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Abstract

Predictive mathematical models have been proposed in alkali-silica reaction (ASR). Predicting concrete degradation
and its effects on mechanical properties is of interest given the long time until degradation becomes critical for
intervention and recovery, and difficult structural access for predictive and corrective monitoring and treatment. The
present paper presents a general overview of the evolution of the aforementioned predictive mathematical models,
interrelating them to the maturation of the phenomenological state of the art associated with ASR. For this purpose, a
systematic literature review was used, followed by bibliometric analysis and meta-analysis. In this study, 104 articles
from 1974 to 2020 were selected, of which 31 articles were reviewed on the topic of mathematical modeling of ASR.
The results of the method indicated the importance of the methodological approach of literature review to provide a
comprehensive and chronological view of the evolution of ASR consolidated in the literature. It was found that the
mathematical models have evolved considering the phenomenological approach of ASR.

Keywords: Alkali-Silica Reaction; Mathematical modeling; Systematic review; Bibliometric analysis; Meta-analysis.

Resumo

Modelos matematicos preditivos foram propostos na reacéo alcalis-silica (ASR). A previsdo da degradacdo do concreto
e seus efeitos sobre as propriedades mecanicas é interessante dado o longo tempo até que a degradacéo se torne critica
para intervencéo e recuperacéo, bem como o dificil acesso estrutural para monitoramento e tratamento preditivo e
corretivo. O presente trabalho apresenta uma visdo geral da evolugdo dos modelos matematicos preditivos acima
mencionados, inter-relacionando-os ao amadurecimento do estado da arte fenomenoldgico associado ao ASR. Para este
fim, foi utilizada uma revisdo sistematica da literatura, seguida de andlise bibliométrica e meta-analise. Neste estudo,
foram selecionados 104 artigos de 1974 a 2020, dos quais 31 artigos foram revisados sobre o tema da modelagem
matematica de RAS. Os resultados do método indicaram a importancia da abordagem metodoldgica da revisdo
bibliografica ao fornecer uma visdo abrangente e cronologica da evolugdo do RAS consolidada na literatura. Verificou-
se que os modelos matematicos evoluiram tendo em conta a abordagem fenomenoldgica da RAS. Algumas perspectivas
futuras de investigacdo sdo também sugeridas e discutidas neste artigo.

Palavras-chave: Reagdo Alcalis-Silica; Modelagem matematica; Revisdo sistematica; Analise bibliométrica; Meta-
analise.
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Resumen

Se han propuesto modelos matematicos predictivos en la reaccién alcali-silice (ASR). La prediccién de la degradacion
del hormigon y sus efectos en las propiedades mecanicas es de interés dado el largo tiempo que transcurre hasta que la
degradacion se vuelve critica para la intervencion y la recuperacion, asi como el dificil acceso estructural para el
seguimiento y el tratamiento predictivo y correctivo. El presente trabajo presenta una visiéon general de la evolucion de
los modelos matematicos predictivos mencionados, interrelacionandolos con la maduracién del estado del arte
fenomenoldégico asociado a la ASR. Para ello, se utilizd una revision sistematica de la literatura, seguida de un analisis
bibliométrico y un meta-analisis. En este estudio, se seleccionaron 104 articulos desde 1974 hasta 2020, de los cuales
se revisaron 31 articulos sobre el tema de la modelizacion matematica del ASR. Los resultados del método indicaron la
importancia del enfoque metodolodgico de la revision bibliografica para proporcionar una vision global y cronolégica
de la evolucion de la ASR consolidada en la literatura. Se comprob6 que los modelos matematicos han evolucionado
teniendo en cuenta el enfoque fenomenolégico de la ASR. También se sugieren y discuten en este trabajo algunas
perspectivas de investigacion futuras.

Palabras clave: Reaccion Alcali-Silice; Modelizacion matematica; Revision sistematica; Analisis bibliométrico; Meta-
andlisis.

1. Introduction

Eighty years have passed since the first pathological manifestation of alkali-aggregate reaction (AAR) was documented.
AAR can occur in three different forms, which are each associated with the type of composite mineral in the reactive aggregate.
They are classified as alkali-silicate reaction (ASR), alkali-silica reaction (ASR), and alkali-aggregate reaction (ACR). When
classified as ASR, they refer to a reaction between alkali hydroxides (k+ and Na+), from cement clinker and external sources
(additions and additives), dispersed in the porous solution in the cement matrix, and amorphous silica, in aggregates.

ASR can occur at random points within the structure, since the siloxane bridges (which form the repeating base of the
amorphous silica unit) are sufficiently exposed to alkaline solution. Thus, for the reaction to occur, the siloxane bond is broken
by the hydroxyl, and the hydroxyl transforms the siloxane bond into a silanol bond. This reaction forms the hygroscopic alkali-
silicone gel, which in presence of moisture expands, and causes stresses in the cement matrix, causing cracking and displacement
of the concrete structure.

After the discovery of AAR, numerous researches have been developed to investigate this pathological phenomenon.
This reaction is typical of dams, bridges and foundations, it has a slow evolution and a drastic structural degradation, the access
and execution of structural recovery is difficult and costly.

