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ABSTRACT

Corrosion become the main concern in structure durability which can result in
catastrophic failure. Besides, inadequate or wrong selection of water-cement ratio
can cause the insufficient readiness of reinforced concrete structure (RC) to the
aggressive environment. This issue might arise due to the material cost saving by
reducing the material of concrete and at the same time the quality of concrete might
be jeopardized during the construction as the consequences of the acts are
untraceable in the early stage. The poor quality of concrete in term of penetrability
properties can cause the easiness transport of chloride ions into the internal medium
of concrete structure. Therefore, the purpose of this research is to highlight the
common and frequent problem on the structure deterioration that often related to the
chloride-induced corrosion. The pattern and failure mode of concrete and steel were
observed using the secondary data collection method from previous study to analyse
the intended various factors that contributed to the corrosion of the RC. After all the
possible factors that influence the corrosion was determined, the data comparison
were done to study their effect on the chloride penetration that led to the occurrence
of corrosion. As a result, water-to-cement (w/c) ratio was the main parameter that
highlighted as the main cause of the chloride ions penetration that led to the
corrosion of reinforced structure at the first place which eventually end up with
structure failure. Different parameters were investigated on the degree of corrosion
such as the sodium chloride (NaCl) concentration as aggressive agent, the immersion
time, and the intended quality concrete casted. The findings show that the lowest
chloride penetration depth was 5 mm with w/c ratio of 0.25, and the highest
penetration was at the depth of 33 mm with w/c ratio of 0.55 in 3% NaCl solution for
6 months. It can be seen that when w/c ratio increase by 0.1, the chloride penetration
depth will increase to approximately 30 to 60%. This results highly prove that the
quality of concrete structure plays a significant role in delaying the chloride-induced
corrosion. Moreover, these findings can increase the knowledge and awareness of
construction practitioner on the importance of designing the adequate quality of
concrete structure and ensure the quality was well-maintained to avoid the economic
issue arise in future due to corrosion.
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ABSTRAK

Hakisan menjadi perhatian utama dalam ketahanan struktur yang boleh
mengakibatkan kegagalan struktur bangunan. Pemilihan nisbah air-simen yang tidak
betul atau salah mengakibatkan kesediaan struktur konkrit bertetulang tidak
mencukupi terhadap persekitaran yang agresif. Masalah ini mungkin timbul kerana
penjimatan kos bahan dengan mengurangkan bahan konkrit dan pada masa yang
sama kualiti konkrit akan terjejas semasa pembinaan. Kurangnya kualiti konkrit dari
segi sifat penerapan boleh menyebabkan berlakunya penyerapan ion klorida ke
medium dalaman struktur konkrit yang mengakibatkan hakisan tetulang konkrit.
Oleh itu, tujuan penyelidikan ini adalah untuk mengetengahkan masalah yang kerap
berlaku pada kemerosotan ketahanan struktur yang sering berkaitan dengan hakisan
yang disebabkan oleh Kklorida. Kaedah pengumpulan data sekunder dari kajian
sebelumnya untuk menganalisis pelbagai faktor yang dimaksudkan boleh
menyumbang kepada pengaratan koknrit bertetulang. Setelah semua kemungkinan
faktor yang mempengaruhi kakisan dikenalpasti, perbandingan data dilakukan untuk
mengkaji kesannya terhadap penembusan klorida yang menyebabkan berlakunya
hakisan. Hasil yang diperoleh menunjukkan, nisbah air dan simen (a/s) adalah
parameter utama yang menyebabkan penembusan ion klorida sehingga hakisan
struktur bertetulang berlaku dan akhirnya berakhir dengan kegagalan struktur.
Parameter yang berbeza disiasat berdasarkan tahap kakisan seperti kepekatan natrium
klorida (NaCl) sebagai agen agresif, masa rendaman, dan kualiti konkrit yang
dihasilkan. Hasil kajian menunjukkan, kedalaman penembusan klorida yang terendah
ialah 5 mm dengan nisbah a/s 0.25, dan penembusan tertinggi pada kedalaman 33
mm dengan nisbah a/s 0.55 dalam larutan NaCl 3% selama 6 bulan. Apabila nisbah
a/s meningkat sebanyak 0.1, kedalaman penembusan klorida akan meningkat sekitar
30 hingga 60%. Hasil ini membuktikan bahawa kualiti struktur konkrit berperanan
penting dalam melambatkan hakisan yang disebabkan oleh klorida. Lebih-lebih lagi,
penemuan ini dapat meningkatkan pengetahuan dan kesedaran kontraktor mengenai
pentingnya prencangan awal bagi menghasilkan kualiti struktur konkrit yang
mencukupi dan memastikan kualitinya dijaga dengan baik untuk mengelakkan
masalah kerugian timbul pada masa akan datang kerana hakisan

