and CCPrp, respectively, factor of 3) represent more
advanced stages of ASR or highlight a different type of deterioration mechanism while also
capturing the severity of such cracks toward mechanical property and durability losses. Likewise,
debonded aggregates correspond to cracks in the interfacial transition zone between the cement
paste and aggregate hence, a weighting factor of 3 is applied to such cracks. Since that
modification, it was shown that the DRI (i.e., the sum of all weighted features over 100 cm?) using
these modified factors increased in an almost linear fashion with expansion (a metric to represent
a level of damage) and corresponded to mechanical damage, regardless of its source [12]. The
DRI’s qualitative nature provides the operator with bar charts underlining the types of cracks while
allowing the operator to see the damage at the material scale where aggregates, cement paste, and
crack extensions are observed as a whole. Yet, the DRI alone cannot identify the cause of all
observed cracks without recording the pattern of such damage. Indeed, each ISR has their distinct
crack pattern which the operator can record during the analysis. However, cracks in the cement
paste may originate from various activities (i.e., mechanical sustained or cyclical loading,
shrinkage, creep, etc.); thus, their implication towards the DRI result is more challenging as
opposed to open cracks in the aggregate (with or without reaction product) [17-19]. As such, this
work proposes a counting procedure for distress features caused by ISR other than ASR, such as

DEF, to distinguish its damage through the DRI.
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4.2 Materials and methods

The concrete cores used in this study were extracted from previously made unreinforced concrete
beams exposed to varying hydraulic conditions, thus inducing various levels of deterioration
throughout the depth of the beams. Five of the extracted cores were taken from DEF-affected
concrete beams at various degrees of damage. In contrast, one core was taken from an ASR-
affected concrete that had achieved its full damage potential to directly compare the cracking
behaviour of DEF with that of ASR through the DRI. Further details about the materials, curing
and expansion can be found in [20]). The level of DEF is represented by labels 1 through 5, in
increasing magnitude of damage where 1 represents low damage (i.e., 0.08 m from the top of the
beam) and 5 represents high damage (i.e., 0.44 m from the top of the beam) as per the hydraulic
conditions [20]. The top of the beam was exposed to a relative humidity of 30% while the bottom

was saturated, thus inducing a damage gradient across its depth.

The cores were cut in half longitudinally using a wet masonry saw with a diamond blade. One half
of the core was then used for the analysis and ground/polished using a series of diamond-
impregnated magnetic disks with grits of 30, 60, 140, 280 (80-100 microns), 600 (20-40 microns),
1200 (10-20 microns) and 3000 (4-8 microns) on a mechanically rotating polishing table to ensure
a flat and reflective surface. A controlled and constant water supply was used to ensure optimal
use of the diamond-impregnated disks while avoiding excess water that can remove reaction
products from the cracks and voids. The surfaces were cleaned and dried with compressed air to
remove any loose particles, yet care was taken for the DEF cores as aggregates easily dislodged
from the surface. A grid of 1 cm by 1 cm was then placed on the surface, each square representing
the field of view at 15-16x magnification (depending on the microscope model) through a

stereomicroscope. Oblique gooseneck lights were used to illuminate the surface and reduce
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artifacts such as shadows while using the maximum brightness to ensure no variability of the light
source between analyses. To conduct the DRI analysis, each square is observed, and the distinct
types of cracks are recorded after which the corresponding weighting factors as per [16] are
applied. The total counts are summed and normalized to 100 cm? as per Equation 4.1. Common
practice to perform the DRI specifies that the operator’s variability is to be calibrated within 10%
of the DRI result of an experienced operator prior to performing the analysis.

DRI = Y:(0.25(CCA) +2(0CA + OCAgp + DAP) + 3(CCP + CCPgp + Debon)) 100 em? Eq.
B Number of analyzed 1 cm by 1 cm squares cm 4.1

Where CCA is the total number of closed cracks in the aggregate, OCA and OCAgp
are the total numbers of open cracks in the aggregate without and with reaction
product, respectively, DAP is the total number of disaggregated/corroded particles,
CCP and CCPgp are the total numbers of cracks in the cement paste without and
with reaction product, respectively, and Debon is the total number of debonded
aggregates.

4.3.Results and discussion

The DRI is semi-quantitative yet is qualitative by nature therefore, the counting procedure can
significantly affect the outcome of the result. As such, the crack counting procedure was divided
into two methods: method 1 (M1) was conducted by considering the entire length of a crack in the
cement paste (Figure 4.2a) and following the procedure proposed by [21] while method 2 (M2)
distinguished/divided a crack in the cement paste adjacent to an aggregate particle thus,
propagating from/through the interfacial transition zone (Figure 4.2b). This distinction however
was only made when the crack in the interface surrounded a particle at 75% of its perimeter or
more, regardless of its size (i.e., coarse and fine aggregate) and location within the 1 cm by 1 cm

square. This modification was made to account for cracks propagating through the interface as
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opposed to a crack being obstructed by a particle while propagating which may be the case when
considering only 50% of the aggregate perimeter as proposed by [21]. A fork in a crack represents
a new branch through method 1 whereas through method 2, if 75% of the interface is accompanied
by a crack, it is counted as a Debon type crack. Method 2 therefore requires consideration of
adjacent squares to determine if a crack is of the Debon type when the particle is larger than the

field of view of 1 cm by 1 cm.

a)
2 CCP
/ *%CCP / N/ 22
1ccp 1ccp 1CCP 1CCpP
b)
1 Debon
1CCpP
/ 1 Debon / 1ccp
1 Debon 1 Debon 1 Debon 1 Debon 1ccp 1 Debon

Figure 4.2. Crack counting details using a) method 1 and b) method 2. The solid red line represents a crack
that surrounds an aggregate at 75% while the dashed blue line represents a crack that surrounds 50% of the
particle.

Figure 4.3 thus presents the DRI bar charts for the ASR core that has achieved its full damage
potential and all 5 DEF cores. It is to be noted that for the ASR core, method 1 counting procedure
was followed since this type of damage mechanism rarely produces cracks that initiate and
propagate through the interface although cracks may indeed propagate through the interface after
extending from an aggregate particle. Therefore, the bar chart for the ASR core (at the bottom of

Figure 4.3) shows a more abundant number of cracks within the aggregate without and with
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reaction product (OCA and OCARrp, respectively) extending into the cement paste and a final DRI
number of 874 which is in accordance with [11, 22]). On the other hand, all DEF cores exhibit
negligible damage to the aggregate (i.e., closed cracks in the aggregate — CCA, open cracks in the
aggregate without and with reaction product — OCA and OCARp, respectively) which is likely
caused by aggregate weathering and processing. Yet, a slight increase in such cracks is observed
at the most DEF damaged core which could be attributed to the internal pressure exerted onto the
aggregate thus, further investigations are required. Noticeably, the open cracks in the aggregate
(OCA) for DEF cores are empty whereas for the ASR affected concrete core, 30% of these cracks
contain reaction product. Meanwhile, for the low damage DEF affected concrete core (i.e., DEF
1), both counting methods present similar results due to the extension of the cracks being within
the interface at less than 75% of the perimeter thus, counted as cracks in the cement paste without
and with reaction product (i.e., CCP and CCPrp, respectively). The final DRI numbers for DEF
damage level of 2 and 3 are similar, regardless of the counting method (824 and 801 for method 1
and 964 and 907 for method 2, respectively) both being within a 10% range. Likewise, the first
counting method provided similar results (DRI of 853) for the DEF damage level 4 while for the
second counting method, a significant difference is observed in the DRI number (1491). Hence,
both the magnitude of the DRI number and the counting procedure through counting method 2
highlight the extensive damage caused by DEF. Nevertheless, when the extent of damage is less
severe (and representative of damage in a real structure in service), counting method 2 can
highlight damage caused by DEF through the counts of debonded aggregates (Debon), a common

feature for DEF damaged concrete, which cannot be captured through the DRI number alone.
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Figure 4.3. DRI numbers for a fully developed ASR affected concrete and various levels of damage to concrete
due to DEF as captured through different counting methods.

As is the case for any other available tool, limitations of their use must be established to avoid high
levels of uncertainty when interpreting results. In Figure 4.3, the most damaged concrete affected
by DEF (i.e., DEF 5) does not represent the highest DRI number. This was due to the deterioration
in the cement paste, which caused the absence of material in which cracks could be counted.
However, this is a petrographic feature that can be obtained through the DRI procedure, and
although the extent of the damage cannot be measured in such an extreme case, an insight into the
cause of damage can still be recorded. Meanwhile, a DRI number and bar chart were still obtained
using both methods, yet method 2 captured the debonded aggregates (Debon). It is to be noted that
the proposed crack counting method may not necessarily affect the final DRI number. However,
the significant distinction remains in the counted features most representative of DEF damage,

such as the Debon-type cracks.
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Figure 4.4 illustrates the unweighted distress features as counts per 100 cm? to show their
distribution along with their proportions in percentages (i.e., extended version as per [22, 23]). A
10% error bar was applied to each feature, representing acceptable operator variability and helping
to determine if a given result is significantly different from another while considering the
operator’s variability when conducting the test (i.e., the error bars must not overlap to consider
results as possibly different). The lowest DEF damage shows no significant difference between
the two counting methods; however, more Debon-type cracks were counted through method 1
(M1) due to the 50% criteria, which was increased to 75% for method 2 (M2). On the other hand,
the difference is more apparent for all other levels of damage through the counts of cracks in the
cement paste (CCP+CCPrp) When compared to the lowest damaged concrete. Yet, it is still
considered similar except for the most damaged DEF concrete. The difference between DEF 2 and
DEF 3 using both counting methods is still insignificant. Nonetheless, method 2 shows the increase
in damage through both cracks in the cement paste (CCP+CCPrp) and debonded aggregates
(Debon) for the DEF 4 core (i.e., higher level of damage). Interestingly, the difference between
Debon is negligible between DEF 4 and DEF 5 through counting method 2 as no further Debon
can be counted beyond the DEF 4 damage level, which indicates that the damage development due

to DEF in the interface reaches its maximum.
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Figure 4.4. Unweighted counts of distress features per 100 cm? and their corresponding proportions (%6).

According to the DRI procedure available at Université Laval in Québec (Canada) [21], ASR-
generated cracks surrounding 50% of the aggregate particle can be considered a Debon crack type.
However, the damage pattern for DEF-affected concrete generally produces cracks in the
interfacial transition zone [18, 24], and therefore, this study adapted the Debon-type crack to
represent a crack that surrounds 75% of any aggregate particle. This adaptation was made to ensure
that a crack is not only propagating through the interface, which could be when half of the particle’s
interface is cracked but favouring its propagation into the interface instead of following a set path
obstructed by an aggregate particle. Figure 4.5 demonstrates a portion of the DEF 2 core. All coarse
aggregate particles are surrounded by a crack, resulting in debonding cracks (Debon), which are
fairly evident in the figure. Some cracks in the cement paste (CCP) are indicated with purple

arrows to show the extent of cracking and the pattern at a scale representative of the concrete
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material and its corresponding damage. Other cracks in the cement paste are more easily
distinguished at 16x magnification. Moreover, the blurred spots outlined in red on the figure
indicate dislodged particles, counted as debonded aggregates (Debon) as their contribution towards
the final DRI number cannot be neglected. The distinction between a void and a dislodged
aggregate is reasonably apparent. Debonded aggregates significantly impact the mechanical
properties of the concrete such that the stress transfers from the paste to the aggregate become
compromised, thus reducing the modulus of elasticity and significantly affecting the compressive
strength of the concrete. Therefore, no modifications to the DRI weighting factor applied to Debon
are required (i.e., 3) as they represent the severity of DEF damage in terms of mechanical property

losses.

g' ¥

Figure 4.5. Micrograph of DEF affected concrete with all aggregates illustrating debonded aggregate type
cracks, the connection between aggregates through the cement paste indicated by the purple arrows and
dislodged aggregates outlines in red.

112



4.4.Conclusions

The DRI remains a tool with a diagnostic character due to its qualitative visual nature, yet further

studies are in progress to determine the relationship between the proposed approach to distinguish

DEF distress features and the corresponding losses in mechanical properties of the concrete. Some

concluding remarks are presented hereafter:

The proposed counting procedure (method 2) can distinguish cracks caused by DEF
without modifying the weighting factors for debonded aggregate-type cracks. The
distinction is evident through the bar chart obtained when performing the DRI, which
provides necessary information about the cause of the damage. Further confirmation,
however, is necessary through characterization of the reaction products within the damage
features.

The new counting procedure proposes to count a crack as a debonded aggregate when it
affects 75% of its perimeter instead of 50% due to the DEF crack propagation being in the
interface and bulk cement paste. This slight modification allows the operator to highlight
DEF as a potential cause of damage instead of an aggregate obstructing the path of a
propagating crack. Moreover, a crack is counted as Debon regardless of its position within
the grid therefore, the operator is to take note of cracks and particles in the adjacent fields
of view.

In extreme cases where the extent of damage reaches material removal, such as when there
are many cracks in the cement paste, which limit the counts of such cracks, the operator
can note such petrographic/damage features. On the other hand, when aggregates are
dislodged when cutting, grinding and polishing, they should be considered in the counts of

Debon as the difference between a dislodged aggregate and a void is evident. Omitting
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such feature could drastically reduce the DRI number and under-estimate the level of
damage.

e Thedistinction between other mechanisms causing heterogeneous damage such as freezing
and thawing damage can further be made using the DRI tool (not just the number!) through
heatmaps in which the severity of cement paste cracks (most representative feature) would
be more abundant at the surface of a concrete element (beginning of a core). This further

highlights the DRI tool’s characteristics as an engineering and petrographic tool.

Although a major drawback of the DRI remains its time-consuming character, such practical and
accessible tool is capable of highlighting both potential cause and extent of damage. This tool can
serve as a first step towards a more efficient use of resources towards complete diagnosis (i.e.,
multi-level assessment). Nevertheless, the energy/infrastructure needed to operate such tool is
minimal which enhances its accessibility worldwide. This is especially imperative when using new
sustainable concrete materials for which their long-term performance on the field remains
unknown thus, reliable, verified and adaptable tools are necessary to capture early signs of damage

and preserve existing and new concrete infrastructure.
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Chapter 5: Evaluation of damage due to delayed ettringite

formation (DEF) through the multi-level assessment

Cassandra Trottier!, Leandro F.M. Sanchez?, Renaud-Pierre Martin?, Francois Toutlemonde?

Abstract

Delayed ettringite formation (DEF) is among the internal swelling reactions (ISR) that have a
detrimental effect on concrete, thus compromising the material's strength, stiffness, and integrity.
Previous research shows that the multi-level assessment applied to concrete affected by ISR is a
reliable approach to evaluating the cause and extent of the damage. However, the stiffness damage
test (SDT) has been more readily accepted for engineering applications, while further
understanding of the application of the damage rating index (DRI) is necessary. This work,
therefore, presents a condition assessment of a DEF-affected unreinforced concrete beam
subjected to a moisture gradient to induce varying degrees of damage across the beam height by
adapting the multi-level assessment. Correlations between the DEF damage features, as depicted
through the DRI and outputs from the SDT, were found, highlighting the impact of the frequency
of feature observation at a scale representative of the measured damage to the material.
Keywords: delayed ettringite formation, multi-level assessment, stiffness damage test, damage

rating index, point count, stereomicroscopy.
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5.1. Introduction

Delayed ettringite formation (DEF) damage has devastating effects on the functionality of concrete
infrastructure due to large deformations and reductions in the concrete mechanical performance
and durability due to excessive cracking. Diagnosis of damage to concrete due to DEF has been
established through optical microscopy and SEM-EDS/EDX in which ettringite crystals are
characterized in the aggregate-paste interface and cracks throughout the bulk of the cement paste
[1] yet their presence may not necessarily indicate damage due to DEF. This damage can then be
measured through mechanical testing, such as modulus of elasticity loss and reduction in
compressive strength, which are mechanical properties used for structural design. However, the
measurement of these properties may not directly quantify damage. As such, the multi-level
assessment was developed due to its diagnostic character when measuring damage to a material
[2-4]. Of the tools used in the multi-level assessment, the stiffness damage test (SDT), a
mechanical tool, has been more readily adopted and accepted in the engineering context [5-7]
whereas the damage rating index (DRI), a point-count microscopy tool initially developed to
evaluate relative degrees of damage in a dam affected by alkali-aggregate reaction (AAR), has
remained a tool in which the fundamental concept has not been established. Nevertheless, the use
of the multi-level assessment to evaluate damage due to DEF is limited [2,4,6,8-10]. This work
aims to evaluate the potential of the DRI to highlight damage cause (i.e. DEF) and extent as a
point-count microscopy tool adapted for an engineering approach. Cores presenting various levels
of damage were cored from an unreinforced laboratory-made concrete beam [11]. The beam was
subjected to conditions enabling DEF damage. The multi-level assessment was conducted with

particular attention to the damage features observed through stereomicroscopy.
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5.2. Materials and methods

5.2.2. Concrete cores extracted from the unreinforced beam

The beam was made using a cement selected to increase the likelihood of developing DEF such
that the content of C3A, alkalis, and sulphates were higher than a companion cement, as described
in [11] and alkali boosted with KOH to achieve ~1% NazOeq. by cement mass combined with non-
reactive aggregates (Table 5.1). The targeted compressive strength of the concrete was 40 MPa,

which was achieved by using a w/c of 0.46 and a slump of 10 +2 cm.

Table 5.1. Mixture proportions.

Cement Total water wi/c Coarse gravel (4-12 mm) Sand (<2 mm)

410 kg/m?® 199 kg/m?® 0.46 929 kg/m? 854 kg/m?

To induce DEF, the beams were exposed to an increasing temperature water bath 2 hours after the
start of batching and for 24 hours, at a maximum rate of 10 °C/h, until a temperature of 81°C was
reached, which remained constant for the following 72 hours. The cooling period was set at -1°C/h
until a temperature of 25°C was reached, for a duration of 55 hours [12]. The beam was then stored
in conditions to enable damage due to DEF where the bottom portion (70 mm) was submerged in
water and the top portion left to dry at 30% Relative Humidity (RH), thus creating a hydraulic
gradient across the height of the beam and causing bending in the longitudinal direction of the
beam and various degrees of damage throughout. Aluminum adhesive layers were used on the side
faces to ensure a unidirectional gradient. Cores were extracted from a laboratory-made
unreinforced beam at various depths (i.e., 0.08, 0.17, 0.27, 0.37, and 0.44 m) in the transverse
direction, similar to the procedure presented in [4]. Further details on the methodology to induce

DEF damage and effective thermal energy can be found in [11-13].
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5.2.3. The stiffness damage test (SDT)

The stiffness damage test (SDT) was performed on cores of 110 mm in diameter and about 250
mm in height, which were ground flat before testing. Using a universal testing machine, the cores
were cyclically compressed, where 30% of f’. was used as the maximum test load and a loading
rate of 0.10 MPa/s [7,8]. The output parameters used in this study are presented in Eq. 5.1 through
5.3, where the variables are presented in Figure 5.1. It is to be noted that due to the extensive
damage to cores taken at 0.37 and 0.44 m depths, failure of some specimens occurred before
completing the 5 cycles therefore, only the first cycle was used to calculate the SDI, as expressed

in Eq. 5.2 and explained in [4].

5 o
SDJ = —2i=aSli

= —Z?=1(51i+511i) Eqg.5.1

-0
30% f'c -

shL

SD] = ——
SIi+SII4

Eq. 5.2

-£ E = ave.slope of cycles2&3

DI DIl

Eq. 5.3

Figure 5.1. Stress-strain curve with SDT outputs graphically represented.

5.2.4. The damage rating index (DRI)

The core samples used for the DRI analysis were cut in half longitudinally using a wet masonry
saw and diamond blade. The flat surfaces were ground and polished using a mechanically rotating
table with epoxy-impregnated diamond magnetic disks (grits of 30, 60, 140, 280 (80—100 um),
600 (2040 pm), 1200 (1020 pm) and 3000 (4-8 um)). A grid of 1 cm? squares was placed on

the reflective surface for reference. The damage features (closed cracks in the aggregate — CCA,
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open cracks in the aggregate without and with reaction product — OCA and OCARrp respectively,
disaggregated particles — DAP, cracks in the cement paste without and with reaction product —
CCP and CCPrp respectively, and debonded/dislodged aggregates — Debon) were counted using a
stereomicroscope at 16x magnification (Figure 5.2a) and tabulated in each 1 cm? (field of view) as
described by [10]. The counts were weighted using the optimized weighing factors which best

describe damage to concrete [8,10], and the DRI was calculated as defined in Eq. 5.4.

¥(0.25(CCA) + 2(0CA + OCApp + DAP) + 3(CCP + CCPyp + Debond)) Eq.
- x 100 cm? 5.4

DRI =

Moreover, a proposed counting method (M2) compared to the original (M1) adopted in this study
was selected to highlight DEF damage. The proposed counting method [14] takes into account the
Debon-type aggregate, regardless of where it is situated on the reference grid (Figure 5.2b).

a) b)

Figure 5.2. a) Stereomicroscope and specimen/core set-up and b) illustration of crack counting method on

1 cm? micrograph taken from a core under analysis in this current work. The black solid line represents a

grid line to demonstrate the crack counting method considering adjacent squares for the particle’s Debon-
type crack.
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5.3.Results

The outputs used from the multi-level assessment are the SDI, modulus of elasticity (E) and the
DRI, along with the measured/known expansion level (the method to evaluate the expansion to
date is presented in [4]). Figure 5.3a and Figure 5.3b illustrate the expansion as a function of SDI
and E with a good linear correlation (R? of 0.938 and 0.983, respectively). The expansion as a
function of the DRI (Figure 5.3c), as per both counting methods (original — M1 and proposed —
M2 described in [14]) demonstrates a better correlation for the newly proposed counting method
(R? of 0.783 for M2) in comparison to the original counting method (R? of 0.454 for M1).
Likewise, the correlation of the DRI as a function of the mechanical response increases for the
proposed counting method, where the modulus of elasticity presents an R? of 0.383 and 0.7021
(Figure 5.3d). At the same time, the SDI R? is 0.236 and 0.669 (Figure 5.3e) for counting methods

M1 and M2, respectively.
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Figure 5.3. DEF expansion as a function of a) SDI, b) modulus of elasticity, ¢) the DRI as a function of (d)
modulus of elasticity and e) SDI. The DRI plots also show both counting methods adopted in this study.
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5.4.Discussion

5.4.1. Quantitative analysis through microscopy

The quantitative nature of the DRI and its data collection method have been evaluated as a tool
used to diagnose damage since its development due to its qualitative and visual nature. However,
cracks are distress features observed through stereomicroscopy, thus revealing their influence at
the mesoscale, a scale representative of mechanical damage. This study aimed to perceive the DRI
method as a tool to gather data on the occurrence (cause) and frequency (extent) of an observed
damage. Features were segmented as counts per 100 cm? (extended version of the DRI) and
described in Eq. 5.5 [10,15].

Eqg.5.5

x 100cm?

Counts ) counts;

Absolut (— =
sotute 100cm? it number of squares analyzed

The contribution of each damage feature with respect to expansion due to DEF as captured by both
the original (M1) and proposed (M2) counting methods is presented in Figures 5.4a and b,
respectively. The most characteristic features of damage to concrete due to DEF are cracks in the
aggregate-paste interface and cracks in the cement paste radiating from particles. To capture such
damage, the Debon-type feature per the DRI was re-evaluated to consider its contribution while
analyzing the counts. From Figure 5.4a representing the features as counted through the original
method (M1), it can be observed that the Debon-type feature occurs but at a low frequency (below
28 counts/100 cm?), while the damage is best described by cracks in the cement paste (CCP). On
the other hand, as observed in Figure 5.4b, the newly proposed methods (M2) show that the counts

of Debon-type cracks increase with expansion, as do the cracks in the cement paste.
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Figure 5.4. Damage feature counts per 100 cm? as a function of expansion for a) the original counting method
(M1) and b) the proposed counting method (M2).

5.4.2. Correlation between frequency of damage features and mechanical response

Figure 5.5a and Figure 5.5b present the relation between damage features and the mechanical
response (using only the newly proposed counting method — M2) for the SDI and modulus of
elasticity, respectively. It can be observed that including crack types that influence the mechanical
response improves the correlation with SDI and modulus of elasticity, such as the combination of
cracks in the cement paste and Debon types (CCP+Debon) and the addition of open cracks in the
aggregate (OCA+CCP+Debon). Overall, as the frequency (extent) of the cracks increases, the SDI
increases, and the modulus of elasticity decreases. This highlights the quantitative aspect of point-

count microscopy and its ability to capture damage features as measured through mechanical

testing of the material.
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Figure 5.5. Damage feature counts per 100 cm? as a function of a) SDI and b) modulus of elasticity. Note that
the SDI represents the outputs from the first cycle.

5.5.Conclusion

Damage due to DEF was evaluated through the multi-level assessment. Features most
representative of DEF damage were highlighted by considering the Debon-type crack. It was
shown that the proposed counting method to distinguish damage characteristics of DEF provided
a better correlation with mechanical response. Therefore, the DRI presents an interesting
engineering characteristic as a data collection tool for distress features/cracks representative of the
damage to the material. Microscopy through the DRI may be the first necessary evaluation to
define the mechanical testing protocol better. Nevertheless, the non-reinforced nature of the
concrete beam produced a distributed crack propagation and pattern. The anisotropic behaviour of
the crack propagation under various reinforcement configurations and coupled mechanisms may

influence these results; thus, further research is necessary.
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Chapter 6: Evaluating concrete affected by internal swelling
reactions (ISR) using the extended version of the damage rating

index (DRI)

Cassandra Trottier! and Leandro F.M. Sanchez?

