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Abstract: The widespread application of reinforced concrete structures in different environmental
conditions has underscored the need for effective maintenance and repair strategies. These struc-
tures offer numerous advantages, but are not impervious to the deleterious effects of chemical de-
terioration. The outcomes of this research hold significant implications for the management system
of reinforced concrete structures. This study proposes the utilization of a fuzzy expert system as a
means of enhancing the diagnosis of chemical deterioration in reinforced concrete structures that is
a valuable tool for engineers and decision-makers involved in the maintenance and repair of these
structures. The fuzzy expert system serves as an intelligent tool that can incorporate various symp-
toms of deterioration and inspection data to improve the accuracy and reliability of the diagnostic
process. By integrating these inputs, the system evaluates 21 different data points, each representing
a specific aspect of deterioration, on a scale ranging from 0 to 100. This numerical representation
allows for a quantification of the level of deterioration, with 0 denoting minimal deterioration and
100 indicating severe deterioration. The effectiveness of the fuzzy expert system lies in its ability to
process the vast amount of data and apply fuzzy operations on 352 fuzzy rules. These rules define
the relationships between the inspection data, the type of deterioration, and its extent. Through this
computational process, the fuzzy expert system can provide valuable insights into 10 distinct types
of chemical deterioration, facilitating a more precise and comprehensive diagnosis. The implemen-
tation of the fuzzy expert system has the potential to revolutionize the field of diagnosing chemical
deterioration in reinforced concrete structures. By addressing the limitations of traditional methods,
this advanced approach can significantly improve the clarity and accuracy of the diagnostic process.
The ability to obtain more precise information regarding the type and extent of deterioration is vital
for developing effective maintenance and repair strategies. Ultimately, the fuzzy expert system
holds great promise in enhancing the overall durability and performance of reinforced concrete
structures in various environments.

Keywords: expert system; fuzzy logic; chemical deterioration; reinforced concrete structures

1. Introduction

Maintenance of structures is a crucial aspect of civil engineering, where the timing
and nature of activities play a significant role. Among various forms of deterioration,
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chemical deterioration poses a significant challenge, reducing the service life and perfor-
mance of reinforced concrete structures. Hence, effective planning and maintenance strat-
egies are paramount. However, the process of gathering and inferring information in tra-
ditional approaches is often characterized by uncertainty, inaccuracy, and ambiguity, fur-
ther complicated by the intricate behavior and environmental conditions of the structures.
Consequently, decision-making becomes challenging. To make informed decisions, accu-
rate diagnosis of the type and extent of deterioration in reinforced concrete structures is
essential.

Accurate evaluation of deterioration involves a comprehensive investigation of the
structure to identify the symptoms associated with each type of deterioration. These
symptoms are derived from inspections, which are often uncertain, inaccurate, and am-
biguous. To address these challenges, a fuzzy expert system is developed to diagnose the
types and symptoms of deteriorations based on inspection data. This system leverages
information obtained from visual inspections and advanced methods, including non-de-
structive and semi-destructive tests. By integrating this data into the fuzzy expert system,
a more reliable and accurate diagnosis can be achieved.

The development of a robust management system relies on obtaining and inferring
information accurately. By addressing the uncertainties and inaccuracies in the traditional
process and employing a fuzzy expert system, this research aims to enhance the decision-
making process regarding the maintenance and management of reinforced concrete struc-
tures. The utilization of concrete technology literature aids in identifying the types and
symptoms of deterioration, facilitating a more comprehensive understanding and diag-
nosis.

Jain and Bhattacharjee [1] conducted a study focusing on the application of fuzzy
concepts to the visual assessment of deteriorating reinforced concrete structures. The au-
thors recognized the subjectivity and ambiguity involved in the visual inspection process
and aimed to enhance the accuracy and reliability of assessments. They proposed a fuzzy
logic-based approach that incorporated expert judgment and linguistic variables to eval-
uate the severity of deterioration. The study demonstrated the effectiveness of the fuzzy
concept application in providing more robust and consistent assessments of the condition
of reinforced concrete structures. It highlighted the potential of fuzzy logic as a valuable
tool for supporting decision-making in the maintenance and management of deteriorating
structures [1]. In a study conducted by Yuan et al. [2], the degradation of concrete exposed
to sulfuric acid attack was modeled. The objective of the research was to understand the
long-term behavior of concrete in aggressive environments and develop a predictive
model based on experimental data. The mathematical model developed by the authors
considered various factors, including acid concentration, exposure time, and concrete
properties. Through their comprehensive model, valuable insights into the mechanisms
of concrete degradation were obtained, providing a reliable tool for assessing the durabil-
ity of concrete structures subjected to sulfuric acid attack. This research contributes to the
broader understanding of concrete performance in corrosive environments and offers
practical implications for the design and maintenance of resilient structures [2].

