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ABSTRACT

In twentieth century, strengthening of reinforced concrete (RC) structures is one of the fast-
growing, challenging but crucial questions, thus it becomes a significant central issue all over the
world to be solved for the practical application. The polymer cement mortar (PCM) overlay method is
known as one of viable, economical, environment friendly and promising solution for strengthening
the deteriorated concrete structures due to its superior properties in terms of mechanical strength,
durability, and good adhesive strength with concrete than ordinary mortar. In this method, the
substrate concrete-PCM bond is considered a threshold and the occurrence of premature debonding at
the concrete-PCM interface prevents the strengthened structures from achieving full serviceability and
designed load-carrying capacity. The exposure of composite specimens/structures to severe
environmental conditions caused further degradation of the interface leading to significant reduction
of intended service life of repaired structures. Therefore, it becomes a very urgent subjects to find out
an efficient method to improve the concrete-PCM interfacial bond and simultaneously ensure the
highest level of safety operation. With such aim, this study focused on how this interface can be
strengthened more effectively to prevent brittle fractures. Number of experimentation at microscopic,
material and member level were conducted considering the impact of different influencing factors to
simulate the actual bonding situation in real retrofitting fields and investigated the effectiveness of
adding silica fume to PCM, in order to achieve the great potential in practical design implications.

The research comprises of lot of experimental investigations of PCM-concrete bond properties
with and without silica fume subjected to static loading. Experiments were conducted under tensile
and shear stress condition along with the microstructure analysis using microscopic test to precisely
understand the influence of silica fume in forming the chemical connection at the concrete-PCM
interface. Performance evaluation of silica fume inclusion were also conducted considering
experimental parameters, such as interface roughness, compressive strength of substrate concrete or
moistness of the interface to clarify the effects of the considered parameters on the bonding
mechanism. The issue of bonding durability of the concrete-PCM interface with the inclusion of silica
fume under exposure to severe environmental condition were also evaluated. Meanwhile, PCM
overlay strengthened beams with and without silica fume cementitious mortar having different cross-
section area of the strengthening bar were tested under monotonic flexure loading. The major
achievements through this research are summarized as follows:

The effectiveness of modified silica PCM as a repair material in forming a chemical connection
at interface were evaluated qualitatively based on loading test (tensile and shear stress condition)
using smooth and rough concrete surface roughness, and quantitatively based on microstructure
analysis using scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), X-
ray diffraction (XRD) and thermogravimeter-differential thermal analysis (TG-DTA). As a repair
layer mortar, PCM modified with silica fume caused an improvement in the interfacial strength, even
with smooth concrete substrate surface where mechanical bonding had less influence. The inclusion
of silica fume increases the splitting tensile strength by approximately 16% and 22%, and interfacial
shear strength by approximately 114% and 30% compared to the normal PCM for smooth and rough
concrete surfaces, respectively. This fact indicates a higher possibility of the formation of chemical
connection at the concrete-PCM interface by transformation of harmful Ca(OH), into more C-S-H.
Furthermore, lower Ca/Si ratio was observed through microscopic SEM-EDS test and a decrease in
the Ca(OH). content was observed qualitatively through XRD analysis and quantitatively through TG-
DTA at the modified silica PCM-concrete interface compared to normal PCM-concrete interface. This
suggests an increase in the extend of bond formation between silica compound and free Ca(OH),
(modified silica PCM cases) compared to the bond formation in normal PCM cases, thus the inclusion
of silica fume contributing to the improvement of the interfacial performance in former cases.

Because of the absence of information about the bonding performance of PCM modified by 5%
silica fume as an overlay mortar under various influencing factors, more detailed experiments were
designed to explore its effect on the interfacial bond performance. New research work was designed
to study the effectiveness of modified 5% silica PCM as a repair material based on a bi-surface shear
test using three level of surface roughness (high, medium and low), concrete compressive strengths
(two types), moistness of the interface (wet, dry and saturated surface dry condition) and early age



behaviour (curing time) as an experimental parameter. It was observed that the inclusion of silica
fume in the PCM significantly improves the interfacial bonding strength compared to normal PCM in
each condition of surface roughness level and substrate concrete compressive strength. The moistness
of the substrate concrete surface predominantly influenced the interfacial strength. The saturated
surface dry interface state of substrate concrete facilitate bond strength development, especially in
modified 5% silica PCM cases. Significant improvement of the bond strength with the inclusion of
silica fume were observed from the very first day of pouring of overlay mortar due the predominant
reaction of silica compound with Ca(OH) during the early hydration stage.

From the perspective of practical application of modified PCM overlaying method, long-term
performance of the interface (durability) under the harsh environmental exposure were investigated,
considering an individual action of freezing and thawing cycle (FTC), elevated temperature (constant
and cyclic), and moisture content (continuous immersion, and wetting/drying (W/D) cycle) in the
laboratory which resembles with the real environmental conditions. It was observed that the
interfacial strength of normal PCM specimen under FTC decreased more quickly than that of
modified 5% silica PCM specimens. Mixing silica fume with PCM significantly increase interfacial
bonding strength, provides better adhesion with substrate concrete, and improves the durability of the
interfacial performance of concrete-PCM interface under harsh freeze-thaw environments. Normal
PCM specimens resulted more decrease of interface strength than that of modified PCM specimens
compared to their corresponding reference specimens under both constant and cyclic temperature
exposure. Earlier occurrence of interface fracture and a greater number of pure interface fracture
mode in normal PCM specimens compared to modified 5% PCM specimens indicates higher adhesion
of modified PCM overlay with substrate concrete with better durability. The interfacial strength of
normal PCM specimens significantly reduced under both W/D condition and continuous immersion
compared to the reference specimens, whereas it reduced insignificantly under continuous immersion
exposure and moderately under W/D cycle compared to reference specimens in case of modified 5%
silica PCM specimens. The inclusion of silica fume significantly improves the interfacial bonding
strength compared to without silica fume cases under the influence of moisture by wetting/drying and
continuous immersion. The use of silica fume achieves adequate bond strength with concrete
substrate, improves adhesion and durability under harsh environmental conditions.