Abstract

Internal swelling reactions (ISRs) are distress mechanisms that compromise the service life of
critical concrete infrastructure. The initiation, propagation, and cracking patterns associated with
ISR can be analyzed via the damage rating index (DRI), a semi-quantitative microscopy procedure
used to assess concrete deterioration. Although the DRI provides a systematic method for
evaluating the causes and extent of deterioration, subjectivity and variability often hinder its
application. This study depicts the distress features within the DRI analysis to understand their
effects on expansion and mechanical responses. The findings indicate that each of the distress
features, specifically the presence of closed and opened cracks within the aggregate, along with
cracks in the cement paste and debonded aggregates, exerts distinct influences on the mechanical
responses of the material. Furthermore, this research's key findings show that the average counts
of distress features and the interquartile ranges of the count distributions for the various distress
features and mechanisms resulted in predictions of expansion with R? values greater than 0.83.
Variability in determining the extent of deterioration was then addressed using convergence plots,
validating a sample size of 75 £25 cm? for laboratory-made specimens as sufficient. Finally, the
deconstruction of the distress feature counts enabled the creation of reference distress feature count

ranges based on each expansion level and distress mechanism.
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6.1.Introduction

Extending the service life of existing concrete infrastructure beyond its initially determined
duration or ensuring it meets its intended lifespan when compromised—particularly due to internal
swelling reactions (ISR)—continues to pose a significant global challenge [1]. The mitigation and
rehabilitation strategies for such infrastructure depend on the causes of ISR, including alkali-
aggregate reaction (AAR), delayed ettringite formation (DEF), and freeze-thaw cycles (FT), as
well as the extent of damage encountered thus far. Nonetheless, the cause and extent of the damage
to the concrete material impact the infrastructure's performance in terms of mechanical properties,
serviceability, functionality, durability, physical integrity, and appearance. A current limitation in
addressing ISR-affected concrete is the necessity for a reliable diagnosis of the existing damage
and its anticipated prognosis. Deterioration from ISR is an ongoing process that evolves over time
and can further accelerate under extreme environmental conditions. One promising approach
involves using various tools (i.e., multi-level assessments [2]) based on observed mechanisms,
incorporating mechanical and microscopy techniques. Among these tools, the damage rating index
(DRI) is a microscopy technique employed to characterize damage caused by ISR at a scale
representative of the concrete material. However, the interpretation of the results generated by the
DRI remains subjective, leading to uncertainty regarding its use in diagnostic activities,

particularly concerning the extent of the damage.
6.2.Background

6.2.1. The damage rating index (DRI)

The Damage Rating Index (DRI) is a microscopy tool that enables petrographers or operators to
quantify deterioration by counting petrographic and distress features using a stereomicroscope at

15-16x magnification (1 cm? field of view) of a polished concrete section. The data collection
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process for the DRI employs a point-count method, distinguishing the features based on their
location in the concrete (i.e., aggregate, cement paste, or their interface) and their nature (i.e.,
closed, open, and/or filled with a reaction product). These features are weighted according to their
severity, summed, normalized to 100 cm2 for comparative purposes, and further used to
characterize the extent of specific types of damage. The selected weighting factors consider the
influence and severity of a feature concerning a particular type of damage. Since the DRI's
development, the weighting factors have transitioned from accounting for "petrographic
features"—symptoms or signs that best represent the type of damage being assessed—to "distress
features” that focus on those most indicative of damage (i.e., cracks visible at a magnification of
16x). Grattan-Bellew and Danay [3] developed the DRI to compare observable alkali-aggregate
reaction (AAR) levels in concrete. Subsequently, researchers have sought to correlate the resulting
DRI to AAR volumetric expansion, leading to modifications in grid sizes, weighting factors, and
features considered in the DRI calculation, all aimed at minimizing operator variability [4-8].
Sanchez et al. (2017) further established ranges of expected DRI values as a function of the type
and level of deterioration, thus serving as a practical tool for operators and engineering
practitioners [2]. Additionally, the extended version of the DRI, which includes unweighted counts
per 100 cmz, proportions (%), maximum lengths and widths, as well as crack advancement (i.e.,
crack density — counts/cm2) and extensions (i.e., proportional counts of cracks crossing an
interface), as proposed by Sanchez et al. (2015,2016,2020), captures ISR-induced deterioration
development to describe better the role of distress features concerning damage [9-11].
Nevertheless, the DRI remains a comprehensive assessment tool for distinguishing among various
but not limited to, ISR distress mechanisms through occurrences of distress features and their

corresponding abundance to ascertain the extent of the damage.
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6.2.2. An overview of internal swelling reactions (ISR)

6.2.2.1.Alkali-aggregate reaction (AAR)

Alkali-aggregate reaction (AAR) in concrete is classified into two types: alkali-silica reaction
(ASR) and alkali-carbonate reaction (ACR). Both are damaging mechanisms that involve reactive
particles or minerals interacting with the hydroxides present in the pore solution of the cement
paste. The mechanism responsible for ACR damage remains a topic of debate in the literature [12—
15], with new evidence challenging the connection to ASR [16]. In contrast, the understanding of
the mechanism behind ASR damage has been established over recent decades since its first
occurrence and common presence worldwide [17]. Both mechanisms can be distinctly
characterized; ACR shows dedolomitization and carbonate halo rims [14], whereas ASR damage
is indicated by cracks in the aggregate particles filled with secondary products (i.e., so-called silica
gel) that extend into the cement paste in more severe cases. Researchers have examined the
propagation of ASR damage, evaluating the reliability of certain tools (i.e., mechanical and
microscopical) to identify the cause and extent of the damage [18-21]. It was concluded that cracks
originate within the reactive particle and extend into the cement paste as damage increases (i.e.,
concerning expansion levels). Furthermore, at each step of crack elongation, losses in mechanical
properties were associated with the location of these cracks (i.e., aggregate vs. cement paste) [18],

as illustrated in Figure 6.1.
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Figure 6.1. Descriptive ASR crack propagation model (a) as damage increases and at a high level of damage
[9] where a reactive coarse aggregate triggers ASR, (b) reactive coarse aggregate and (c) reactive sand crack
propagation patterns throughout the concrete [22].

For comparison, the ACR crack pattern observed through stereomicroscopy and the DRI differs
significantly from that of ASR. The most prevalent distress features for ACR are cracks in the
cement paste (Figure 6.2a), which are evident at low expansion levels and elevate the DRI number
beyond the typical ranges established for ASR [23], as shown in Figure 6.2b. This current work
does not include ACR in the analysis. However, distinguishing between ASR and ACR features

remains crucial for a more accurate diagnosis of concrete damage [24].
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Figure 6.6.2. Typical ACR features with (a) cracks in the cement paste, both in the bulk and aggregate-paste
interface [24], and (b) high DRI numbers generated by cracks in the cement paste [23].

6.2.2.2.Delayed ettringite formation (DEF)

Delayed ettringite formation (DEF) is an internal sulphate attack characterized by cracks in the
concrete’s cement paste and the aggregate-paste interface, typically accompanied by ettringite
crystals that fill these gaps without any external source of sulphates. However, the presence of
ettringite in voids and cracks may not necessarily signify damage, as it can dissolve and
recrystallize in these locations when exposed to prolonged moisture [25,26]. When internal
temperatures rise above approximately 65°C during the early stages [26,27], conditions prevent
ettringite formation. As the temperature decreases, ettringite develops in the hardened concrete.
Elevated temperatures can occur in steam-cured concrete, mass concrete, and during casting in
high-heat weather, after which ettringite crystals grow under humid conditions [27,28]. Some
researchers argue that the excessive heat required for DEF to develop causes a homogeneous paste
expansion that detaches it from the aggregate, creating gaps later filled by ettringite. In contrast,
others contend that the formation of the crystals induces cracking [29-33]. Nonetheless, the

damage characteristics in concrete due to DEF are manifested as cracks at the aggregate-paste
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interface and within the bulk cement paste, occasionally filled with a whitish substance (Figure

6.3).

&x,

Figure 6.3. (a) DEF crack ] and (b) Damage to concrete due to DEF as observed through SEM in
BSE mode where red arrows highlight ettringite-filled cracks surrounding the dark grey aggregate particle

(black bar shows scale of 60 microns) [31].

Evidently, the crack pattern and its generation and propagation due to DEF differ from that of ASR
(Figure 6.1), which can be highlighted through qualitative stereomicroscopy. Several researchers
have utilized the DRI to quantify DEF damage to concrete [4,11,34-37]. However, when
correlating expansion to DEF damage as measured through the DRI, it is apparent that
modifications are still necessary [4,36]. Accordingly, to quantify the extent of damage
corresponding to a specific type of ISR, some adjustments to the counting procedure were required
to emphasize DEF as a leading cause of damage, such as considering the most observed damage
feature of “debonded/dislodged” aggregates (i.e., the crack surrounding a particle or removed
particle during surface preparation) [38]. The “Debon” distress feature is already part of the pre-
determined list of features to consider towards the DRI [4]. Modifying the counting procedure
when evaluating DEF (i.e., original — M1 and proposed — M2 counting methods) resulted in DRI
bar charts demonstrating a higher number of “Debon” type cracks, which distinguishes DEF from

ASR or other mechanisms where an abundance of cracks in the cement paste (CCP) would be
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observed (Figure 6.4). Additionally, the distinction of the “Debon” feature was found to correlate

with mechanical responses [39].
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Figure 6.4. DRI bar charts distinguishing DEF from ASR under similar DRI numbers.

DEF is frequently found alongside ASR in the field, as a reduction in alkalis consumed by ASR
promotes ettringite formation [31,40]. The difficulty in evaluating such combined mechanisms lies
in identifying the contributions of the distinct mechanisms [31,37,41]. Moreover, the leaching of
alkalis at a concrete surface could lead to heterogeneous damage in terms of level and cause,

resulting in differing contributions from both mechanisms within the same concrete element.

6.2.2.3.Freezing and thawing (FT)

Freezing and thawing (FT) can occur in concrete exposed to harsh climates, such as those in
Canada, which typically leads to deterioration through cracking in the cement paste (Figure 6.5a).
This deterioration from FT may begin with moisture penetrating the surface and sequentially
delaminating layers of concrete parallel to the surface (Figure 6.5b). Meanwhile, the inner portions
of the concrete experience irregular pressures exerted within the void system of the cement paste,
resulting in cracking around these voids. FT-induced cracks are generally located at the aggregate-
paste interface and propagate into the cement paste [42,43]. FT deterioration further compromises

the aggregate-paste interface, whereby micromechanical properties are most significantly affected
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in this region [44], aligning with the descriptive crack propagation model proposed by Zahedi et
al. (2022) and illustrated in Figure 6.5c [45]. Research on the combined effects of FT and ASR is
limited [42,46-49]. However, Gong et al. (2020) modelled the effects of FT and ASR when one
distress mechanism was activated before the other. This modelling revealed that FT continues as
ASR reaction products fill the entrained air voids, diminishing the effectiveness of air entrainment.

[47].

: AV
Exposed |[Xs=2.X o
face ;

Cement paste [

Aggregate [ ]
particles

Figure 6.5. FT crack pattern: (a) as described by BCA (1992) [22], (b) from a cross-section of a 40-year canal
wall exposed to water and soil (top and bottom of the image, respectively) [50], and (c) as a descriptive crack
propagation model [45].

Nevertheless, understanding the damage caused by DEF and FT, as captured through
stereomicroscopy, is essential before attempting to decouple the combined mechanisms. Instances
where ASR was identified as the primary cause of ISR damage while employing the multi-level
assessment have begun to increase [42,51-55]. However, due to the vast amount of literature
focused on diagnosing ASR compared to DEF and FT, concerns persist regarding potential

misdiagnosis, particularly with combined mechanisms. Therefore, a clearer understanding of how
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to differentiate DEF and FT from other mechanisms using tools that can visualize the spread and

pattern of the damage to the concrete is essential, especially at early and intermediate stages.

6.3.Scope of the work

Given that distinct patterns are generated by ISR (i.e., ASR, FT, and DEF, both individually and
in combination) distress mechanisms at varying degrees of deterioration, the ability to capture
these patterns alongside the extent of ISR-induced deterioration through the DRI remains crucial
for reducing subjectivity and enhancing acceptance in engineering practice. However, the distress
features linked to these patterns have not been quantitatively correlated to expansion and
mechanical responses, a vital step toward implementation in engineering practice. Therefore, DRI
data, particularly the extended version of the DRI (i.e., unweighted counts) obtained from a
previous comprehensive research program [2,11], were decomposed to analyze the distinct distress
features associated with damage in concrete (i.e., expansion and mechanical responses). The
concrete mixtures included reactive coarse aggregate (i.e., polymictic gravel from New Mexico)
and reactive fine aggregate (i.e., polymictic sand from Texas), with expansion levels ranging from
0.05% to 0.30% evaluated for ASR and FT concrete specimens, and up to 1.87% expansion
assessed for DEF concrete specimens. The weighting factors were first analyzed to determine their
importance in the quantitative analysis of ISR-induced deterioration, followed by the extended
version of the DRI to depict variations among the distress mechanisms. Linear regression models
were then developed and used to understand the role of the distress features, considering all distress
features as predictors and the responses as expansion and mechanical responses. Additionally, the
sample size of 1 cm by 1 cm squares was evaluated using convergence, as outlined by the law of
large numbers, to address variability within a specimen. This led to the deconstructed DRI data

used to produce boxplots and descriptive statistics of the count distributions for a better
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representation of the extent of deterioration, along with ranges of distress feature counts for all
distress mechanisms at the stated expansion levels, employing the bootstrap method with 1000
iterations for stability. This work addressed all current hesitations regarding using the DRI in

engineering practice.

6.4.Materials and methods

The material and data used in this current research were gathered from a previous comprehensive

research program by Sanchez et al. (2018,2020) [2,11].

6.4.1. Aggregates and mixture proportions

All mixtures utilized the reactive coarse aggregate (New Mexico — NM) and reactive sand (Texas
— Tx) separately. Table 6.1 outlines the characteristics of the coarse and fine aggregates
incorporated in the concrete mixtures. The reactive coarse aggregate was paired with the non-
reactive granite sand (i.e., Lav) for all groups. In contrast, the reactive sand was paired with non-
reactive Canadian coarse limestone aggregate (i.e., HP) for the ASR (i.e., 35 MPa and CPT) and
FT mixtures and with non-reactive American coarse limestone aggregate (i.e., MM) for the DEF

and DEF+ASR mixtures.

Table 6.1. Characteristics of the coarse and fine aggregates.

Specific . AMBT
Aggregate  Reactivity Location Rock type gravity AbsE)Sré)]tlon 14-day exp
[56] (%) [56]
ASR Polymictic Gravel
NM . New Mexico (USA) (Mixed Volcanic, 2.53 1.59 1.056
reactive .
quartzite, chert)
Coarse Non- North Carolina .
MM reactive (USA) Limestone 247 3.12 0.01
Newfoundland High-purity fine-
HP NR (CAN) grained limestone 2.68 0.44 0.001
Polymictic sand
ASR Corpus Christi (granitic, mixed
. > reactive (USA) volcanic, quartzite, 2.60 0.55 0.785
Fine
chert, quartz)
Lav  NO™  ouehec (cany  Natural derivedfrom o, o) 0.54 0.068
reactive Granite
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Two main groups were utilized throughout the study: 1) FT and ASR proportioned as 35 MPa
concrete and 2) DEF and ASR proportioned with concrete prism test (CPT) standard mixtures [57].
A high alkali cement was employed (i.e., 0.90% Na2Oeq. CSA Type GU, ASTM type 1) in all of
the mixtures, which were boosted to 1.25% Na>Oeq. by cement mass, using reagent grade NaOH,

according to [57]. Admixtures were not employed in any of the mixtures.

6.4.2. Specimen fabrication and induced ISR

Concrete specimens (100 mm in diameter and 200 mm in length) were manufactured and moist-
cured in a curing room for 48 hours after demoulding. This was followed by drilling small holes,
5 mm in diameter and 15 mm long, into the ends. Stainless steel gauge studs were then glued using
a fast-setting cement paste slurry for longitudinal expansion measurements. After 48 hours of

moist curing, the initial readings were taken and recorded.

The ASR specimens (i.e., 35 MPa and CPT proportioned) were stored over water in 22-1 plastic
pails lined with moisture-wicking fabric at 38°C and 100% relative humidity. Length changes were
monitored over time following standard procedure [57] until the targeted expansions were reached

(i.e., 0.05%, 0.12%, 0.20%, and 0.30%).

The DEF-exposed specimens were cured for 12 hours at 95°C (i.e., after a 4-hour period to reach
the temperature) in an oven four hours after casting. The temperature decreased to 23°C for the
subsequent 12 hours, after which the specimens were stored in water-filled pails at 23°C. Length
changes were monitored over time until the specimens reached the selected expansion levels (i.e.,
0.12%, 0.40%, 0.50%, 0.80%, ~1.0%, and =~2.0%). Specimens coupled with ASR were stored at

38°C and 100% relative humidity (i.e., over water in a sealed bucket) to facilitate ASR and DEF.
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Length changes were monitored until the specimens reached the selected expansion levels (i.e.,

0.08%, 0.12%, 0.30%, 0.50%, 0.6%, 0.90%, and 1.5%).

The FT-exposed specimens were stored in a freezing and thawing chamber (i.e., cycling from -
20°C to +5°C for 3 hours per cycle, with 8 cycles per day) according to standard procedures [58].
Specimens were removed from the chamber once they reached the targeted expansion levels (i.e.,
0.05%, 0.12%, 0.20%, and 0.30%). Specimens coupled with ASR were taken out at half of the
desired expansions and exposed to the previously described ASR enabling conditions until they

achieved full expansions (i.e., 0.05%, 0.12%, 0.20%, and 0.30%).

6.4.3. The damage rating index (DRI) and its extended version

The concrete cylinders were sliced in half lengthwise with a masonry saw, and one half was
preserved for the DRI. A polishing sequence consisting of grits 50 (coarse), 100, 400, 800, 1500,
and 3000 (4-8 microns) was employed to achieve a highly reflective surface using a portable hand-
held polisher. A grid of 1 cm by 1 cm was drawn on the reflective surface with a fine-tipped
permanent marker, creating the field of view for distress feature counts counted. The DRI
calculation considers all counted and weighted distress features (weighting factors as per [4,5,56]),
summing them up and “normalizing” the result by dividing the sum by the number of analyzed
squares, then multiplying by 100 cm? (Equation 6.1). Bar charts are subsequently generated to
delineate the features and visualize their relative significance. The extended version of the DRI
represents the unweighted distress feature counts, as proposed by Sanchez et al. (2017) [56], where
bar charts can be created to compare expansion levels and distress mechanisms, presented as
counts/100 cm? and proportions (Equations 6.2 and 6.3, respectively). The crack density (CD)

further illustrates the total (OCA+OCARrp)+(CCP+CCPrp) counts/cm? (Equation 6.4).
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_ [2(0.25(CCA) +2(0CA + OCAgp + DAP) + 3(CCP + CCPgp + Debon))

DRI x 100 cm?
n cm Eq. 6.1
Dist . ( counts ) _ Distress feature counts % 100 cm?
istress feature T00emz) = - cm Eq. 6.2
Dist . %) = Distress feature counts y 100 cm?
istress feature (%) = G (0CA + 0CA) + (CCP + CCPrp) n Eq. 6.3
counts OCA + OCAgp) + (CCP + CCP
Crack density < 2 > = ( RP)n ( ke) Eq. 6.4

Where CCA is the total number of closed cracks in the aggregate, OCA and OCAgp are the total
numbers of open cracks in the aggregate without and with reaction product, respectively, DAP is
the total number of disaggregated/corroded particles, CCP and CCPgp are the total numbers of
cracks in the cement paste without and with reaction product, respectively, Debon is the total
number of debonded/dislodged aggregates, and n is the total number of 1 cm by 1 cm squares

analyzed.
6.5.Results

6.5.1. Comparing the DRI proposed weighting factors

In the literature, the DRI number, along with any other damage indicator, has been compared to
expansion, which serves as the measurable indicator for the level of deterioration in concrete. Thus,
the weighting factors proposed by several authors [3,4,6,7,59] (Table 6.2) have been modified over
time to establish a more accurate correlation with the expansion. Figure 6.6 illustrates the
relationships between expansion and DRI numbers, calculated using the various weighting factors
proposed for similar fields of view of 1 cm?[3,4,6,7]. The comparison focuses solely on the distress
features to understand the role of the weighting factors associated with concrete damage,

particularly cracks of 1 mm or longer, which correspond to coarse particles of reactive sand (i.e.,
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Tx —Texas). Therefore, some petrographic features, such as product-filled voids and reaction rims,

are not included in counts.

Table 6.2. Proposed weighting factors associated with the distress features.

Weighting factors

Smaoui et al.
Grattan- (2004)
Bellew Grattan’— Powersand  Villeneuve (2011)
Distress feature Label and Bellew and Shrimer Villeneuve et al.
Danay Mitchell (2007) (2012)
(1?3%2) (2006) [7] [45]
[6,59]
Closed crack in the aggregate CCA 0.25 0.75 0.5 0.25
Open crack in the aggregate OCA 0.25 4 0.5 2
Open crack in the aggregate
with reaction product OCAR 2 2 2 2
Corroded/disaggregated
particle DAP 0 0 3 2
Crack in the cement paste CCP 2 2 2 3
Crack in the cement paste
with reaction product CCPre 4 4 4 3
Debonded or dislodged Debon 3 3 4 3

aggregate

A positive relationship is observed for all distress mechanisms, regardless of the weighting factor
utilized. Overall, higher DRI numbers are noted for the second proposed set of weighting factors
(Smaoui et al. 2004, Grattan-Bellew and Mitchell, 2006 [6,59]), followed by those suggested by
Villeneuve and Fournier (2011, 2012) [4,5] and Powers and Shrimer (2007) [7], with the lowest
DRI numbers obtained by employing the original weighting factors from Grattan-Bellew and
Danay (1992) [3]. The coefficients of determination (R2) for each proposed set of weighting factors
across all distress mechanisms range from 0.66 to 0.98 for Grattan-Bellew and Danay (1992), 0.59
to 0.99 for Smaoui et al. (2004) and Grattan-Bellew and Mitchell (2006), 0.67 to 0.98 for Powers
and Shrimer (2007), and 0.80 to 1.00 for Villeneuve and Fournier (2011, 2012). Similarly, the R?
for each distress mechanism ranges from 0.84 to 0.99 for ASR proportioned for the FT group

(Figure 6.6a), 0.67 to 1.00 for ASR proportioned for the DEF group (Figure 6.6b), 0.77 to 0.99 for
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ASR+FT (Figure 6.6¢), 0.66 to 0.97 for ASR+DEF (Figure 6.6d), 0.82 to 1.00 for FT (Figure 6.6¢),

and 0.59 to 0.99 for DEF (Figure 6.6f).

In general, the DRI numbers per expansion for the reactive coarse (NM — New Mexico) and fine
(Tx - Texas) aggregate do not align, except for the weighting factors proposed by Villeneuve and
Fournier (2011, 2012) for the ASR proportioned for the FT group (Figure 6.6a) and those
suggested by Grattan-Bellew and Danay (1992) for FT (Figure 6.6e). Meanwhile, no clear pattern
indicates whether one type produces higher DRI numbers at a given expansion level. However,
the difference between the DRI numbers from the concrete made with reactive coarse and fine
aggregate for the ASR proportioned for the FT group is smaller at lower expansion levels,
increasing with greater expansion. Additionally, the rise in DRI numbers for the ASR proportioned
for the DEF group is steeper for reactive coarse aggregate than for reactive sand. For the combined
mechanisms, all proposed weighting factors yield higher DRI numbers for reactive sand in the
ASR+FT combined mechanisms (Figure 6.6¢). In contrast, the opposite behaviour is noted, with
the reactive coarse aggregate generating higher DRI numbers at the same expansion levels for the
ASR+DEF combined mechanism (Figure 6.6d). Interestingly, the combined mechanisms show
more parallel trendlines between both reactive aggregate types, represented by all proposed
weighting factors. This parallelism between the trendlines of both reactive aggregates is further
observed for the FT mechanisms (except for the results produced by Smaoui et al. (2004) and those
from Grattan-Bellew and Mitchell, 2006) and the DEF mechanisms, where the NM coarse
aggregate consistently produces higher DRI numbers. Nevertheless, the R2 can be considered

sufficient for all weighting factors in this context.