Chiu and Lin [3] developed a multi-objective decision-making supporting system for
maintenance strategies of deteriorating reinforced concrete buildings. The authors recog-
nized the complexity of decision-making in managing the maintenance of such structures
and aimed to provide a comprehensive tool for decision support. The system integrated
various criteria, including cost, safety, and environmental impact, to evaluate different
maintenance strategies. By utilizing a multi-objective optimization algorithm, the system
identified optimal solutions that balanced the competing objectives. The study demon-
strated the effectiveness of the decision-support system in aiding decision-makers in se-
lecting appropriate maintenance strategies for deteriorating reinforced concrete buildings

[3].
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The deterioration of concrete in the marine environment was thoroughly examined
by Santhanam and Otieno [4]. The authors explored the specific challenges faced by con-
crete structures in marine conditions, including exposure to seawater, waves, and aggres-
sive chemicals. Various degradation mechanisms, such as chloride-induced corrosion, sul-
fate attack, and alkali-silica reaction, were discussed in detail. The study highlighted the
significance of utilizing appropriate construction materials, incorporating design consid-
erations, and implementing effective maintenance strategies to mitigate the deterioration
of concrete in marine environments. Santhanam and Otieno’s research contributes to the
understanding of concrete performance in marine conditions and provides valuable in-
sights into the effective design and management of marine concrete structures [4]. Dasar
et al. [5] conducted a study on the deterioration progress and performance reduction of
40-year-old reinforced concrete beams in natural corrosion environments. The authors in-
vestigated the effects of corrosion on the mechanical properties and structural perfor-
mance of the beams over time. They analyzed the corrosion products, measured the cor-
rosion depth, and conducted bending tests to assess the beams’ load-carrying capacity.
The study revealed a significant reduction in the load-carrying capacity of the corroded
beams compared to their original state. The findings emphasized the importance of un-
derstanding the long-term effects of corrosion on the performance of reinforced concrete
structures and the need for effective maintenance and repair strategies [5]. The probabil-
istic life prediction of reinforced concrete structures subjected to seasonal corrosion-fa-
tigue damage was investigated by Ma et al. [6]. The authors aimed to assess the durability
and remaining service life of these structures under the combined effects of cyclic loading
and corrosion. They developed a probabilistic model that incorporated environmental fac-
tors, material properties, and structural parameters to estimate the fatigue life of rein-
forced concrete members. The study highlighted the significance of considering probabil-
istic approaches in predicting the life expectancy of corroded structures and emphasized
the importance of maintenance strategies to mitigate the effects of corrosion-fatigue dam-
age. Ma et al.’s research contributes to the field by providing valuable insights into the
long-term performance of reinforced concrete structures and offers practical implications
for the development of sustainable maintenance practices in corrosion-prone environ-
ments [6].

Marzouk et al. [7] conducted a study aimed at resolving the deterioration of heritage
building elements using an expert system. The authors acknowledged the significance of
preserving heritage buildings and the challenges associated with their maintenance. They
proposed the development of an expert system that integrated historical data, expert
knowledge, and condition assessment to assist in diagnosing and resolving deterioration
issues in heritage buildings. The expert system utilized a rule-based approach and fuzzy
logic to provide recommendations for suitable repair and maintenance strategies based
on the specific conditions of the building elements. The study highlighted the potential of
the expert system as a valuable tool for heritage building preservation and emphasized
the importance of adopting advanced technologies in the field of building pathology and
adaptation [7].

A comprehensive review on the durability deterioration of concrete in marine envi-
ronments was conducted by Qu et al. [8]. The authors critically examined various degra-
dation mechanisms that affect both the material and structural levels of concrete in marine
settings. Key factors such as chloride ingress, carbonation, sulfate attack, and biological
deterioration were thoroughly discussed, highlighting their impact on the performance
and service life of marine concrete structures. The review emphasized the importance of
understanding these deterioration processes to develop effective strategies aimed at en-
hancing the durability and sustainability of concrete in marine environments. The study
provides a valuable resource for researchers, engineers, and practitioners involved in the
design, construction, and maintenance of marine concrete structures, offering insights and
guidance for ensuring long-term performance and resilience [8]. Robles et al. [9] con-
ducted a comprehensive review on the use of electrical resistivity measurements for the
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nondestructive evaluation of chloride-induced deterioration in reinforced concrete. The
authors focused on the assessment of concrete’s resistance to chloride ingress, which is a
major cause of corrosion in reinforced concrete structures. They discussed various tech-
niques and methodologies employed for electrical resistivity measurements and their cor-
relation with chloride-induced deterioration. The review highlighted the advantages and
limitations of electrical resistivity as a nondestructive evaluation method and emphasized
its potential for assessing the durability of reinforced concrete structures. The findings
contribute to the understanding and development of effective monitoring and mainte-
nance strategies for chloride-induced deterioration [9]. The deterioration of an industrial
reinforced concrete structure exposed to high temperatures and dry-wet cycles was in-
vestigated by Liu et al. [10]. The authors sought to gain insights into the effects of these
environmental conditions on the structural performance and durability of concrete.
Through visual inspections, material testing, and structural analysis, they evaluated the
extent of deterioration and identified the underlying mechanisms. The study revealed sig-
nificant damage, including cracking, spalling, and strength loss, resulting from the com-
bined effects of high temperatures and cyclic moisture changes. These findings under-
scored the importance of considering these factors in the design and maintenance of rein-
forced concrete structures exposed to harsh environments. Liu et al.’s research contributes
to the understanding of the impact of extreme conditions on concrete performance and
provides valuable implications for enhancing the resilience and durability of such struc-
tures [10].