For real application of the current work, performance of interface was also investigated at
member level by conducting loading test of RC beams strengthened by both normal PCM and
modified 5% silica PCM overlaying with different types (steel rebar, CFRP grid and CFRP strand
sheet) and amounts of reinforcement. Failure load of all strengthened beams were observed more than
the unstrengthened beams. The occurrence of debonding failure delayed with the incorporation of
silica fume compared to normal PCM strengthened beam or failure mode shifted to classical failure.
In all cases, the crack numbers in strengthened beam with modified PCM were more than those
observed in strengthened beam with normal PCM. Significant increase of ductility, peak load,
debonding load were observed in modified PCM strengthened beam compared to normal PCM
strengthened beam. The strain distribution of the strengthening bar in normal PCM specimens were
unstable (many sudden jumps/variations with the load increase) compared to the modified PCM
specimens, confirming uniform shear stress transfer at the interface between the strengthening
layer and the substrate RC beam.

Conclusively, considering easy applicability of silica fume with PCM in practical application,
environmentally friendly nature, and ability to achieve adequate bond strength with concretes
substrate, this study can provide an indication to practitioner for engineering application of silica fume
in polymer cement-based repair materials.

Keywords: Polymer cement mortar, overlaying method, premature debonding failure, interfacial
strength, silica fume.
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Chapter 1
INTRODUCTION

1.1 Background

The twentieth century saw a dramatic increase in large construction projects made from
reinforced concrete (RC) around the globe. Modern RC infrastructures such as buildings, bridges,
power plants, roadways, dams etc. play a major role in Country’s GDP growth. During the period of
high economic growth after World War II in Japan, numerous large construction projects evolved, and
structures were constructed with concrete. Over the time, these RC structures are getting old and have
sustained severe damages. Due to the longer durability of RC structures, it had been considered as
“maintenance-free” materials for many decades. Over the last few decades, this commonly holds view
has changed significantly and large number of RC structures deteriorated before the end of intended
service life due to different reasons viz. change in their use, overloading, inadequacy of design
detailing and poor construction, new design standards, suffering from many adverse conditions such
as severe environmental conditions, unseen mechanical loadings, natural disasters, etc. In a study [1],
it was found that the deterioration of RC floor slab of a bridge caused by overloading is proportional
to a vehicle’s weight to the power of 12 i.e the impact of a truck with a 20 tons of axle load on a road
bridge is equivalent to 4000 trucks with 10 tons of axle load. Several accidents have happened in the
past where concrete structures didn’t perform as per its expectation and caused lots of damages not
only monetary but also livelihood, sometimes even cost humans lives. The Genoa Bridge collapse in
Italy on August 14™, 2018, is a recent example, which caused 43 deaths.

To avoid such circumstances and restore the durability of concrete structures, it is a global issue
to pay attention towards maintenance strategies such as repairing and strengthening of deteriorated
structures. Instead of replacing these deteriorating structures, repairing, and strengthening them is a
better solution from both economic and environmental viewpoints. To achieve the full serviceability
of the deteriorated structures, several strengthening techniques based on practical experience and
scientific research have been proposed over recent decades, such as continuous fibre sheet bonding,
steel plate bonding, and fiber-reinforced polymer (FRP) jacketing [2-4]. Some unavoidable drawbacks
due to the use of epoxy resin, such as low permeability, poor fire resistance, difficulties in applying on
humid surfaces, susceptibility to UV radiation, and chemical damage hinder the worldwide
application of these strengthening techniques. To overcome some of these obstacles, more innovative
strengthening systems based on the cement matrix, such as textile-reinforced concrete [5], mineral-
based composites [6], fibre reinforced cementitious mortar [7] and polymer cement mortar (PCM) [8-
9] have been found in the technical literature.

Recently, the PCM overlay method has been widely used around the globe for the
repair/retrofitting of deteriorated RC structures in which PCM is overlaid on pre-existing concrete by
troweling or spraying as presented in Figure 1.1. PCM became the dominant material in the
construction industry in 1980s, and it is currently used as a popular repairing material as PCM
possesses very compatible properties with concrete in comparison to other repairing materials [10].
Besides, PCM is also advantageous over ordinary cement mortar because of its superior properties as
it possesses better workability, higher compressive and adhesion strength [11], higher frost resistance
[12], long-lasting durability [13], lower permeability [14], and a lower rate of shrinkage [15]. This
strengthening method is also advantageous, as overlaying to the slab bottom surface enables the
construction without any interruption in traffic and any weather conditions. This technique relies on
the micro-filler and anchoring characteristics of PCM. The polymers in PCM are smaller than cement
particles, and they fill the pores and voids on concrete surfaces due to the micro-filler effect.
Additionally, polymers generate polymer films around aggregates and cement hydration forming an
interpenetrating network structure with the cement hydration product, referred to as the anchoring
effect of PCM. The coalescence of polymer particles in PCM reduces the porosity by filling all the
pores and providing better adhesion and durability with concrete than ordinary mortar [16-17].

Previous experimental studies [8, 18-20] showed that the PCM overlay method often upgrades
the flexural capacity and stiffness of strengthened RC structures. However, premature debonding,
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which occurs before the yielding of rebar or upper concrete crushing hinders the worldwide
application of this strengthening technique. Although PCM offers good adhesive properties as a repair
material, in many studies [10, 19-22], the interface between the existing concrete substrate and new
PCM overlay material has been reported as the weakest link. It is vital to avoid the delamination of
the new overlay to reduce chloride intrusion or other physical-chemical degradation mechanisms
affecting durability and serviceability requirements [23]. In PCM applications, an appropriate bond
between two materials, concrete and PCM, that have undergone different aging processes is a key
factor to ensure load transfer for restoring the monolithic character of the structure. In light of the
weak bond at the concrete-PCM interface, it is now an issue gaining considerable attention to look for
the measures to improve the interface more effectively to prevent the brittle debonding failure.
Concerning the abovementioned issue, this research mainly highlights the improvement of the
processes and procedures used in the PCM overlaying method (particularly, bond behavior at the
concrete-PCM interface and enhancement of the interfacial bonding strength), in order to achieve the
great potential in practical design implications.

(a) Spraying [Nara Construction Co., Ltd.] (b) Troweling [Maeda Kosen Co., Ltd.]

Figure 1-1 Application of PCM to the concrete bottom slab
1.2 Bonding mechanism of strengthening interface

The mechanisms of the bond strength at the interface between the new overlay layer and old
substrate concrete are described under ‘bond-adhesive’ and ‘bond-cohesive’ mechanisms. The
‘adhesive’ mechanism is related to the embedding action between the reactive matrix materials of the
new material and the old substrate concrete, and the ‘cohesive’ mechanism is linked to the ‘overlay
transition zone’ of the new material. These two mechanisms are closely associated, and if the bond-
adhesive strength is not developed, the interface cohesive mechanism will not be effective. Thus,
good adhesion at the interface is required for a successful repair. In general, concrete and PCM are
connected at the interface by micro filler and the anchoring effect of the PCM. The PCM overlaying
interface is mainly bonded by mechanical bonding, as shown in Figure 1.2 (without chemical
bonding), despite concrete and PCM parts relying on chemical bonding.