Validation for using the distress features proposed by Villeneuve and Fournier (2011, 2012) was

conducted by applying the DRI to distress mechanisms beyond ASR [4,5]. The selection of distress
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features was based not only on operator variability but also on their indication of deterioration due
to ISR. The occurrence of ASR in concrete shows features of a petrographic nature that are not
associated with damage, such as the presence of gel as a reaction product within cracks in the
aggregate, cement paste, and lining/filling voids. Additionally, reaction rims found at the inner
boundary of the aggregates do not necessarily indicate concrete deterioration, thus emphasizing
the distinction between petrographic and distress features. Conversely, DEF can exhibit
petrographic features, such as reaction products within the aggregate-paste interface, which could
migrate to any open gaps in the concrete (i.e., open cracks in the aggregate caused by excessive
pressure from DEF expansion or voids). Furthermore, FT deterioration does not encompass any
features of a petrographic nature other than its pattern (i.e., crack initiation and propagation).
Therefore, it is the cumulative effect of each counted distress feature and their proportional
distributions across the surface of a specimen that delineates the extent of the damage associated

with a particular distress mechanism.

147



DRI number

¢ Grattan-Bellew and Danay (1992) - NM
¢ Grattan-Bellew and Danay (1992) - Tx
@ Smaoui et al. (2004), Grattan-Bellew and Mitchell (2006) - NM
@ Smaoui et al. (2004), Grattan-Bellew and Mitchell (2006) - Tx
m Powers and Shrimer (2007) - NM
Powers and Shrimer (2007) - Tx
A Villeneuve (2011) - NM
A Villeneuve (2011) - Tx
(&) ASR for FT (b) ASR for DEF
1400 1400
R?2=0.84
® ' R2=0.90
1200 - @ ® 1200 -
@ R%=0.99
1000 - R®=0.90 1000 -
800 - _ 800
2
£
=]
<
600 - 600 -
a
400 - 400 4
200 A 200
0 T T T 0 T T T
0.00% 0.10% 0.20% 0.30% 0.40% 0.00% 0.10% 0.20% 0.30% 0.40%
Expansion level Expansion level

148



1800

(c) ASR+FT

1600

1400

1200

=

o

o

o
!

800

DRI number

600 -

400

200 -

]

2
© R*=0.99

R?2=0.77

R*=0.80

ﬁ R?=0.88
B roen

0.00%

0.10% 0.20%

Expansion level

(e) FT

0.30% 0.40%

1400

1200 H

1000 -

800 -

600 -

DRI number

400 -

200

0

0.00%

0.10% 0.20%

Expansion level

0.30% 0.40%

DRI number

DRI number

(d) DEF+ASR

1800
=0.97
1600 @
1400 R%2=0.97
A
1200 Rz =0.80 @
@
A
1000 e &
| R2 = '
@ o A R=08s {R°=055
800 A s
A e &
A R?=0.70| o~
600 é N R?=0.97
/- B .
@ o
400
0 =0.66
200 @
o T T T T T T
0.00% 0.25% 0.50% 0.75% 1.00% 1.25% 1.50% 1.75%
Expansion level
(f) DEF
1400
n
=0.94 i
1200
R%2=0.98
1000 S N ‘
'R%2=0.98
b et hd
800 . ° &
0.99
600
400
200
0 T T T T T T T

0.00% 0.25% 0.50% 0.75% 1.00% 1.25% 1.50% 1.75% 2.00%

Expansion level

Figure 6.6. DRI as a function of expansion for various distress mechanisms using several weighting factors.
The solid lines represent the trend line for the reactive coarse aggregate (NM — New Mexico) and the dashed
lines represent the trend line for the reactive sand (Tx - Texas).
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6.5.2. Capturing ISR damage progress using the extended version of the DRI

To improve the understanding and description of crack propagation, Sanchez et al. (2015, 2016)
proposed an extended version of the DRI. This analysis employs unweighted counts of distress
features, such as CCA, OCA+OCARrp, and CCA+CCPrp, expressed as counts per 100 cm? and
proportions (%), alongside the summation of OCA+OCARrr and CCA+CCPrp per 1 cm?, which
represents the crack density [10,60], as demonstrated in Equations 6.2, 6.3, and 6.4, respectively.
Figures 6.7 and 6.8 illustrate the distress features as counts per 100 cm?2 and proportions (%) for
the ASR and FT and the ASR and DEF groups, respectively. The general trend from the first to
the last level of expansion shows an increase in total distress feature counts, as observed in Figures
6.7a and 6.8a. However, this trend varies at the intermediate expansion levels, where higher counts
may occur (such as for ASR 35 MPa and FT — NM). At the same time, other instances show a
"dip," where an intermediate expansion level produces lower total distress feature counts than the
lower expansion level. This is evident for ASR+FT and FT for the Tx specimens (Figure 6.7a),
where the “dip” is mainly attributed to lower CCA counts at 0.16% and 0.12% expansion,
respectively. Interestingly, the “dip" occurs at higher expansion levels for DEF — NM, DEF+ASR,
and DEF — Tx, at expansion levels of 0.50%, 0.90%, and 1.16%, again attributed to lower CCA
counts. The reactive sand concrete generates more CCA than the reactive coarse aggregate for
ASR (35 MPa and CPT mixtures), FT, and ASR+FT. In contrast, the opposite behaviour is noted
for DEF and DEF+ASR mixtures—nevertheless, both OCA+OCArp and CCP+CCPrp increase
with expansion. The proportions of CCA are above 45% for the ASR and FT groups, while a
minimum of 9% of CCA is noted for the ASR and DEF groups. Generally, the proportions of

OCA+OCARp are larger than those of CCP+CCPrp for ASR and the combined mechanisms, while
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the proportions of CCP+CCPrp tend to exceed those of OCA+OCARp for the distress mechanisms

originating from cement paste (i.e., FT and DEF).
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Figure 6.7. Extended version of the DRI as (a) distress feature counts/100 cm? and (b) proportions (%o) for the
ASR and FT groups.
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Figure 6.8. Extended version of the DRI as (a) distress feature counts/100 cm? and (b) proportions (%) for the
ASR and DEF groups.

The crack density, represented as the summation of OCA+OCARrr and CCP+CCPrp per 1 cm?,
further illustrates the propagation of the distress features in combination within one square, as
shown in Figure 6.9. The crack density is plotted as a function of expansion, revealing an increase
in crack density as expansion increases for all distress mechanisms. Generally, crack density rises

with expansion at varying rates, indicated by the different slopes of the trendlines and the starting
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points where ASR proportioned for the FT groups (i.e., 35 MPa) presents the lowest initial values
at 0.79 and 0.70 counts/cm? for the reactive coarse — NM and fine — Tx aggregates, respectively,
while 0.79 and 0.97 counts/cm? for the reactive coarse — NM and fine — Tx aggregates,
respectively, are obtained from the ASR CPT mixtures (proportioned for the DEF groups).
Therefore, an average of less than one open crack in the aggregate or crack in the cement paste is
observed per square unit. Conversely, all other distress mechanisms exhibit crack density values
greater than 1 count/cmz2, with the highest value at low expansion levels achieved by ASR+FT at
1.87 counts/cm? and, comparably, FT at 1.80 counts/cmz?, both made with the reactive coarse
aggregate (i.e., NM). Interestingly, the spread of the crack density results at each expansion level
is consistent throughout the ASR and FT groups (Figure 6.9a), where the range of values observed
at low expansion levels varies by 1.17 counts/cm?2 and slightly widens to 1.52 counts/cm? at 0.30%
expansion, creating an envelope of results (ranging from 2.40 to 3.92 counts/cm?) with a fairly
linear relationship, except for ASR + FT made with the reactive sand (Tx). Consequently, the
lower coefficient of determination (R2) of 0.71 can be increased to 0.99 using a parabolic
relationship. Moreover, the crack density increases at similar rates for each aggregate type for ASR
and FT, while the combined ASR+FT mechanism shows a variable increase for both reactive
aggregates. In contrast, the crack densities for the DEF+ASR and DEF groups exhibit a more
concave behaviour as expansion increases (Figure 6.9b), where the relationship between crack
density and expansion for the DEF specimens made with the reactive coarse aggregate is better
represented by a logarithmic model (increasing R? to 0.92). Similar to the ASR and FT groups,
parallelism is observed between the aggregate types, except for the ASR proportioned with the
CPT. The initial and final value ranges are less evident due to the dissimilarity in the studied

expansion levels; however, a clear envelope is present.
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6.5.3. Representing damage as a function of the distress features

The types and numbers of distress features vary with the type of ISR and its extent. Figure 6.10
demonstrates the expansion as a function of the distress features according to the extended version
of the DRI (i.e., CCA, OCA+OCARp, and CCP+CCPrp) for all distress mechanisms. The increase
in colour intensity (from grey to red) indicates the rise in expansion level within each distress
mechanism category. Expansion does not respond to the counts of CCA due to the nature of such
cracks being unrelated to volumetric increase (Figure 6.10a). On the other hand, OCA+OCARp and
CCP+CCPrp play a more significant role in the resulting expansion levels (Figures 6.10b and c,
respectively), where an overall increase in expansion is observed with rising counts. Some
clustering is seen for OCA+OCARrp, Where mechanisms including ASR present the highest counts.
Meanwhile, the clustering of the distress mechanisms is more pronounced for CCP+CCPrgp, thus
indicating the influence of the distress mechanism. Consequently, Equation 6.5 describes the
increase in expansion (%) as a function of the distinct distress features (counts/100 cm?2), excluding
the CCA (i.e., due to the model’s decrease in performance when CCA was included to predict
expansion) while relating expansion related to OCA+OCARrp and CCP+CCPrp. The relationship
was further verified using various model combinations and selecting the model with the lowest
Akaike Information Criterion (AIC) and Adjusted R2 (0.88). AIC measures the best fit between
models by generalizing the data without overfitting, and the model with the lowest AIC was
selected. The Adjusted R? considers unnecessary predictors to prevent overfitting, and the highest
value was selected. Interactions between the two features are included (Figure 6.11a), and a term
to define the mechanism’s effect. ASR is presented as the base model, such that other mechanisms
are added using the corresponding terms (i.e., 0 — do not include and 1 — include). The error is

implicitly accounted for when fitting the linear model.
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e(%) = (—2.226 x 1072) + (9.718 X 10™4)(0CArgra,) + (2.699 X 1075)(CCPryraL)?

+(8.333 X 1078)(0CA1o7a.)(CCProra)?
+(7.608 x 10~2)(DEF) — (4.025 x 10~2)(DEF&ASR)
—(7.981 x 10~2)(FT) — (2.437 x 10~1)(FT&ASR)

Eq. 6.5

Where 0CArora, aNd CCPror4, are the distress feature counts/100 cm?, and DEF, DEF&ASR, FT and
FT&ASR are the distress mechanism factors.
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Figure 6.11. (a) CCP+CCPrp vs OCA+OCARrpr and (b) predicted vs observed expansion.

While the chosen model and obtained coefficients offer the best fit, important discrepancies remain

where an observed expansion of 0.05% is predicted at 0 to 0.09%, and an observed expansion of

0.12% is predicted at 0 to 0.39%. At the observed expansions of 0.20% and 0.30%, the predicted
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values vary from 0.10 to 0.31% and 0.23 to 0.46% of expansion, respectively. However, for greater
levels of expansion, the predicted values stay closer to the 1:1 line, except for DEF at 1.16% of
observed expansion, predicted at 0.73%. Nonetheless, both are deemed ultra-high degrees of

damage, falling within the same damage extent category as per [2].

6.5.4. Using the distress features to describe mechanical responses

Expansion signifies volumetric changes in concrete influenced by ISR; however, the mechanical
responses to a specific expansion differ based on the type of ISR encountered. Consequently, the
mechanical responses related to the distress features, represented by the extended version of the
DRI (i.e., CCA, OCA+OCARrp, CCP+CCPrp, and Debon), were utilized for linear regression. This
method enhanced the understanding of each distress feature’s role in ISR-induced deterioration.
The predicted mechanical responses (i.e., remaining mechanical properties and SDT output
parameters) are determined using Equation 6.6 and Tables 6.3 and 6.4 coefficients, respectively.
ASR is the base model, incorporating additional mechanisms using the corresponding terms (i.e.,
0 — do not include and 1 — include). The relationships between the predicted and observed
remaining mechanical properties (i.e., tensile — fi and compressive - fc strengths and elastic
modulus - E) for all distress mechanisms are illustrated in Figures 6.12a, b, and c, respectively,
while the SDT output parameters (i.e., hysteresis area — HA, stiffness damage index — SDI, and
plastic deformation index — PDI) are shown in Figures 6.12d, e, and f, respectively. Appendix D
details the remaining mechanical properties in relation to each distress feature. The Adjusted R?
values are reported as 0.43, 0.83, and 0.85 for the tensile and compressive strengths and the elastic
modulus, respectively. The remaining tensile strength solely encompasses the ASR and FT groups,
while the remaining compressive strength and modulus of elasticity consider all distress

mechanisms.
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Some clustering is observed for the remaining tensile strength despite a +20% difference between
the predicted and observed values (Figure 6.12a). Overestimations of 20% for the FT+ASR
compressive strengths are shown, while a maximum difference of 7% is recorded for all other
distress mechanisms (Figure 6.12b). Regarding the modulus of elasticity, significantly smaller
variations are noted at £6% (Figure 6.12c). There is a certain degree of clustering evident for both
compressive strength and modulus of elasticity; however, this is attributed to various levels of

deterioration.

Remaining mechanical property or mechanical response

= fo + P1(x1) + Ba(x3) + P3(x3) + =+ + B1g(x19) Eq. 6.6

Table 6.3. Regression coefficient estimates for the remaining mechanical property as a function of distress
features and mechanism.

Mechanical property (%) fe fc E
CCAO'ZS,
Coefficient Raised variable, x; - ccpt 0CA3,
Cccp®
Bo Intercept 5.450E+01 1.490E+02  7.743E+01
B4 CCA -7.546E-03 -7.087E-02 -1.229E+00
B OCA+OCARp -4.381E-02  -6.254E-01  -7.345E-07
B CCP+CCPrgp -1.357E-08 -4.630E-01  1.368E-11
Ba Debon 0 1.997E+01  1.140E+02
Bs CCA*(OCA+OCARrp) 0 8.597E-04  -4.810E-07
Be CCA*(CCP+CCPrgp) 0 6.004E-04  -3.992E-12
B, (OCA+OCARp)*(CCP+CCPgp) 0 4.308E-03  -1.515E-18
Bs CCA*Debon 0 -1.115E-01  -3.072E+01
By (OCA+OCARrr)*Debon 0 -2.085E-01 -1.818E-05
Bio (CCP+CCPgp)*Debon 0 -2.613E-03  -4.856E-11
Bi1 CCA*(OCA+OCARp)*(CCP+CCPgp) 0 -6.574E-06  4.804E-19
P12 CCA*(OCA+OCARgp)*Debon 0 1.066E-03  5.152E-06
Bi3 CCA*(CCP+CCPgp)*Debon 0 4576E-04  1.307E-11
Bia (OCA+OCARp)*(CCP+CCPgp)*Debon 0 2.355E-04  1.509E-17
Bis CCA*(OCA+OCARgp)*(CCP+CCPrp)*Debon 0 -4.482E-06  -4.048E-18
Bie DEF - -1.841E+01  -3.605E+01
Bi7 DEF&ASR - -1461E+01 -2.077E+01
Bis FT -1.045E+01 -2.530E+00  2.491E+00
Big FT&ASR -2.643E-01 -1.017E-01 1.128E+01
Adjusted R? 0.43 0.83 0.85
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Figure 6.12. Predicted vs observed remaining mechanical properties (a) tensile strength, (b) compressive
strength, (c) elastic modulus, and SDT output parameters, (d) the hysteresis area — HA, (e) stiffness damage
index- SDI, and f) the plastic deformation index -PDI.

The SDT output parameters are compared using the same number of coefficients as the remaining
mechanical properties. Table 6.4 presents the estimates of each coefficient for the hysteresis area
(HA), the stiffness damage index (SDI), and the plastic deformation index (PDI), along with the
R2 values of 0.85, 0.80, and 0.88, respectively. Figures 6.12e and f illustrate a more scattered fit
along the 1:1 line for the SDI compared to the PDI. The most considerable difference in predicted

versus observed SDI and PDI is £0.05 and £0.04, respectively.
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Table 6.4. Regression coefficient estimates for the SDT output parameters as a function of distress features

and mechanism.

SDT output parameter HA SDI PDI
Coefficient Raised variable, x; ccpt ccpt ccpt
Bo Intercept 9.956E+02 2.456E-01 1.826E-01
B1 CCA 6.095E-01 -2.515E-04  -2.259E-04
B OCA+OCARrp 3.413E+01  -2.237E-04  -3.285E-05
B CCP+CCPgp 5.873E-06 -5.794E-10  -5.573E-10
Ba Debon 3.311E+03  -2.576E-03  -1.971E-02
Bs CCA*(OCA+OCARrp) -1.363E-02  2.956E-06 1.792E-06
Be CCA*(CCP+CCPge) 1.649E-08  2.357E-12  2.204E-12
B, (OCA+OCARp)*(CCP+CCPgp) -1.171E-07  3.802E-12  3.177E-12
Bs CCA*Debon -2.275E+01  -8.521E-05 5.187E-05
Bo (OCA+OCARrp)*Debon -4 750E+01  6.031E-05 1.227E-04
B1o (CCP+CCPrp)*Debon -3.280E-05 -5.303E-11  2.730E-11
iy CCA*(OCA+OCARrp)*(CCP+CCPgp) 2.053E-11  -1.537E-14  -1.338E-14
B1s CCA*(OCA+OCARrp)*Debon 2.080E-01  6.976E-07  -1.928E-07
B1i3 CCA*(CCP+CCPgp)*Debon 3.123E-07 1.579E-12 7.732E-13
Bia (OCA+OCARp)*(CCP+CCPgp)*Debon 2.886E-07  3.298E-13  -1.744E-13
Bis CCA*(OCA+OCARp)*(CCP+CCPgp)*Debon  -2.270E-09  -9.855E-15  -4.098E-15
Bie DEF 2.196E+03  -5.517E-02 -2.025E-02
B17 DEF&ASR 2.166E+03  -4.541E-02 -8.919E-03
Bis FT 7.547E+01 2.760E-03 4.891E-02
Bio FT&ASR 4706E+02  -2.990E-02 3.472E-02
Adjusted R? 0.85 0.80 0.88
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6.6.Discussion

6.6.1. Representative sample to capture damage pattern

The DRI and its extended version generalize the deterioration pattern across the analyzed surface,
where the counts may vary from square to square. Establishing a significant sample size can
depend on many variables, such as the operator’s experience and familiarity with the type and level
of deterioration, crack pattern, and damage homogeneity. While a sample in laboratory testing is
often referred to as a collection of three or more specimens for conducting further statistical
analyses, microscopy samples, in general, are limited by constraints imposed by the equipment
and the time required to prepare and analyze the specimens. For the DRI, the prepared surface is
divided into 1 cm by 1 cm squares, and these incremental squares represent the space frame in
which the analysis is conducted. Fluctuations in the cumulative DRI number can be observed, and
convergence towards a stable DRI number is generally achieved after observing a certain number
of squares. This convergence effect can be explained by the law of large numbers, where, as the
sample size increases, convergence towards the mean (i.e., final DRI number) is reached, as
expressed in Equation 6.7.

2?:1)(1' _ Xl +X2 +X3 + b +Xn

DRI =X, =
n i n

Where X; represents the DRI number until square i and n is the total number of Eq. 6.7

analyzed squares or sample size.

The convergence plots, therefore, can validate the significance of the sample size (Figure 6.13). It
is advisable to use the convergence plots to verify the homogeneity of the sample rather than to
define a minimum sample size. Convergence is generally achieved at smaller n for lower levels of

expansion, which corresponds to the less connected spread of the distress features at low levels of
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expansion. In contrast, a larger sample size is necessary to achieve this convergence at higher
expansion levels, likely due to extensive crack propagation. Nevertheless, this visual
representation of the converging cumulative DRI can indicate damage homogeneity and determine
whether the value reaches convergence based on the number of 1 cm by 1 cm squares. Sanchez et
al. (2016) initially indicated that a minimum of 100 cm2 is sufficient to analyze laboratory-made
specimens [10], validated through the convergence plots. It is, therefore, suggested to use
7525 cm? for laboratory-made specimens, while 200 cm? continues to be recommended for field
concrete. However, due to damage distribution across the depth of a core from field concrete, a
fixed sample size may not always be representative. Conditions such as configurations for testing
aggregate reactivity, mixture reactivity, and residual expansion; reinforcement ratios, bar
distances, cover thickness, humidity and weather conditions; cyclical wetting and drying, among
others, may influence the damage pattern and, consequently, the homogeneity of the distribution
of distress features. Therefore, heat maps illustrating deterioration regions can assist in defining a

damage profile and segmenting homogeneous regions [61,62].
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Figure 6.13. DRI sample size convergence plots.

6.6.2. Indicators of the cause of ISR deterioration

Homogenizing the DRI weighting factors [4,5] associated with distress features, both without and
with reaction products, aimed to reduce operator variability. This was further supported by
Sanchez et al. (2015,2020), where an increase in expansion was not linked to an increase in distress
features with reaction products, illustrating the contribution of such distress and petrographic
characteristics [11,60]. Additionally, Sanchez et al. (2020) explored the correlation between the
DRI and the distress features that best describe concrete deterioration. They observed strong
correlations between the modulus of elasticity and SDI as a function of the DRI, with the different
slopes in the SDI versus DRI plot demonstrating the impact of the type of aggregate and distress
mechanism. Distress features that have a less evident effect on mechanical properties include
closed cracks in the aggregates (CCA), therefore, some researchers have pointed out the limited
role of CCA concerning expansion [61]. However, their impact on crack propagation remains
significant, as illustrated by Figures 6.7 and 6.8 through the extended version of the DRI. When
incorporating CCA into the regression to predict the remaining mechanical properties, the
Adjusted R2 for the remaining compressive strength and modulus of elasticity increased. Overall,
the deviations for compressive strength and modulus of elasticity from the observed values are less
impactful from a practical standpoint, except for the FT+ASR mechanism. As such, differences in
compressive strength losses of 20-40% result in marginal to very high damage degree
classification, as noted in [2]. Nonetheless, the influence of the distress features on the mechanical
properties is reflected in these relationships, showcasing the contribution of CCA to mechanical

responses. The significance of these features is underscored when comparing the magnitudes of
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the linear model coefficient estimates for each distress feature and mechanism relating to all

mechanical responses.

All estimates for the remaining tensile strength of the ASR and FT groups are negative, with
CCP+CCPrp showing the smallest effect and OCA+OCARrp demonstrating the largest effect.
Generally, in sound concrete, tensile strength is influenced by “defects” such as the aggregate-
paste interface and pre-existing cracks in the cement paste [63]. However, in ASR-affected
concrete, pre-existing defects include cracks in the aggregates, particularly open ones.
Furthermore, the stop-arrest mechanism described in [64] may be diminished for ASR-affected
concrete due to the open cracks in the aggregate serving as a pathway for the leading crack. Both
mechanisms (i.e. FT and FT+ASR) exhibit more significant tensile strength reductions than the
ASR baseline. Nonetheless, it is established that the tensile strength of ISR-affected concrete
depends on the length of the leading crack reaching a critical value (i.e., faster crack propagation),
resulting in a brittle failure [64]. Therefore, in this context, higher crack counts only affect the rate
at which this critical length is reached rather than being directly related to tensile strength.
Consequently, the remaining tensile strength is not adequately described by the counts of distress

features.

The OCA+OCARp, regarding the remaining compressive strength, on the other hand, has a more
significant negative effect, followed by the CCA. The Debon-type crack demonstrates the largest
positive effect, indicating that the remaining mechanical property also increases as Debon
increases. This may stem from the limited number of such cracks due to the adopted counting
method, which applies only to DEF and DEF+ASR. The interaction among all the distress features
does not reveal a clear pattern, as some interactions cause an increase in the remaining compressive

strength. Compressive strength, compared to tensile strength, is less governed by fracture
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mechanics since the mechanism of concrete failure in compression is relatively more “ductile”
than in tension and is not fully governed by a singular crack reaching a critical length. Cracks
generated by compressive loading form in the weaker zones, such as the aggregate-paste interface,
and propagate into the cement paste until they interlink to cause failure under compression [63].
ISR creates cracks that spread throughout the concrete; consequently, the distances required for
distress features to connect are reduced. Thus, as more cracks are identified, resistance to
compressive failure diminishes. Cracks contained within the aggregates (i.e., without extending
into the cement paste) do not directly affect compressive strength; however, when they reach the
cement paste (i.e., due to ASR advancement), a decrease is observed [64]. While the proportion of
OCA+OCARrp is more significant than CCP+CCPrp for ASR, cracks in the cement paste result
from cracks widening in the aggregate. Meanwhile, for ISR mechanisms that develop in the cement
paste (i.e., FT and DEF), a reduction in compressive strength is seen earlier than with ASR, further

underscored by the negative estimates from Table 6.3 from these mechanisms.