Chen et al. [11] examined the structural performance deterioration of corroding rein-
forced concrete columns in marine environments. The authors focused on the effects of
corrosion on the load-carrying capacity, stiffness, and ductility of the columns. They con-
ducted experimental tests and numerical simulations to evaluate the deterioration mech-
anisms and quantify the extent of performance degradation. The study revealed that cor-
rosion significantly reduced the strength and ductility of the columns, leading to a higher
risk of structural failure. The findings emphasized the importance of corrosion protection
measures and regular maintenance to ensure the safety and durability of reinforced con-
crete structures in marine environments [11]. The structural performance of deteriorating
reinforced concrete structures was investigated by Pasha and Joshi [12]. The authors
aimed to assess the influence of various deterioration mechanisms, including corrosion,
cracking, and spalling, on the structural behavior of concrete elements. Through a combi-
nation of experimental tests and numerical simulations, they evaluated parameters such
as load-carrying capacity, stiffness, and deformation characteristics of deteriorated struc-
tures. The study yielded valuable insights into the progressive deterioration of reinforced
concrete and its implications for structural performance. The findings emphasized the sig-
nificance of regular inspections, as well as the implementation of appropriate maintenance
and repair strategies, to ensure the safety and long-term durability of deteriorating rein-
forced concrete structures. Pasha and Joshi’s research contributes to the understanding of
the behavior of deteriorated concrete structures and provides guidance for mitigating the
adverse effects of deterioration on their performance [12]. Matthews et al. [13] provided
an overview of the cyclic response of reinforced concrete members subjected to artificial
chloride-induced corrosion. The authors aimed to understand the structural behavior of
concrete elements under the combined effects of cyclic loading and chloride-induced cor-
rosion. They reviewed experimental studies and numerical simulations to analyze the de-
terioration mechanisms, including cracking, loss of bond, and reduction in load-carrying
capacity. The study highlighted the importance of considering the cyclic behavior of cor-
roded reinforced concrete in structural design and maintenance practices. The findings
contribute to the understanding of the performance of deteriorated concrete structures in
chloride-rich environments [13,14]. Moreover, artificial intelligence find extensive appli-
cations in the field of structural engineering, as demonstrated by numerous studies [15-
24].
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In this research, the aim is to address the challenges associated with diagnosing
chemical deterioration in reinforced concrete structures. Existing methods for diagnosing
the type and extent of deterioration have limitations in terms of unreliability and uncer-
tainty. To overcome these limitations, a fuzzy expert system is proposed. This system uti-
lizes various inspection data to diagnose the most probable chemical deterioration. It in-
corporates 21 types of data and applies fuzzy operations on 352 fuzzy rules to determine
the type and extent of deterioration. This research contributes to improving the clarity and
accuracy of chemical deterioration diagnosis in reinforced concrete structures, aiding in
effective maintenance and repair planning.

2. Research Significance

The increasing prevalence of reinforced concrete structures in various environments
has highlighted the critical need for effective maintenance and repair strategies. However,
these structures are susceptible to the adverse effects of chemical deterioration, which can
compromise their performance and longevity. Traditional methods for diagnosing the
type and extent of chemical deterioration have limitations in terms of ambiguity, inaccu-
racy, and uncertainty. Consequently, there is an urgent requirement for more advanced
approaches that can offer clearer and more accurate assessments.

In this context, this study proposes the utilization of a fuzzy expert system to enhance
the diagnosis of chemical deterioration in reinforced concrete structures. The fuzzy expert
system acts as an intelligent tool that integrates various symptoms of deterioration and
inspection data, thereby improving the accuracy and reliability of the diagnostic process.
By quantifying 21 different data points representing specific aspects of deterioration on a
scale from 0 to 100, the fuzzy expert system allows for a comprehensive evaluation of the
level of deterioration.

The strength of the fuzzy expert system lies in its ability to process large volumes of
data and apply fuzzy operations on 352 fuzzy rules, which define the relationships be-
tween inspection data, the type of deterioration, and its extent. This computational pro-
cess enables the system to provide valuable insights into 10 distinct types of chemical de-
terioration, enabling a more precise and comprehensive diagnosis.