In the repair system, the composite specimens are considered a combination of three
zones/layers: the PCM cohesion layer, concrete cohesion layer, and interface between the concrete
and PCM termed the adhesion layer. Furthermore, the three layers of the interface have been proposed
including penetration (first) layer, strongly affected (second) layer, and weakly affected (third) layer
[24-25] as shown in Figure 1.2. The penetration layer is formed in the cavities and pores of the
substrate concrete which contains mainly C-S-H and a little ettringite or calcium hydrate, thus this
layer has no harmful influence on the strength of the interface. The strongly affected layer is formed
adjacent to the physical boundary between substrate concrete and repairing material which contains
mainly Ca(OH), and needle-shaped AFt crystal. This layer has a significant influence on the
interfacial performance and is regarded as the porous and weakest layer in the interfacial zone. The
third layer has a similar microstructure of penetration layer in the repairing material; thus, it has no
harmful influence on the strength of the interface.
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Figure 1-2 Phases of PCM strengthening techniques and three layers of the interface [25].
1.3 Aims and significance of this study

In PCM overlaying method, the bond behavior at the PCM-concrete interface that presents a
weak link in the repaired structure, particularly influences the structural behavior. The occurrence of
debonding failure from any discontinuity (boundary, joints or crack cutting the overlay) depicts that
the retrofit structure fails at lower load than the designated load carrying capacity and cannot achieve
full serviceability. In light of the debonding issue and weak bond between concrete and PCM, this
study focused on the processes and procedures to increase interface bonding strength between existing
concrete and PCM with a provision to prevent the brittle debonding failure to regards PCM overlay
flexural strengthening as the main application background. It is common knowledge that the existence
of C-S-H affects the bonding strength, but PCM overlaying interface is mainly bonded by mechanical
bonding (without chemical connection). Therefore, if C-S-H could also be made at the interface
between concrete and PCM by chemical reaction, it is expected that the interfacial bond strength will
increase to prevent debonding failure. Thus, this study aims to increase the interface bonding strength
more effectively by generating interface chemical bonding by using silica fume. The past research
revealed that the silica fume in concrete provides greater cohesiveness, less segregation, reduced
bleeding in concrete, and greatly improve the compressive strength and bond strength of paste-
aggregate interface due to higher pozzolanic activity [27-28]. Silica fume also promote chemical
reaction with free alkali after the hydration of cement to produce more C-S-H. It is expected that silica
fume can strengthen the interface by the micro filler effect due to its extreme fineness. In addition, it
is also expected that the high silica content in silica fume can generate more C-S-H by combining
with calcium hydroxide (produced after hydration of cement) in the water supplied condition, which
can enhance the interface bonding strength. Consequently, the purpose of silica fume is to cause more
C-S-H at interface to increase strength and durability.

1.4 Objectives of the Study

The purpose of this study is to evaluate the effectiveness of using silica fume with PCM to
improve the concrete-PCM interfacial bond to prevent the premature debonding. Detailed objectives
of this study are listed as follows:

U To understand the fundamental stress-transferring mechanisms of the PCM-concrete interface
and enhancement of the interfacial strength more effectively from the perspective of chemical
reactions. Experimentation is conducted under tensile and shear stress condition along with
the microstructure analysis using microscopic test to precisely understand the chemical
bonding of the interface

O Performance evaluation of the bond between substrate concrete and PCM overlay
with/without silica fume considering experimental parameters, such as interface roughness,
compressive strength of substrate concrete, moistness of the interface, curing time to clarify
the effects of the considered parameters on the bonding mechanism.

O To understand the bonding durability of the concrete-PCM interface with the inclusion of
silica fume under environmental conditions (freeze-thaw cycle, hygrothermal condition),
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which can be used in designing of structures strengthened by PCM overlay in given climatic
condition.

U To explore the behavior of modified PCM strengthened RC beams in terms of ductility,
failure load, failure mode, load deflection relationships, debonding strength to understand the
influence of silica fume, which can be applied to the design of structures strengthened by
PCM overlay.

1.5 Outline of the Dissertation

The present studies aim at a better understanding of the effectiveness of adding 5% silica fume
with PCM from the perspective of microscopic, material, and structural point of view. The summary
of the various types of tests along with specimen size and time interval of testing after PCM overlay is
presented in Figure 1.3.
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Figure 1-3 Illustration of the types of test performed in this study

This dissertation is divided into six main chapters. The basic contents of each chapter and
research flow are illustrated in Figure 1.4 and listed as follows.

Chapter 1 describes the background, problem statement, objective, and significance of the present
research. Chapter 2 to chapter 4 provides a description of the experimentation used in this study at
material level test to increase the interfacial bonding strength using silica fume and crucial discussion
of the obtained results.

Chapter 2 examines the influence of silica fume as a possible means to enhance the concrete-PCM
interfacial bond. For the purpose of precise understanding of the influence of silica fume to enhance
the interfacial bonding of the composite specimens, smooth roughness level of substrate concrete is
considered where mechanical bonding has less influence. Several tests are conducted by incorporating
primer at interface to understand the effectiveness of using silica fume with PCM as a repair mortar.
In chapter 3, microstructural analysis are also discussed using different microscopic tests to quantify
the transformation of harmful Ca(OH); of the interface into more C-S-H and to precisely understand
the chemical bonding of the interface with the inclusion of silica fume.

Chapter 3 describes the detailed experimentation of concrete-PCM interface of the composite
specimens with/without silica fume. Several tests are conducted under shear stress condition and
concrete substrate with different roughness level, different compressive strength of concrete, different
moistness state of the substrate concrete interface, and curing time are considered to simulate the
actual bonding situation in real retrofitting fields and concluded the significant effect of silica fume on
the interface of the composite specimen.

Chapter 4 provides a description of the experimentation used in this study at material level test in
tension and shear to investigate the bonding durability of the concrete-PCM interface under Freeze-
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thaw cycle, elevated temperature, and moisture. The main efforts are put to evaluate the long-term
performance of concrete-PCM composites under environmental conditions to simulate the actual
bonding situation from the perspective of practical application of PCM overlaying method.

Chapter 5 discussed the experimental study of the PCM overlay strengthened RC beams to
understand the behavior of interface at member level. The experimental failure mode, failure load and
load deflection relationships of the strengthened RC beam with/without silica fume are discussed in
detail in Chapter 5.