As expected, the modulus of elasticity appears to be most influenced by CCA, OCA+OCARrp and
Debon-type cracks. From a petrographic standpoint, CCA may not affect expansion but
demonstrates a mechanical impact. In some instances, CCA may represent a shear crack
characterized by slippage rather than opening, thereby producing virtually no expansion. The
modulus of elasticity of concrete is determined by aggregate stiffness, cement paste porosity, and
the aggregate-paste interface [63]. Cracks in the aggregates inherently weaken the aggregate as a
defect, reducing its stiffness. Moreover, debonded/disaggregated (i.e., Debon) type cracks impact
the remaining mechanical properties rather than the expansion predicted by Equation 6.5; this
underscores the need to include such features in the counts to describe damage deterioration at the

aggregate-paste interface more accurately. As such, a gap in the aggregate-paste interface
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diminishes the capacity to transfer stresses from the cement paste to the aggregate, thereby
reducing the modulus of elasticity [63]. This type of distress is most commonly found in DEF-
affected concrete, contributing to the petrographic nature of the distress feature. However,
additional work is needed to integrate the counting procedure proposed by Trottier et al. (2024)
[39]. All ISR, in comparison to the ASR baseline, show greater declines in mechanical properties,
except for the modulus of elasticity of FT and FT+ASR. A greater decline in the modulus of
elasticity for the DEF and DEF+ASR-affected concrete is likely due to the presence of Debon-

type cracks.

When analyzing the coefficient estimates of the SDT output parameters, the influence of the
hysteresis area (HA), as proposed by Sanchez et al. (2014) [65] and considering the energy
required to close open cracks, was captured in Table 6.4. The HA estimates were primarily affected
by OCA+OCARrr and Debon-type cracks, while most were impacted by DEF, DEF+ASR,
FT+ASR, and FT, followed by ASR. The SDI and PDI generally presented similar estimates (very
small), yet OCA+OCARr has a greater influence on the SDI due to the closure of such cracks.
Debon-type cracks exert a greater influence on the PDI, likely due to the volumetric expansion of
the cement paste, which is akin to the effect of high temperatures [63,66,67]. The CCA
demonstrated a similar influence on both output parameters, again underscoring its role in
mechanical response. Likewise, the effect on SDI and PDI of DEF and DEF+ASR is less severe
than that of ASR alone, while FT+ASR decreases the SDI and increases the PDI, and FT alone
increases both the SDI and PDI compared to ASR. In summary, the extent of ISR deterioration
does not produce the same deterioration pattern for a given expansion. The distress features vary
concerning the observed ISR, resulting in distinct deterioration patterns for each distress

mechanism expansion.
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Lindgard et al. (2012) further emphasized the necessity for the DRI to encompass a parameter for
crack extensions from the aggregate to the cement paste [68]. In response, Sanchez et al. (2020)
examined the proportions of cracks originating from or extending to aggregate-paste, interface-
paste, and isolated pore/paste cracks [11]. Plotting mechanical responses against crack extensions
(Figure 6.14) does not reveal a clear relationship; however, distinct clustering based on distress
mechanisms is observed. This suggests that the distress mechanism influences crack extension
proportions. Although the total count of crack extensions may not accurately depict the extent of
damage as indicated by mechanical responses, it effectively represents the type of deterioration.
These crack extensions might exhibit a more petrographic nature, helping to identify the causes of

ISR deterioration, significantly affecting damage.
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Figure 6.14. Mechanical responses as a function of the distress feature extensions.

The distress mechanism is a categorical variable defined by petrographic and distress features,
crack extensions, and overall deterioration patterns. The extent of its damage can be viewed as a
categorical variable since the magnitude of expansion does not lead to the same deterioration for
each ISR. Nevertheless, this work presents a comprehensive framework of the various methods to

characterize the causes of ISR deterioration through the extended version of the DRI.

6.6.3. Predicted extent of the deterioration

An increasing level of ISR-induced deterioration generally results in more distress features
produced per 1 cm by 1 cm square, and/or previously formed distress features may become

connected, which varies depending on the distress mechanism observed. However, this increase
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can be localized and may not occur in every 1 cm by 1 cm square. Moreover, the varying trends
observed in Figure 6.9 regarding crack density, which demonstrates different slopes and linearities,
and the clustering per ISR in Figures 6.12 and 6.14 indicate the specific influence of ISR on
expansion and mechanical responses, respectively. However, in Equations 6.5 and 6.6, the type of
ISR is included as a variable that only proportionally affects the expansion and mechanical
response, respectively. Nonetheless, expansion remains the key metric for describing ISR-induced
deterioration; therefore, encompassing these aspects for classifying ISR deterioration based on
expansion is necessary. In addition to the total counts of distress features, boxplots (i.e.,
summarizing the data distribution) of the count frequencies illustrate the frequency of distinct
distress features recorded in the 1 cm by 1 cm squares, thereby capturing these localized effects
(e.g., as deterioration increases, the number of distress features per square also rises, thereby
shifting the descriptive statistics of the distress feature boxplot counts upwards). The boxplots
display the mean, median, upper and lower whiskers, interquartile ranges, and outliers (as shown
in Appendix B). Furthermore, analyzing the data from the deconstructed extended version of the
DRI enabled the acquisition of descriptive statistics such as the mean, variance, standard deviation
(SD), minimum and maximum values, and the number of analyzed squares (n), which are tabulated

in Appendix C for further reference.

The average count value (i.e., total counts divided by n, which can be multiplied by 100 to obtain
counts/100 cm?) and the interquartile range (IQR) from the boxplots were used as variables to
describe the extent of damage concerning the distress mechanism, as presented in Figure 6.15,
Equation 6.8, and Table 6.5. The IQR was selected as a parameter measuring the spread of counts
per distress feature due to the non-normal distribution of the count data. The R2 values were found

to be 0.96, 1, 0.83, 0.95, and 1.00 for the ASR, FT, ASR+FT, DEF, and DEF+ASR distress
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mechanisms, respectively. For ASR, the largest difference in predicted expansion is at 0.12% of
observed expansion for the reactive sand (i.e., Texas — Tx) proportioned for the FT group
(i.e., 35 MPa), where a predicted expansion was found to be 0.08%, underestimating the expansion
by 0.04%. However, 0.08% of ASR expansion was categorized between a low and moderate level
of ASR deterioration, whereas 0.12% of ASR expansion was categorized as moderate ASR
deterioration [2,56]. The FT distress mechanism presented a perfect fit due to the limited data
points. The FT+ASR predicted expansions were influenced by the aggregate type (i.e., ASR
originating from a reactive coarse or fine aggregate), resulting in overestimated values of 0.17%
and 0.27% for the reactive sand mixture at 0.12% and 0.20% of observed FT+ASR expansion,
categorizing the level of FT+ASR deterioration as moderately high and high/very high,
respectively. On the other hand, larger differences are observed for DEF, where up to 0.13% of
DEF expansion is underestimated at 0.80% of observed expansion yet remains categorized as ultra-
high DEF damage (i.e., between 0.50% and 1.00% of expansion). The observed moderately low
DEF deterioration (i.e., 0.09% of expansion) was underestimated as low DEF deterioration (i.e.,
0.05% of expansion). In contrast, the moderate DEF deterioration (i.e., 0.12% of expansion) was
overestimated as high DEF deterioration (i.e., 0.19% of expansion). The DEF+ASR predicted
expansions were within a maximum of 0.02% of the observed. While further refinement may
improve the predictions, complementing the extended version of the DRI with mechanical
responses from the multi-level assessment will ultimately lead to a more efficient determination

of the extent of the deterioration given the distress mechanism(s).
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Figure 6.15. Predicted vs observed expansion per distress mechanism based on average counts and IQR.

Expansion (%) = Bo + B1(x1) + B (x2) + B5(x3) + -+ + B7(x7)
Eq. 6.8

Table 6.5. Regression coefficients for the expansion as a function of counts and IQR of the distress features
for each distress mechanism.

Coefficient  Distress mechanism ASR FT FT&ASR DEF DEF&ASR
Bo Intercept -7.735E-02 9.337E-01 -1.958E-01  -7.522E-01 -2.904
B CCA -1.128E-02 5.274E-01 -8.005E-03  -1.265E-01 7.251E-01
B OCA+OCARrp 1.139E-01 6.144E-01 -9.088E-02 2.806E-01 -6.036E-01
B3 CCP+CCPgp 1.723E-01 2.085 3.254E-01 4.222E-01 4.155
Ba Debon -1.377E-01 1.194E+01 - 2.895 -7.181
Bs CCAIQR 1.213E-02 -1.052 1.030E-02 1.226E-01 6.032E-02
Be OCA+OCARge IQR 2.394E-02 1.620E-01 1.210E-01 4.907E-02 -3.280E-01
B CCP+CCPgp IQR -5.668E-02 -1.076 -1.074E-01  -3.441E-02 -1.010

Adjusted R? 0.96 1* 0.83 0.95 1.00

* R2 ysed due to insufficient data.

6.6.4. Acceptable variability in distress feature counts

Concrete affected by ISR shows variability due to factors such as the type of aggregate, the
porosity of the cement paste, and the nature and extent of the distress mechanisms. Regarding the
DRI, Rivard et al. (2002) previously noted that weighting factors should be adjusted by aggregate
type, which may help reduce subjectivity, particularly at intermediate expansion levels (i.e.,

between low and very high) [69]. Although further adjustments to the weighting factors may
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slightly enhance correlations (as thoroughly observed), it is advisable to consider the aggregate
type in the analysis of concrete affected by ISR whenever possible. The aggregate type does not
only influence mechanisms related to ASR but also affects other mechanisms [16]. Considering
the aggregate type for each distress mechanism and the aforementioned interpretation of a sample,
the bootstrap method with replacement was employed to define confidence intervals (Cls) for all
distress features across all distress mechanisms and expansion levels. The means were utilized as
the parameters of interest, which were used to establish the 2.5th and 97.5th percentiles of the
bootstrap estimates to create the Cl. The number of resampling iterations (R) was set at one
thousand since differences between one thousand and fifteen thousand iterations with increments
of 1000 do not significantly affect the final DRI number (i.e., CCA, OCA+OCARrp, and
CCP+CCPrp yield counts of less than 13, 9, and 4 counts/100 cm?, respectively, resulting in 3.25,
18, and 12 DRI units, respectively). Therefore, the Cls were determined for the 1000 iterations,
and the results are outlined in Tables 6.6 and 6.7, including the mean DRI numbers. The Cls
derived from the bootstrap method do not necessarily indicate a perfectly symmetrical distribution
around the mean; while overlap is observed between expansion levels and distress mechanism
groups, they may serve as a reference for highlighting distress features at various extents of ISR

damage.
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Table 6.6. Confidence intervals of distress features for the FT and ASR groups.

DRI
exp- Lower Upper Lower Upper Lower Upper Mean

0.05% 190 291 36 74 13 35 241

ASR - 0.12% 178 287 82 136 33 56 409
NM 0.20% 248 367 136 213 30 58 551
0.25% 160 281 176 261 30 66 624

0.05% 269 371 77 151 45 100 525

FT+ASR - 0.12% 241 355 103 177 52 131 612
NM 0.20% 304 400 93 168 83 176 730
0.30% 261 389 208 363 75 145 976

0.05% 251 367 51 113 72 141 546

ET-NM 0.12% 392 535 67 133 63 120 590
0.20% 317 465 107 207 75 132 716

0.30% 256 357 107 190 127 201 878

0.05% 281 394 30 61 13 42 250

0.12% 351 465 55 106 15 35 330

ASR - Tx

0.20% 486 649 148 224 24 48 611

0.30% 455 694 129 211 66 108 735

0.08% 599 803 76 137 71 127 684

FT+ASR - 0.16% 383 560 111 201 139 216 952
Tx 0.25% 459 616 168 288 89 152 962
0.30% 751 1119 157 249 111 161 1028

0.05% 581 757 33 100 43 93 492

T - Tx 0.12% 505 696 72 148 49 105 587
0.20% 571 759 52 116 88 143 675

0.30% 603 806 63 130 118 172 797
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Table 6.7. Confidence intervals of distress features for the DEF and ASR groups.

o CCA OCA CcP DRI
P Lower Upper Lower Upper Lower Upper Mean
0.05% 302 450 19 46 27 71 298
A,\‘?,\Fjl ) 0.12% 312 450 83 142 1* 9* 328
0.30% 268 408 132 233 75 172 814
0.07% 159 296 67 133 55 116 501
DEF+AS  0.11% 143 249 117 238 70 129 673
R-NM 0.31% 200 303 114 189 84 153 704
0.50% 148 261 151 263 105 183 876
0.09% 75 152 40 108 89 141 508
0.12% 229 412 76 184 67 119 599
oer g 039% 226 367 84 150 104 159 692
0.50% 121 253 109 195 125 199 828
0.68% 143 244 99 185 144 199 839
0.80% 187 334 113 214 127 194 840
0.05% 596 754 64 109 5 20 375
AR Ty 012% 625 778 86 143 14 39 480
0.20% 439 596 97 176 28 89 565
0.30% 503 674 149 291 22 63 705
0.09% 174 262 30 71 47 92 356
0.31% 239 334 94 159 81 137 624
DEFEAS osow 208 290 125 202 108 154 775
0.90% 87 153 157 265 153 256 1022
1.50% 61 172 239 368 191 287 1310
0.12% 113 181 43 91 69 131 468
oEr. T 043% 149 256 92 172 99 176 711
1.16% 81 153 123 215 147 220 936
1.87% 23 77 135 228 260 345 1362

*Abnormally low CCP in this specimen caused a small interval.
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6.7.Conclusion

The findings of this study establish a comprehensive framework for assessing concrete affected by

internal swelling reaction (ISR). This research introduces an innovative perspective that

complements the traditional representation of damage rating index (DRI) data by breaking it down

to improve the understanding of how each distress feature contributes to deterioration induced by

ISR. The key conclusions of this investigation are outlined below.

Adjustments to the weighting factors were considered unnecessary, as the correlation
coefficients were found to be acceptable across all proposed weighting factors for the same
field of view. However, a distinction can be made between a DRI analysis aimed at
describing ISR damage to concrete for engineering practices by utilizing the distress
features and weighting factors proposed by Villeneuve and Fournier [4,5], the extended
version of the DRI [10,56], including the currently proposed deconstructed version.

The spread of the distress features varied due to the extent of damage resulting from the
cracking. The homogeneity of this spread was captured through DRI convergence plots,
indicating that 75+25 cm? for laboratory-made specimens is a sufficient sample size in
terms of the number of 1 cm? units. Therefore, the convergence plots can serve as
significant indicators for sample size. Further work is, however, necessary to implement
convergence in cores extracted from field structures exposed to various internal/external
conditions.

The contribution of the distress features to the DRI and expansion was found to be non-
linear and inconsistent throughout. However, the DRI often correlates with expansion,
which increases linearly in most instances. The contribution of closed cracks in the

aggregate to the DRI and its extended version, while not corresponding to volumetric
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expansion, is significant compared to other distress features and varies with expansion
level. Through linear regressions, the role of closed cracks in the aggregates and Debon-
type cracks revealed that while they did not contribute to the predicted expansion, they
influenced the mechanical responses when considering only their average counts. Various
distress mechanisms produce different combinations and magnitudes of distress features,
which can, in turn, yield similar DRI values and/or expansions. Therefore, deconstructing
the DRI distress features through boxplots allowed for expressing distinct ISR expansion
as a function of all distress features, including their count distribution, resulting in R2 values
0f 0.96, 1.00, 0.83, 0.95, and 1.00 for the ASR, FT, ASR+FT, DEF, and DEF+ASR distress
mechanisms, respectively.

Confidence intervals were created for each of the distress features, mechanisms, and levels
of expansion using the bootstrap method at 1000 iterations with replacement. Some overlap
remains among the levels of expansion; however, the confidence intervals help define the
limits of the counts for each distress feature. These can be further used in conjunction with
the extent of cracking, its pattern, and propagation, while assisting new operators in
understanding the distribution of crack counts for each distress mechanism and level of

expansion level.

The DRI is a powerful and versatile tool that can be tailored to various forms of concrete

deterioration and types of investigation (e.g., petrographic and engineering). While subjectivity

may persist during complex diagnostic evaluations, it can be minimized by considering the degree

of deterioration in relation to a distress mechanism, which involves examining the cracking pattern

and propagation, along with the corresponding mechanical response for distinct types of distress

mechanisms.
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6.9.Appendices

Appendix A: Debon and DAP average counts

Table 6.8. Average counts/100 cm? of debonded (Debon) and disaggregated/corroded (DAP) aggregate

particles.
mgéfgﬁisssm Expansion Debon DAP mg(!?ltgﬁiss?m Expansion Debon DAP

0.05% 0 0 ASR 0.05% 0 0
3?&% 0.12% 0 2 CPT 0.12% 0 0
NM 0.20% 3 2 NM 0.30% 0 0
0.25% 3 0 0.07% 4 0
0.05% 0 0 DEF+ASR 0.11% 0 2
ASR+FT 0.12% 0 0 NM 0.31% 7 4
NM 0.20% 0 3 0.50% 0 0
0.30% 0 3 0.09% 4 0
0.05% 0 0 0.12% 0 0
FT 0.12% 8 0 DEE 0.39% 0 0
NM 0.20% 4 0 NM 0.50% 12 8
0.30% 14 6 0.68% 17 2
0.05% 0 0 0.80% 17 0
ASR 0.12% 0 0 0.05% 0 0

35 MPa ASR
Tx 0.20% 0 2 opr 0.12% 0 0
0.30% 0 6 T 0.20% 0 0
0.08% 0 0 0.30% 0 0
ASR+FT 0.16% 0 0 0.09% 0 0
Tx 0.25% 0 3 0.31% 0 0
0.30% 0 0 PEF XASR 0.60% 11 2
0.05% 0 0 0.90% 8 3
FT 0.12% 0 0 1.50% 8 3
Tx 0.20% 4 0 0.12% 12 3
0.30% 0 0 DEF 0.43% 12 0
Tx 1.16% 56 3
1.87% 92 19
0.05% 0 0
o 0.15% 0 0
0.21% 0 0
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Appendix B: Boxplots of the distress feature counts
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Figure 6.16. Boxplots of the CCA counts per square unit.

193



(b)

(a)

F——— o || %0c0) .|_H: - %.8'L]
Tm_ L %0z0 o .|_M: - %9kt
_ B
c e e T._H_ L %210 T - %Ero
. o e TE - %ZL0
> o e | - %500 _
: Z . _|_HDIA - %05L |
. _|_H: L %060
- ._ - %ST0 | e =
- < N TE - %090 IM
. e F——e| |F®ovo| & = 8
| = TE L %Leo
L %800
- oo Tm_ L %600
———1 o |} %oco -
. v|_ H _ L %0Z'0 _
s | = o o .|_m: - %020
z e | g s {{] o
o +
Q %G0'0 3
0 B ) | 5] o0 Tm_ - %500
ks ; ]
]
T T T T T T T T T T T T T T 1
¢k oo 8 9 ¥ z O 9 ¥L 2L OL 8 9 ¥ T O
alnjes) ssansip jo Asusnbalyjunod ainjes) ssasip Jo Aouanbayjjunod
_|._ - %0€07) o o T_M_H_ - %080 |
- _|_H _ L %0Z'0 oo T_M_ - %890
— — .. o0g
- —— o |} %20 e A
ST
— (=]
oo o TE - %6£0
o o o Tm_ - %500
Z s sss Tm_ - %zl 0
— - %080
eoe T_m_ - %600
— m - %0Z0 | g -
-2 .o T_M_H_ L %050
T_M_H_ - %zio | B~
< o o _lE L owleo |
- 2
 —— » || %500 i
. _|_M_H_ L oo | i
0o T_M_ L %200
o l ”_ - %020 o]
g . & _|_M_H_ L %0¢'0
8 "2 |3
% : TE-#SD Q ___H_|Etﬁr.o L&
o pi] <
° 8
- T_M_ L %500 : oo ._ - %500
= = -
T T T T T T T T T T T T T T T T T T T T
pboZL 0L 8 9 P T 0 0c 9 2 89+ O

a.nea) ssansip Jo Aouanbayyjuno) ainjes) ssansip Jo AouanbalyunoD

194

Figure 6.17. Boxplots of the OCA+OCARe counts per square unit.
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Appendix C: Descriptive statistics

Appendix C1 — FT £ ASR

Table 6.9. Summary of CCA counts descriptive statistics for the FT £ ASR groups.

Aggregate Distress mechanism  Expansion level Mean Variance SD Minimum Maximum n

0.05% 2.390 6.683 2.585 0 10 105

0.12% 2.295 8.806 2.968 0 12 105

ASR

0.20% 3.056 7.514 2.741 0 11 90

0.25% 2.133 9.309 3.051 0 17 105

0.05% 3.200 5.162 2.272 0 12 75

0.12% 2973 6.540 2.557 0 10 75

NM ASR+FT

0.20% 3.507 4551 2.133 0 11 75

0.30% 3.253 8.462 2.909 0 15 75

0.05% 3.053 6.375 2.525 0 15 75

0.12% 4.627 10.561 3.250 0 16 75

i 0.20% 3.907 10.815 3.289 0 16 75

0.30% 3.057 6.958 2.638 0 12 105

0.05% 3.662 8.090 2.844 0 10 74

0.12% 4.057 8.727 2.954 0 15 105

ASR 0.20% 5.629 17.409 4.172 0 26 105

0.30% 5.600 38.665 6.218 0 52 105

0.05% 7.000 20.486 4.526 1 25 75

0.12% 4.667 13.631 3.692 0 20 75

Tx ASR+FT

0.20% 5.333 10.847 3.293 0 14 75

0.30% 9.187 72.397 8.509 1 45 75

0.05% 6.667 14.495 3.807 0 19 75

0.12% 6.040 17.850 4.225 0 18 75

i 0.20% 6.627 17.940 4.236 0 25 75

0.30% 7.033 24.235 4.923 0 25 90
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Table 6.10. Summary of OCA+OCARre counts descriptive statistics for the FT £ ASR groups.

Aggregate Distress mechanism  Expansion level Mean Variance SD Minimum Maximum n
0.05% 0.552 1.000 1.000 0 4 105
0.12% 1.076 1.994 1.412 0 7 105
ASR
0.20% 1.700 3.763 1.940 0 11 90
0.25% 2.152 5.227 2.286 0 13 105
0.05% 1.133 2.523 1.588 0 7 75
0.12% 1.373 2.670 1.634 0 8 75
NM ASR+FT
0.20% 1.280 2.853 1.689 0 8 75
0.30% 2.827 10.740 3.277 0 15 75
0.05% 0.787 2.170 1.473 0 7 75
0.12% 0.987 2.175 1.475 0 7 75
FT
0.20% 1.533 5.631 2.373 0 14 75
0.30% 1.467 4.886 2.210 0 11 105
0.05% 0.446 0.689 0.830 0 5 74
0.12% 0.771 1.563 1.250 0 8 105
ASR
0.20% 1.838 3.599 1.897 0 7 105
0.30% 1.686 5.025 2.242 0 12 105
0.05% 1.067 2.009 1.417 0 6 75
0.12% 1.520 3.983 1.996 0 10 75
Tx ASR+FT
0.20% 2.267 6.793 2.606 0 10 75
0.30% 2.027 4.459 2.112 0 10 75
0.05% 0.627 2.345 1.531 0 11 75
0.12% 1.053 2.943 1.716 0 9 75
FT
0.20% 0.813 2.046 1.430 0 8 75
0.30% 0.956 2.492 1.579 0 8 90
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Table 6.11. Summary of CCP+CCPrp counts descriptive statistics for the FT + ASR groups.

Aggregate Distress mechanism  Expansion level Mean Variance SD Minimum Maximum n
0.05% 0.238 0.356 0.597 0 4 105
0.12% 0.448 0.365 0.604 0 2 105
ASR
0.20% 0.433 0.496 0.704 0 3 90
0.25% 0.467 0.905 0.951 0 6 105
0.05% 0.720 1421 1.192 0 6 75
0.12% 0.880 3.026 1.740 0 9 75
NM ASR+FT
0.20% 1.280 4.556 2.134 0 10 75
0.30% 1.093 2.383 1.544 0 7 75
0.05% 1.040 2.579 1.606 0 6 75
0.12% 0.907 1.356 1.164 0 5 75
FT
0.20% 1.027 1.594 1.262 0 5 75
0.30% 1.629 3.755 1.938 0 9 105
0.05% 0.108 0.098 0.313 0 1 74
0.12% 0.248 0.265 0.515 0 2 105
ASR
0.20% 0.352 0.403 0.635 0 2 105
0.30% 0.857 1.258 1.122 0 5 105
0.05% 0.987 1.581 1.257 0 5 75
0.12% 1.773 3.259 1.805 0 8 75
Tx ASR+FT
0.20% 1.200 1.973 1.405 0 6 75
0.30% 1.360 1.315 1.147 0 6 75
0.05% 0.667 1.387 1.178 0 5 75
0.12% 0.760 1.752 1.324 0 7 75
FT
0.20% 1.147 1.451 1.205 0 5 75
0.30% 1.444 1.823 1.350 0 5 90
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Appendix C2 — DEF £ ASR

Table 6.12. Summary of CCA counts descriptive statistics for the DEF = ASR groups.