With several researches focused on this pathological phenomenon, in several countries, there was in 1974 the first
international conference to discuss about alkali-aggregate reaction (ICAAR), in Copenhagen, occurring until today (Swamy,
1992). The ICAAR over the years has gained a strong influence, and from an originally annual event, it has become a highly
prestigious quadrennial conference.

In addition to experimental testing, predictive mathematical modeling for ASR has also been a focus of studies aimed
at predicting concrete damage (Allahyari et al., 2020). Mathematical models for ASR prediction consider parameters that
interfere with this reaction. Due to concrete being the heterogeneous material and its multi-scale interaction nature, several
models have been developed and their parameter inputs have been formulated at different scales, nature, vocation and approach.

They have been gradually improved over the years due to new experimental methods. These developments have led to
a better phenomenological understanding and their incorporation into the modeling, which has made it possible to link computer
programs, both for solving more complex equations and for calibrating the models, which ensures greater accuracy in the results.

Two factors are reported as the most important ASR drivers: a- temperature, for increasing the reaction kinetics (Itam
etal., 2019; Larive, 1997; Paulon, 1981) and causing a reduction in gel viscosity, which ultimately makes the gel able to penetrate
more easily into concrete pores and cracks (Jones, 1988 apud Pignatelli, 2012); and, b- humidity, both for carrying alkaline

cations and hydroxyl ions, and for acting as a gel intumescent agent (Itam et al., 2019).
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Stanton (Stanton, 1940) demonstrated that cements with alkali content lower than 0.6%, the expansion was negligible.
Nowadays, this parameter is still considered important to minimize the effects of ASR. Swamy (1991) points out that humidities
below 50% cause almost zero expansion, and start to cause harmful expansions in the concrete structure from 80%. Also
according to Itam et al. (2019), a higher relative humidity provides a reduction in the value of the latency time and characteristic
time constants. The latency time, or the time to start the reaction is reduced, and consequently, the characteristic time, or the time
to start cracking is also reduced. That is, cracking in concrete occurs earlier after the onset of ASR.

These developments have led to better phenomenological understanding and incorporation of the same in the modeling,
which has made it possible to link computer programs, both for solving more complex equations and for calibrating the models,
which ensures greater accuracy in the results.

This study reviewed the literature on mathematical models of ASR specifically to fulfill the following objectives: a)
temporal monitoring of the number of scientific publications in this field; b) literature review to deal with phenomenological
aspects and correlate them with mathematical models. These objectives addressed the following questions: (a) "What were the
common methods used by authors to develop their research in the domain of ASR in concrete from the phenomenological point
of view?", (“b)” What were the mechanisms and operational deficiencies, common, used by authors, to develop their research in
the domain of ASR in concrete from the predictive modeling point of view?"; (¢) How physicochemical phenomena and
microstructural development have been interconnected in both fields of action? ; (d) What is the bibliometric profile (keywords
frequently used by authors and journals)?; (e) Who are the top authors in this field?; (f) What are the most important clusters in
the research area of predictive modeling for ASR in concrete?; (g) To what extent has research on predictive modeling for ASR
in concrete evolved in the last decade?

Of the 31 articles selected from the 104 filtered articles, only five review articles were located addressing more
holistically predictive mathematical models for concrete exposed to ASR (Esposito & Hendriks, 2019; Carles-Gibergues &
Hornain, 2014; Pan et al., 2012; Saouma & Xi, 2004; Gomes, 2017). In this scenario, this article aims to present the evolution
of predictive mathematical models for concrete exposed to ASR, the current understandings, as well as the shortcomings and the

contributions of scientific leaps tied to each evolution.

2. Methodological Aspects of the Research

The literature review is essential for the development of scientific work. Among the various existing methodologies,
the choice of the methodology to be adopted becomes an important criterion to select the most relevant studies for the
investigation. Thus, the importance of a more comprehensive investigation on state of the art of mathematical models for AAR
was analyzed.

This approach allows analyzing the scenario of publications to: a) avoid duplication of work; b) contribute to the
improvement and application of research; c) observe possible flaws in studies; d) evaluate the resources needed to build a study,
among other analyses. Although there are few literature review papers on mathematical modeling for ASR, literature review
articles are generally among the most sought after by readers of scientific publications (Baek et al., 2018).

Grant and Booth (2009) noted 14 variations of literature review, which can range from an overview to systematic
reviews and meta-analyses. However, it is necessary to differentiate between a traditional literature review and a systematic
literature review (SLR).

In the traditional review, the researcher gathers information and discusses the set of articles that he or she judges to be
important for research. A systematic literature review (SLR), on the other hand, is characterized by an explicit question, defined

as a comprehensive and systematic analysis of studies. It is a strategy for screening and including studies, extracting data
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(coding), properly analyzing the data, and then presenting the results (Ravindran & Shankar, 2015). According to MacLure et
al. (2016), the reasons for conducting an RSL are many and varied, in which one can include:

o Identify, evaluate and interpret available research evidence relevant to a specific topic;

e Help inform practice and policy by providing integrated, unbiased evidence on which to base decisions;

o Identify gaps in the literature to inform future studies;

¢ Minimize trends, using explicit and systematic methods.

Several authors have sought to equate the possible typologies of systematic reviews, due to the existence of several
areas of knowledge. Thus, Siddaway, Wood, and Hedges (2018) classify systematic reviews into systematic reviews with meta-
analysis; narrative systematic reviews; and systematic reviews with meta-synthesis. For this research, the methodology of
systematic reviews with meta-analysis was adopted, which proposes a series of steps (planning; conducting and documenting).