Chapter 6 presents the conclusion of the results obtained from Chapter 2 to Chapter 5, which clarify
the objectives and significance of this study and includes very useful information for the practitioner.
Some recommendations for the future study is included in this chapter as well.
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Chapter 2
STUDY OF THE EFFECT OF SILICA FUME ON CONCRETE-PCM INTERFACIAL
BONDING STRENGTH

2.1 Introduction

Recently, the PCM overlay method has gained popularity worldwide as a strengthening material
for concrete structures and pavements due to its superior properties (relatively high compressive
strength, high adhesion strength, and low permeability) compared with normal mortars. The concrete-
PCM interface is the most critical component of PCM strengthening method to be considered in
practical applications as the interface is weak attributed by the mismatch of the material properties
between concrete and PCM. The lower modulus of PCM compared to its concrete counterpart results
more deformation under load and causes the accumulation of stresses over the interface zone. The
debonding failure happened when the accumulated stress exceeds the bond strength. As far as the
author’s reviewed literatures are concerned, premature debonding failure was observed in numerous
studies as a major failure modes in repaired or strengthened structure such as FRP strengthening, steel
plate strengthening, etc., which led the strengthened structure to not fully utilization of its capacity.
From the past experimental study [1-4], it can be said that the PCM overlaying method is also prone
to debonding unlike other strengthening methods. For example, the interface of substrate concrete of
existing slabs and new PCM layer is subjected to self-equilibrated state of tension combined with
shear [4-5]. In bridge retrofitting, interface zone between new and old material are subjected to shear
stress due to application of load. In columns strengthened with PCM jackets, longitudinal forces are
transferred through interface shear stresses from old cross-section to new cross-section [5-6].
Premature debonding failure results undesirable deficiency of the bond and ineffectiveness of the
whole composite structures. Considering this premature debonding failure issue, it is important to
understand how the interface between concrete and PCM can be improved more effectively to prevent
this premature debonding failure of the PCM strengthened RC structures. With an aim to increase the
interfacial bonding strength between the concrete and the PCM, this present study utilizes silica fume
as a possible means to improve the interface properties to prevent premature debonding failure.

Silica fume is commonly known as micro silica, which is an ultrafine powder collected as a
byproduct of silicon and ferrosilicon alloy production. Silica fume is expected to strengthen the
interface by micro filler effect because of the extreme fineness (mean dia. of about 0.15 microns i.e.,
approximately 100 times smaller than the average size of cement particle). Extremely fine particle
size, high surface area, and a high percentage of SiO» (approximately 85%) of silica fume make the
repair material highly reactive [7]. Additionally, Kurdowski and Nocun-wczelik [8] stated that the
silica fume accelerates the hydration of the main constituents of cement, i.e., A-lite (CsS), B-lite
(CsS), and ferrite (C4AF). After the hydration of cement, the free alkali, in the form of calcium
hydroxide [Ca(OH),], reacts with the silica compound of silica fume under the water supply condition
to form an additional binder called calcium silicate hydrate (C-S-H) [9], which strongly affects the
bonding strength. The past research revealed that the silica fume in concrete provides greater
cohesiveness, less segregation, reduced bleeding in concrete, and greatly improve the compressive
strength and bond strength of paste-aggregate interface due to higher pozzolanic activity [10-11].
Despite the positive influence of silica fume in polymer concrete, few studies [12] have investigated
the basic utilization of silica fume to enhance interfacial performance but almost no studies have been
done to evaluate quantitatively the influence of silica fume in forming chemical connection to
enhance interfacial performance, although it is common knowledge that the silica compound of silica
fume reacts with free alkali to produce more C-S-H. In the past, Xie [13] proposed a microstructure
model of the interfacial zone between substrate concrete and repair material in which they stated that
the physical boundary of substrate concrete-repair material is characterized by high porosity and
highly oriented crystal constituents: mainly Ca(OH), and ettringite. In the presence of water, this
Ca(OH); reacts with the silica compound of silica fume to form more C-S-H, thus reduces the
orientation and percentage of Ca(OH). gathered at the interface and increases the interfacial
performance. Consequently, the purpose of using silica fume is to cause more C-H-S at the interface
to increase the interfacial strength and durability.



In previous study [12], an improvement in the interfacial shear strength were observed with the
PCM modified with 5% silica fume compared to the normal PCM. The chemical bonding at the
concrete-PCM interface with the inclusion of silica fume was difficult to understand due to the use of
higher roughness levels of the concrete substrate, where mechanical bonding plays a dominant role.
To understand it more precisely, in this study, concrete substrate with a smooth surface is used where
mechanical bonding had less influence. Primers are also utilized to understand the effectiveness of
silica fume with PCM as a repair mortar. It is thought that the use of primer can acts as a protective
layer of the substrate concrete to resists penetration of moisture from the repair layer to the concrete
substrate. Thus, silica fume in the repair layer cannot perform its function in expected way to improve
interfacial performance (chemical reaction with free alkali in substrate concrete and silica compound
in repair layer under water supplied condition and micro-filler effect). Conclusively, this research
work is designed to study the effectiveness of modified 5% silica PCM as a repair material in forming
a chemical connection at the interface based on direct single-surface shear test and splitting tensile
strength test using smooth and rough concrete surface roughness, along with microstructure analysis
using scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), X-ray
diffraction (XRD) and thermogravimeter-differential thermal analysis (TG-DTA) to quantitatively
understand the formation of chemical connection at the interface.

2.2 Outline of the test
2.2.1 Materials and mix proportion of substrate concrete

Substrate concrete was fabricated by mixing a commercially manufactured high early strength
cement having specific surface area of 4550 cm?/g and density of 3.14 g/cm?®, crushed stone with a
maximum size of 19 mm and true density of 2750 kg/cm?, sand with 2.68 fineness modulus and true
density of 2680 kg/cm?®, and water. A liquid of poly carboxylic acid with a density of 1.05 g/cm> was
used as a water reducer. The proportion of concrete used in this study is shown in Table 2.1

Table 2-1 Mix proportion of substrate concrete

w/C Amount (kg/m?) Compressive
(%) Water Cement Sand Stone Water reducer strength (MPa)
40 164 411 844 1045 8 37.84

2.2.2 Polymer cement mortar (PCM)

Polymers have been used in a wide range of applications in the construction industry to prepare
cementitious and non-cementitious repair materials. Polymers, in the form of polymer concrete,
polymer-modified concrete, or polymer impregnated concrete, are used in the repair of structures
because of its superior properties to those of ordinary Portland cement [14]. PCM is prepared by
mixing either polymers or monomers in a dispersed form with cement. In this study, polyacrylic acid
ester (PAE) powder polymer mixed type commercially available PCM supplied by the company was
used. The manufacturer mixed all the ingredient in specific ratio to fabricate PCM in such a way that,
at the time of application, only the predetermined water amount is required to be added (water/PCM
ratio of 15% used in this study as suggested by supplier) and the mixture becomes ready to be used.
The polymers in PCM act as a micro-filler, resulting in lower permeability, which makes it possible to
use thinner layers in construction and obtain better resistance to penetration of chloride ions and other
environmental factors. Many types of polymers or monomers, such as redispersed polymer latex
powder, water-soluble polymers, liquid resins, etc. have been used in the past to prepare PCM [15]. In
this study, a commercially available polyacrylic ester (PAE) polymer was used.