Aggregate  Distress mechanism  Expansion level Mean Variance SD Minimum Maximum n
0.05% 3.678 11.547 3.398 0 17 90
ASR 0.12% 3.767 9.979 3.159 0 18 90
0.30% 3.347 8.473 2911 0 11 75
0.07% 2.240 9.293 3.048 0 15 75
0.11% 1911 6.801 2.608 0 10 90
ASR+DEF
0.31% 2511 6.747 2.598 0 11 90
NM 0.50% 2.027 6.513 2.552 0 10 75
0.09% 1.107 2.988 1.729 0 6 75
0.12% 3.200 15.865 3.983 0 18 75
0.39% 2.924 13.283 3.645 0 17 105
PEF 0.50% 1.853 8.424 2.902 0 15 75
0.68% 1.895 6.595 2.568 0 14 105
0.80% 2.600 15.646 3.956 0 25 105
0.05% 6.764 16.811 4.100 0 17 106
0.12% 7.019 16.133 4.017 0 22 106
ASR 0.20% 5.132 12.142 3.485 0 16 76
0.30% 5.882 14.319 3.784 0 16 76
0.09% 2.178 4.283 2.069 0 8 90
0.31% 2.857 6.335 2.517 0 14 105
Tx ASR+DEF 0.60% 2.486 5.137 2.266 0 11 105
0.90% 1.187 2.181 1477 0 7 75
1.50% 1.133 5.306 2.304 0 12 75
0.12% 1.453 2.575 1.605 0 6 75
0.43% 2.000 5.378 2.319 0 12 75
DEF 1.16% 1.160 2.515 1.586 0 6 75
1.87% 0.467 1.495 1.223 0 7 75
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Table 6.13. Summary of OCA+OCARe counts descriptive statistics for the DEF £ ASR groups.

Aggregate Distress mechanism  Expansion level ~ Mean Variance SD Minimum Maximum n
0.05% 0.311 0.486 0.697 0 3 90
ASR 0.12% 1.100 2.046 1.430 0 7 90
0.30% 1.813 5.019 2.240 0 14 75
0.07% 0.973 2.188 1.479 0 7 75
0.11% 1.700 8.033 2.834 0 17 90
ASR+DEF

0.31% 1.478 3.219 1.794 0 10 90
NM 0.50% 2.040 6.120 2.473863 0 12 75
0.09% 0.693 2.270 1.507 0 10 75
0.12% 1.240 5.698 2.387 0 12 75
0.39% 1.162 2.925 1.710 0 9 105
PEF 0.50% 1.507 4.253 2.062 0 8 75
0.68% 1.371 4.870 2.207 0 13 105
0.80% 1571 7.151 2.674 0 22 105
0.05% 0.858 1.418 1.191 0 5 106
0.12% 1.142 2.065 1.437 0 7 106

ASR
0.20% 1.355 2.925 1.710 0 8 76
0.30% 2.158 9.815 3.133 0 17 76
0.09% 0.500 0.994 0.997 0 5 90
0.31% 1.257 2.789 1.670 0 9 105
Tx ASR+DEF 0.60% 1.610 4.125 2.031 0 13 105
0.90% 2.093 5.626 2.372 0 12 75
1.50% 3.000 8.216 2.866 0 15 75
0.12% 0.653 1.230 1.109 0 6 75
0.43% 1.307 2972 1.724 0 9 75
DEF 1.16% 1.680 4.166 2.041 0 9 75
1.87% 1.787 4.251 2.062 0 8 75
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Table 6.14. Summary of CCP+CCPrp counts descriptive statistics for the DEF + ASR groups.

Aggregate Distress mechanism  Expansion level Mean Variance SD Minimum Maximum n
0.05% 0.478 1.196 1.094 0 5 90

ASR 0.12% 0.044 0.043 0.207 0 1 90

0.30% 1.227 4.718 2172 0 13 75

0.07% 0.840 1.893 1.376 0 8 75

0.11% 0.989 2.034 1.426 0 7 90

ASR+DEF

0.31% 1.167 2.792 1671 0 7 90

NM 0.50% 1.427 3.059 1.749 0 12 75
0.09% 1.133 1.387 1.178 0 5 75

0.12% 0.920 1.291 1.136 0 4 75

0.39% 1.314 2.025 1.423 0 6 105

PEF 0.50% 1.587 2.651 1.628 0 7 75

0.68% 1.705 1.999 1414 0 6 105

0.80% 1.600 3.012 1.735 0 9 105

0.05% 0.113 0.158 0.398 0 2 106

ASR 0.12% 0.255 0.382 0.618 0 3 106

0.20% 0.553 1.824 1.351 0 7 76

0.30% 0.421 0.914 0.956 0 6 76

0.09% 0.678 1.300 1.140 0 5 90

0.31% 1.076 2.110 1.452 0 7 105

Tx ASR+DEF 0.60% 1.295 1.595 1.263 0 5 105
0.90% 2.013 5.365 2.316 0 12 75

1.50% 2.360 4.585 2.141 0 12 75

0.12% 0.973 1.756 1.325 0 7 75

0.43% 1.347 3.203 1.790 0 9 75

DEF 1.16% 1.800 2.730 1.652 0 9 75

1.87% 3.013 3.554 1.885 0 10 75
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Appendix D: Remaining mechanical property as a function of distress features
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Figure 6.19. Remaining tensile strength as a function of distress feature counts.
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Figure 6.20. Remaining compressive strength as a function of distress feature counts.
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Figure 6.21. Remaining elastic modulus as a function of distress feature counts.
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Chapter 7: The damage rating index (DRI): a practical

guideline for autonomous operator training

Cassandra Trottier and Leandro F.M. Sanchez

Abstract

The damage rating index (DRI) is a microscopy tool that captures the extent of internal swelling
reaction-induced deterioration (ISR). Although engineering practitioners more widely use
mechanical tests, it is necessary to attest to the presence and degree of ISR through microscopy. A
more detailed evaluation can be achieved by combining mechanical and microscopy techniques,
including the DRI, which has proven reliable in diagnosing the extent of ISR-induced
deterioration. However, there is currently a lack of practical guidelines and standards in the
literature explaining how to perform the DRI, raising concerns about the tool's use, particularly
regarding operator variability and subjectivity. This work aims to create practical guidelines for
conducting the DRI analysis methodology on concrete affected by alkali-silica reaction (ASR)
originating from either reactive coarse or fine aggregates at various degrees of damage (i.e., 0.05%,
0.12%, 0.20%, and 0.30% expansion). Ranges of expected values were established to serve as

autonomous training for new operators using the same reactive aggregates and mixtures.

Keywords: Alkali-silica reaction; damage rating index; operator training; point-count

microscopy; damage characterization.
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7.1.Introduction

7.1.1. Internal selling reactions (ISR) in concrete: current practices for diagnosis

Internal swelling reactions (ISR) arise from a lack of awareness and understanding of material
incompatibility and the processes contributing to concrete deterioration. Industry needs drive
education and training practices in the concrete sector; therefore, engineering practitioners are
well-trained in designing concrete mixtures and structures. However, due to the age of the existing
concrete infrastructure in Canada, resources (i.e., tools, literature, training, etc.) are crucial for
addressing durability-related issues. Several documents are available [1-5] that outline theoretical
concepts for using diagnostic tools; however, they do not directly guide practitioners on using and
implementing these evaluation tools or interpreting the data for characterizing ISR-induced
deterioration. ISR (e.g., alkali-aggregate reaction — AAR, delayed ettringite formation — DEF,
freezing and thawing — F/T, etc.) are distress mechanisms that compromise the mechanical
properties of concrete and its durability, leading to structural instability, deformations or
deflections, and an overall reduction in the service life of concrete infrastructure. While non-
destructive and mechanical testing are often preferred for estimating properties of concern (i.e.,
compressive and tensile strengths and the modulus of elasticity), concrete petrography in this
context remains the technique used to confirm the presence of ISR. Globally, microscopy allows
an operator to inspect microscopic distress features in concrete and their associated characteristics
to draw conclusions based on observations. Similarly, the damage rating index (DRI) methodology
and analysis can effectively capture the extent of damage at a scale that accurately represents ISR-
affected concrete when conducted by a trained operator, and it can also identify the cause of

deterioration when performed by an experienced professional petrographer.
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7.1.2. Areview of the damage rating index (DRI)

The DRI is a microscopy tool used to assess concrete deterioration. Grattan-Bellew and Danay [6]
first proposed the DRI to assess concrete cores extracted from dams exhibiting distinct
deterioration levels related to alkali-silica reaction (ASR). It was established to quantify the
progression of ASR relatively; however, the considered petrographic features and weighting
factors were selected to emphasize signs of ASR. Since then, researchers have suggested
modifications to these features and factors from a petrographic standpoint [6-9]; nonetheless,
variability among operators has remained a concern regarding systematic evaluations. Villeneuve
et al. (2011, 2012) subsequently tackled the issue of variability among operators, aiming to
distinguish the petrographic aspect of distress features (i.e., a crack without or with reaction
products) by proposing a uniform weighting factor for these features, regardless of the presence of
reaction products [10,11]. Therefore, these weighting factors most accurately represent the damage
to concrete rather than merely indicating ASR, and they have been correlated with expansion
[10,11]. Sanchez et al. [12,13] further examined the relationship between the DRI and mechanical
responses, thereby validating the selection of the proposed weighting factors [10,11] for damage
to concrete caused by ASR stemming from reactive coarse and fine aggregates down to 1 mm in
size, thus confirming the applicability of the DRI methodology and analysis to reactive fine
aggregates [14]. Other ISR mechanisms have been assessed using the DRI [10,15-20], attesting to

its adaptability to a broader range of deterioration mechanisms.

The data collection procedure for calculating the DRI is performed on a sawn, flat, polished inner
concrete surface from a core or specimen using a stereomicroscope at 15-16x magnification, where
squares measuring 1 cm? are within the field of view. Distress features are counted and recorded

in each square. Weighting factors related to the severity of each distress feature encountered
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(Table 7.1) are applied, and the sum of those features is calculated over 100 cm?2 to normalize the
value, as illustrated in Equation 7.1.

Z[0.25(CCA) + 2(0CA + 0CAgp + DAP) + 3(CCP + CCPpp + Debom)] Equation
cm

DRI =
" 7.1

Where CCA is the total number of closed cracks in the aggregate, OCA and OC Agp are the total
numbers of open cracks in the aggregate without and with reaction products, respectively, DAP
is the total number of disaggregated/corroded particles, CCP and CCPgp are the total numbers
of cracks in the cement paste without and with reaction products, respectively, Debon is the

total number of debonded/dislodged aggregates, and n is the number of analyzed 1 cm? squares.

Table 7.1. Pre-determined list of distress/petrographic features and associated weighting factors.

Original Updated weighting
Distress/petrographic feature weighting factor factor Type of feature
[6] [10]
Crack in the aggregate 0.25 - Distress
Closed crack in the aggregate (CCA) - 0.25 Distress
Opened crack in the aggregate (OCA) - 2 Distress
Opened crack in the aggregate with . .
reaction products (OCAxs) 2 2 Distress/petrographic
Corroded/disaggregated aggregate (DAP) - 2 Distress/petrographic
Reaction rim in aggregate 0.5 - Petrographic
Crack in the cement paste (CCP) 2 3 Distress
Crack in th;rgzrggt(p?ét&\;v)lth reaction 4 3 Distress/petrographic
Air void lined/filled with RP 0.5 - Petrographic
Debonded aggregate particles (Debon) 3 3 Distress

The observed data can be visualized as a plot of the DRI number as a function of expansion when
the cause and level of damage are known. In contrast, bar charts (weighted or unweighted —
extended version of the DRI [12,14]) separate distinct distress features, enabling a more diagnostic
character by visualizing the proportions of features. Although complexities are associated with
identifying certain crack types, especially in coarse-grained aggregates for untrained operators, the

DRI remains a point-count method similar to standard procedures (e.g., ASTM C295/295M: Guide
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for petrographic examination of aggregates for concrete, ASTM C1356: Test Method for
Quantitative Determination of Phases in Portland Cement Clinker by Microscopical Point-Count
Procedure, and ASTM C457/457M: Test Method for Microscopical Determination of Parameters
of the Air-Void System in Hardened Concrete) [21-23]. Nevertheless, concerns regarding operator
variability persist, which can be mitigated through adherence to a training procedure.
Consequently, providing a methodology for new operators to perform such analyses autonomously

is fundamental to integrating this tool into engineering practice.

7.2.Motivation and objective

The nuances surrounding the DRI have led to the establishment of a practical guideline for
autonomous operator training on DRI methodology and analysis, further assisting engineering
practitioners in evaluating damage to concrete using microscopy. This guideline presents ASR as
the distress mechanism utilized for the training. The concrete mixtures were fabricated using two
types of ASR-susceptible aggregates selected for their distinct deterioration patterns and variety
of associated features: a reactive coarse aggregate (i.e., Springhill — Greywacke) was combined
with non-reactive sand to produce ASR damage originating from the coarse aggregate, while a
reactive sand (i.e., Texas — Polymictic sand) was combined with a non-reactive coarse aggregate
to generate ASR damage originating from the fine aggregate. To guide the operator through
various extents of damage, four levels of expansion were selected (i.e., 0.05%, 0.12%, 0.20%, and
0.30%), helping to capture the propagation of damage and its associated features. The proposed
approach aims to reduce operator variability as training will be conducted on concrete under
similar conditions (i.e., reactive aggregates, proportioned using standard mixtures, ASR

development, and equipment for surface preparation and conducting the analysis).
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7.3.Materials and methods

7.3.1. Materials and specimen fabrication

Laboratory-made cylindrical concrete specimens (i.e., 10 cm by 20 cm) are created using standard
mixture proportions according to ASTM C1293-18a: Test Method for Determination of Length
Change of Concrete Due to Alkali-Silica Reaction and CSA A23.2-14A: Potential expansivity of
aggregates (procedure for length change due to alkali-aggregate reaction in concrete prisms at
38°C) [24,25] with a cement content of 420 kg/m?. The characterization of aggregates and details
of the mixtures are presented in Table 7.2 and Table 7.3, respectively. A reactive coarse aggregate
(i.e., Springhill — Greywacke) is combined with non-reactive sand to produce ASR damage
stemming from the coarse aggregate, while a reactive sand (i.e., Texas — Polymictic sand) is
combined with a non-reactive coarse aggregate to generate ASR damage originating from the fine
aggregate. The total alkali content of all concrete mixtures is increased to 5.25 kg/m® (equivalent
to 1.25% NaxOeq. by cement mass) using reagent-grade NaOH to accelerate the reaction, as
specified in ASTM C1293-18a and CSA A23.2-14A. The concrete specimens are then demoulded
after moist curing for 24 hours (i.e., 100% RH and 20°C). Holes measuring 8 mm in diameter and
25 mm in length are drilled into both ends of the cylinders. Stainless steel screws, 19 mm in length,
are used as reference points and installed in the holes with a quick-setting cement paste slurry. The
concrete specimens cure for an additional 24 hours under the same conditions. Specimens are then
stored after the initial length readings in environments conducive to ASR development (i.e., 100%
RH and 38°C), and length change measurements are taken periodically to monitor the expansion

time.
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Table 7.2. Aggregate characterization.

Aggregate Location Rock type I?jzlr?stilt\;/ ¢ Absorption (%) Reactivity
Fine Ottawa, Ontario Derived from 5 64, » 65 0.82-1.18 Non-reactive
(Canada) granite

Orthoclase, Quartz,

Bracebridge, Ontario Cristoballite, Albite,

Fine (Canada) Bytowmite, 2.73 0.37 Non-reactive
Cordierite, Illite,
Muscovite, Larnite
Fine Ottawa, Ontario Manufa}ctured 274 0.65 Non-reactive
(Canada) crushed limestone
Polymictic sand
- (granitic, mixed
Fine Corpus Christie, volcanics, quartzite, 2.60 0.55-0.89 Reactive
Texas (USA)
chert, quartz)
Coarse Newfoundland High-purity 2.68 0.44 Non-reactive
(Canada) limestone
Coarse Ottawa, Ontario Limestone 2.78 0.42 Non-reactive
(Canada)
Coarse Springhill, New Greywacke 2.68-2.72 0.602-0.89 Reactive

Brunswick (Canada)

Table 7.3. Mix-design per operator.

Reactive coarse
Water-to-cement

Operator Cement Water . Non-reactive sand aggregate
ratio O
Springhill
kg per 1 m® of concrete
1 189 0.45 823 (Ottawa sand) 934
2 189 0.45 860 (Bracebridge sand) 915
3 420 187 0.45 829 (Manufactured 999
sand)
4 176 0.42 681 (Ottawa sand) 1044
5 189 0.45 836 (Ottawa sand) 938
Operator Cement Water Reactive sand Non-reactive coarse
Texas aggregate
kg per 1 m® of concrete
1 189 0.45 760 1024 (limestone)
4 176 0.42 732 1072 (limestone)
5 420 189 0.45 765 1020 (limestone)
6 177 0.42 678 1093 (High-purity

limestone)

7.3.2. Sample preparation

The specimens are cut in half longitudinally with a wet masonry saw. To achieve a highly reflective

surface, the suggested grinding and polishing grit sequence includes 30, 60, 140, 280 (80—100 um),
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600 (2040 pum), 1200 (10-20 pum), and 3000 (4—8 pum). A visual guide on sample preparation for

such analysis is available in [26].

7.3.3. The damage rating index (DRI) calculation

The DRI calculation considers all counted and weighted distress features (Table 7.1) by summing
them, normalizing the result by dividing it by the number of analyzed squares and multiplying by
100 cm? (Equation 7.1). While the DRI can be applied to various ISRs, the currently proposed
protocol emphasizes damage due to ASR, using the weighting factors from Villeneuve [10] in
Equation 7.1. The distress features in the aggregates include coarse and fine aggregates [12]. Bar
charts are created to separate the features and visualize their relative importance towards the

overall assessment deterioration.

7.3.4. Referencing system and microscope set-up

A grid was utilized as a referencing system with stepping intervals of 1 cm in both the X and Y
directions, which can be drawn using a fine-tip permanent marker or a 3D-printed grid. Letters and
numbers are used to identify the rows and columns, respectively. Figure 7.1 illustrates the
referencing system on a polished concrete specimen, facilitating the tabulation of observations. It
is recommended to set up the spreadsheet so that the rows represent the squares under analysis and
the columns reflect the categories of features while analyzing the squares from left to right.

Gooseneck oblique lights illuminated the surface and highlighted the features (Figure 7.1).
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Figure 7.1. Stereomicroscope and specimen surface configuration.

7.3.5. Data collection

In this proposed training guide, the distress features associated with ASR damage (i.e., cracks) are
listed in Table 7.1, and only the common features produced by the reactive Springhill and Texas
aggregates will be discussed. ASR is recognizable by its cracks in the aggregate, particularly when
it contains a gel-like reaction product. CCA does not exhibit an opening or gap between the edges
of the crack (Figures 7.2a to d). OCA and OCARp present an opening between the crack edges and
can be either empty or filled with reaction products, respectively (Figures 7.2e and f). A partially
filled OCA is regarded as an OCARre, while a combination of CCA and OCA may be observed on
a single crack segment (Figures 7.2g and h, respectively). CCP and CCPrp refer to those within
the bulk cement paste (Figure 7.2i). An OCA or OCARp that extends from the aggregate to the

cement paste is counted as two distinct crack types (Figures 2j to ).
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(a) LCCA (b) 1 CCA (c)2CCA (d)2CCA

(e) 1 OCA (f) 1 OCARp (g) 1 OCAwp (h) 1 CCA +1 OCA

(i) 1 ccp () 1OCA+1CCP  (K)1CCP+10CA+1CCP  (I) 1 OCAgp + 1 CCPrp

. Aggregate
|:| Reaction product

. Open crack

Figure 7.2. Crack type and counts schematics.

Multiple connected cracks can be observed; therefore, the point-counting technique applied to
cracks in networks is illustrated in Figure 7.3. In practice, cracks are counted starting from one

segment tip (starting point) and following the crack until all ends have been considered (endpoints

indicated by numbers).
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Start \/\/3

Figure 7.3. Counts in a crack network.

For instance, in Figure 7.4a, the OCA and OCARrp are linked by a CCP. Figure 7.4b presents a
longer CCP present in the bulk cement paste, in the aggregate-paste interface, and a crack
connecting several reactive sand particles through the cement paste. Figure 7.4c illustrates a CCA
and natural veins in the aggregate. Furthermore, in the images, natural veins and cracks can easily
be confused; however, their appearance under the microscope with proper lighting conditions
reveals their distinctive characteristics, where depth is noticeable in an OCA. The reactive sand
used in this work is shown in Figure 7.4d, where the OCA and CCP can be observed. More

examples of micrographs can be found in the literature [10,12,27].

view is 10 mm b) field of view is 10 mm

Y, ok R THN

a) field of
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7.4.Proposed approach

7.4.1. A new perspective on the analysis of DRI results

The DRI is typically represented as a number or through bar charts to differentiate the various
distress features. Sanchez et al. [12,14] proposed an extended version of the DRI, which includes
unweighted counts per 100 cm?2 and proportions to aid in damage propagation analyses. Figure 7.5
illustrates the operators' combined unweighted counts and proportions as lower and upper limits
(i.e., the minimum and maximum values obtained) and the DRI number displayed above the
corresponding bar. The DRI numbers increase with expansion; however, overlap is observed
between adjacent expansion levels' lower and upper limits. Overall, the differences in DRI
numbers between the lower and upper limits grow with expansion, from 136 and 201 for the
Springhill reactive coarse aggregate and Texas reactive sand, respectively, at 0.05% expansion to
419 and 614 at 0.30% expansion. These differences are significant when assessing the extent of
damage due to ASR; therefore, it is necessary to break down the distress features into unweighted
bar charts to better understand their propagation and distribution. The CCA typically accounts for

over 45% of the distress features, followed by the OCA+OCARp, which ranges from 23% to 46%
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and 6% to 37% for Springhill and Texas, respectively. The CCP+CCPrgep is less prevalent because
the distress mechanisms are more common in the aggregates, at 3% to 14%. Similarly, the

OCA+OCARrp and CCP+CCPrp increase with expansion, yet the results overlap.
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Figure 7.5. The DRI as a function of expansion is presented as a) the DRI number obtained for all operators,
b) weighted bar charts, c) an extended version of the DRI as c) counts/100 cm? and d) proportions.
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The observed count data was converted into histograms for each distress feature (i.e., CCA,
OCA+OCARrp, and CCP+CCPrp) and reactive aggregate type (Figure 7.6), where the frequencies
of counts (y-axis) are displayed as a function of count categories (x-axis), with the categories
representing the number of instances of “i” counts. The histograms showcase the pooled results,
illustrating their sensitivity to various expansion levels. The maximum count category increases
with expansion, as evidenced by the longer and thicker tail. The shapes of the histograms differ
for the CCA when comparing the aggregate type, with means ranging from 1.95 to 3.56 and 4.02
to 4.95 for the Springhill and Texas reactive aggregates, respectively. The means for OCA+OCARp
also increase with expansion, ranging from 0.98 to 2.9 and 0.54 to 2.31 for the Springhill and
Texas reactive aggregates, respectively. The OCA+OCARre for the Springhill aggregate exhibits a
decreasing frequency from zero counts at 0.05% expansion, an increase from 0 to 1 count at 0.12%
expansion, a consistent slope from 0 to 2 counts at 0.20% expansion, and a peak at 3 counts for
the 0.30% expansion. Conversely, OCA+OCARrp for the Texas sand at 0.05%, 0.12%, and 0.20%
expansion shows a decrease in frequency from zero count and peaks at 1 count for the 0.30%
expansion. The CCP+CCPrp decreases frequencies from zero counts for the Springhill and Texas
aggregates, with means ranging from 0.14 to 1.01 for the Springhill aggregate and 0.16 to 0.86 for

the Texas sand. Furthermore, the magnitude of frequencies varies by reactive aggregate type,

thereby highlighting the histogram’s capacity to capture these differences.
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Figure 7.6. Histograms of distress feature counts per reactive aggregate type.

7.4.2. Autonomous operator training

Operator-dependent testing can lead to patterns requiring acceptable value ranges for each distress
feature category. Moreover, during training, histograms can help eliminate encountered biases and
ensure that operator counts align with the distribution of expected counts rather than over or under-
compensating to achieve a desired result. Consequently, the data collected from operators was
used to create cumulative curves with lower and upper-value limits to establish the acceptable
ranges a new operator should achieve when assessing ASR damage to concrete derived from
Springhill and Texas reactive aggregates (Tables 7.4 and 7.5, respectively). These tables outline
the lower and upper limits for the total counts, as the operator is expected to remain within these

total counts and within the cumulative frequency ranges.
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Table 7.4. Cumulative count frequencies for Springhill coarse aggregate.