According to Denyer and Tranfield (2009), once the studies related to the research have been collected and evaluated,
the process of data analysis will occur, which has the goal of examining the studies individually and understanding how the
elements relate to each other. A few of the main methods of analysis are: bibiometric analysis and meta-analysis. Thus, the

research consisted of three stages, as per the procedure described below:

1st Stage (Systematic Review): consisted of: a) planning: the need for a SLR was taken into consideration, and after the positive
finding, the theme was defined, the databases were chosen, and the search syntax was defined; b) conducting: in this stage the
bibliographic search was conducted. The articles found in the databases that fit the research theme were entered into an Excel
spreadsheet, and then the selected articles were filtered. After filtering, the inclusion criteria were applied, and finally the articles
were selected; ¢) documentation: the data was synthesized, then the results were systematized, conclusions were drawn, and
finally dissemination.

Stage 2 (Bibliometric analysis): this consisted in obtaining the bibliometric graph, generated by the VOSviewer program, from
the articles selected in the first stage.

Stage 3 (Meta-analysis): this consisted in carrying out a statistical analysis to obtain the Forest Plot graph. This graph was

generated with the help of the Review Manager 5.3 program in the articles selected in the first stage.

Then for the systematic review, bibliometric analysis and meta-analysis of mathematical models for ASR a search was
conducted in the Web of Science, Scopus and Engineering Village databases. These were chosen because they are the ones that
publish the most scientific technical papers in civil engineering on the subject of RAS. The Booleans used were "alkali silica
reaction" AND "model" on July 19, 2020, returning the results as compiled in Table 1, and in Figure 1 illustrated the three stages

of the methodological aspect of the research.

Table 1 - Results compiled from articles in each database.

Database Results (Articles)
Web of Science 66
Engineering Village 360
Scopus 312

Source: Authors.

Table 1 showed a large divergence between the publications in the Engineering Village and Scopus databases compared

to the Web of Science. Therefore, for research concerning mathematical models for ASR, the Web of Science was incipient.
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Figure 1 - Flowchart of the steps of the systematic literature review.
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Source: Authors.

Observing Figure 1, the 738 articles were then filtered according to established criteria, for example, repetition of the
article in more than one database; year of publication, to determine the chronology of the methods evolution; number of times
the article was cited, as it indicates the importance of the research developed on the theme. After filtering, 104 articles were
selected.

The 104 selected articles were further analyzed by reading the following items: the title, for being a previous indicator
of what will be discussed in the article; the abstract, to better understand the research developed and presented; and, the
verification of the bibliographic references, to know which authors make up of the state of the art of the research developed, as
well as the frequency of citations that are considered classics in the theme under study. These criteria were adopted to minimize
the subjective nature of this selection. Thus, the sample of 104 articles was reduced to a sample of 31 articles, on the subject of
mathematical modeling of ASR in the time interval from 1974 to 2020.

In the case of the bibliometric analysis, the criterion "keywords" was adopted and the selected data organized, selected
in the VOSviewer (Visualization of Similarities Viewer). Finally, the random effects model was used in the meta-analysis. A
study of the quality of the article was performed according to the adopted criteria disassembled in Table 2 and evaluated on a
scale as shown in Table 3. With the help of an Excel spreadsheet, the total sum of the scores for the seven criteria was calculated

for each article. With this sum (Scri) the mean (" Scri=Scri7) and the standard deviation (SD) of this mean were calculated.

Table 2 - Evaluation criteria used to analyze the articles.

Criteria Description
1° Describes the model selection Analyze the importance of the proposed mathematical
criteria model.
2° Identifies factors that influence the Analyze the importance and evolution of these factors.
ASR
3° Gathers the necessary data for To analyze which authors form the basis of the state of the
understanding the problem art of the research developed.
4° Presents and defines the adopted To understand the reason for the use of each parameter.
parameters
5° Explains the modeling procedure To verify if it demonstrates the modeling steps for

understanding the phenomenon in question.

6° Uses graphs and tables for To analyze more critically the behavior of the
explanation phenomenon.
7° Draws coherent conclusions from To verify the compatibility between results and
the results conclusions.

Source: Authors.
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Because of the models' heterogeneity and the difficult comparison between them to compose the meta-analysis, it was
proposed for this research to follow a line of qualification of the articles to obtain essential parameters for this analysis. Table 2
shows that the criteria adopted were to reduce the subjectivity of the research and allow a comparison between the models. And

in Table 3, the adopted scale is shown, referencing how well the article under analysis corresponded to each criterion.

Table 3 - Description of the quality of the terms.

Scale Description
1 When it does not meet the expectation
2 When it partially meets the expectation
3 When it meets the expectation

Source: Authors.

3. Results

The results of this research are presented below. The results were divided into three blocks, namely:
bibliometric analysis, meta-analysis and systematization of the evolution of mathematical modelling for RSA,
according to the topics below.

3.1 Systematic review analysis

With the systematization of the articles in the Excel spreadsheet, two analyses can be made. The first refers to the
filtering phase in which 104 articles were selected and it was possible to perform a temporal analysis, Graph 1. The second
analysis, referring to the selection phase of the articles that were treated in detail, analyzed the most used input data in the models,
which were related to properties, physical and chemical composition of concrete, Graph 2.