By overcoming the limitations of traditional methods, the implementation of the
fuzzy expert system has the potential to revolutionize the field of diagnosing chemical
deterioration in reinforced concrete structures. The improved clarity and accuracy offered
by this advanced approach are crucial for developing effective maintenance and repair
strategies. Ultimately, the integration of the fuzzy expert system holds great promise in
enhancing the overall durability and performance of reinforced concrete structures in var-
ious environments.

3. Types of Chemical Deteriorations in RC Structures

In this study, the chemical deteriorations observed in reinforced concrete structures
are categorized into two main groups based on their underlying mechanisms. The first
group involves deteriorations caused by a cation exchange reaction. In this type of deteri-
oration, ions from aggressive materials replace ions present in the concrete compounds,
resulting in chemical changes and subsequent degradation of the concrete structure. The
second group comprises deteriorations caused by the expansion of materials resulting
from various chemical reactions. These reactions induce dimensional changes in the ma-
terials, exerting pressure on the surrounding concrete and leading to cracking, spalling,
and other forms of structural damage. Understanding and identifying these different
types of chemical deteriorations is crucial for developing effective maintenance and repair
strategies to mitigate their impact and extend the service life of reinforced concrete struc-
tures. Addressing these deteriorations at an early stage is essential to ensure the structural
integrity and durability of the concrete components.

The first category of deteriorations can be further classified into three subgroups (re-
ferred to as types 1 to 3), while the second category consists of seven subgroups (referred
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to as types 4 to 10). These classifications of deteriorations allow for a comprehensive and
detailed diagnosis of the specific type of deterioration. In total, there are 10 distinct types
of chemical deteriorations observed in reinforced concrete structures.

1. Deteriorations caused by cation exchange reaction—formation of soluble calcium
salts.

2. Deteriorations caused by cation exchange reaction-formation of insoluble and non-
expandable salts.

3. Deteriorations caused by cation exchange reaction—chemical attack by magnesium

salts.

4. Deteriorations caused by sulfate attack due to ingress of external sulfate ion into con-
crete.

5. Deteriorations caused by sulfate attack due to ingress of internal sulfate ion into con-
Crete.

6. Deteriorations caused by alkali-silica reaction (ASR).

7. Deteriorations caused by alkali-carbonate reaction (ACR).

8.  Deteriorations caused by hydration of magnesium oxide and crystalline calcium ox-
ide.

9. Deteriorations caused by reinforced concrete corrosion in concrete due to chloride
ion diffusion.

10. Deteriorations caused by reinforced concrete corrosion in concrete due to carbona-
tion.

4. Chemical Deterioration Symptoms in RC Structures

Understanding the nature and magnitude of deterioration necessitates a comprehen-
sive exploration of the symptoms associated with each deterioration type within the struc-
ture. These symptoms are derived from inspections and are compiled by examining exist-
ing concrete technology literature. This research aims to encompass the complexities aris-
ing from deterioration, considering both unique symptoms associated with specific dete-
rioration types and those shared across multiple types. In total, 21 symptoms (which are
explained in the following) are indicative of chemical deteriorations in reinforced concrete
structures or are directly attributable to them:

Concrete strength reduction.

Concrete durability reduction.

Aggregate pop-outs.

Concrete disintegration.

Increase in chlorine ion concentration.

Concrete spalling.

Concrete porosity/permeability.

Interfacial transition zone (ITZ) strength reduction.
Increase in salt/ion concentration.

10. Increase in sulfate ion concentration.

11. Irregular cracks.

12. Map cracking.

13. Alkali-silica gel leakage.

14. Alkali-carbonate gel leakage.

15. Efflorescence.

16. Steel rust production (corrosion).

17. Increase in cement Na20O equivalent alkali percentage.
18. Existence of potentially active aggregates for ASR.
19. Existence of potentially active aggregates for ACR.
20. Appearance of purple region after spraying phenolphthalein (concrete carbonation).
21. Structural deformations.

O P NN LN
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The aforementioned 21 indicators, crucial for diagnosing the type and extent of chem-
ical deteriorations, are fraught with uncertainty, inaccuracy, and ambiguity. Several fac-
tors contribute to the unreliable nature of this information, including the inspector’s ex-
perience, timeliness, and expertise, as well as the definition and severity of the complica-
tions involved. Additionally, the complex environmental conditions further complicate
the interpretation of these indicators [25]. Schematic representations of the study frame-
work can be observed in Figures 1 and 2.