Count category

Count category

Expansion level 0.05% 0.12%
Distress feature CCA OCA+OCARgp CCP+CCPgp CCA OCA+OCARrp CCP+CCPgp
Counts/100 cm? 185 337 83 108 8 24 177 213 137 192 14 46
0 5.7 26.0 38.1 40.2 78.1 92.9 7.6 31.8 3.8 30.6 57.1 90.0
1 20.0 56.2 70.4 81.0 98.8 99.0 29.5 52.4 51.8 66.7 97.1 97.6
2 42.9 74.0 88.2 98.1 99.0 100.0 60.0 68.8 71.2 924 98.8 100.0
3 61.0 86.4 97.0 100.0 100.0 84.1 914 80.6 100.0 99.4
4 73.3 91.7 98.2 91.2 98.1 88.8 100.0
5 82.9 92.9 98.2 93.5 100.0 94.1
6 89.5 96.5 97.1 96.5
7 93.3 97.6 99.4 98.2
8 97.1 98.2 99.4 98.2
9 98.1 98.2 99.4 98.2
10 99.1 99.4 99.4 99.4
11 100.0 994 99.4 100.0
12 99.4 100.0
13-14 99.4-100
Expansion level 0.20% 0.30%
Counts/100 cm? 178 293 175 232 42 71 217 498 243 356 72 113
0 2.9 22.7 19.1 345 50.5 68.9 2.7 21.0 10.2 30.3 449 53.3
1 26.7 47.2 44.3 51.3 81.5 925 11.6 46.2 23.8 50.4 66.4 80.0
2 46.7 74.0 58.5 78.1 89.9 98.1 24.5 62.2 40.1 67.2 84.0 95.2
3 714 85.7 717 90.5 95.0 100.0 39.5 75.6 57.8 76.5 89.9 99.0
4 79.1 95.8 83.0 93.3 97.5 54.4 88.2 71.4 85.7 97.5 100.0
5 914 99.2 91.5 98.1 98.3 63.3 94.1 81.0 95.2 98.3
6 94.3 99.2 95.3 100.0 99.7 71.4 97.1 88.4 97.1 99.2
7 96.2 100.0 98.1 100.0 81.0 100.0 91.8 100.0 100.0
8 99.1 99.1 87.8 95.0
9 99.1 99.1 89.8 95.2
10 100.0 99.1 94.6 97.3
11 100.0 94.6 98.0
12 95.9 98.3
13 97.3 98.6
14 98.6 98.6
15 99.3 98.6
16 99.3 98.6
17-22  99.3-100  17-20  99.2-100
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Table 7.5. Cumulative count frequencies for Texas fine aggregate.

Count category

Count category

Expansion level 0.05% 0.12%
Distress feature CCA OCA+OCARrr CCP+CCPgrp CCA OCA+OCARrr CCP+CCPgrp
Counts/100 cm? 367 676 22 63 11 25 207 702 76 158 25 42
0 2.8 3.8 47.6 83.6 79.0 91.5 19 18.3 30.8 58.8 60.6 82.9
1 94 15.2 77.4 97.6 96.2 97.6 19 50.0 56.7 81.2 94.1 97.1
2 16.0 26.7 86.8 98.1 98.8 100.0 8.5 60.6 76.9 90.6 97.1 100.0
3 23.6 47.6 100.0 100.0 99.4 16.0 84.6 89.4 95.3 99.4
4 34.9 68.6 100.0 311 913 94.3 98.8 99.4
5 43.4 82.9 37.7 97.1 96.2 99.4 100.0
6 49.1 93.3 50.0 97.1 97.1 100.0
7 62.3 96.2 63.2 98.1 98.1
8 68.9 99.0 71.7 98.1 99.0
9 74.5 100.0 774 99.0 100.0
10 79.2 85.8 99.0
11 84.0 86.8 100.0
12 89.6 92.5
13 93.4 96.2
14 94.3 96.2
15-17 99.1-100 15-22 96.2
Expansion level 0.20% 0.30%
Counts/100 cm? 271 455 117 229 18 90 267 588 180 324 42 124
0 3.8 4.1 17.1 39.5 47.3 82.9 3.9 8.6 7.6 34.2 50.9 76.3
1 9.2 26.7 41.0 72.8 74.0 99.0 9.2 41.0 28.6 58.0 72.2 88.2
2 23.7 48.6 61.0 84.0 91.7 100.0 17.1 57.1 44.8 75.7 80.5 97.4
3 36.8 75.2 75.2 93.5 94.7 31.6 69.5 59.0 83.4 88.8 100.0
4 55.3 85.7 88.6 97.6 96.1 46.1 83.8 74.3 89.9 935
5 61.8 94.3 94.3 98.2 97.4 52.6 86.7 82.9 95.3 95.9
6 69.7 96.2 95.2 99.4 98.7 57.9 92.4 87.6 97.0 95.9
7 78.9 99.0 98.7 100.0 100.0 71.1 96.2 90.8 97.6 98.8
8 85.5 99.0 100.0 77.6 99.0 93.4 98.1 99.4
9 89.5 100.0 82.9 99.0 96.1 99.0 100.0
10 90.8 86.8 100.0 97.4 100.0
11 934 90.8 97.4
12 94.7 93.4 98.7
13 96.1 96.1 98.7
14-16 98.7-100 1420 O 1417 987100
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7.4.3. Representative sample size

The number of analyzed 1 cm?2 squares was also considered to ensure that the DRI values were
derived from a representative sample. Convergence (approaching a slope of + 20 DRI units) was
noted through the law of large numbers (Equation 7.2) from cumulative DRI values as a function

of the number of analyzed squares (Figure 7.7).

?=1Xi :X1 +X2 +X3 ++Xn
[ n

DRI =

Where X; represents the DRI number until square i and n is the total number of Bq. 7.2

analyzed squares.

This cumulative concept confirmed representative samples based on 1 cm? squares rather than
multiple concrete specimens. This ensures that the operator’s DRI number converges toward a
mean value, provided the damage is homogeneous across the analyzed surface. Convergence was
achieved at a smaller n for lower expansion levels. Larger sample sizes are necessary for higher
expansion levels, where the average surface area needed to reach convergence for the Springhill
coarse aggregate was 21, 35, 46, and 65 cmz?, at expansion levels of 0.05%, 0.12%, 0.20%, and
0.30%, respectively. In contrast, 21, 52, 51, and 64 cm?2 were required for the Texas fine aggregate
at expansion levels of 0.05%, 0.12%, 0.20%, and 0.30%, respectively. This indicates that the
sample size partially depends on the observed level of damage and the source of ASR damage. A
sample size of 100 cm? for laboratory-made specimens is therefore sufficient to capture all extents
of ASR-induced deterioration [14]. However, concrete extracted from field structures requires
further studies to better understand the varying patterns caused by external and internal factors.
Consequently, 200 cm? remains the suggested sample size for extracted cores from the field

concrete.
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Figure 7.7. Convergence plots.

7.5. Concluding remarks and future perspectives

When viewed as a tool rather than purely a numerical output, the DRI can provide valuable
information into the cause(s) and extent of damage in affected concrete. This guide aims to
facilitate the adoption of the DRI technique with reduced variability and subjectivity introduced
by the operator. The proposed method builds upon an extended version of the DRI, utilizing
unweighted counts, histograms illustrating the frequency of plotted count categories, and
calculated means. These histograms have demonstrated an influence on changes in damage levels.
They can establish acceptable value ranges for operators when autonomously training and
assessing ASR damage to concrete across various degrees of damage. Further research is required
to incorporate additional aggregate types into the training portfolio and other forms of ISR for a
more comprehensive approach to characterizing the extent of ISR-induced deterioration with
respect to its cause using the DRI. This tool offers an opportunity to include microscopy for

informed engineering decision-making.
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Chapter 8: Reviewing the damage rating index (DRI) concept

towards its automation

Cassandra Trottier, Haixu Zhang, Laurent Emile Ramos Cheret, Maia Fraser, Leandro F.M.

Sanchez, Anthony Allard

Abstract

Automating the detection and segmentation of objects in images has been fundamental to many
self-driving protocols. Point-count stereomicroscopy, such as the data collection procedure used
to calculate the damage rating index (DRI), follows this protocol in which objects (features) are
detected, segmented, and counted. This work, therefore, presents the foundation of a novel
automated DRI while assessing the variability and subjectivity of the method. The Mask R-CNN
model, trained on 110 annotated images of a severely damaged concrete specimen from a
laboratory affected by alkali-silica reaction (ASR), achieved a model loss of 0.8, targeting 0.1 in
this study. Further evaluation to graphically represent variability has demonstrated that a
cumulative DRI number converges towards the expected value as the sample size, in terms of the
number of analyzed squares, increases. Moreover, the observed occurrences and frequencies of the
counted features were plotted as distributions, which helps reduce subjectivity in interpreting the

result.

Keywords: alkali-silica reaction, damage rating index, point count, stereomicroscopy, machine

learning.
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8.1.Introduction

The Damage Rating Index (DRI) is a microscopy tool used to analyze concrete deterioration.
Initially developed to differentiate between areas displaying varying damage levels in a dam
affected by alkali-silica reaction (ASR) [1], the DRI is not limited to ASR [1,2]. The original pre-
determined list of petrographic features for observation was selected to emphasize the presence of
ASR [1,3]. Weighting factors were chosen and applied based on the importance of each feature in
indicating ASR. Meanwhile, many researchers have attempted to correlate the DRI with
expansion; however, the method is often considered too variable owing to the operator’s
experience, leading to a subjective interpretation of the results, which accounts for its “semi-
quantitative” nature. To address this variability, [4] proposed a new pre-determined list of
petrographic features and adjusted weighting factors to reduce inconsistencies. Despite these
advancements, the DRI has not gained as much acceptance in the engineering community as the
mechanical stiffness damage test (SDT) [5]. The remaining concerns include the decoupling of
combined mechanisms and adaptation to other mechanisms, such as delayed ettringite formation
(DEF) [2,6-8] and freeze-thaw cycles [9]. Therefore, the fundamental concept of the DRI,
particularly its data collection methodology, must be re-evaluated as a point-count technique using
stereomicroscopy, which collects data on the occurrence of observed features (causes of damage)

and their frequency (extent of damage).
8.2.Materials and methods

8.2.1. Concrete specimens and sample preparation

Cylindrical concrete specimens made with a reactive coarse aggregate (i.e., Springhill —

Greywacke) and exhibiting various levels of damage (i.e., 0, 0.05, 0.12, 0.20, 0.30, and 0.50%
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expansion) were utilized in this study. Details regarding the concrete mixture, fabrication process,

and storage conditions that promote ASR, along with sample preparations, are described in [10].

8.2.2. Data collection for damage rating index (DRI) calculation

The damage features (closed cracks in the aggregate — CCA, open cracks in the aggregate without
and with reaction product — OCA and OCARrp, disaggregated particles — DAP, cracks in the cement
paste without and with reaction product — CCP and CCPre, and debonded/dislodged aggregates —
Debon) were counted using a stereomicroscope at 16x magnification and tabulated in each 1 cm2
as described by [4,11]. The counts were weighted using the optimized weighting factors [4], and
the sum of the weighted counts was divided by the number of analyzed squares (n) and multiplied

by 100 cm2 to normalize the final result as the DRI number, as defined in Eq. 8.1.

¥(0.25(CCA) + 2(0CA + OCAgp + DAP) + 3(CCP + CCPpp + Debon))
n

x 100 cm? = DRI Eqg.8.1

8.2.3. Image acquisition and machine learning

Following the works of [12,13], a new model utilizing the novel Mask R-CNN [14-16] was
developed due to its requirement for a smaller dataset to train further and produce more reliable
outcomes. This model employs publicly available datasets [15] and leverages the concept of
transfer learning to enhance its ability to detect cracks rather than being trained on a large dataset
for a specific task. The dataset used in this study comprises 110 images of 1 cm by 1 cm squares
captured with a 12-megapixel digital camera linked to a stereomicroscope, providing a field of
view of 1 cm by 1 cm. The images were sourced from one specimen (i.e., 0.30% expansion) that
contained a wealth of features and objects per image. Image acquisition was conducted

automatically using a programmable moving stage. The annotated images consist of crack types
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outlined by [4,11], manually traced with distinct colours as detailed in [12] to assist in training the

algorithm to detect and segment the cracks).
8.3.Results and discussion

8.3.1. Outcomes from automatic detection

The model’s loss was found to be 0.8, while a target model loss of 0.1 was established for this
research. Furthermore, the model is trained exclusively on one type of concrete that presents ASR,
leading to cracks in the aggregate. Additional algorithm training using a larger and more diverse
dataset will incorporate images from mechanisms that generate cracks in the cement paste, such
as freeze-thaw cycles and delayed ettringite formation. Figures 8.2a and b depict the visual results
of the automated crack detection. Figure 8.2c further illustrates the segmentation of crack types
(closed crack in the aggregate — CCA and open crack in the aggregate — OCA). The number in the

bounding box indicates the probability of belonging to that group.

a) b)
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Figure 8.1. Micrographs of 1 cm by 1 cm illustrating the results from automated a) crack detection, b)
detecting and segmenting the crack types, and (c) a zoomed-in portion to illustrate the segmentation

8.3.2. The damage rating index (DRI)

The damage rating index (DRI) is typically represented using bar charts (Figure 8.2) to illustrate
the severity of the features and inform the suggested type of damage. In the case of ASR, larger
counts of open cracks in the aggregate, both without and with the reaction product, can be observed
(OCA and OCARp, respectively). As these specimens solely exhibited ASR damage, the extent of
the damage is further indicated by the propagation of cracking into the cement paste (cracks in the

cement paste, both without and with reaction products, CCP and CCPrp), respectively).
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Figure 8.2. DRI bar charts for concrete made with reactive coarse aggregate at various expansion levels.

8.3.3. Observing the collected data through probability distribution

The collected data can be represented in various ways beyond the conventional bar charts,
including extended versions of the DRI as proposed by [11]. However, the sample size is often
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referred to as 200 cm?, for which statistical significance has not been verified. Although the data
collection methodology to calculate the DRI can be conducted automatically or by an operator, the
method remains a point-to-point technique and lacks transparency regarding sample size and the
variability of the operator. Figures 8.3a and b present the cumulative DRI of a specimen at 0.05%
and 0.50% of expansion, respectively, where convergence towards the expected DRI is observed
(250 for 0.05% and 1623 for 0.50%). Meanwhile, Figures 8.3c and d show the corresponding
histograms, where peak values tend to differ slightly from those selected as the final DRI numbers
(i.e., 300 for 0.05% and 1700 for 0.50%). However, these values can be considered similar, as per

[11], for those expansion levels.
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Figure 8.3. Cumulative DRI as a function of sample size (number of squares analyzed) for a) 0.05%
expansion and b) 0.50% expansion. Histogram of the cumulative DRI for ¢) 0.05% expansion and d) 0.50%
expansion.
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In addition, the occurrences of encountered features were evaluated as discrete frequencies per 1

cm by 1 cm analyzed square (Figure 8.4). The peak value of open cracks in the aggregate (OCA)

remains at zero until 0.20% expansion, after which the peak shifts to 2 occurrences per square.

However, the tail to the right of the peak extends to a maximum of 11 counts per square at 0.20%

expansion. A similar pattern is observed for the cracks in the cement paste (CCP), where at 0.20%

expansion, a longer tail begins to appear while the peak value remains at 0 counts across all

expansion levels. Interestingly, the distributions resemble each other more closely after 0.20%

expansion, as seen through the frequencies and the cumulative distribution curves.
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Figure 8.4. Counts of common ASR features in each 1 cm by 1 cm square per expansion level are shown by
discrete and cumulative frequencies.

8.4.Conclusion

The works presented in this study are part of a research project aimed at automating the DRI and
cracking index and improving the accessibility of the DRI as a practical engineering tool for
quantifying damage through probability distributions obtained by point counts. However, further
machine training is necessary to achieve a reliable level from the automated version, which
remains a work in progress. While the automation of the DRI is expected to reduce operator
variability, the point-count stereomicroscopy method can still be performed manually, provided
that operators are trained and able to compare their outputs to a standard or a publicly available
dataset within a specific tolerance interval yet to be established. Due to the limited datasets of both
DRI-annotated images and transparent DRI data, the method remains ambiguous and subjective,
highlighting the need to create larger datasets that incorporate various aggregate types and levels
of damage, among other factors. A graphical representation of the cumulative results provides
transparency regarding variability while presenting the sample size in terms of the number of
squares analyzed. Furthermore, by considering the sample size as the number of squares, the
frequency of observing a certain number of features per square can assist in determining the cause
and extent of damage through probability distributions. Additional data is thus required to validate

this assumption and predict the cause and extent of damage through occurrences and frequencies
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of observed features, thereby clarifying the interpretation of the damage through point counts of

segmented features.
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Chapter 9: Enhancing efficiency in evaluating alkali-silica
reaction (ASR) damage: an automated approach to point-count

microscopy

Cassandra Trottier, Laurent Ramos Cheret, Haoye Lu, Anthony Allard,
Maia Fraser, Leandro F.M. Sanchez

Abstract

The damage rating index (DRI) is a valuable microscopy tool for collecting and counting data on
various types of concrete cracks, such as those linked to alkali-silica reaction (ASR) induced
deterioration. However, the procedure presents drawbacks, including time consumption and
variability associated with operator experience, sparking debates about the subjectivity of its
outcomes. Embracing the latest technological advancements, this study investigates the feasibility
of automating the DRI's data collection through artificial intelligence (Al) and machine learning.
Like many image processing and analysis applications utilizing Al, the DRI involves an object
classification and segmentation task. This study represents a significant step forward in leveraging
automation to improve the objectivity and efficiency of ASR damage characterization in concrete
through point-count microscopy. It also proposes a set of tools to assess the results from the
application’s perspective, facilitating more efficient training data selection. Results indicate that
while acceptable performance is achieved individually—with the detector-classifier showing an
accuracy of 0.744 and the crack counter demonstrating an accuracy of 0.988—the current version
of the proposed machine still exhibits high variability in detecting, classifying, and counting

different crack types. Overall, the machine tends to overestimate ASR-induced damage, as
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confirmed by the Chi-square goodness of fit test, suggesting that further training and enhancement

of the proposed machine are necessary.

Keywords: Image analysis, point count, damage rating index, stereomicroscopy, alkali-aggregate

reaction, automation.

9.1.Introduction

The alkali-silica reaction (ASR) is the most prevalent type of internal swelling reaction (ISR)
mechanism in concrete globally [1]. Since its discovery in 1940, numerous condition assessment
tools have been developed to evaluate the extent of damage ASR causes to concrete infrastructure.
Grattan-Bellew proposed the damage rating index (DRI) [2] to differentiate levels of ASR-induced
deterioration in concrete. The DRI was subsequently modified to minimize operator variability
and incorporate other ISRs. Furthermore, correlations have been identified between the DRI’s
outputs (i.e., DRI number and extended version [3,4]) and mechanical responses for various ISRs
[5,6], demonstrating its effectiveness in capturing the degree of deterioration based on its cause.
However, the DRI’s procedure is still time-consuming and varies among operators. Emerging
technologies such as digitization, automation, and artificial intelligence (Al) are being rapidly
adopted in the concrete industry, as they hold the potential to expedite testing procedures. While
most of these advancements focus on visual inspections, some researchers employ Al to carry out
standard testing procedures [7,8]. This work, therefore, seeks to promote a microscopy tool (i.e.,
the DRI) by emphasizing its data collection method, which is defined as a task frequently
encountered in object segmentation problems used in machine learning, assessing the feasibility

of its automation, and developing a practical approach to evaluating the machine’s outcomes.
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9.2.Background

9.2.1. Alkali-aggregate reaction (AAR)

Alkali-aggregate reaction (AAR) is one of the primary causes of early deterioration of concrete
infrastructure worldwide [1]. There are two types of AAR in concrete: a) alkali-silica reaction
(ASR), which involves aggregate-bearing siliceous mineral phases, and b) alkali-carbonate
reaction (ACR), which involves carbonate aggregates. The latter is less understood and less
common in the field. Conversely, ASR consists of a chemical reaction between unstable siliceous
mineral phases from the aggregates and the alkalis (Na+, K+, OH-) present in the concrete pore
solution, resulting in a secondary reaction product that swells upon water uptake. This secondary
reaction product, commonly known as “ASR gel,” exerts pressure that often exceeds the tensile
strength of the concrete, leading to the formation of cracks (Figure 9.1) and resulting in a loss of
performance (i.e., mechanical properties, stiffness, serviceability, durability, and physical
integrity) of the affected concrete. While diagnosing the cause of damage in ASR-affected concrete
is well established [9], capturing the extent of damage caused by ASR, along with its implications
for concrete performance and future damage potential, remains a challenge. Thus, developing
quantitative and reliable tools to depict and measure the cause and extent of damage is crucial to

preserving existing infrastructure.
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a) . D)

Figur 9.1 Lik y AS ncrete fro a) a retaining wall next to an on-ramp in Québec City, Canada
and b) a micrograph from a core of a nearby decommissioned overpass (Du Vallon-Charest, Québec) with a
field of view of 1 cm by 1 cm where the white lines are cracks in the aggregates filled with reaction product.

9.2.2. Damage rating index (DRI)

The damage rating index (DRI) is a quantitative microscopy tool for assessing damage in concrete
caused by internal swelling reactions. The methodology used to collect data for DRI calculation
(Eg. 9.1) requires the operator to count (i.e., quantify) petrographic/distress features on a polished
concrete section with a stereomicroscope at 15-16x magnification. The fundamental concept of the
DRI is a point-count method in which the "objects/features” are distinguished based on their
location in the concrete (i.e., aggregate, cement paste, or their interface) along with their nature
(closed, open, and/or filled with a reaction product), as illustrated in Figure 9.2. To account for the
influence of a feature on a specific type of damage, weighting factors reflecting the severity of the
features towards the damage are applied. Since the development of the DRI, the weighting factors
have evolved from accounting for the “petrographic features,” representing the symptoms/signs
that most depict the type of damage being evaluated, to the “distress features,” which represent the
most indicative cracks associated with mechanical properties and physical integrity losses of
affected concrete. Researchers have since attempted to correlate the resulting DRI to AAR
volumetric expansion, the most commonly used metric for determining the degree of damage
caused by internal swelling reactions. These studies have resulted in changes to the grid sizes,
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weighting factors, and the features used to calculate the DRI [10-14]. Villeneuve [10,11]
addressed variability issues in quantifying the damage by modifying the weighting factors.
Following this work, Sanchez et al. [5] established ranges of expected DRI values as a function of
type and level of damage, providing a valuable tool for operators and practitioners. Despite these
efforts, the DRI continues to present subjective interpretations and variability among operators
while being time-consuming and requiring training to develop the skill and competence to conduct

the assessment analysis.

310.25 X CCA + 2 X (OCA + OCAgp + DAP) + 3 X (CCP + CCPgp + Debon) Eq.
x 100cm?

DRI =
Number of analyzed 1 cm? squares 9.1

where CCA is the total number of closed cracks in the aggregates; OCA and OCAgp are the total
numbers of open cracks in the aggregates without and with reaction product, respectively; DAP is
the total number of disaggregated/corroded particles; CCP and CCPgp are the total numbers of
cracks in the cement paste without and with reaction product, respectively, and Debon is the total

number of debonded aggregates.
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YOI =P CCP/CCPrp

S

Figure 9.2. Micrographs of 1 cm? of the various damage features as per the DRI where a) the smaller
aggregate particle contains an OCA/OCARrp type crack, and the larger aggregate particle contains both CCA
and OCA/OCARre type cracks and b) several OCARre type cracks in the middle aggregate and an extension of
damage into the cement paste are shown.

Furthermore, the extended version of the DRI, as proposed by [3,4], considers unweighted counts
of distress features as counts per 100 cm? and percentages, the crack density as the total of open
cracks in both the aggregate and the cement paste—with and without reaction products
(counts/cm?)—along with the maximum crack widths and lengths. An increase in these distress
characteristics correlates with a rise in the expansion and deterioration of internal swelling
reactions (ISR) overall [15-19]. Nevertheless, the DRI methodology provides a wide range of

analyses beyond counts of distress features when not restricted to manual assessment operations.

9.2.3. Technology applied to ASR damage quantification
Over the past few decades, various techniques have been developed to enhance the understanding
of the implications of cracks and how they propagate within the material at a larger scale (i.e.,
mesoscale). Although all flaws and cracks compromise concrete performance, it is essential to

distinguish between distress features and cracks that represent measurable mechanical damage to
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make informed decisions about mitigation, repair, and rehabilitation. Consequently, techniques
that employ image analysis to quantify the characteristics of observed cracks at the mesoscale (e.g.,
extent, orientation, density, etc.) have proven effective in providing insight into the extent of the
damage. However, these techniques necessitate the use of products such as fluorescent dye
impregnated into the concrete surface being analyzed to highlight the cracks and provide contrast
for more efficient analysis. Sample preparation of concrete specimens and cores with large surfaces
is time-consuming, as it requires grinding and polishing to a certain degree, followed by applying
resin. This process is followed by careful removal to avoid excessive grinding that could damage
the impregnated cracks. Furthermore, the availability of open-source software such as Imagel, Fiji,
and NIH Image [20,21] can reduce analysis time by creating subroutines to eliminate unwanted
artifacts (e.g., voids filled with dye or fluorescent material when analyzing cracks). Nevertheless,

image analysis has begun quantifying the deterioration based on observed or selected parameters.