Graph 1 - Evolution of the number of publications over the years.

-
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Source: Authors.

It is important to note in Graph 1, that the publications of articles on this subject since the beginning already
demonstrated a scientific interest, and that as more conceptions about the pathological phenomenon were obtained, there was
great interest in modeling the problem. And in the last decade there has been a significant increase in research on ASR with the

aim of predicting, preventing, and ensuring greater durability of structural parts.
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Graph 2 - Most commonly used input data in the models, related to concrete mechanical properties, physical and chemical

composition.

temperature

ion concentration reactivity

diffusion
coefficient

Source: Authors.

From the mathematical models analyzed, it was observed that the most used parameters are compiled in Graph 2. Note
that temperature, because it has an influence on the reaction kinetics, is the most adopted, followed by the diffusion coefficient
and humidity, which is considered the intumescent agent of the gel. These parameters are mostly used in chemical and chemical-
mechanical models. The modulus of elasticity and Poisson coefficient, which characterize the stiffness of the structural part, are

adopted in the mechanical and chemical-mechanical models.

3.2 Bibliometric analysis

With the data collected and saved in the reading extension, the bibliographical treatment could be carried out, which
went through the construction and analysis of networks with the help of VOSviewer as a basis on the 31 articles selected.

The bibliometric graph generated by the keywords criteria is shown in Figure 2. To reduce the number of keywords, a
minimum frequency of eight times was requested. In the overall sample, 1,949 keywords were found, 72 of which met the

minimum frequency requirement.

Figure 2 - Bibliometric graph of the clustering of journals and magazines publishing on mathematical modeling of concrete
ASR.
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Source: Authors.

Figure 2 shows the characterization of the literature on the SAN. It was convenient to analyze the terms that the
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publications share with each other. In this way, a more relevant approximation of the content of each cluster can be obtained, as
well as to complement the clusters already observed in the analysis data. The objective of this criterion is to identify the terms

and expressions that are significant in the abstracts, keywords, and titles of the publications.

3.3 Meta-analysis

From the meta-analysis, one can analyze the existence of heterogeneity of the published models, and if there is proof of
which type of model has better efficiency. Thus, to estimate more precisely the effect size of the 31 selected articles, the Forest
Plot graph of Figure 3 was obtained, where the aforementioned articles are classified according to the procedure of calculating

the sum of the scores of the 7 criteria, the mean, and the standard deviation described in the methodology.

Figure 3 - Forest plot of the 31 articles in the study in question.
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Source: Authors.

From Figure 3, the important thing to note is the result of the meta-analysis that through the data proves that there is no
significant difference between the models. Although there is a great heterogeneity in the mathematical models for ASR, they

converge to the same result, but with different precision.

3.4 Systematization of the evolution of mathematical models for ASR

Figure 4 illustrates a mandala of concentric circular crowns, where evolution of the mathematical ASR models can be
seen. The evolution is systematized by the subdivision of the models into: chemical models represented by the smaller crown;
mechanical model framed in the central crown, and chemical-mechanical model located in the outer crown; highlighting the
increase in the number of approximations along the radius. The heterogeneity of the approximations used in each crown can be
observed. The green color highlights the models based on diffusion and reaction coupled to kinetic concepts; the blue color
analyzes the production of the formed gel, whose quantification is performed through the gel mass or volume balance; the purple
color highlights the models that evaluate the pressure caused by the filling of the concrete pores with the gel, in this approach

the porosity becomes an important input parameter and finally the red color evaluates the concrete expansion.
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Figure 4 - Mandala of concentric circular crowns to systematize the evolution of the mathematical models for ASR from the
years 1974 to July- 2020.

Source: Authors.

With the systematization shown in Figure 4, it is observed that the chemical models were not able to analyze the
expansion process. This analysis was possible with mechanical modeling as shown in the central crown of the mandala. The

expansion process closed some gaps and made it possible to analyze the structural behavior during the expansion process.

4. Discussion

From the results presented above, a discussion will be held regarding each topic addressed.

4.1 Systematic review

The 1990s are a landmark of the principal publications on modeling for ASR. Although the reaction is linked to a
complex chemistry that makes it difficult to homogenize mathematical models, research has continued to be conducted in search
of understanding the mechanisms of ASR, Chart 1 shows this evolution.

From Graph 1 it can see in the selected articles an increasing trend of publication and that, starting in 2012 there was a
high rate of publication that has been maintained until the present day. This trend may be correlated with the better
comprehension of reaction, increasingly accurate modeling, more robust computer software and the search for increasingly
durable structural parts.

When analyzing Graph 2, it is observed that the most used parameter in the models is temperature, as showed in several
studies that temperature affects the reaction kinetics and consequently causes an increase in the expansion of concrete (Itam et

al., 2019; Larive, 1997; Paulon, 1981). Then there is the diffusion coefficient, moisture, ion concentration, modulus of elasticity,
9
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aggregate reactivity and Poisson in fewer numbers in the models, but still being necessary parameters for the some of the

simulations.