Chemical Deteriorations (1) '—
Cation Exchange Reaction-
Increase in Salts/Tons Formation of Soluble <
Concentration Calcium Salts
Concrete Strength Cation Exchange Reaction-
Reduction Formation of Insoluble and [«
Non-Expandable Salts
Aggregate Pop Outs
Cation Exchange Reaction-
Chemical Attack by <
Efflorescence Magnesium Salts
Concrete Disintegration
Trregular Cracks from Pl:oducts o‘t Expansive
Reactions-Sulfate Attack <
due to Ingress of External
Sulfate Ton into Concrete
GoncreIs MRl o Concrete Disintegration
from Products of Expansive
Reactions-Sulfate Attack <
Concret due to Ingress of Internal
. ‘oncrete ™ Sulfate Ion into Concrete
Porosity/Permeability
Concrete Disintegration
Increase in Slllfatc Ton from Products of
Concentration Expansive Reactions- P
Hydration of Magnesium
Interfacial Transition Oxide and Crystalline
Zone (ITZ) Strength Calcium Oxide
Reduction

Figure 1. Symptoms and types of chemical deteriorations.
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Chemical Deteriorations (2) —

Concrete Durability
Reduction

Map Cracking

Concrete Strength
Reduction

Aggregate Pop Outs Concrete Disintegration
from Products of Expansive

A

Reactions-ASR
Alkali-Silica Gel Leakage
Alkali-Carbonate Gel
Leakage
Concrete Disintegration
Existence of Potentially from Products of Expansive [«
Active Aggregate for ASR Reactions-ACR
Existence of Potentially
Active Aggregate for
ACR
Reinforced Concrete
Trregular Cracks Corrosion due to <
Carbonation
Steel Rust Production
(Corrosion)
Increase in Cement Na,O
Equivalent Alkali
Percentage (more than
0.6%) Reinforced Concrete
Corrosion due to Chloride [«
Increase in Cement Na,O Ton Diffusion

Equivalent Alkali
Percentage (more than
0.4%)

Appearance of Purple
Region after Spraying
Phenolphthalein

| Structural Deformations

| Concrete Spalling

Increase in Chloride Ion
Concentration

Figure 2. Symptoms and types of chemical deteriorations.

5. Fuzzy Expert System

Expert systems leverage knowledge and inference techniques to address complex
problems that typically require human expertise. These systems offer several advantages,
including rapid response, enhanced reliability, cost reduction and flexibility [26].

Numerous studies have explored the application of expert systems in examining dif-
ferent forms of deterioration. For instance, Zain Al Abedin [27] proposed an expert system
that utilizes a non-phase if-then algorithm to assess the types of deterioration in rein-
forced concrete structures. Vagiotas et al. [28] put forward an expert system designed to
facilitate the maintenance of reinforced concrete bridges in Greece, acknowledging the
inherent uncertainty and ambiguity in the information and decision-making process. In a
similar vein, Tarighat and Miyamoto [29] developed a fuzzy model specifically tailored
for ranking the condition of concrete bridge decks.
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In this research, the expert system employed is built upon the principles of fuzzy
logic. Unlike traditional binary logic, which categorizes propositions as either true or false,
fuzzy logic operates on a spectrum of values, allowing for more nuanced and continuous
evaluation [30]. The foundations of fuzzy logic were laid by Zadeh [31], who introduced
the concept in his influential 1965 paper titled “Fuzzy Sets.” Fuzzy theory encompasses
various approaches that utilize fundamental concepts of fuzzy sets and membership func-
tions. According to Zadeh [31], membership functions are used to determine the degree
to which an element belongs to a set. Unlike crisp sets, where membership is strictly bi-
nary, membership degrees in fuzzy sets range between zero and one, allowing for partial
membership (Equation (1)). A membership degree of zero indicates that an element does
not belong to the set, while a degree of one denotes complete membership. The introduc-
tion of fuzzy theory has provided a novel means of expressing and handling uncertainties
[32].

m, (x):xe[0,1] where :

U,y (x)=1 if xistotally in A; .
0<u,(x)<1l if xispartly in A; M

Hy(x)=0 if xisnotin A.

Fuzzy logic employs linguistic terms to represent variables, with each linguistic var-
iable being a fuzzy variable that incorporates uncertainty. Input and output fuzzy varia-
bles can be expressed using conditional terms (Equation (2)). For instance, consider the
conditional term “If the room temperature is higher, then the cooler will work at a higher
speed.” In this example, the words “temperature” and “speed” are linguistic variables,
while “higher” and “more” are fuzzy values that encompass uncertainty.

If (x is A) Then (y isB) (2)

The fuzzy inference system (FIS) relies on if-then rules to establish relationships be-
tween input and output variables. It serves as a simulated model for scenarios involving
uncertain input and output data, as classical methods are unable to account for such un-
certainty. In this study, the Mamdani method, the most commonly used technique for FIS
development, is employed. Unlike the Sugeno method, the Mamdani method can handle
input and output uncertainty, enabling a more intuitive and systematic simulation of ex-
pert knowledge [31].