2.2.3 Silica fume

In the last four decades, many studies have been conducted on the applications of silica fume in
concrete as a partial replacement for cement. As supplementary material, silica fume is largely used to
increase strength and ductility. In this study, commercially available silica fume with technical
characteristic as presented in Table 2.2 is utilized as a modifier with PCM to increase the interfacial
strength between the concrete and PCM. Silica fume has a micro-filler effect and fills the gaps
between the cement particles because of its extreme fineness. It is also expected that the use of silica
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fume will cause more chemical bonds in the interface. The use of silica fume in PCM causes a need
for more water, as the high surface area and small particle size of silica fume demand more water. A
small amount of silica fume results in less C-S-H at the interface, which does not satisfy the interface
requirement, whereas material stagnation is caused by using a large amount of silica fume [16]. Based
on the findings of previous studies [12], 5% silica fume of PCM mass with a water/binder ratio of
15% was used in this study. Following the outcome of trial flow test by the author and previous group
research in our team [9], a superplasticizer (1% by mass of PCM) was used during the preparation of
modified 5% silica PCM to prevent the formation of silica lumps, whereas superplasticizer was not
used to prepare PCM without silica fume.

Table 2-2 Technical characteristics of silica fume

Appearance Specific surface  Relative density Specific Average particle H
PP area (m?/g) (kg/m?) gravity size (um) P
Grey ultrafine 15-30 150-700 2.2-2.3 0.15 7-8
2.2.4 Primer

Primers have been widely used as adhesives to increase the bonding performance of interfaces in
repair systems. In this study, commercially available primer with technical characteristics as shown in
Table 2.3 were utilized to understand the effectiveness of using silica fume with PCM as a repair
mortar. The primer was brushed over the concrete surface by mixing with water in a 2:1 ratio before
three hours of the casting of PCM, as suggested by the manufacturer. The application of primer over
the concrete surface is shown in Figure 2.1(a).

Table 2-3 Technical characteristics of primer

. Solid Density  Stickiness
Appearance Main component content (%)  (g/em’)  (mPa - s) pH
M111.<y Wh1te Modified Vinyl Acetate—'Ethylene 45.48 1.06 800-1200 4.5-6.5
liquid Copolymer Emulsion

2.2.5 Substrate concrete surface preparation

Considering ease and suitability, two roughness levels of concrete substrate (smooth and rough)
were used in this study as shown in Figure 2.1(b). A retarder was sprayed over the concrete surface
after casting the concrete to delay the hardening of concrete and to prepare the rough surface. The soft
concrete surface was then sprayed with a strong jet of water until coarse aggregates were exposed to
make the surface rough for better bonding. The smooth surface of substrate concrete was prepared by
cutting cured concrete using a diamond saw. In general, the interface strength is affected by the
mechanical interlock induced by a rough surface, whereas the smooth surface induced less mechanical
interlocking. Thus, our initial thought to form more C-S-H at the interface by using silica fume in
PCM can be evaluated by comparing the outcome of the composite specimens with rough and smooth
surfaces, as mechanical bonding has less influence on smooth surfaces. The considered roughness
level as shown in Figure 2.1(b) can be easily identified with visual inspection with minimal scattered
roughness value. Thus, qualitative assessment based on the visual inspection was used to define the
roughness level in this study rather than quantitative analysis that widely used by many researchers.
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Figure 2-1 Treated surface of substrate concrete interface
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2.2.6 Preparation of the composite specimens

The composite specimens were prepared by casting concrete and PCM on different dates having
14 days interval between pouring two materials. The time difference was chosen to allow prepared
concrete using high early strength cement to attain its strength before repairing, to resemble existing
concrete of the real infrastructure. The procedure of preparing the composite specimen for the
splitting tensile test, as an example, is shown in Figure 2.2. After sufficient curing of half of the
concrete specimens, the treated surfaces were kept facing up in the mould for the PCM application.
The treated surfaces were cleaned with high-pressure air to remove dust before casting the PCM.
After that, the concrete surfaces were wetted for 24 hours. At the time of casting, the free water from
the top of the concrete surface was wiped with a towel to provide a saturated concrete substrate with a
dry surface for adequate bonding. In past research [4-5, 17], it has been reported that prewetting
results in better bonding. Therefore, attention was given to the wetness of the treated concrete surfaces
before PCM application.

2 2
& 5
g =)
Q o
© O
507 50 50
Concrete Surface treatment Primer application Composite specimen

Figure 2-2 Composite specimen preparation procedure with primer for splitting tensile test (unit: mm)

PCM was cast over the treated concrete surfaces by trowelling to prepare composite specimens
of sizes 100 cubic mm and 100x75x75 mm for splitting tensile and direct single-surface shear tests,
respectively. After casting, specimens were covered with plastic sheets and wet cloths to maintain the
moisture content. All the formworks were demoulded after 24 hours of casting and cured in water for
7 days to help the hydration process following by dry curing for 21 days. Curing under dry conditions
benefits the formation of polymer films that can fill the voids and strengthen the PCM [17]. The total
number of composite specimens cast for this research work is shown in Table 2.4.