4.2 Bibliometric analysis

With the scenario of publications of scientific articles over the years on RSA, it is intended to evaluate the evolution of
research and thus contextualize the current stage of the literature on the topic at hand. The objective in this section is to analyze
the bibliometric graph, to identify and characterize the main lines of research. Thus, the criterion of clustering by co-occurrence
of terms tries by identifying the elements in common in the texts of the selected database, and thus to identify significant terms.

According to Figure 2, based on the bibliometric analysis data, it can be seen that until 2007, corresponding to the purple
color, there was a search in understanding the mechanisms of ASR, the impact caused by the gel in the concrete structure, and
the factors governing gel formation from a chemical point of view. At that time, the reaction mechanisms were accounted for by
the ion diffusion process as discussed by Hirche and Wolf (1974), Svenson (1991), Bazant and Steffens (2000) and Suwito et al.
(2002), the time constant and latency characteristic of reaction, and the rate of alkali consumption by kinetic laws.

Although from 1974 to 2007 reaction kinetics had already been introduced to mathematical models for ASR, it was
only between 2007 and 2009 (blue color in the graph) that its influences on the gel production rate and the expansion rate were
consolidated. From this understanding, the gel production rate and, consequently, the concrete damage process started to be
modeled from chemical-mechanical models, as in Poyet et al. (2007), Multon et al. (2009) and Comby-Peyrot et al. (2009).

Between 2009 and 2013, models incorporated phenomenologies on the internal stresses caused by the pressure imposed
by the gel to consider gel expansion, crack propagation, and macroscopic expansion, as in Pesavento et al. (2012), Dormieux et
al. (2004), Esposito and Hendriks (2016), and Li et al. (2019). Therein, two simplifications were addressed given the
phenomenon's complexity: a) the gel pressure as hydraulic pressure in the pores; b) the micro-behavior of the fluid and solid
phases as micro-poro-mechanical and chemical-mechanical models.

From 2013 to date, as highlighted in the yellow color of the graph in Figure 3, the chemical-mechanical models have
been increasingly consolidated. With technological advances, the models are becoming more and more sophisticated and
accurate, taking into account the effect of temperature, humidity, reaction chemistry, and mechanical properties, as in Allahyari
et al. (2020), Kawabata et al. (2017), and Grymin et al. (2017).

Table 4 compiles the countries, institutions and authors' profiles of the 31 articles addressing mathematical models of
ASR from 1974 to July 2020.
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Table 4 - Countries, institutions, and author profiles of the 31 articles addressing mathematical models of ASR from the years
1974 to July 2020.

General characteristics of publications

Author
Year Country University Authors' profiles
Central Institute for Analytical
Hirche e Wolff 1974 Germany Chemistry - Research Facility
Nuclear de Jilich
United -
Hobbs 1981 Kingdom *
Svensson 1991 Denmark * *
. Technical University of Denmark -
Nielsen et al. 1993 Denmark Laboratory for Building Materials Structures
Léger et al. 1996 Canada Montreal Polytechnic Structgres and
Materials
Capra e Bournazel 1998 France Ecole des Ponts - Navier Lab Structures
Bazant e Steffens 2000 USA Northwestern University Structures
Bazant et al. 2000 USA Northwestern University Structures
Ulm et al. 2000 USA Institute of Technology of Structyres and
Massachusetts Materials
Suwito et al. 2002 USA University of Colorado Structures
Bangert et al. 2004 Germany Structural Mechanics Institute Structures
Dormieux et al. 2004 France Ecole des Ponts et Chaussdes Structgres and
Materials
Saouma e Perotti 2006 USA University of Colorado Structures
Poyet et al. 2007 France Nuclear Research Center - Saclay Structyres and
Materials
Multon et al. 2009 France University of Toulouse Structyres and
Materials
Comby-Peyrot et al. 2009 France Ecole des mines de Paris Structures
Dunant e Scrivener 2010 Switzerland School of Engineering - Les Labos de .
IMX Materials
Pesavento et al. 2012 Poland University of Padova Structyres and
Materials
Pignatelli et al. 2013 ltaly Politecnico di Milano Structures
Charpin e Ehrlacher 2014 France Ecole des Ponts - Navier Lab Structures
Lo Technical University Tadeusz Structures and
Winnicki et al. 2014 Poland Kodciuszko Materials
Itam et al. 2015 Malaysia Universiti Tenaga Nasional Structures
Bazant e Rahimi-Aghdam 2016 USA Northwestern University Structures
Esposito e Hendriks 2016 Netherlands  Technical University of Delft Structures
Kawabata et al. 2017 France University Paris-Est Structures
Grymin et al. 2018 Poland Lodz University of Technology Materials
Lietal. 2019 China University Heilongjiang Materials
Itam et al. 2019 Malaysia Universiti Tenaga Nasional Structures
Rahman e Lu 2019 USA Boise State University Structures
Allahyari et al. 2020 Australia University Monash Structures
Lietal. 2020 China College of Harbor Structures

* - Not found. Source: Authors.
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It is noted that France and the USA are the countries that have produced the most research in the area of modeling for
ASR, approximately 45.16% of the articles presented in Table 3 are found in these two countries. These countries stand out due
to the numbers of concrete works affected by ASR. In the "Second International Conference on Alkali aggregate Reactions in
Hydroelectric Plants and Dams" held in 1995, it was found through publications and reports made by several authors over time,
that of the publications on ASR about 50% of the affected works refer to USA and Canada, and 5% in France (Priszkulnik,
2005), pointing out that, there has been an increase in the numbers of structures affected by this reaction.