vii



TABLE OF CONTENTS

TITLE
DECLARATION
DEDICATION
ACKNOWLEDGEMENT
ABSTRACT
ABSTRAK

LIST OF TABLES

LIST OF FIGURES

LIST OF ABBREVIATIONS
LIST OF SYMBOLS

CHAPTER 1
11
1.2
1.3
1.4
1.5
1.6

CHAPTER 2
2.1

2.2

2.3

INTRODUCTION
General

Problem Background
Problem Statement
Obijective of Study
Scope of Study
Significance of Study

LITERATURE REVIEW
Structural Failure

2.1.1 Structure Deterioration Causes Structure
Failure

2.1.2 Corrosion of Reinforcement Contributes to RC
Structure Deterioration

Effects of Sea Water (Marine Environment) on
Concrete Structure

2.2.1 Effects of Chloride Concentration on
Reinforcement Corrosion

Effects of Immersion Time in Sodium Chloride
Solution on RC Structure

viii

PAGE

Vi

vii

Xi

Xiii

Xiv

~N o o W N

(o]

12

14

18

19

20



2.4  Effects of Quality of Concrete (w/c ratio) Concrete
Structure

2.4.1 Effects of Water to Cement Ratio on
Corrosion Reinforcement Induced by Chloride

2.4.2 Effects of Chloride Ingress in a Low Water to
Cement Ratio

CHAPTER 3 RESEARCH METHODOLOGY
3.1  Introduction
3.2  Secondary Data Collection Method
3.3 Source Identification
3.4  Comparative Analysis

3.5  Selection Process of Primary Resources to Develop
Secondary Data

3.6 Document Analysis and Processing

CHAPTER 4 RESULTS AND DISCUSSIONS
4.1 Introduction

4.2 Post Corrosion on the Reinforced Concrete Structure
at Different Exposure Condition

4.3 Influence of w/c Ratio, Chloride concentration and
Exposure Period in Chloride Penetration

4.4 The Influence of w/c Ratio in Chloride Penetration
Depth

441 The Relationship between Cement Content
and Chloride Penetration Depth

CHAPTER 5 CONCLUSION AND RECOMMENDATION
5.1 Conclusions

5.2 Recommendation

REFERENCES

22

23

30

37
37
39
40
42

43
45

47
47

47

o1

55

59

65
65
66

67



TABLE NO.
Table 2.1

Table 2.2

Table 2.3

Table 3.1
Table 3.2
Table 3.3

Table 4.1

Table 4.2
Table 4.3
Table 4.4

LIST OF TABLES

TITLE

Average salt concentration in different seas/oceans (Islam
et al., 2005)

Summary findings on microstructure properties within the
concrete structure depth

Summary findings on microstructure properties within the
concrete or mortar sample after chloride diffusion

Initial documents from database
Final documents from database

List of literature source used to achieve the objectives of
research.

The failure mode and corrosion impact on steel bar or
concrete at different exposure condition

Detail of experiment (Rerkpiboon et al., 2015)
Chloride penetration depth at different w/c ratio

Maximum chloride content of concrete according to EN
206 (EN, 2000).

PAGE

18

25

31
43
44

46

48
58
61

63



FIGURE NO.

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8

Figure 2.9

Figure 2.10

Figure 2.11

Figure 2.12

Figure 3.1
Figure 3.2
Figure 4.1

LIST OF FIGURES

TITLE

Accidents of structure failure due to the durability of
concrete structure problem (Pugliese and Di Sarno, 2019)

Phenomena of Concrete Structure Deterioration

Schematic illustration of electrochemical process of
corrosion at reinforcement steel in concrete (Arredondo-
Reaetal., 2019).

Progress of corrosion in concrete and eventual spalling
(Hansson, 1984).

Corrosion rates (lcorr) of ordinary concrete (OC) specimens
as per highlighted (Wasim et al., 2020)

Changes in surface chloride concentration when immersed
in sodium chloride (NaCl) solution of plain cement
concrete (Liu, Tang, et al., 2014).

A hydrated cement paste microstructure (Mehta and
Monteiro, 2014)

Microstructure of HPC: CSH gel found to be denser with
dense ettringites (pike and flower form) Yilmaz and
Ozmen (2016).