Table 2-4 Numbers of specimens and types of tests performed

. . Use of Test type and roughness level of substrate concrete
Repair material of . — - - -
composite specimen  Primer at the Splitting tensile Direct single-surface shear
P d interface  Smooth (S) Rough (R)  Smooth (S) Rough (R)
NPCM No 3 3 3 3
SPCM No 3 3 3 3
NPCM with primer Yes 3 3 3 3
SPCM with primer Yes 3 3 3 3

Note: “NPCM” denotes normal PCM and “SPCM” denote PCM modified with 5% silica.
2.2.7 Testing procedure

The splitting tensile prism test was conducted in this study to determine splitting tensile strength
which is widely used due to its ease of sample preparation, low variation in test results, and simple
loading method. In general, the splitting tensile strength was measured by split tensile test on
cylindrical specimens following ASTM C496 and using Equation 2.1. In this study, it was measured
using cubical specimens according to the process described by Li [18], as shown in Figure 2.3(a). For
even load distribution, steel strips of size 200x12x6 mm were used between loading plates and the
corrected splitting tensile strength was calculated by incorporating the influence of the strip using
Equation 2.2 [19]. To evaluate interfacial shear strength, many test methods have been proposed in
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the past, as summarized by Santos [20]. The slant shear test has been adopted by some international
codes [21], but there is no general agreement among researchers regarding the appropriateness of this
test for non-resinous materials such as PCM [22]. The discussions of many in-house testing methods
had been found, but these were not widely accepted due to their complex test setups. Single surface
shear tests which were used in this study, have been widely used and developed to evaluate the
interfacial shear strength due to their simple loading method. The scheme of the direct single-surface
shear test is shown in Figure 2.3(b) and the strength was evaluated using Equation 2.3. Both tests
were done with displacement control at a rate of 0.1 mm/min until the specimen failed using UTM.

2P,

fu= @
Fr(B) = %‘ [(1 _ B?)3 - 00115 2.2)
Tmax = % (2.3)

where f,; is the split tensile strength (MPa); fi;(f) is the corrected split tensile strength
considering the effect of the strip (MPa), 7,4, = maximum shear strength (MPa), P, is the ultimate
load (kN), 4 is the area of the specimen interface (m?), and £ is the ratio of the width of the strip to the

height of the specimen.

Steel strip

Steel Plate

110x20x6
Specimen
100x75x75
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(a) Splitting tensile strength test (b) Direct single-surface shear test

Figure 2-3 Schematic diagram of the test performed with the loading condition (unit: mm)

2.2.8 Microstructure test

SEM-EDS was employed to identify the interfacial layer and to precisely understand the
chemical bonding of the interface. A rectangular parallelepiped of size 15x15x5 mm including
substrate concrete, PCM overlay, and substrate concrete-PCM interface was cut to fit the size into the
SEM chamber as shown in Figure 2.4. The prepared samples were vacuumed for 7 days in a vacuum
chamber to keep them dry. The specimen surface was coated with a platinum coating to enhance
electrical conductivity and to get a high-quality interface image.

V-

Figure 2-4 Composite specimen samples for SEM tests
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XRD analysis of the samples (in the form of powder) collected from the interface after the
loading tests were performed at 40kV and 40mA with a Cu-K alpha radiation source to identify the
intensity of Ca(OH), at the interface. In XRD analysis, a continuous 26 scan mode from 10° to 75°
was applied at a step size of 0.02 and scan speed of 1.5°/min. In addition, TG-DTA of the powdery
samples collected from the interface were also performed up to 1000°C using platinum top-opened
crucible with experimental conditions; N, gas dynamic atmosphere (60mL/min rate), heating rate
(20°C/min) to quantitatively identify the amount of Ca(OH), and CaCOjs at the interface.

2.3 Test results and discussions

2.3.1 Maximum stress capacity
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Figure 2-5 Influence of the addition of 5% silica fume to PCM on the interfacial bonding strength

The average strength of the three specimens was recorded as the interfacial shear strength under
specific conditions and presented in Fig 2.5(a-b) with the standard deviation (SD). The average
interfacial strength was calculated after excluding the data when the difference between any measured
value and the mean value exceeded 20% of the mean value. The median value of the three specimens
in each group is taken as the mean value. Large variations in SD and COV (1.24% and 17.87%) was
observed in this study due to variability of cementitious composites, which was also observed in
previous study [23-24]. The silica fume inclusion greatly increased the interfacial strength compared
to the normal PCM (without primer cases), as shown in Figure 2.5(a). An increase of interfacial
strength with the smooth surface where mechanical bonding had less influence indicates a higher
possibility of causing a chemical reaction at the concrete-PCM interface with silica fume addition. In
the case of the primer used at the interface, only a slight variation in the interfacial strength for the
NPCM and SPCM cases was observed, as shown in Figure 2.5(b), which can be considered as
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experimental scatter. The use of primer at the interface results in a protective layer that prevents the
small silica fume particles from filling the gaps among the cement particles of the substrate and
hinders the flow of the water required for hydration to the cured concrete, thus, silica fume cannot
perform in the expected way to strengthen the interface by the micro-filling effect or by chemical
connection. Considering the negative impact of primer on the environment and the positive influence
of silica fume (no primer cases) for enhancing concrete-PCM interface bonding, the inclusion of silica
fume with overlay material is suggested in practical application.

The average interfacial tensile strength of the three specimens, after excluding data when the
difference between any measured value and the mean value exceeded 20% of the mean value, is
shown in Figure 2.5(c-d). The measured coefficient of variance ranged between 3.711% and 13.82%,
which is within the considerable range for cementitious composites. The constituent of the overlay
material attached to the concrete substrate has an insignificant influence on the interfacial
performance in the case of primer used at the interface, whereas it has a significant influence in the
case of no primer at the interface. The improvement of the bond strength occurs because of chemical
reactions of Ca(OH), with pozzolans. Additionally, silica fume particles can fit between cement
particles and inside pores on the surface of the concrete, resulting in a denser microstructure with
higher intermolecular forces and mechanical interlocking. Consequently, the bond strength increases
significantly with the inclusion of silica fume.

2.3.2 Effect of surface roughness level

Many available reports [25-27] have discussed and concluded that the surface roughness
treatment is significantly enhanced interface bonding between the concrete and overlay materials. The
positive influence of the surface roughness level on the interfacial bonding performance is also
confirmed in this study. The percentage increase of the interfacial shear strength and splitting tensile
strength in both normal PCM and modified 5% silica CPM cases with different surface roughness
levels is shown in Figure 2.6(a) and Figure 2.6(b), respectively. The interfacial strength is very
sensitive to the variation in the surface roughness of the concrete substrate. This is likely because the
area of contact between the substrate and overlay material primarily affects the bond failure
mechanism, and an increase in the contact surface area increases the interfacial performance. The
surface contact area is larger on a rough surface, which results in greater bonding strength than on a
smooth surface. Consequently, the surface roughness level greatly influences the interfacial bonding
performance in both the normal PCM and PCM modified with 5% silica cases.
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Figure 2-6 Interfacial strength with different surface roughness levels