The proposed fuzzy expert system is developed and is implemented in four steps, as
follows.

5.1. Step 1. Fuzzification of Inputs and Outputs

In this step, the inputs of the system are 21 symptoms of chemical deteriorations (Ta-
ble 1) and the outputs are 10 types of chemical deteriorations (Table 2), for each of which
a range of linguistic changes is defined. In the design of this system, the set of linguistic
changes A is used for the symptoms of deteriorations 1 to 11 and all ten types of chemical
deterioration, and the set of deteriorations B is used for the symptoms of deteriorations 12
to 21.

A = {Low, Moderate, High }; B = {No, Yes } 3)

A continuous numerical range from 0 to 100 is considered for the symptoms and
types of chemical deterioration that are inputs and outputs of the program, with 100 as
the maximum value and 0 as the minimum value of the symptom of deterioration.
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Table 1. Fuzzy symptoms of chemical deteriorations.

Symptoms of Chemical Deteriorations Symbol Associated Fuzzy Set
Concrete strength reduction DS {Low, Medium, High}
Concrete durability reduction Du {Low, Moderate, High}
Aggregate pop-outs PA {No, Maybe, Yes}
Concrete disintegration Di {No, Maybe, Yes}
Increase in chloride ion concentration IC {Low, Moderate, High}
Concrete spalling Sp {No, Maybe, Yes}
Concrete porosity/permeability IP {Low, Moderate, High}
Interfacial transition zone (ITZ) strength reduction ST {Low, Moderate, High}
Increase in salt/ion concentration Sa {Low, Moderate, High}
Increase in sulfate ion concentration So {Low, Moderate, High}
Irregular cracks Cr {Low, Moderate, High}
Map cracking TC {No, Yes}
Alkali-silica gel leakage JS {No, Yes}
Alkali-carbonate gel leakage JC {No, Yes}
Efflorescence Ef {No, Yes}
Steel rust production (corrosion) CSs {No, Yes}
Increase in cement Na20 equivalent alkali percentage AS {No, Yes}
Existence of potentially active aggregate for ASR SG {No, Yes}
Existence of potentially active aggregate for ACR CG {No, Yes}
Appearance of the purple region after sl.?raying phenolphthalein (concrete car- Fn (No, Yes)
bonation)
Structural deformations Df {No, Yes}
Table 2. Fuzzy types of chemical deteriorations.
Types of Chemical Deteriorations Symbol Associated Fuzzy Set
Cation exchange reaction-formation of soluble calcium salt CCa {Low, Moderate, High}
Cation exchange reaction-formation of insoluble and non-ex- CIS {Low, Moderate, High)
pandable salt
Cation exchange reaction-chemical attack by magnesium salt CMg {Low, Moderate, High}
Concrete disintegration fro'm products of expansive r.eactions— EAS {No, Maybe, Yes}
sulfate attack due to ingress of external sulfate ion
Concrete disintegration from product? of expansive r'eactions— IAS {No, Maybe, Yes)
sulfate attack due to ingress of internal sulfate ion
Concrete disintegration from products of expansive reactions— ASR {No, Maybe, Yes}
ASR
Concrete disintegration from products of expansive reactions— ACR {No, Maybe, Yes}
ACR
Concret.e disintegratio.n from_ products of exPansive' reactio.ns— HMC {Low, Moderate, High]
hydration of magnesium oxide and crystalline calcium oxide
Reinforced concrete corrosion due to chloride ion diffusion Cdl {Low, Moderate, High}
Reinforced concrete corrosion due to carbonation CsC {Low, Moderate, High}

A membership function is considered for each range of linguistic changes. The mem-
bership functions considered for the symptoms of deteriorations are triangular (Figures 3
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and 4), and the Gaussian membership function is selected for the types of chemical dete-
riorations (Figure 5).

No Yes

20 | 60 70 ag

Figure 3. Membership function of chemical deterioration symptoms.

Low Moderate High

20 ] 60 70 an

Figure 4. Membership function of chemical deterioration symptoms.

Low Moderate High

20 i 60 70 a0

Figure 5. Membership function of chemical deterioration types.

5.2. Step 2. Development of If~Then Rules

During this stage, if-then rules are formulated based on scientific, specialized, and
experimental principles provided by the expert. These rules outline the relationships be-
tween each symptom and the type of deterioration [33,34]. Initially, rules are created in-
dividually for each symptom and type of deterioration, and subsequently consolidated. A
total of 352 fuzzy rules are established for the expert system. These rules employ the log-
ical AND operator, which denotes the minimum value aggregation method when sum-
marizing the symptoms of deteriorations. One of the rules is given below as an example:

Rule: If [(Irregular cracks are high)] and (corrosion is yes) and (spalling is
high) and (structural deformations is yes) and (chloride ion concentration is
high)] then [(reinforced concrete corrosion due to chloride ion diffusion is

high)].