(1) Porous band located at 180 ° angle in samples (20 mm
and 30 mm cover), (2) Influence of the water/cement ratio
on the thickness of the porous band (Chen et al., 2019).

SEM cement paste photomicrograph on the steel paste
interface in mortars (Romagnoli et al., 2002)

Corrosion deposits formed on the anodic side of the
concrete sample (Sanchez et al., 2008)

Result for SEM images and EDX spectra on mortar
sample (Cherif et al., 2020).

Flow Diagram of Research Methodology
Process of Secondary Data Research (Johnston, 2017).

Different corrosion level detected on steel bar at different
w/c ratio of concrete (Yalciner et al., 2012)

Xi

PAGE

11

13

15

17

20

21

26

27

29

33

34

35
38
39

48



Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5
Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Crack pattern and failure mode of corroded beams where
wi/c ratio for (a) C3 was 0.35 and (b) C4 was 0.45 (Al-
Akhras and Aleghnimat, 2020).

Weight loss of the embedded steel of concrete at different
exposure period (Rattanachu et al., 2020).

Crack distribution and concrete beam surface condition at
different degree of corrosion (Tamai et al., 2020).

Chloride Penetration Depth at different wi/c ratio.

Chloride Penetration Depth at different concentration of
NaCl solution

Chloride Penetration Depth at different immersion time in
NaCl solution

Chloride penetration depth at 180 days, immersed in 3%
NaCl concentration solution.

Linear line shows relationship between wi/c ratio and
chloride penetration.

The relationship between the cement content and chloride
penetration depth at different ratio of water-to-cement
ratio

xii

48

48

49
51

53

54

56

59

62



ACI

BS

RC

NaCl

Fe O3
Ca(OH),
CaCl,
NaOH
3Ca0.Al,04
H,O

3Ca0.Al,05.CaCl,.10H,0

FeCl,
Fe(OH),
HCI

O,
Fe(OH)3
oC
C-S-H/CSH
Ca20a4S1
OPC
SEM
HPC

NC

SCI

ITZ
EDX

E

DC

EN

LIST OF ABBREVIATIONS

American Concrete Institute
British Standard

Reinforced structure
Sodium chloride

Iron oxide

Calcium hydroxide
Calcium chloride

Sodium hydroxide
Tricalcium aluminate
Water

Calcium Chloroaluminate (Friedels Salt)

Ferrous chloride

Ferrous hydroxide
Hydrochloric acid

Oxygen

Iron (111) hydroxide
Ordinary cement

Calcium silicate hydrate
Calcium silicate

Ordinary Portland cement
Scanning electron microscopy
High performance concrete
Normal concrete
Steel-concrete interface
Interfacial transition zone
Energy dispersive X-ray
Ettringite

Direct current

European Standard

Xiii



wi/c
ppm
Cl/m?
pH

lcorr

M
mmol/Il
\%

mA

RZ

LIST OF SYMBOLS

Water-to-cement

Parts per million
Chlorides ion per volume
Potential of hydrogen
Corrosion rate

Molar

Millimoles per litre

Volt

Milliampere

Correlation coefficient

Xiv



CHAPTER 1

INTRODUCTION

1.1 General

Malaysia shows a continuous growth in cement demand since 2009 due to the
growing number of building construction that mainly use cement as material
construction for concrete structure (Malaysia Competition Commision, 2017). The
most important elements in structure building are strength and durability that should
be considered during designing. Obviously, structure made with cement concrete can
provide both the strength and durability at the same time had been proven can last for
hundreds of years (Marinkovi¢ et al., 2014). Normally, all concrete structures are
reinforced with the reinforcement steel to enable the structure to sustain the
designated load and at the same time to improve its tensile properties (Naaman,
2001). However, the use of reinforcement steel as a part of the structure has always
become the main weakness of the reinforcement concrete as reinforcement corrosion
rate is the most important factors that limit the service life of concrete structures until
now (Tian et al., 2020). The only protection for reinforcement against corrosion is to
provide the protection medium that is called as ‘concrete cover’ that can act as the
first protective layer from the exposed surrounding environment that contains water
and oxygen which can promote the corrosion process to happened (Nguyen et al.,
2020). The efficient role of concrete cover is highly depending on the quality of
concrete design mixture. Due to that concern, several codes of practices have
specified the minimum design class of concrete for various climatic conditions to
prevent the aggressive chemical ingress into contact with the reinforcement
(Subramanian and Geetha, 1997). In addition, it is proven that one of the factors that
affect the most on reinforced concrete structure deterioration is the corrosion of
reinforcement which already become the main concern in third world countries as

well resulted in serious building damages and even in losses of lives (Chemrouk,



2008). Various environmental factors lead to the corrosion damage of structure
especially that exposed to the marine environment which influenced by seawater
composition. Chloride has always been considered as the most critical factors that
degrade the concrete structure in the marine environment as it can cause an intense

corrosion of reinforcement when penetrated into the concrete (Tian et al., 2020).