2.3.3 Fracture modes of the composite specimens
2.3.3.1 Definition of the fracture mode

The fracture modes are named by identifying the fracture location on the surface of the
composite specimens. A fracture mode was named concrete cohesion (C) or PCM cohesion (P) when
a fracture occurred either in the concrete substrate or in the PCM part, while an interface fracture
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mode (I) was named when a fracture occurred purely through the interface, with or without tiny
cracks in the concrete or PCM. Composite fracture modes include partial concrete partial adhesive (I-
C) fracture modes, in which some amount of concrete substrate or coarse aggregate attached on the
PCM side; partial PCM partial adhesive (I-P) fracture modes, when some PCM is attached to the
concrete substrate; and mixed concrete and PCM (C-P) fracture modes, where the fracture occurs in
both the concrete and the PCM layer. The possible fracture modes of the composite specimens are
shown in Figure 2.7.
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Figure 2-7 Classification of the fracture surface of the composite specimens
2.3.3.2 Observed fracture modes in the composite specimens

Visual observations were made carefully during and after the tests of the composite specimens to
determine whether the specimens failed along with the shear plane (interface) or the fracture was due
to significant cracking in the overlay or concrete substrate. Examples of adhesive and composite
fracture modes of the composite specimens observed in this study are shown in Figure 2.8(a-d).
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Figure 2-8 Sample fracture surfaces of the composite specimens
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The direct single-surface shear test results indicate that the fracture modes of the composite
specimens with normal PCM included pure interface fractures (I) irrespective of the surface roughness
level, as shown in Figure 2.9(a). The specimen with 5% silica PCM exhibited two cases of composite
or mixed fracture mode, such as (I-P) or (C-P), and only one pure interface fracture (I). This result
indicated that the inclusion of silica fume enhanced the interfacial performance and shifted the pure
interface fracture mode to a composite or mixed fracture mode. The splitting tensile test results for the
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composite specimens with normal PCM also exhibited pure interface fracture (I) irrespective of the
surface roughness level, while the specimens with 5% silica PCM did not include any pure interface
fractures (I), as shown in Figure 2.9(b). All the 5% silica PCM specimens showed composite or mixed
fracture modes, such as (I-C), (I-P), or (C-P). The fracture modes differed among the three specimens
with the same conditions due to the composite nature of the concrete and PCM. The positive influence
of the inclusion of 5% silica fume in the PCM can be attributed to the chemical reactions between the
active SiO; in the PCM and Ca(OH); in the substrate concrete to form secondary C-S-H. Because of
the secondary chemical reactions of Ca(OH), and pozzolans, the microstructure of the interface can
improve with time, leading to the creation of a denser interfacial zone with better durability.
Consequently, mixing silica fume with PCM enhances the interfacial performance and shifts the
fracture mode from pure interfacial to composite or mixed-mode fracture in both splitting tensile and
direct shear tests.
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Figure 2-9 Influence of silica fume on fracture modes of composite specimens (without primer)

2.3.4 Fracture energy

The fracture energy was obtained from the area under the load-displacement curve. As an
example, the load-displacement relationship of the specimens tested under shear and tensile stress
condition with smooth and rough surface, respectively are shown in Figure 2.10(a-b). For the other
conditions, the corresponding load-displacement relationships were also similar; thus, these are
omitted here.
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Figure 2-10 Load-displacement relationship of the normal and modified 5% silica PCM specimens
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The fracture energy was calculated considering the ascending and descending branches of the
load-displacement diagram, in cases there is sudden drop of load value after peak load. When there is
gradually decreasing tendency after the peak, it was calculated considering the ascending branch up to
the peak stress level. In such cases, stress shifts from the interface to the concrete or PCM part and
continues loading even though the interface has a crack, causing an impure fracture. The calculated
shear and tensile fracture energies of all the composite specimens along with the corresponding
fracture mode are shown in Figure 2.11(a-d). The pure interface (I) fracture corresponds to lower
fracture energy, whereas the concrete (C) or PCM (P) cohesive or concrete-PCM (C-P) mixed fracture
mode corresponds to higher fracture energy.

The constituent of the overlay material attached to the concrete substrate influenced the
calculated shear and tensile fracture energy in no primer cases, as shown in Figure 2.11(a) and Figure
2.11(c), respectively. The composite specimen with PCM modified with 5% silica fume has a shear
fracture energy that is approximately 5 times and 2.5 times greater compared to the normal PCM for
smooth and rough interfacial surfaces, respectively. The tensile fracture energy also increased by a
factor of approximately 2 times in the PCM modified with 5% silica fume compared to the normal
PCM. On the other hand, in the case of primers used at the interface, the shear and tensile fracture
energies seem almost similar under particular conditions, indicating that the constituent of the overlay
material attached to the concrete substrate does not influence the fracture energy consumption, as
shown in Figure 2.11(b) and Figure 2.11(d), respectively. Consequently, it can be said that the
fracture energy increases with the inclusion of silica fume, which also affects the fracture mode of the
composite specimens.
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Figure 2-11 Fracture energy of all the composite specimens with fracture modes
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2.3.5 Microstructural analysis

SEM-EDS (JSM-6510LA) was employed to explore the microstructure of the interfacial layer of
the composite specimens. The SEM images was further analyzed using EDS attached in the SEM to
precisely identify the interface and for quantitative elemental analysis. The EDS uses an X-ray source
for the identification and quantification of the element present at detectable concentrations. The
prepared sample for this microstructure analysis contains both concrete and PCM parts with different
elemental compositions. Therefore, EDS results of particular element distribution over a selected area
help to identify the interface precisely as the EDS technique is capable of producing relative elemental
distribution maps using different color index as presented in Figure 2.12(a-b).

" 100pm = (a ‘ : ! lOum a St
(a) Modified 5% silica PCM (b) Normal PCM
Figure 2-12 Element distribution using EDS over a selected area at 500 magnification level (X500)

The mapping of elemental distribution of all the element mentioned in Table 2.5 were observed
over a selected area using EDS technique. The specific area was selected assuming it contains all the
three phases of the composite specimens: concrete substrate, repair material, and the interface
between them. The three phases of the composite specimen were easily identifiable by looking at the
mapping of the elemental distribution of all the element. As an example, the relative distribution of
“Ca” for modified 5% silica PCM specimen and “Si” for normal PCM specimen is presented in
Figure 2.12(a-b). The blue color reflects lower concentration of specific element i.e presence of Ca in
repair part [Figure 2.12(a)] and Si in concrete part [Figure 2.12(b)], whereas reddish color indicates
higher concentration i. e presence of Ca in concrete part [Figure 2.12(a)] and Si in repair part [Figure
2.12(b)]. As PCM and Concrete part has different elemental composition, it was clearly identifiable
the interface seeing the elemental distribution map.
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Figure 2-13 EDS elemental spectrum at a specific point along the interface of composite specimen

Once the three phases of the composite specimen were confirmed, the interface was further
analyzed to record the elemental information using EDS that can detect the element with a
concentration up to 0.1 wt%. In this study, the EDS was performed to know the elemental information
of the interface layer by selecting points along the bond line (interface layer). Ten different points
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were selected along the interface for the elemental analysis as presented in Figure 2.12(a-b) and the
average value of ten EDS measurements was recorded as the concentration of the particular element at
the interface. Typical examples of EDS elemental spectrum at a specific point along the interface of
normal PCM specimen and modified 5% silica PCM specimen, are shown in Figure 2.13(a-b)
respectively and the average quantification results of ten EDS spectrum are tabulated in Table 2.5.