(4)
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5.3. Step 3. Summary of Outputs of Rules

Every fuzzy function has an output that has a specific level according to its member-
ship function. These levels are summarized by logical “and” operator, which takes the
minimum value into account.

5.4. Step 4. Defuzzification of Outputs

The output of the system must be an uncertainty-free number so that this fuzzy sys-
tem can be used properly. This number between 0 and 100 represents the extent of each
type of chemical deterioration. The center of sums (COSs) method is used to achieve this
value in such a way that a surface emerges from the summarization of the outputs of the
rules whose center of the surface is a number that shows the extent of each of the ten types
of chemical deterioration.

6. Analysis of Fuzzy Expert System Results

The fuzzy toolbox can draw 3D and 2D graphs, allowing the user to compare inputs
and outputs and examine the effect of a symptom of deterioration on its type (Figures 6—
9). As can be seen, the graphs are completely non-linear, and the extent of chemical dete-
rioration increases mainly with the increase in the symptom of deterioration.

Figure 6. 3D graph of inputs (CS: steel corrosion, IC: chlorine ion), and output (CCL: reinforced
concrete corrosion due to chlorine ion diffusion).

Figure 7. 3D graph of inputs (DS: reduction of concrete strength, JC: ACG leakage) and output (ACR:
alkali—carbonate reaction of aggregates).
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Figure 8. 2D graph of input (JS: ASG leakage) and output (ASR: alkali-silicate reaction of aggre-
gates).

Figure 9. 3D graph of inputs (So: sulfate ion concentration, Di: concrete disintegration) and output
(EAS: corrosion due to sulfate attack).

7. Case Study

Costa and Appleton [35] pointed out the deterioration symptoms of a bridge at the
Sado River coastal pier in Portugal (Figure 10). In this research, the observations of the
mentioned bridge deterioration symptoms [35] have been investigated to validate the de-
veloped fuzzy expert system. Table 3 indicates the values of each symptom of chemical
deterioration in a bridge at the Sado River coastal pier in Portugal. According to Table 3,
the most severe chemical deterioration symptoms are “steel rust production (corrosion)”
and “increase in chloride ion concentration.” Also, according to Table 4 and Figure 11, the
results of developed fuzzy expert system diagnose the deterioration type of “reinforced
concrete corrosion due to chloride ion diffusion” as the most severe deterioration type.

The outputs of the developed fuzzy expert system indicate that the deterioration type
occurring is correctly diagnosed according to its coastal environment and the observations
of the bridge deterioration symptoms.
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Figure 10. (a) Typical deterioration observed for a bridge in Sado River, Portugal in the splash and
tidal zones; (b) concrete spalling in a construction joint; (c) corrosion of prestressing steel in un-
grouted ducts; (d) macro-corrosion cell in dock walls; (e) bars with 25 mm diameter totally corroded;
(f) concrete spalling in a low cover zone [35].

Table 3. Symptoms of chemical deteriorations value of a bridge in Portugal: case study.

Symptoms of Chemical Deteriorations Value
1 Concrete strength reduction 33
2 Concrete durability reduction 42
3 Aggregate pop-outs 55
4 Concrete disintegration 50
5 Increase in chloride ion concentration 78
6 Concrete spalling 76
7 Concrete porosity/permeability 57
8 ITZ strength reduction 58
9 Increase in salt/ion concentration 70
10 Increase in sulfate ion concentration 68
11 Irregular cracks 60
12 Map cracking 70
13 Alkali-silica gel leakage 45
14 Alkali-carbonate gel leakage 46
15 Efflorescence 36
16 Steel rust production (corrosion) 79
17 Increase in cement Na20O equivalent alkali percentage 51
18 Existence of potentially active aggregate for ASR 52
19 Existence of potentially active aggregate for ACR 52
20 Concrete carbonation 64
21 Structural deformations 10
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Table 4. Fuzzy types of chemical deteriorations value of a bridge in Portugal: case study.
Types of Chemical Deteriorations Value
1 Cation exchange reaction—formation of soluble calcium salt 55
2 Cation exchange reaction-formation of insoluble and non-expansion salt 56
3 Cation exchange reaction—chemical attack by magnesium salt 50
4 Concrete disintegration from products of expansive reactions-sulfate at- 53
tack due to ingress of external sulfate ion
5 Concrete disintegration from products of expansive reactions—sulfate at- 53
tack due to ingress of internal sulfate ion
6  Concrete disintegration from products of expansive reactions—ASR 40
7 Concrete disintegration from products of expansive reactions—ACR 16
g Concrete disintegration from products of expansive reactions—hydration 56
of magnesium oxide and crystalline calcium oxide

9 Reinforced concrete corrosion due to carbonation 51
10 Reinforced concrete corrosion due to chloride ion diffusion 57
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Figure 11. Deteriorations types diagnosis of a bridge in Portugal by a fuzzy expert system: case
study.