Of the institutions the following stand out: Northwestern University, with three publications, highlighting Bazante and
Steffens (2000), Bazante et al. (2000) and Bazant and Raimi-Agdam (2017), authors with high impact publications; Ecole des
Ponts, with three publications highlighting Dormiuex (2004), Comby-Peyrot et al. (2009) and Carpin and Erlacher (2014); and,
the University of Colorado, with two publications, being Suwito et al. (2002) and Soauma and Perotti (2006).

From the authors' profile it is noted that more than 50% are structural engineers, being professionals in the area of
materials science and engineering only 9.68% of the evaluated articles, minority in the publications of modeling of RAS in
concrete. It is suggested that interdisciplinary collaborative actions between specialists in structures, construction materials,
materials science and engineering and chemistry is salutary for the maturation and understanding in the modeling of concrete

ASR, contributing to more robust and accurate models.

4.3 Meta-analysis

It can be seen in Figure 3 that, for each case study, a comparison between chemical and mechanical modeling was
performed. The Forest Plot generated provides the mean difference between groups at a 95% confidence interval. The rhombus,
which is the result of the meta-analysis, has an average difference between studies of 0.00%, so there is no statistical difference
between studies, and that the effect size is the same for the compared models. The confidence of the result obtained was given
by the inconsistency test 12=14%, proving that the systematization of the articles performed in this research was coherent, and

considered statistically low, because it is less than the limit of 25% of inconsistency.

5. Considerations
This topic will present a contextualization of the mathematical models for ASR. The analysis consists in verifying the
types of approach (chemical, mechanical or chemical-mechanical) and conducting an explanation on the evolution of the models,

the failures and the current state in each type of approach, besides including a critical discussion about the different approaches.

5.1 Research contexts of mathematical ASR models for concrete: chemical, mechanical and chemical-mechanical
approaches levels

Over time, several ASR models have been produced around the world because of the problems caused in the concrete
structures. In recent years, several researchers have tried this problem in a more rational way, developing numerical models
capable of correlating the effects observed in the structure with the physical-chemical behavior at the material submitted to the
alkali-aggregate reaction (Lopes, 2004).

No Brasil, de acordo com Carasek et al. (2016), a produgdo de modelos matematicos de RAA ainda se encontra em seus
estagios iniciais. Também, diz o autor, para propor um modelo a nivel universal no contexto da RAS, este modelo deve descrever

a cinética de formacédo, a expansdo do gel e determinar a resposta do concreto a esta expansao.
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5.1.1 Chemical approaches: evolution, current state and failures

In the first decades of the discovery of AAR, there was a consensus about a chemical reaction, a consensus that the
mechanism governing this reaction is quite complex. In the 1950s and 1960s, studies on the phenomenon lost momentum.
Research and testing on the alkali-aggregate reaction returned more rigorously in 1970, when there were more reports of this
pathology (Arrais, 2011). With the worldwide problem, there was a need to try to mathematically model the ASR and thus
analyze the consequences caused.

From the chemical models, one can notice the interest in the gel and the phenomenology of the reactions for its
formation. They would then be then based on diffusion, exchange and concentration in alkali ions to explain the reactions that
are then involved in the formation of the ASR gel (Hirche & Wolff, 1974; Svensson, 1991). In this intercalation, the rate of gel
formation was evaluated, through difference in volume of gel formed, and cracking and expansion formation in mortar bars was
noted, finding that gel production increases the degree of deterioration (Hobbs, 1981). Finally, the pressure caused by the gel
on the aggregate was analyzed (Comby-Peyrot et al..., 2009).

Thus, there was already the sensitivity that there were stresses caused on the concrete matrix as a result of the gel
formation with its possible consequences. The first chemical models were efficient to characterize the reaction, but there were
gaps regarding the structural behavior. Based on this deficiency, there was an advance in chemical models that increased the
ability to evaluate cracking and expansion time, on the basis of the reaction rate considered to be directly proportional to the
amount of reacting aggregate, but this advance was restricted to mortar bars (Hobbs, 1981). Chemical models were not able to

evaluate; crack propagation; concrete expansion and structural displacement.

5.1.2 Mechanical approaches: evolution, current status and failures

As research progressed, there were several theories about the reaction mechanism of this pathology. The theories were
usually quite complex and therefore difficult to quantitatively evaluate the phenomenon. Therefore, mechanical modeling was
advanced in the context that the consequences of the reaction were of greater interest than the reaction itself.

Thus, in order to develop mechanical models, researchers began to consider the stress exerted by the gel, causing both
a cracking in the reactive aggregate and in the surrounding cementitious matrix. Thus, analysis of stresses and strains in concrete
structures subjected to ASR (Nielsen et al., 1993), analysis of the aggregate diameter that intensified the reaction (Bazant, 2000)
began to consider the pressure generated from the gel as an internal load. With the advance of laboratory techniques, it was
possible to analyze analytically the growth of the gel formed and the reaction speed, defined by silica dissolution, diffusion and
water absorption (Bazant, 2000).