1.2 Problem Background

Durability performance of structure building has become one of the main
concerns in the life span of a building. Concrete as the main material used for
building which used since past until now making the durability of the concrete
become the significant attention over the past several decades and it still become the
research interest until now (Tang et al., 2015). The durability of structures is defined
as its ability to withstand weathering action, chemical attack, abrasion or any
deterioration to maintain their original form, quality and serviceability (Monteiro,
2006; Tang et al., 2015; Bolina et al., 2020). The said ability is very crucial in
protecting the reinforcement bar through the quality of concrete medium that provide
the physical barrier from contaminated by the aggressive environment. Among the
common chemical attacks in construction industries; carbonation, corrosion, chloride
attack, sulphate attacks, acid attack and etc, corrosion have been recognized as the
expensive problem of damaged to reinforced steel structures and primary durability
issue which regard on chloride-induced (Costa and Appleton, 2002; Moradi-Marani
et al., 2010; Dousti et al., 2013; Yi et al., 2020).

Structure deterioration occurred often related to the corrosion that can be
triggered by surrounding environment and the durability of the structure itself to
withstand them. Corrosion happened when the harmful substances especially with
highly chlorine content in the ambient environment are able to penetrate into the first
layer protection of concrete structure due its porous properties and cause the
deterioration. Throughout years, concrete will still experience the corrosion during
its service life as the harmful substance in the environment can still penetrate into

this layer (Beushausen et al., 2019). The tendency of the corrosion on structure



sometimes misunderstood to be the environment factor only. However, the condition
of the structure to combat the known aggressive surrounding environment plays an
important role to avoid the corrosion from the early stage. Hence, the most important
elements in the structure itself is the concrete medium which act as the first

protection layer of concrete to shield the reinforcement bar (Cui and Alipour, 2018).

The minimum strength class of concrete structure according to the
specifications have been highlighted in various codes such as ACI code, European
Code, British Standard and etc that need to be considered in different exposure
classes. However, this crucial minimum strength class of concrete specification is
often jeopardized during the construction work due to saving cost and time issue.
The situation become worse when the special attention of chloride-induced corrosion
on concrete are neglected as per highlighted in Code of Practice British Standard
(BS) and Eurocode 2. Due to the lack of knowledge and awareness of the
construction practitioner according to Dhir et al., 2008, more studies are required to
highlight the significant of concrete cover in combating the structure deterioration
especially in reinforcement corrosion. This research might possibly as well help in
developing more knowledge in investigating the causes of long-term structure

deterioration due to reinforcement corrosion.

1.3 Problem Statement

In developing countries, the occurrence of the building collapse frequently
relate to the poor quality of concrete (Ede et al., 2017). According to Love and
Matthews (2020), contractors more emphasizing the safety issue during the
construction and ignored the importance of quality of construction which actually
being interrelated. It is very crucial to increase the awareness on the significance of
constructing the good quality of construction to avoid the structure deterioration that
led to the collapsed incident. This is due to the long-term of the deterioration that
highly affect the durability of concrete which can only be detected visually at the
stage where it is impossible to be repaired as it required the huge cost for its

recovery. Durability performance of structure building has become one of the main



concerns in the life span of a building. Concrete as the main material used for
building which used since past until now making the durability of the concrete
become the significant attention over the past several decades and is still a research
until now (Tang et al., 2015). The durability of structures is defined as its ability to
withstand weathering action, chemical attack, abrasion or any deterioration to
maintain their original form, quality and serviceability (Monteiro, 2006; Tang et al.,
2015; Bolina et al., 2020). However, the use of reinforcement steel as a part of the
structure has always become the main weakness of the reinforcement concrete as
reinforcement corrosion rate is the most important factors that limit the service life of
concrete structures until now (Tian et al., 2020). The said ability is very crucial in
protecting the reinforcement bar through acting as the cover concrete that provide the
physical barrier from contaminated by the aggressive environment. Among the
common chemical attacks in construction industries; carbonation, corrosion, chloride
attack, sulphate attacks, acid attack and etc, corrosion have been recognized as the
expensive problem of damaged to reinforced steel structures and primary durability
issue which regard on chloride-induced (Costa and Appleton, 2002; Moradi-Marani
et al., 2010; Dousti et al., 2013; Yi et al., 2020).