In 2000, Rivard et al. [22] quantified ASR damage on laboratory-made specimens measuring 75
by 75 by 300 mm. They used crack lengths and orientations as indicators of the extent of damage
at 20x magnification, employing uranyl acetate to enhance contrast and highlight the reaction
product (i.e., silica gel) under UV light. The researchers discovered that the damage indicator is
influenced by the aggregate, aligning with the type of damage, as ASR primarily represents an
aggregate distress mechanism. Similarly, in 2012, Lindgard et al. [23] developed the ‘cracking
intensity’ metric for measuring crack widths and lengths. This parameter is calculated as the
proportional area occupied by cracks over the total area under analysis (i.e., 70 mm by 280 mm),
which is revealed under UV light due to epoxy-impregnated fluorescent dye. The entire specimen
was considered, and the larger surface area provided characteristics such as the extent and pattern

of cracking without requiring magnification, thus eliminating the need for a microscope during
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analysis [23]. However, both studies mentioned controlled the type of damage that causes
expansion. Conversely, Li et al. [24] correlated crack characteristics from freezing and thawing,
such as crack length density (i.e., total length over the analyzed area) and crack area density
(similar to the ‘cracking intensity’ as the proportion of cracked area), with a damage degree
calculated from the loss in modulus of elasticity for both air-entrained and non-air-entrained
concrete mixtures using image analysis at 40x magnification. Others have further employed the
DRI methodology to present crack patterns through heatmaps and annotated images to visualize
damage heterogeneity within a specimen [17,25-27], along with preferential crack direction
[28,29]. Image analysis can capture the extent of a known distress mechanism; however, it remains
limited in diagnosing its nature. These studies emphasize the need to understand the spatial

distribution of damage at a scale representative of the material mesoscale.

Digital images have facilitated computer vision and machine learning (ML) in detecting cracks in
concrete, which were previously time-consuming tasks, particularly when accounting for sample
preparation time. Consequently, automated surface cracking detection has increased over the last
decade [30—43]. Meanwhile, applications of microscopy in concrete are limited and primarily
focused on model development rather than damage quantification [7,44—47]. The feasibility of
automating the DRI was previously explored [48], yet the techniques used to evaluate the
machine's performance were confined to categorizing different crack types. While DRI is ideal for
automation as an object segmentation task, research into automating the quantification of damage

to concrete remains limited [48—50].

9.3.Scope of the work
The DRI is a microscopy tool used for quantifying and classifying concrete cracks while evaluating

concrete distress mechanisms, such as internal swelling reactions (ISR). It can also be identified
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as an object detection and segmentation problem common in ML applications. To address current
limitations in test procedures (e.g., time consumption and variability), this study aims to propose
a methodology for assessing the machine’s ability to estimate the location and type of distress
features through classification, as well as the count of distress features, compared to the results
from an operator (ground truth), based on previous research integrating DRI and ML. This work
developed two models to detect and classify cracks based on the pre-determined distress features
that contribute to DRI calculations (i.e., a crack detector/classifier and a crack counter). The
distress features were produced by ASR originating from a highly reactive coarse aggregate
(Springhill — Greywacke), chosen for its dark appearance, which aids in detecting distress features.
They were evaluated at various damage levels (0.05%, 0.12%, 0.20%, and 0.30%) to understand

the model’s capability to collect the required data automatically.

9.4. Materials and methods

9.4.1. Specimen fabrication and damage exposure
A Greywacke reactive aggregate was selected for this study due to its fine-grained nature and dark
colour, which aid in distinguishing between the aggregate and the cement paste and identify cracks
within the aggregate. Fifteen concrete cylinders (i.e., 100 x 200 mm in size) were manufactured in
the laboratory using the reactive coarse aggregate combined with a local non-reactive fine
aggregate (Table 9.1). The concrete specimens were mix-proportioned according to the Concrete
Prism Test (CPT) standard as outlined by ASTM C1293 [51] (Table 9.2). The mixture employed
conventional Portland cement (CSA Type GU, ASTM type 1) with a high alkali content (0.88%
Naz0Oeq.). The total alkali content was raised to 1.25% NayOeq. by cement mass using reagent-grade

sodium hydroxide pellets.

Table 9.1. Aggregates used in this study.
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Absorption

Aggregate Location Rock Type Specific Gravity (%)
Reactive coarse Fredericton, New
(Springhill-SPR) Brunswick (Canada) Greywacke 2.11 0.70
Non-reactive Ottawa, Ontario (Canada) Derived from 2.60 0.82
natural sand Granite
Table 9.2. CPT standard mix-design.
Cement  Water Non-Reactive Fine Aggregate Reactive Coarse3Aggregate
(kg/m?)  (kg/m?) (kg/m?) (kg/m’)
4.75-9.5 mm 9.5-12.5mm  12.5-19 mm
420 189 823 308 308 318

The specimens were moist-cured at 20°C for 24 hours after fabrication. Holes measuring 8.5 mm
in diameter and 19 mm in length were drilled into the centre of both flat ends of the specimens.
After cleaning the holes with compressed air, stainless-steel gauge studs were installed using a
fast-setting cement paste slurry. The samples were then moist-cured for another 24 hours at 20°C.
Initial readings were taken with a digital micrometre, using the studs as reference points. The
concrete specimens were subsequently stored under accelerated exposure conditions (i.e., 38°C
and 100% RH) to promote ASR. Specimens were monitored over time, and once they reached the
targeted expansion levels (i.e., 0.05%, 0.12%, 0.20%, and 0.30%), the concrete specimens were

further prepared for analysis.

9.4.2. Sample preparation
One specimen from each targeted expansion level was chosen for this study. The specimens were
continuously cut lengthwise using a masonry saw equipped with a 14-inch diamond blade and
water as a coolant. The surfaces were ground flat and polished with an 18-inch diameter
mechanically rotating thick steel plate and magnetic laps using grits of 30, 60, 140, 280 (80-100
microns), 600 (20-40 microns), 1200 (10-20 microns), and 3000 (4-8 microns) to achieve a

reflective finish. This setup was selected to create a flat and even surface for image acquisition.
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The surface preparation procedure is akin to sections prepared for petrography, as described in

[52].

9.4.3. Image acquisition
For the specimens in this study, images were captured manually using a 12-megapixel digital
camera attached to the stereomicroscope. The microscope's magnification was set to 8x, producing
a field of view of 1 cm by 1 cm displayed on the accompanying image acquisition software. Two
oblique goose-neck lights illuminated the regions of interest, eliminating shadows created by
topographical features such as voids and cracks. The light brightness was adjusted arbitrarily based
on the visibility of the cracks, particularly to analyze them in the cement paste through the
computer screen and to ensure sufficient contrast between the aggregate and the cement paste.
Binning was set to 1x1, and auto-exposure was selected to reduce acquisition time when adjacent
images exhibited significant colour variations due to the heterogeneous nature of the concrete
material. To preserve image quality, the images were saved in Portable Network Graphic (PNG)
format. Each image was linked to a region of interest (ROI) by combining the names of rows and
columns (where rows were classified by letters and columns by numbers); for example, the image

labelled A1 refers to row A and column 1.

Several configurations were used to optimize the image acquisition of the 1 cm? squares.
Originally, the 1 cm? squares were drawn directly on the finished concrete’s surface using a fine-
tipped permanent marker; however, Figure 9.3a shows the marker grid line within the 1 cm?
boundary. To overcome such issues, a 3D-printed grid was then created by modifying the layout

to ensure that the inner boundaries of the grid remained at 1 cm by 1 cm (Figure 9.3b).
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Figure 9.3. Field-of-view configurations where a) the grid marked by hand onto the concrete's surface is
included and b) the view for the inner portions of the 3D-printed grid is shown.

Notably, the first configuration (Figure 9.3a) was employed for the training set of images. In
contrast, the second configuration was utilized for testing, as the shadowed edges did not interfere
with the method. Subsequent images were captured using a programmable motorized stage, which
defined the grid thickness, ensuring that the ROI viewed under the microscope during manual
operations was comparable to the images. When surfaces are not completely flat, the working
distance may vary; thus, adjusting the focus stepwise may be necessary, either through auto-focus
or manual adjustment. Table 9.3 presents the total number of images used in this study for training
and testing the machine-learning model. The 0.30% expansion specimen was selected for training

due to its prevalence in various crack types.

252



Table 9.3. Specimens used in this study including their expansion level, the number of 1 cm by 1 cm images
analyzed and the role of the specimen image dataset.

Specimen expansion level 0.05% 0.12% 0.20% 0.30%
Number of images 163 169 155 141
Annotated for training and validation
Role Test Test  Test (50/50)

9.4.4. Ground truth data collection
In this study, it was essential to maintain the same ROI for the image annotations as for the operator
generating the ground truth data and to compare the machine’s performance to the operator's. The
DRI was calculated by observing each 1 cm? square at 16x magnification using a stereomicroscope.
The surface was illuminated with oblique goose-neck lights at a comfortable brightness level for
the operator, allowing for clear visibility of the cracks. The operator began with the first square
and counted the cracks according to the DRI (CCA, OCA+OCARrp, and CCP+CCPrp), which were
tabulated. This process was repeated with the same combing configuration until all squares were
analyzed. All cracks, regardless of size, were recorded to increase the number of detectable features
for training the ML model. The tabulations included the squares’ labels in the first column, the
number of CCA in the second column, and so on. The files were saved in comma-separated values
(.csv) and Text (.txt) formats for training and model analysis. This data collection procedure was

applied to all four expansion levels of the study: 0.05%, 0.12%, 0.20%, and 0.30%.

9.4.5. Segmentation and annotation of crack types
After recording the features observed under the microscope, the annotator traced the counts onto
the images from the 0.30% expansion specimen (which showed significant damage) using the
colour codes outlined in Table 9.4. The first column of the table indicates the colour codes for red,
blue, and green (i.e., RGB colours), followed by the intensity of each colour/channel on a scale

from 0 to 255. Because there were only a few cracks in the cement paste with reaction product
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(CCPRP), this category was combined with those lacking reaction product (CCP+CCPrp),
henceforth referred to as CCP. The table below also includes the number of features identified in
the 0.30% expansion specimen, which was used to train the detector and classifier before data
augmentation. Additionally, while the annotations for OCA and OCARrp, henceforth referred to as
OCA, were generated separately, their final results were combined because preliminary findings
indicated better performance when merged and to prevent misinterpretation stemming from the
removal of the reaction product (i.e., silica gel) during the sample preparation process [48]. Three
files were then generated per ROI: 1) the raw image, 2) the annotated image displaying all
annotations, and 3) the mask of those annotations. The total number of cracks across all images is
presented to highlight the unbalanced dataset. For ASR, cracks typically occur within the aggregate
particles, referenced as CCA, OCA, and OCArp, while a smaller proportion of CCP+CCPrp

becomes more prevalent at expansion levels of 0.20% beyond.

Table 9.4. Colour codes for the crack types and the corresponding number of cracks.

Crack type CCA OCA OCARgp CCP+CCPrp
Colour code Yellow Green ~ Red
Red 255 0 0 255
Green 255 0 255 0
Blue 0 255 0 0
Number of 702 356 154

cracks in total

9.4.6. Crack recognition and classification through Machine Learning (ML)
The algorithm employed in this study was originally developed for a previous feasibility study
[48] and is based on deep neural networks, a category of universal function approximators. The
behaviour of deep neural networks is determined by their internal weights, which are adjusted
during the training process to approximate an objective function, thus minimizing the error or loss
between the network outputs (i.e., gradient descent). In the specific context of this project, the
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developed algorithm takes raw images of concrete as inputs. It generates pixel-level masks that
indicate whether a pixel belongs to a crack and, if so, the type of crack it represents. This approach
is known as supervised learning, where the ground truth labels of the images are known and
utilized during training. In this implementation, the model is trained to identify the three main
types of damage features present in concrete specimens, including closed cracks in the aggregate
(CCA), open cracks in the aggregate both with and without reaction product (OCA+OCARp), and
cracks in the cement paste with and without reaction product (CCP+CCPrp). Convolutional neural
networks (CNN) are frequently used to convert images into a sequence of features (i.e., numbers)
that machines can interpret. To create a one-to-one correspondence between the pixels in the input
image and the output predictions, over 55,000 ASR-related distress features from 142 images,
including augmentation, originating from a concrete specimen incorporating the Springhill
aggregate at 0.30% of expansion (damage degree) were used during training. The following
sections outline the various models employed in this study, including the detector and classifier,

the classification predictions, and the crack counter.

9.4.6.1.Development of crack detector and classifier
The crack detector and classifier were developed using the U-Net architecture [53] and applied at
the pixel level. This approach identifies whether a pixel is part of a crack and subsequently
classifies it according to the type of crack (Figure 9.4). U-Net is widely employed for segmentation
problems, such as those encountered in DRI. The process begins with the encoder receiving a
greyscale image of 224 by 224 pixels. The bottleneck is reached at the bottom of the diagram,
measuring 56 by 56 pixels. Subsequently, the decoding process starts with two levels of bilinear
upscaling to increase spatial dimensions by interpolating the four nearest pixel values. The output

image then comprises three channels, where the cracks are classified and masked using
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identification colours (yellow - Y, red - R, and blue-green - BG, respectively), as indicated in

Table 9.4.

D
224 &

224

224 connect + CNN

-_— Cracks

- BG
R

/Jpsca‘.e [bmnear‘, —T
112

connect + CNN
—_— 112

112

CNN + Max Out ¢

Figure 9.4. Model architecture for crack detector and classifier using U-Net where a 224x224 single channel
input image is condensed to a 56x56 by strides of 2, followed by two levels of bilinear upscaling to produce the
three-channel RBG image of classified cracks.

The machine was trained based on the types of cracks observed by the microscope operator, which
were recorded and tabulated per ROI image and their locations according to the annotations. When
given an image input, the ML algorithm makes two predictions: 1) detect cracks, and 2) assign
probabilities to each pixel based on whether it belongs to one of the three types of cracks (yellow
- Y, red - R, and blue-green - BG), as illustrated in Figure 9.5. Notably, the output colours do not

yet match the classification colours (Figure 9.5b).
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Figure 9.5. The predictions made by the detector and classifier are a) the location of pixels belonging to any
crack and b) the pixel classification.

Computer vision techniques are further applied to enhance prediction quality by initially removing
weak pixels and low-level white noise, and then identifying connected pixels as components
(Figures 9.6a and b, respectively). Components with a diagonal length of less than 300 pixels

(equivalent to 1 mm) were deemed artifacts and discarded (Figure 9.6¢).
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Figure 9.6. Computer vision techniques a) removing weak pixels and weak white noise, b) connection of the
pixels, and c) removal of small components.

Considering the majority voting rule (Figure 9.7a), the component is completely coloured based
on the prevalent crack type (Figure 9.7b). The colours were then adjusted to match those of the
annotated masks for visual comparison (Figure 9.7¢). The boundary between the aggregate particle
and the cement paste was identified as CCP (indicated by the green arrow). In contrast, one of the

CCPs (indicated by the red arrow) was not captured. It is important to note that while all cracks
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were highlighted in the masked image to assist in identification, small cracks (less than 1 mm)

were not counted or tabulated.

Figure 9.7. Classification based on probability of belonging to a crack type: a) adapted figure indicating only
the cracks under investigation, b) the colouring based on the major probability and ¢) the manually
annotated image for comparison.

9.4.6.2.Development of crack counter
Some detected cracks are connected and cannot be treated as single elements; therefore, a counter

was required for the DRI application. Practically, the counting procedure, when conducted by an
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operator, is performed by selecting a starting point at the tip of one of the cracks and progressing
through each crack segment until another tip is reached. When met with an intersection referred to
as a node, the crack may divide into two or more segments. The number of cracks can also be

calculated as per Eq. 9.2 and illustrated in Figure 9.8.
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Figure 9.8. Point-count method using nodes and segments in a crack network. Colours highlight counts of
segments used in practice during point counts for the DRI (Adapted from Sims et al. 1992).

To simplify the work by overlapping what has already been developed and overcoming the
machine’s inability to recognize crack tips, the counter counted nodes and calculated the number

of cracks in each image as per Eg. 9.3. An example is shown in Figure 9.9 and Table 9.5.
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Figure 9.9. Example of two types of nodes in one ROl image of 1 cm by 1 cm.

Table 9.5. Sample calculation for crack counts using both equations 2 and 3.

Sample calculation Equation

Number of cracks = (number of segments) — (number of nodes)
Example: Eq. 9.2

Number of cracks =7 -2 =75

1
Number of cracks = (E)

N, + Z(i _ 2N,
i=3

Where N1 is the number of crack segments with 2 tips (degree-1 nodes) and N;i
is the number of nodes for a degree-i node for degree-3, -4, and -5. Eq.9.3

Example:

Number of cracks = (%) [7 + ((3 — 2)(1)) + ((4 — 2)(1))] =5

Synthetic data was generated to develop the crack counter for scenarios involving multiple node

types (Figure 9.10a), while noise was added to the segments to simulate naturally occurring cracks
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in concrete. The synthetic data included node types of degree-1 (presence of a crack/edge), degree-
3, degree-4, and degree-5 node types, which correspond to the number of cracks connected to a
specific node. The counter was trained using 10,000 synthetic images, with 1,000 set aside for
validation and another 1,000 for testing. Initially, degree-1 nodes were detected to indicate whether
an unconnected crack was present, followed by the detection of degree-3, -4, and -5 nodes (Figure
9.10b). It should be noted that a degree-2 node would represent a crack with an angle, counted as
a single crack. This process is similar to the crack classifier detailed in the previous section, except

for the output indicating the node type for connected cracks.
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Figure 9.10. Crack counter development: a) examples of synthetic data including the type of degree-node and
b) detection of node types using U-Net where a 224x224 single channel input image is condensed to a 56x56 by
strides of 2, followed by two levels of bilinear upscaling to produce the node type output.
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Additional information is required to evaluate Eqg. 9.3 numerically, as practical applications may
impose constraints that result in a finite sum. Moreover, dividing odd numbers in half yields
fractional crack counts that are not included in DRI calculations. Although the model achieved an
accuracy of 0.988, further analysis suggests that the U-Net-based network is inadequate since the
node type is not derived from pixel-wise features. Consequently, a model that combines pixel-wise

and standard classification would be more effective for crack detection counting.
9.5. Results

9.5.1. Classification predictions
A confusion matrix in Table 9.6 illustrates the detected and classified crack types represented by
their colour codes. The results indicate an accuracy of 0.744. Following this, Table 9.7 outlines
additional classification model performance metrics, such as F1 (which measures the performance
of a binary classification model by combining precision and recall into a single metric), precision
(the accurate prediction of the crack type), and recall (the rate at which the crack type is correctly
predicted). These metrics were chosen due to the imbalanced dataset, which has a limited number
of cracks in the cement paste (CCP — Red) compared to the cracks in the aggregates (CCA — Yellow
and OCA — Blue-green), as indicated in Table 9.4. The model’s yellow (CCA) classification
demonstrates good precision and recall of 0.724 and 0.787, respectively, indicating that it detects
most yellow (CCA) cracks, although it could improve its false positive rate. The red (CCP)
classification boasts the highest precision (0.814), 12% and 7% higher than that of CCA and OCA,
respectively. As a result, it accurately classifies cracks as red (CCP) when they are red, leading to
a low rate of false positives. However, the model misses some of these cracks, resulting in lower

recall. Meanwhile, the blue-green (OCA) cracks exhibit the lowest recall (0.707) compared to
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CCA and CCP, showing differences of 10% and 1%, respectively; however, its F1 and precision

scores fall between the other classes.

Table 9.6. Confusion matrix for classification of crack types.

Predicted
Yellow Red Blue-green
Yellow 20029 441 4988
Actual Red 531 3125 723
Blue-green 7119 271 17828

Table 9.7. Performance metrics such as F1, Precision and Recall for each crack type.

Metric Yellow Red Blue-green
F1 0.754 0.761 0.731
Precision 0.724 0.814 0.757
Recall 0.787 0.714 0.707

9.5.2. Damage quantification through the DRI

Figure 9.11 shows that the estimated DRI calculated from the machine yields higher values,

differing by 14% to 42% from the operator (Table 9.8), indicating an overestimation. While the

DRI figures collected by the operator fall outside the typical range as proposed by [5] for the 0.20%

and 0.30% expansion specimens, the crack propagation and extension align with those of [4]. The

Springhill aggregate has a flaky nature, resulting in numerous cracks in the aggregates.
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Figure 9.12a presents the extended version of the DRI, illustrating counts per 100 cmz?, as proposed
by [4]. Figure 9.12b shows how the categorized bar charts differentiate the counts per feature. The
counts of closed cracks in the aggregates (CCA) are underestimated at expansion levels of 0.05%
and 0.12%. In contrast, they are overestimated at 0.20% and 0.30% expansion, with respective
counts of -9%, -26%, 22%, and 14% (averaged at 17.75%). An opposite trend is observed for open
cracks in the aggregate (OCA) at 8%, 1%, -34%, and -12% (averaged at 13.75%) for each
increasing expansion level. An overestimation of cracks in the cement paste (CCP) is clearly noted,;
however, this decreases with the expansion level, dropping from 725% to 80%. This may indicate
that the machine was trained on the 0.30% expansion specimen. During manual operations,
evaluating a new operator’s performance as within +10% of an experienced operator is standard
practice. Figure 9.13 illustrates the residuals of each distress feature and expansion level for the
number of squares analyzed (ground truth) and images processed (estimated). The difference
between the ground truth counts, and the predictions were used to compute the residuals, all

indicating count differences within +15 counts. Unlike the other distress features, the CCA
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residuals exhibit wider variation with increasing expansion (from -13 to 14 count differences),
suggesting the software's tendency to underestimate the actual counts (marks above the null line).
Regarding OCA, results are underestimated for expansion levels of 0.05% and 0.20%, as
evidenced by the data points concentrating above the null line. The cracks are less dispersed and
more evenly distributed for expansion levels of 0.12% and 0.30%, with residuals ranging from -
14 to 10 and -9.5 to 14, respectively. Additionally, as expansion increases, the CCP is
overestimated for each level and becomes more dispersed around and below the null line;

nonetheless, CCP has the smallest dispersion overall (-10.5 to 4.5) counts).
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Figure 9.12. Bar charts of a) stacked crack counts/100 cm? and b) % differences for each expansion level.
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Figure 9.13. Residuals of each square (ground truth) and image (estimated) were analyzed for the various
distress features and expansion levels.
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9.5.3. Describing the data distribution

From the ML perspective, these models demonstrate distinguishable and acceptable performance.
However, when used in combination to calculate the DRI, differences arise. In a previous
feasibility study [48], performance was compared to a line of equality. Yet, the data collected using
the DRI methodology consists of count data, which does not follow a normal distribution.
Consequently, the underlying assumptions of linear regression do not apply to count data. Figure
9.14 illustrates the relationship between the count category and the frequency of ground truth and
estimations per distress feature, along with the expansion level, revealing the non-normality of the
data. Overlap in the data points indicates that the results from the machine are similar to those of
the ground truth, which is typically the case in the tails for count categories greater than 5. The
greatest discrepancies are observed at 0.05% and 0.12% for the closed cracks in the aggregates
(CCA) and open cracks in the aggregates (OCA), respectively, where the machine overestimates
the zero counts. Additionally, the zero counts of cracks in the cement paste (CCP) are
underestimated throughout the expansion levels, with the largest difference occurring for the
0.30% and 0.20% expansion levels.

The boxplots further summarise the parameters, as demonstrated in Figure 9.15. Differences
between the ground truth (GT) and the estimate (EST) are observed. The means of the GT and
EST are closest at 0.05% expansion (i.e., 1.828 vs 1.761 for CCA and 1.049 vs 1.196 for OCA)
and 0.12% expansion (i.e., 1.852 vs 1.462 for CCA and 1.911 vs 2.036 for OCA). At the same
time, overestimation is noted in the CCP means (i.e., 0.086 vs 0.742 for 0.05% of expansion and
0.148 vs 0.710 for 0.12% of expansion). The means at 0.20% and 0.30% expansion for the CCA
(i.e., 5.013 vs 6.394 and 4.979 vs 5.950, respectively) and CCP (i.e., 0.497 vs 1.955 and 1.092 vs

2.212, respectively) are overestimated. At the same time, values for the OCA are estimated lower
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(i.e., 3.555 vs 2.561 and 3.560 vs 3.348, respectively). The medians for the ground truth tend to be
closer to the means throughout than the estimates; however, the medians and means follow a more
similar trend at expansion levels of 0.20% and 0.30%. Nevertheless, a general overview of the
distribution of results can be compared, but further investigation into the similarities between the

ground truth and the estimates is still required.
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9.5.4. Validation of the estimations
The distributions can then be compared through the goodness of fit (Chi-squared) to determine
whether the data are similar, as per Eq. 9.4. Similar distributions are indicated by a check mark
(&2). In contrast, different distributions are indicated by a cross ([]). The expected frequency was
taken from the operator — GT, while the observed frequency represents the data obtained from the
machine’s estimations - EST. Cumulative frequencies were used in this application since the test
requires proportional data with the same number of count categories (k, as per Eq. 9.4).

Eq. 9.4

Where 0i and e; are the observed and expected counts for the ith count category, and k is the total
number of count categories.

Table 9.9 displays the goodness of fit results for each distress feature (crack type) at different
expansion levels. Overall, the goodness of fit test results aligns with the overlapping data points
and boxplots (see Figure 9.14 and Figure 9.15). For the 0.05% expansion, the CCA and OCA show
different results between the operator (GT — EST) and the machine (estimation — observed values),
primarily due to an overestimation of zero counts (refer to Figure 9.14a and Figure 9.15a). In
contrast, the CCP shows consistent results between the operator and the estimate. An improvement
is noted at 0.12% expansion, where only the CCA indicates different results between the operator
and the machine, while the OCA and CCP appear similar. However, all distress features at 0.20%
do not exhibit significantly similar results, even though the distributions visually suggest overlap
(see Figure 9.14c), particularly for the CCA and OCA. At 0.30% expansion, only the OCA
demonstrates significant similarities despite the visually overlapping results observed throughout

(Figure 9.14d).
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Table 9.9. The goodness of fit results for the operator vs estimation.