With the investigations based on the cement-paste-aggregate interaction, it was possible to evaluate the impact of the
expansion of the gel in two scales: the mesoscopic scale, which evaluates the stress exerted by the gel on the matrix, and the
macroscopic scale, which evaluates the expansion, to account for the effects produced by the ASR on the concrete. From the
comprehension of the expansion process, different approaches were developed mainly in massive concrete structures, such as
dams, for example.

Although mechanical models have made a great leap in structural calculations, in which there could be a prediction of
the internal stresses caused by the gel pressure, and the displacements caused by the production of the gel. It was realized that
the concrete deformations induced by ASR could not be modeled by considering an equivalent thermal expansion. Thus, it was
recognized that the expansion process depends on the boundary conditions (environmental and material) that were addressed in
the chemical models, and the stress state in the concrete.

Thus, phenomenological laws were being adapted to describe the evolution of concrete expansion as a result of

temperature, moisture and stress (Comby-Peyrot et al., 2009; Nielsen et al., 1993; Léger et al., 1996), which over time were
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introduced in damage models. Thus, the models obtained a very high amount of parameter inputs, that are not always available

for a large amount of concrete mix, environmental conditions and stress state (Esposito & Hendrik, 2019).

5.1.3 Chemical-mechanical approaches: evolution, current status and failures

You can see that models have evolved gradually. With a more refined explanation of the reaction mechanism and its
consequences, the models have become more robust. Thus, some models have become outdated, due to changes in the way the
reaction is understood today.

Regarding the chemical models, it is observed that they do not address the links between the problems caused by the
gel and the structural response (stresses and strains) of the concrete element affected by the RSA. What is noticeable in
mechanistic models is the lack of interaction between the chemical and physical processes of the reaction. In other words, the
input parameters are modeled mechanically without the chemical input, so that the actions of varying such parameters interfere
in the results as expected, but do not guarantee an accuracy close to reality.

The support given to the cause and consequence interaction of ASR came with chemical-mechanical models, where one
can first analyze the reaction product at the microscopic level and how its development triggers the mechanical problems, internal
stresses at the mesoscopic level and deformations at the macroscopic level. Although this modeling has significantly improved
the prediction of the reaction, these modeling does not take into account the randomness of the reaction, i.e., the reaction can
occur anywhere in the concrete and start at any face of the reactive aggregate.

5.1.4 Research contexts of mathematical ASR models for concrete: aggregate and product levels

Esposito and Hendriks (2019) reported that the mathematical models of ASR can be divided into four types: 1) modeling
based on the diffusion mechanism; 2) modeling based on gel production; 3) modeling based on concrete expansion; and, 4)
modeling based on internal pressure. The 31 selected articles are compiled in Table 5, duly classified into the four types of

modeling mentioned above for concrete under ASR.
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Table 5 - Approaches in the mathematical models of ASR from the years 1974 to July- 2020.

T 5
3 .E % é =
2 o § ¢£¢g
£ < S £3
) o a =3
Decade Authors i o o < a
19701980 (1) Hirche e Wolf (1974) Product
1981 -1990 (1) Hobbs (1981) Product
Svensson (1991) Product
Nielsen et al. (1993) Aggregate
Léger et al. (1996) Aggregate
19912000 (7)  Capra e Bournazel (1998) Aggregate
Bazant e Steffens (2000) Product
Bazant et al. (2000) Aggregate
Ulm et al. (2000) Aggregate
Suwito et al. (2002) Product
Bangert et al. Aggregate
Dormieux et al. (2004) Aggregate
2001 — 2010 (7) Saouma e Perotti (2006) Aggregate
Poyet et al. (2007) Product
Multon et al. (2009) Product
Comby-Peyrot et al. (2009) Aggregate
Dunant e Scrivener (2010) Product
Pesavento et al. (2012) Aggregate
Pignatelli et al. (2013) Product
Charpin e Ehrlacher (2014) Product
Winnicki et al. (2014) Aggregate
Itam et al. (2015) Aggregate
Bazant e Rahimi-Aghdam (2017) Product
Esposito e Hendriks (2016) Aggregate
2011 -2020 (14) i awabata et al. (2017) Aggregate
Grymin et al. (2017) Aggregate
Li et al. (2018) Aggregate
Rahman e Lu (2019) Product
Itam et al. (2019) Aggregate
Allahyari et al. Product
Li et al. (2020) Aggregate

Source: Authors.

As for the level shown in Table 5, it refers to the modeling scales, i.e., for product level models, reference to the
microscopic scale can be made, referring the aggregate level, that can be subdivided into two scales, which can be the mesoscopic
scale, in which the cement paste and aggregate interaction is evaluated, thus assessing the internal stresses caused by gel pressure,
and finally the macroscopic scale, which analyzes the concrete through the expansions it undergoes, and consequently the
displacements.
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Of the 31 articles under evaluation, nine authors developed mathematical models for ASR based on diffusion
mechanisms (Type 1, Table 5); four authors developed mathematical models based on the reaction product, i.e., on gel production
(Type 2, Table 5); twelve authors developed mathematical models for ASR based on concrete expansion caused by the gel (Type
3, Table 5); and, finally, six authors developed mathematical models for ASR based on the pressure caused by the gel (Type 4,
Table 5).