The main factor that believed to drive the quality of concrete from original
design is the economic issue. Cost issue frequently highlighted in research from few
decades until recent as it is still an arguably criteria for measuring the success of any
project especially related to the size and complexity of construction project (Shehu et
al., 2014; Perera et al., 2020). Due to that matter, inadequate durability design and
poor construction quality has led to the severe and rapid structure deterioration
caused by the corrosion of reinforcement steel in concrete especially in marine
environment (Mari¢ et al., 2020). Corrosion happened when the harmful substances
especially with highly chlorine content in the ambient environment are able to
penetrate into the first layer protection of concrete structure due its porous properties
and cause the deterioration. Throughout years concrete will still experience the
corrosion during its service life as the harmful substance in the environment can still
penetrate into this layer (Beushausen et al., 2019). Hence, the most important
elements in the structure itself is the quality of the concrete in the terms of low
penetrability that can be manipulated through the selection of correct water-to-
cement (w/c) ratio during the design stage. This will result in the ability of concrete



to delay the chloride penetration at the same time the concrete cover purpose can be
achieved efficiently as the first layer protection of concrete structure provided at the
early stage of construction. Therefore, this research will highlight the common
symptom and pattern of failure due to chloride-induced corrosion, the factors that
influence the degree of corrosion due to succeed chloride penetration and the
significance of water-to-cement ratio to resist chloride penetration.

1.4 Objective of Study

This study will focus on investigating the impact of corrosion towards
reinforced concrete that highly govern by chloride ions penetrated to the concrete
and eventually lead to the reinforcement corrosion. The following objectives are to
investigate the factors that can influence the level of corrosion occurred and to
investigate the influence of water-to-cement (w/c) ratio in delaying the chloride-

induced corrosion:
@ To determine the different impacts of corrosion on reinforced concrete
structure due to various factors.

(b) To investigate the factors that influenced the degree of corrosion on

reinforced concrete due to chloride ions penetration.

(© To determine the significance of wi/c ratio on the chloride penetration of

concrete.

1.5  Scope of Study

This study will focusing on the common problem that has become a big
concern in reinforced concrete (RC) structure which is corrosion of reinforcement

that triggered by chloride-induced event. The long-term of structure deterioration can



only be seen after many years of construction as found on the aging construction
building. Hence, it is hard to promote the awareness of contractors, designers and
engineers on the durability aspect related to reinforcement corrosion. Therefore, this
research can become an additional effort in highlighting the significance of quality of
concrete in resisting the chloride penetration into the concrete. This quality aspect is
already emphasized as one of the requirements when the concrete structure is

constructed in marine environment.

This research is conducted using secondary data collection method to review
on the factors that led to the different degree of corrosion such as concentration of
aggressive environment, exposure time, and quality of concrete. The accelerated
corrosion method of experiment was used in previous studies to shorten the impact of
corrosion and the different level of corrosion can be determined via the visual of
deteriorated concrete structure when its durability was exploited. Then, the
influences of the three factors said on the chloride penetration depth will be
identified. Among the said factors, w/c ratio value was found to be the most
influenced factor as it led to the determination of quality of concrete that can resist
the chloride-induced corrosion. However, there is limitation in obtaining the related
sources due to the difficulties in finding the same concentration of sodium chloride
(NaCl) used and the same period exposure chosen in conducting their laboratory
chloride immersion test. Besides, the methods of data taken in evaluating the degree
of corrosion are various for instance the chloride diffusion coefficient, half cell-
potential, corrosion rate and etc. The exploitation of quality concrete often occurred
due to the reducing cost of construction material without thinking the consequences
in bearing more cost in repairing the corrosion damages. The outcomes of this
research can show the future impact of chloride-induced corrosion when the quality
of concrete is jeopardized. Besides, it can highlight the significance of selecting the

correct wic ratio in combating the corrosion for longer time.



1.6 Significance of Study

This study can highlight and emphasize the importance of controlling and
selecting the correct quality of concrete structure in protecting the reinforcement
from corroded. In addition, the exposure on the impact during the post-corrosion can
give a better awareness to not underestimate the corrosion effect once it happened. In
real life, this study can help the investigator in shorten the investigation process by
narrowing the scope when the structure deterioration due to corrosion that
contributed by the under designed or poor constructed reinforced structure that failed
to perform its purpose. Besides, this research can promote the easiest and the most
basic method in combating the chloride-induced corrosion without adopting the new
type of concrete development and technology which cause the additional cost bearing

in the construction project.
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