Degrees of p-value
x2test statistic x? critical Decision
Crack _type freedom, v (a =0.05)
0.05%
CCA 20 86.51 10.85 3.00E-10
OCA 12 57.22 5.23 7.21E-08
CCP 11 19.45 4.57 0.053
0.12%
CCA 14 66.57 6.57 8.03E-09
OCA 17 26.88 8.67 0.06
CCP 8 9.39 2.73 0.31 ]
0.20%
CCA 22 74.73 12.33 1.17E-07
OCA 11 36.60 4.57 1.34E-04
CCP 8 94.50 2.73 5.66E-17
0.30%
CCA 22 61.81 12.34 1.20E-05
OCA 17 2.75 8.67 1
CCP 13 36.80 5.89 4.45E-04

9.6. Discussion

9.6.1. Ability to capture the significance of damage
The DRI is described as a semi-quantitative technique, suggesting that the interpretation of the
results may be unclear. Although ranges of expected DRI values for a certain level of damage

(expansion and mechanical) were adopted through the multi-level assessment [5], there remains
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hesitation about using the DRI as a companion diagnostic tool. Limitations regarding the DRI's
subjectivity and variability may be addressed by understanding how to compare the observed data
statistically. This work presents an initial attempt to statistically compare DRI data collected by an
operator and the estimate. Table 9.10 presents the goodness of fit test results using Chi-squared to
compare the distress features per expansion level. From 0.05% to 0.12% of expansion, the
distributions of CCA and CCP are similar, while OCA differs. The increase in damage from 0.12%
to 0.20% is captured through each crack type. The cracks in the aggregate, both closed and open,
remain similar from 0.20% to 0.30% of expansion, while the CCP shows a significant difference.
These results reflect the descriptive crack propagation model for OCA and CCP proposed by [54].
The most common feature for ASR is open cracks in the aggregates, which begin early at 0.05%
of expansion and continue to increase in number and length (as indicated by crossing multiple 1
cm? grids). Meanwhile, CCP usually appears at 0.20% of expansion (as validated through the
boxplots in Figure 9.15), extending from the OCA and indicating higher levels of damage for ASR.
The machine detected this increase in OCA and CCP when the total counts were presented (Figure
9.12a). The machine's ability to distinguish levels of damage aligns with that of the operator (Table
9.10), except for OCA and CCP at 0.20% to 0.30% of the expansion. The goodness of fit test
shows a significant difference for OCA, while the CCP presents similar results. Although it was
established that further training was required for better identification of CCP, such discrepancies
could lead to a misclassification of the level of damage and potentially indicate that the type of
concrete is affected by a combined mechanism. Nevertheless, this approach allows for a statistical
comparison across the results for each distress feature instead of relying solely on the DRI number

or visual/subjective assessments through the bar charts.
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Table 9.10. The goodness of fit results between levels of damage.

Crack type 0.05% to 0.12% 0.12% t0 0.20% 0.20% to 0.30%
CCA M |
Ground truth OCA ]
CCP M |

Crack type 0.05% to 0.12% 0.12% to 0.20% 0.20% to 0.30%
CCA M ™M
Estimation OCA
CCP M |

As proposed by [54], the descriptive crack propagation model is illustrated in Figure 9.16 to
demonstrate further the varying degrees of damage stages in ASR-affected concrete. According to
the goodness of fit test, the CCA count frequencies are similar between 0.05% and 0.12%
expansion; however, they differ between 0.12% and 0.20% expansion, likely due to the formation
of OCA at this stage [54]. A similarity in CCA is observed from 0.20% to 0.30% expansion.
Moreover, the goodness of fit test identifies the creation of OCA from 0.05% to 0.12% and from
0.12% to 0.20% expansion, as indicated by the crack propagation model. Similarly, the frequency
distributions reveal that CCP is uncommon for ASR between 0.05% and 0.12% expansion.
However, beyond 0.12% expansion, CCP penetrates into the cement paste and significantly
increases in frequency, as demonstrated by the varying count distributions. Nonetheless, for the
DRI to serve as a reliable diagnostic tool for ASR in concrete, ML models must be capable of

capturing and identifying these distinct levels of damage.
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0.05% 0.12% 0.20%

Figure 9.16. Descriptive crack propagation model for concrete affected by ASR [42].

These results reflect those obtained from one specimen at each expansion level; therefore,
additional empirical data from a broader range of aggregate types, distress mechanisms, and
environmental conditions could help identify underlying trends in quantifying crack propagation
and patterns.
9.6.2. Visualizing and interpreting the training dataset

Problems involving a multi-disciplinary solution present certain constraints in determining the
readiness of a measurement tool for specific applications. In ML, the metrics used to evaluate
performance may not always align with those used to quantify damage due to ASR in concrete. In
this context, visualizing outcomes from both the operator and the estimator facilitates the efficient
selection of the next annotated training images. Indeed, analyzing each obtained output, where the
machine locates and segments different crack types in each image, is the most suitable approach
and necessitates expert intervention. However, this verification is time-consuming; therefore, plots
with overlapping areas under the curves, as demonstrated in Figure 9.17, can be used to highlight
similarities and enhance the goodness of fit test (Table 9.9). In the Chi-square test, cumulative
counts are used for comparison; however, understanding differences in data distributions may aid
in refining the model and EST outputs, especially considering it is a “new operator.” Overlapping

areas under the curve indicate similarities in the overall data distribution, such as the CCP for
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0.05% and 0.12% expansion and the OCA for 0.12% and 0.30% expansion. In instances where
differences were noted by the Chi-squared test, such as for 0.05% and 0.12% expansion, the zero
counts are overestimated, followed by an underestimation of the number of one-counts (i.e., the
instances where 1 crack was counted) and a long right tail. The CCA zero counts are
underestimated for 0.20% and 0.30% expansion, shifting the curve to the right and overestimating
counts above 7 and 5, respectively. The OCA counts are overestimated up to 4 counts, after which
they are underestimated for the 0.20% expansion. The CCP at 0.20% and 0.30% expansion

presents underestimated zero counts until 1 and 2 counts, respectively.
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Figure 9.17. Comparison of distribution by area under the curve.
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9.6.3. Future perspectives in automation of image diagnostics applied to concrete
The DRI can be seen as an image analysis technique that counts objects (distress features) to
quantify damage to concrete. Image analysis is considered quantitative when its outputs can be
correlated to a measurable property (i.e., expansion). Therefore, understanding the application and
desired outputs is crucial to grasping the diagnostic capabilities of the tool used to assess concrete
distress. Image analysis is limited to measuring crack length, area, widths, simple counts (analyzed
as particles), and orientation. However, acquiring such characteristics through manual operations
is impractical. Thus, image analysis could be applied to automatically annotated output images
alongside DRI calculations, necessitating the support of Al. This combination can capture the full
profile of the damage (i.e., crack extension/propagation, patterns, orientations, etc.) at a scale
representative of the concrete material. Interestingly, the crack counter interpreted the crack counts
within a network where multiple cracks are interconnected. In this context, graph theory,
developed by Euler in 1736 to address the Konigsberg bridge problem, offers insights into
constructing a circular walking path without interference from the river [55]. Graphs consist of
configurations of nodes and connections (edges) forming a structure. They are frequently
employed in civil engineering applications through network analysis, such as designing roads,
planning construction work sequences, and establishing hierarchies and relationships among
employees. Therefore, networks serve as tools that can assist in decision-making. Trees, defined
as “a connected graph that has no cycles” [56], represent one type of graph that can depict cracks
in concrete since cracks generally have a starting and ending point and may branch out at
intersections. Figure 9.18 illustrates a few examples of trees, including the number of nodes and

segments (connections).
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Figure 9.18. Some examples of tree graphs with the number of nodes and segments.

The visual output data used for DRI calculation provides an opportunity to explore the feasibility
of applying network analysis to digital images. Gaining further insight into the damage patterns
concerning aggregate location may uncover critical information that contributes to a more reliable
diagnosis of damage to concrete due to internal swelling reactions, including ASR. Furthermore,
this approach may extend beyond internal concrete, as similar patterns (e.g., map cracking and

polygonal cracking) have been observed on the concrete surface.

9.7. Conclusion

This study proposes a method for evaluating the feasibility of automating the damage rating index
(DRI), a procedure that involves point-count stereomicroscopy for data collection. The objects of
focus in the segmentation challenge were cracks in concrete resulting from an alkali-silica reaction
(ASR). The study's multidisciplinary approach presented certain challenges regarding the metrics
used to assess the machine's performance in relation to its practical application by operators. These
challenges were addressed by focusing on the methodology for statistically evaluating the

machine's performance, which involved several models. The key conclusions are:
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To identify and categorize cracks according to their DRI types and to calculate the number
of cracks per picture, two models (a crack detector/classifier and a counter) were
developed. The accuracy of the detector/classifier was measured at 0.744, while the counter
achieved an accuracy of 0.988. Compatibility issues arose because the detector/classifier
operated at the pixel level, whereas the counter used image patches to count the nodes and
determine the number of cracks based on the node type. The combined performance of the
models was found to overestimate the damage due to ASR.

In light of the hesitance to use the DRI as an ASR damage assessment tool, the data
gathered through point counts showed that the distribution of data from the histograms of
counts per square analyzed generally follows similar patterns. This facilitated the
visualization of empirical data through a theoretical framework that can be statistically
compared. Further work is needed to validate the type of distribution based on a larger
sample dataset.

Using the data collected from the histograms to create distributions of the observed
frequencies from the operator as ground truth and the machine’s estimations enabled the
application of the goodness of fit test (Chi-squared) for each crack type. This concept was
used to validate whether the machine can accurately capture this distribution while
providing visuals of its performance. It was determined that, at low levels of expansion,
only the distribution of the cracks in the cement paste was estimated well, due to the excess
of zero counts. In contrast, the distributions of open cracks in the aggregate and cracks in
the cement paste were deemed similar when comparing the ground truth to the machine’s
results for the moderately damaged concrete. No similarities in the count distribution were

observed for the high level of damage, and only the distribution of open cracks in the
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[1]

aggregate was considered similar to the ground truth. Therefore, these visuals assist the
operator and annotator in selecting specimens/images for further research training.

The DRI has the potential to serve as an objective assessment tool for engineering
practitioners when evaluating damage from ASR. The fundamental concept behind the
DRI, as a point-count method that collects frequency data and provides distributions,
should be re-evaluated and regarded as an image analysis technique rather than solely
petrography. Automating the procedure can also enhance the dataset and improve the
results, aiding in the understanding of the DRI’s outputs concerning the quantification of
damage. Furthermore, the image parameters can be more easily controlled due to the nature
of the procedure (1 cm by 1 cm images) compared to other microscopy techniques, which
facilitates the creation of a standardized dataset.

The machine's visual outputs can also be used to investigate crack propagation patterns,
which may indicate various types of internal swelling reaction (ISR) damage, the extent of
damage, anisotropic damage behaviour, areas of interest to reduce analysis time, and other

unexplored aspects possibilities.
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Chapter 10: Conclusions and research recommendations

10.1.Summary

Concrete durability, while not the industry’s primary focus in the sustainability roadmap towards
Net Zero 2050, remains one of the most crucial strategies to decrease carbon footprint by reducing
consumption. As infrastructure ages, whether due to natural processes or premature deterioration
from issues like internal swelling reactions (ISR), preserving these concrete structures must
become a priority. However, it is well understood that when the cause of deterioration is
unknown—Iet alone its extent and implications from an engineering perspective—solutions for

preservation will remain elusive and challenging.

The development and implementation of accessible, practical, and reliable tools are crucial for
better understanding the effects of ISR-induced deterioration in concrete. Microscopy is a
discipline rarely adopted in engineering practice, where mechanical testing is consistently the
preferred method for obtaining quantitative outputs to compare with reported levels of
deterioration. However, ISR impacts mechanical responses in distinct ways that cannot be captured
by numerical outputs alone. Incorporating microscopy into engineering practices to explore the
relationship between the types of distress features observed and their respective patterns enhances
the comprehension of the extent of ISR-induced deterioration. The multi-level assessment was
developed to provide a holistic approach to determining the cause and extent of ISR-induced
deterioration. While the stiffness damage test (SDT) and the loss of mechanical properties are well
accepted in engineering practices, there remain hesitations regarding using the damage rating index
(DRI) due to operator variability in distinguishing levels of deterioration and the subjectivity

involved in result interpretation. The DRI is a powerful and universal tool that enables an operator
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to gather information that mechanical testing may overlook. It allows operators to connect
observed deterioration patterns to mechanical responses, allowing a deeper understanding of the
concrete deterioration. Data collected during the analysis includes the DRI number, bar charts that
display weighted or unweighted counts of distress features, proportions of these counts, lengths
and widths of distress features, heat maps to visualize deterioration distribution (as DRI numbers
or by distress feature), count data for histograms and boxplots, assessing anisotropy based on
distress feature angles, and propagation counts when cracks extend across various concrete
components, along with overall deterioration profiles. Throughout this research program, it
became clear that the potential for utilizing the DRI as a methodology and versatile tool is
gradually evolving; however, its perception and implementation remain limited. Since the
inception of this program, the DRI has not been standardized, but currently, the Canadian
Standards Association (CSA) and the American Society for Testing and Materials (ASTM) are
taking steps toward standardizing it. Addressing the uncertainties surrounding the DRI is more

crucial than ever.

This work, therefore, focused on the main components as a starting point towards the
standardization of the DRI: its adaptability to distinguish delayed ettringite formation (DEF),
understanding the contributions of the distress features to the mechanical responses for various
ISRs; hence, its subjectivity, controlling operator variability to determine the extent of
deterioration given the ISR (in this context, only alkali-silica reaction — ASR, due to its widespread
presence), and unlocking the DRI’s full potential through an automated version. The main
contributions of this research program will henceforth be presented in an objective-based manner,

along with corresponding future research recommendations:
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10.2. The adaptability of the DRI to DEF

This work was divided into two parts. First, the procedure counting technique was examined to
understand how it could be modified without altering the weighting factors or distress features. It
focused on the Debon-type feature, encompassing cracks in the aggregate-cement paste interface.
The original method states that for ASR, when a crack in its interface surrounds 50% of an
aggregate, the crack is categorized as Debon. However, uncertainty remained regarding aggregates
that span multiple squares. As such, the counting method proposed increasing the proportion of
interface cracking to 75% (i.e., easily identifiable during the analysis) to avoid misclassifying other
types of cracks, such as mechanical cracks interfered with by an aggregate. Moreover, the analysis
was conducted on all aggregates where the operator considered adjacent squares to categorize a
crack as Debon. Furthermore, during the sample preparation of severely DEF-affected concrete,
dislodged aggregates are frequent and should be counted as Debon. While this methodology
highlights the type of ISR compared to other types, the second part of this work aimed to validate
the counting method with mechanical responses. The proposed counting method resulted in better
correlations with expansion (i.e., R2 increasing from 0.45 to 0.78), modulus of elasticity (i.e., R2
increasing from 0.38 to 0.70), and the stiffness damage index (SDI) (i.e., RZ increasing from 0.24
to 0.67). Additionally, using the extended version of the DRI against expansion, the proposed
counting method distinguishes an increase in Debon-type cracks as expansion increases, thus
validating the ability to capture the most representative distress feature DEF. A visual summary of

the findings is illustrated in Figure 10.1.
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Research recommendations

It is, however, recommended to verify the proposed counting method with linear models and other
mechanical responses (tensile and compressive strengths and plastic deformation index — PDI),
while employing a wider variety of expansion levels, particularly lower ones, to understand how
the DRI will capture DEF at its early onset. Additionally, this counting method can be used to
establish a crack initiation and propagation descriptive model. Nevertheless, the DRI captures the
current level of deterioration, and re-evaluation using the DRI after residual expansion testing is
strongly recommended. Cases of ISR in which the current conditions have not yet been triggered
can be better understood by using the DRI post-mortem to validate that the residual expansion

accurately reflects the concrete deterioration.

10.3. The subjectivity of the DRI when applied to various ISR

The subjectivity in interpreting results arises from using the DRI number and bar charts to
determine the cause and extent of ISR-induced deterioration. Extensive previous research and
applications of the DRI to ASR have shown that the DRI number can be correlated to expansion.
However, similar DRI numbers can be achieved by two different ISRs, yet they represent two
different levels of deterioration due to the types of distress features observed and recorded. While
the DRI over-expansion or other mechanical responses reflecting various levels of deterioration
represents a two-dimensional construct, understanding the role of each distress feature regarding
the expansion or mechanical response remains crucial for enhancing our understanding of the
implications of ISR-induced deterioration in concrete. In this work, ASR, DEF, and freezing and
thawing (FT) were incorporated into the study. It was determined that modifications to the DRI
weighting factors are no longer necessary, as these modifications only slightly improve the

correlations (i.e., most with an R? above 0.70, with the exception of two instances out of 48). The

295



crack density (counts/cm?) using the distress features reflecting a progression of deterioration
(open cracks in the aggregate and cracks in the cement paste) as a function of expansion showed
an R2 of above 0.71, while the behaviours of the trends varied as a function of the ISR. This led to
the breakdown of the distress features as proposed in the extended version of the DRI, grouped as
closed cracks in the aggregate, open cracks in the aggregate (with and without reaction product),
cracks in the cement paste (with and without reaction product), and debonded aggregates. This
study revealed the importance of closed cracks in the aggregates regarding mechanical responses
due to the sliding effect of the crack planes compared to expansion while not producing an opening.
As such, closed cracks in the aggregate remain a significant distress feature influencing mechanical
responses. Predicting expansions based on open cracks in the aggregates and cracks in the cement
paste resulted in an R2 of 0.881 when using the distress mechanism as a categorical variable.
However, the comparison of the predicted versus observed expansions proved inefficient. In the
same context, the tensile and compressive strength, modulus of elasticity, hysteresis area (HA),
SDI, and PDI included the closed cracks in the aggregate, the debonded aggregates, and
interactions between the terms to obtain R? values of 0.43, 0.83, 0.85, 0.85, 0.80, and 0.88,
respectively, when using the distress mechanisms as categorical variables. However, a total of 19
estimates were used to obtain these predictions. Analyzing crack propagations made it evident that
expansions and mechanical responses need to be observed per distress mechanism, rather than as
a categorical variable describing a change in response. Thus, expansion remains the metric that
best describes deterioration and can be seen as a damage category with respect to a certain ISR;
hence, determining the extent of deterioration given a specific ISR is crucial. Following the
concept of what constitutes a sample and the convergence of the DRI number as the sample size

increases using the law of large numbers, the counts were represented as boxplots alongside
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descriptive statistics. The interquartile ranges (IQR) along with the average counts of distress
features were used to predict expansion for each ISR. This resulted in improved performance, with
R2 values of 0.96, 1 (due to limited data), 0.83, 0.95, and 1.00 for ASR, FT, FT&ASR, DEF, and
DEF&ASR, respectively. Moreover, the concept of convergence of the DRI number as the sample
size increases revealed that a larger sample size is required for a higher degree of damage; yet, for
laboratory-made specimens, 7525 cm?2 remains sufficient. Furthermore, while decomposing the
DRI data into count data, the bootstrap method could be applied with 1000 iterations to ensure
stability, with the mean as the parameter of interest and confidence intervals (CI) produced for
each configuration used (distress mechanism, expansion level, aggregate type, and distress
feature), thus establishing a range of expected values through the DRI. A visual summary of the

findings is illustrated in Figure 10.2.
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Research recommendations

This work was the first to decompose DRI data into count data, allowing for the visualization of 1
cm by 1 cm squares as a sample. This approach revealed the potential of the DRI data beyond mere
DRI numbers and bar charts. Recommendations to apply this approach to a previous study
incorporating a wide range of reactive aggregates and compressive strengths may help refine the
linear model for ASR and enhance understanding of the role of aggregate type and concrete

strength.

The application of the DEF counting method, as proposed in the scope of this research program,
aims to further refine the linear models for DEF-induced deterioration. Given the influence on
expansion, SDI, and modulus of elasticity explored in the previous topic, it is evident that further
decomposing the DRI data, including Debon-type cracks as identified through the proposed

counting method, will yield better predictions of mechanical responses.

Decoupling the combined DEF+ASR and FT+ASR mechanisms using this proposed approach
may reveal patterns that lead to improved diagnoses. However, as indicated above, some
mechanisms may remain untriggered before testing. It is highly recommended to include post-
mortem DRI analysis following residual expansion or degradation tests to consider all possible
scenarios in the field. Decoupling can likely only be implemented following such analyses,
especially when interactions between the mechanisms favour or hinder the development of one

another mechanism.
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10.4. Reducing operator variability during investigations of the deterioration extent

Operator variability is one of the most discussed issues related to the DRI. While extensive
previous research has addressed variability in distinguishing petrographic and distress features,
uncertainties persist regarding the extent of deterioration indicated by an ISR. As a result, operator
variability can be managed through rigorous training and resources available to support this
training. Understanding how new operators engage with the tool during learning was crucial in
this research. The ability to conduct the DRI develops the skill to draw conclusions based on
observations. Therefore, the observations needed to be quantified intuitively and without biases to
reach similar conclusions. This work considered DRI results from six operators for two types of
reactive aggregates, all using the concrete prism test (CPT) mixture proportions and specimen
fabrication. The combined unreactive aggregates varied, as did the sample preparation, reflecting
the variables encountered in different laboratory settings. Resources to assist during the training
include tabulated cumulative distress feature counts, which can be plotted as curves for visual
interpretations. This approach was chosen based on familiarity with cumulative tables. It was also
determined that the sample size in 1 cm by 1 cm squares needed to increase with the extent of
deterioration. Thus, convergence curves of cumulative DRI were produced to help the operator
achieve convergence during analysis. A visual summary of the findings is illustrated in

Figure 10.3.
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Figure 10.3. A visual summary of objective 3: Addressing variability by operator training.
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Research recommendation

While this approach serves as a starting point, such a guide is anticipated to be necessary for all
ISRs. As these guides continue to develop skills to identify the extent of damage associated with
an ISR, the ranges of expected values will be refined, and datasets will be created to establish
ranges based on statistical analyses. Therefore, it is advisable to document results from training
iterations to understand better how to adapt the guide according to the needs of new operators.
Calibration of new operators could be based on these results to ensure that less experienced
operators can reliably conduct the analysis. Linking these calibrations to mechanical responses and

expansion can help determine the certainty of the result and the allowable margin of error.

10.5. Effectively and efficiently using the DRI

In this final objective, the limitation of time was among the primary drivers for developing the
automated version of the DRI. Although the time consumption of the DRI was not discussed in
this thesis, as it reflects an economic aspect of conducting the analysis, it undoubtedly prompted
its automation. However, while these topics are incredibly trendy, they should be considered
carefully. This research focused on the performance metrics that evaluate the outputs from the
automated DRI. It could be viewed as a new operator, thus requiring training and intervention.
Machine learning (ML) outputs may converge to suitable values from an ML perspective, as was
observed in the previous feasibility study. However, it is vital to understand the outputs from the
application point of view and to question what the machine is doing to achieve its suitable metrics
(i.e., an accuracy of 0.74 for the crack classifier-detector and 0.99 for the crack counter). In the
first iteration of the model (i.e., Model 1), which employed a pixel-based approach, the outputs
were adjusted to reach a targeted DRI number by augmenting counts where none existed. While

the first model excelled in crack identification and classification tasks, compatibility with the crack
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counter caused these discrepancies. To resolve this, the model required an impractical number of
annotated images for its dataset, prompting a new iteration of an automated DRI model (Model 2).
In this version, instance segmentation was employed to consider the encountered distress features
instead of determining whether a pixel belongs to a crack. The model loss served as a metric to
compare the predictions to the ground truths for the second model iteration. The model loss
achieved as work progressed (i.e., after training on 450 annotated images) was found to be 0.28,
0.08, and 0.19 for the classifications, locations of cracks, and accuracy in the predictions of the
annotations, respectively, marking an improvement from the results presented in Chapter 8 (i.e.,
0.80 during preliminary training). Distress features for ASR indicate an imbalance in the dataset,
where a limited quantity of CCP+CCPrp is observed. However, additional training of Model 2
with only this type of crack (i.e., 50 annotated images out of 240 in the second training round) led
to improved performance, resulting in a model loss of 0.13, 0.05, and 0.17 for the classifications,
locations of cracks, and accuracy in the predictions of the annotations, respectively, achieving
better performance with a smaller dataset. It is worth noting that this model does not combine OCA
and OCARp into a single category and is the first to detect CCPrp. The work accomplished in this
research program's objective validates the automation of the DRI, where this version can be seen
as a new operator in training. Figure 10.4 compares both models, the ground truth and the operator
training curves from Chapter 7. The implementation of various aggregate types, representing a
wider range of lithotypes along with different ISR mechanisms, is suggested as the next step.
Furthermore, incorporating image analysis—such as crack lengths and widths, crack networks,
Debon-type cracks, and crack orientations—would fully integrate this automated DRI. These
additional crack characteristics may facilitate the incorporation of fracture mechanics into the

analysis, thereby enhancing the overall impact of the DRI.
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Figure 10.4. A visual summary of objective 4: Evaluating the automated version of the DRI.
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