Furthermore, the temporal evolution suggests that mathematical models have evolved to approaches that are based on
expanding concrete under ASR. Of the 14 articles selected for reading in the last decade, eight with mathematical models in this
trend stand out. As well as, regarding the level adopted, of the four articles selected, two were diffusion process based, and two

were expansion process based.

5.2 Evolution of mathematical models of ASR for concrete

Over the years, research has advanced significantly and heterogeneously; that is, in general, each of its models has been
development based on the need to understand the reaction system and its deterioration action in concrete (Esposito & Hendriks,
2019; Carles-Gibergues & Hornain, 2014; Pan et al., 2012; Saouma & XI, 2004; Gomes, 2017). The mathematical models were
formulated following the schematic characterization shown in Figure 5. This schematization can support in the development of
new mathematical models of concrete ASR, and also assist in improving existing models.

It was found that ASR modeling and resulting expansion are necessary to obtain a relevant prediction about the structural
response of damaged elements. Thus, the models must take into account chemical and physical aspects to be efficient and reliable
(Multon et al., 2009).

As the interaction of internal (chemical composition of concrete) and external (environmental conditions) factors, as
well as the difficulty of understanding the reaction mechanism, the modeling of ASR in concrete structures becomes complex

(Pignatelli, 2012). In this scenario, the practice of improving existing mathematical models of ASR for concrete is observed.

Figure 5 - Schematic of the mathematical model classifications for ASR.
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Source: Authors.

From the systematization of the articles, it was possible to draw a flowchart that characterizes a pilot study for the

elaboration of future models as shown in Figure 5.

5.2.1 Evolution of the reliability of ASR models for concrete
The ability to present a solution to unknown problems, for example, RAS due to its heterogeneous character and difficult

accuracy, artificial neural network (ANNS) becomes a promising approach. Research in the field of civil engineering has been
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having results modeled based on ANNS, in which it may become a trend. Work published by Yeh (YEH, 2007) that modeled
concrete slump flow and optimized concrete mixtures based on ANN. Olivito (2003) measured deformation in materials using a
neural diagnostic system. Allahyari et al. (2020) used RNA to model ASR and compare the results obtained with existing
chemical-mechanical models.

Allahyari et al. (2020) used a machine learning approach to achieve a higher degree of confidence in model accuracy
or for new model formulations for ASR in concrete. Lee and David Lee (2004) apud Allahyari et al. (2020), say that neurons are
highly connected with connection matrices, containing weights and standard deviations. During the learning process, these
matrices are updated and adapted to obtain the minimum prediction error (Allahyari et al., 2020). Model validation of Allahyari
et al. (2020), was performed by comparison of experimental data. Although the input parameters were affectively and well
calibrated and the results were satisfactory, the model became quite complex, making it unattractive for large-scale

implementation.

5.3 Closing the gaps: a roadmap for future research
With the advances in research, and based on the results and observations, the complexity of the models has increased
over the years. The search for more accurate models has become increasingly important worldwide. Thus, it was evaluated the
possibility of deepening the theme, in subsequent works:
e Update and complement the information of developed modeling, not computed in this research, in order to obtain a
collection of mathematical modeling for AAR;
e Contribute as improvements in the existing models, which did not consider creep, the anisotropy of reaction and expansion,
the moisture and temperature variation;
e To take into account in the models the randomness of the reaction, to characterize the initial cracks, the crack distribution
and to calculate the crack probability;
o Evaluate experimental programs, which provide input data needed for future models;
e To have a greater interaction in the modeling process between the materials and structures areas; e,
e To cross-reference existing chemical and mechanical models in order to obtain a better refinement in possible chemical-

mechanical models.

6. Conclusion

It highlights the relevance of the methodological approach of the literature review to provide a comprehensive and
chronological perspective of the evolution of ASR consolidated in the literature, which showed the evolution of studies on ASR,
from research focusing on the impact caused by gel expansion, to understanding of the chemical reaction in concrete. ASR has
been the focus of studies in several countries, with different approaches that cause a great diversity of models. Thus, there is no
standardization in the models developed, which hinders the analysis and correlation of the results generated.

From the review and overview of mathematical models, it is possible to analyze the gaps in chemical modeling, and
from there, how mechanical models have provided important points in the damage process and mechanical degradation, as well
as their shortcomings when considering the final product of the reaction for modeling. Even with ASR investigations evolving,
and the models evolving into a mechanical analysis, there were still gaps, due to the modeling being based on the reaction
product.

The chemical and mechanical coupling in the models allowed to evaluate the reaction at the microscopic level, and its

possible consequences on the concrete structure, at the mesoscopic level, for stress analysis, and at the macroscopic level, for
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expansion analysis. These models have gained robustness due to the sophistication of the mathematics employed and the
computational software for analysis. Thus, parametric and analytical models can be modeled in finite element design, as well as
in a new design, i.e., ANNSs that can represent a solution to complex problems, and may become a new trend.

Although there is a range of mathematical models for ASR, few authors have addressed anisotropy, creep and
probability in the models, especially in the chemical-mechanical model. These three concepts are the basis for developing models
that make deeper analyses of the phenomenon and more accurately assess degradation of mechanical properties in concrete.

Most input data for the models can be obtained from laboratory tests, but in most papers the obtaining of these data is

not clear, making it necessary to analyze other papers, which hinders the dissemination of data in the scientific environment.
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