8. Limitations and Future Work

The fuzzy expert system shows promising results in diagnosing chemical deteriora-
tion in reinforced concrete structures, but there are certain limitations that need acknowl-
edgment to drive further improvements and developments in this field. Firstly, the accu-
racy and reliability of the system heavily rely on the quality of data collected from inspec-
tions and other sources. Inaccuracies in data recording or insufficient data availability can
impact the system’s performance. Future work should focus on enhancing data collection
methods and ensuring the consistency and completeness of the input data.

Secondly, the effectiveness of the fuzzy expert system depends on the rules and
knowledge base it operates upon. Fine-tuning and expanding the rule base with addi-
tional concrete technology expertise could lead to more precise and comprehensive diag-
noses. Collaboration with domain experts to refine the rules can be a valuable step in this
direction.

While the fuzzy logic approach helps manage uncertainties to some extent, the sys-
tem may still face challenges in dealing with extreme or rare cases. Future research should
explore advanced fuzzy logic techniques or consider incorporating other machine learn-
ing approaches to further improve the system’s ability to handle uncertainty. Addition-
ally, the developed fuzzy expert system requires rigorous validation and calibration to
ensure its accuracy and reliability across various scenarios and environments. Conducting
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extensive case studies and comparing the system’s outputs with real-world data will be
crucial to validate its performance.

Future efforts should focus on optimizing the system’s performance to provide real-
time or near-real-time results. A user-friendly interface that allows easy input of data and
interpretation of results is vital for the practical implementation of the fuzzy expert sys-
tem. Ensuring accessibility and usability for engineers and practitioners with varying lev-
els of expertise is crucial. Extending the fuzzy expert system to support multi-attribute
decision-making can enhance its capabilities. By considering multiple factors, such as cost,
feasibility, and urgency, the system can aid in prioritizing maintenance actions more ef-
fectively. To gauge the long-term effectiveness of the fuzzy expert system in practical ap-
plications, continuous monitoring and assessment of repaired structures over time are
necessary. This feedback loop will help refine and improve the system’s performance
based on real-world outcomes.

9. Conclusions

Different types of chemical deteriorations are of significant concern in the mainte-
nance of reinforced concrete structures, as they can lead to a reduction in the service life
of structures. The need for effective strategies to prevent or mitigate chemical deteriora-
tion is crucial to ensure the long-term performance and durability of these structures.
Proper planning and maintenance play a vital role in managing the impact of chemical
deterioration, thereby minimizing the risk of structural failure. Diagnosing the type and
extent of chemical deterioration is essential for developing appropriate maintenance and
repair strategies. However, the process of diagnosis is often complicated by the uncertain
and ambiguous nature of the information involved. Factors such as the variability in data
collected from inspections, the expertise and experience of the individuals involved, and
the complex environmental conditions further contribute to the challenges of accurate di-
agnosis.

To address these issues, this study introduces a novel approach using a fuzzy expert
system. By integrating fuzzy logic and knowledge from the field of concrete and rein-
forced concrete structure technology, this intelligent software aims to minimize uncertain-
ties and ambiguities in the diagnosis process. The fuzzy expert system provides a system-
atic and structured framework for analyzing deterioration data, allowing for more reliable
and accurate diagnoses. The advantage of utilizing a fuzzy expert system lies in its ability
to effectively handle the inherent uncertainties in the data. By employing fuzzy logic, the
system can capture and process imprecise and vague information, enabling a more com-
prehensive understanding of the extent and type of chemical deterioration. The system
utilizes a wide range of input data, including various symptoms and inspection results,
and applies fuzzy operations to derive meaningful insights.

The outcomes of this research hold significant implications for the management sys-
tem of reinforced concrete structures. The development of the fuzzy expert system offers
a valuable tool for engineers, practitioners, and decision-makers involved in the mainte-
nance and repair of these structures. The system’s ability to provide more precise and
reliable information regarding the type and extent of chemical deterioration can greatly
enhance the planning and implementation of maintenance strategies. By utilizing the
fuzzy expert system, stakeholders can make informed decisions, allocate resources effec-
tively, and prioritize maintenance actions based on accurate and detailed diagnoses. This
in turn leads to improved structural integrity, extended service life, and reduced life-cycle
costs of reinforced concrete structures. In conclusion, the introduction of a fuzzy expert
system represents a significant advancement in the field of diagnosing chemical deterio-
ration in reinforced concrete structures. The utilization of fuzzy logic and concrete tech-
nology knowledge contributes to overcoming the challenges of uncertainty and ambiguity
in the diagnosis process. By providing a systematic and reliable approach, the fuzzy ex-
pert system enhances the understanding of chemical deterioration and supports the de-
velopment of effective maintenance strategies.
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