Table 2-5 EDS elemental quantification results

Element Normal PCM Modified 5% silica PCM
Weight% Atomic% Weight% Atomic%
O 4438 59.86 43.55 53.67
Fe 0.82 0.32 2.36 0.83
Mg 1.46 1.30 0.66 0.54
Al 1.17 0.94 2.20 1.61
Si 7.20 5.53 9.57 6.72
K 0.74 0.41 0.55 0.28
Ca 37.53 20.21 23.95 11.78
C 6.10 10.96 13.89 22.81

The Ca to Si (C/S) ratio is an indirect measure of C-S-H and calcium hydroxide (CH). A high
C/S ratio implies that it has high CH and low C-S-H, and vice versa [28]. It is common knowledge
that the interface with high C-S-H results in high strength. The C/S value at the interface is calculated
from the EDS elemental quantification result shown in Table 2.5, which is 5.21 at the interface of
normal PCM specimen and 2.5 at the interface of modified 5% silica PCM specimen. As a trial basis,
the elemental distribution in inside of PCM (both normal and modified 5% silica PCM) were
performed and it was found that C/S ratio in the inside of PCM (both normal and modified 5% silica
PCM) was lower than that of at the interface in corresponding cases. The results of C/S value at the
interface reflects that there is a high possibility of formation of more C-S-H at the interface with silica
fume inclusion with PCM.

The observed XRD pattern were analyzed with standard compiled Profex software (v-4.2.3) to
identify Ca(OH). phase. The XRD results of modified 5% silica PCM and normal PCM specimen is
presented in Figure 2.14 which indicates some qualitative differences in the hydration rate due to the
incorporation of silica fume in the repair material. For the comparison between two samples, the peak
intensity in the region of 26 = 18° has been considered as a measurement of the intensity of Ca(OH):
[29-30]. Lower peak intensity for Ca(OH), was found in modified 5% silica specimen compared to
normal PCM specimen (Figure 2.14). Conclusively, the inclusion of silica fume caused a decrease of
Ca(OH): content at the interface, thus, contributing to the improvement of the interfacial performance.
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Figure 2-14 XRD pattern of powdery sample collected from the interface of the composite specimen
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Figure 2.15 showed the TG-DTA curve of the powdery samples collected from the interface of
modified 5% silica PCM and normal PCM specimen. TG-DTA curves show the typical reactions
occurring in the cement mortars when subjected to a progressive temperature increase from room
temperature to 1000 °C. The mass loss % of the samples, including the control during TG analysis
occurred in three main steps: dehydration of water molecules in hydrates such as C—S—H and ettringite
(first step), dihydroxylation of calcium hydroxide (second step) and decarbonation of CaCOj; and
escape of CO» from the cement matrix (third step) [31-35]. The mass loss % in TG at different steps
was calculated following corresponding DTA peak and presented in Figure 2.15.
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Figure 2-15 TG-DTA curve of the sample collected from the interface of composite specimen

As mentioned in the literature [10], the mass % of Ca(OH), and CaCOs in the samples were
calculated by multiplying molar mass ratios of Ca(OH)»/H,O and CaCO3/CO; with the corresponding
mass loss obtained in the second and third steps of TG curves (Figure 2.15) and presented in Table
2.6. The amount of both free Ca(OH), and CaCOs was found higher in the normal PCM cases
compared to modified 5% silica PCM cases. This finding indicates an increase in the extend of bond
formation between silica compound and free Ca(OH), (modified 5% silica PCM cases) compared to
the bond formation in without silica fume (normal PCM) cases.

Table 2-6 Mass % of Ca(OH), and CaCOs at the interface of normal and modified 5% silica PCM
Second Step of TG Third step of TG~ Total mass % of Ca(OH)

Sample Mass % of Ca(OH),  Mass % of CaCO; and CaCO;
Modified 5% silica PCM 23.68 41.07 64.75
Normal PCM 29.73 57.80 87.53

2.4 Conclusions

The following conclusions can be drawn from this experimental investigation:

o In the absence of primer at the substrate concrete interface: (i) The effect of the constituents of
the overlay material attached to the concrete substrate on the bond strength is significant. The
modified 5% silica PCM specimen showed stronger bonding strength than the normal PCM
specimens. The inclusion of silica fume significantly increases the interfacial shear and tensile
strength for both smooth and rough concrete surfaces; (ii) Surface preparation (texture)
significantly affects bond strength. The interfacial shear strength and splitting tensile strength
increase with increasing surface roughness for both the normal PCM and PCM modified with
5% silica cases; (iii) The mixing of silica fume in the PCM shifts the interfacial fracture (I) with
lower fracture energy to a composite fracture mode (I-P) or (I-C) or mixed (C-P) fracture mode
with higher fracture energy.
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e With primed substrate concrete surface, the interfacial bond performance does not depend on the
inclusion of silica fume with PCM as primer act as a protective layer and hinders the
functionality of silica fume.

e Lower C/S ratio observed through microscopic SEM-EDS test at the modified 5% silica PCM-
concrete interface implies high C-S-H contents that results in high strength. This is mainly due
to the transformation of harmful Ca(OH) into a large amount of C-S-H, which indicates the
possibility of formation of chemical connection at the modified 5% silica PCM-concrete
interface.

e A decrease in the Ca(OH), content observed qualitatively through XRD analysis and
quantitatively through TG-DTA at the modified 5% silica PCM-concrete interface compared to
normal PCM-concrete interface. This suggests an increase in the extend of bond formation
between silica compound and free Ca(OH), (modified 5% silica PCM cases) compared to the
bond formation in without silica fume (normal PCM) cases, thus, contributing to the
improvement of the interfacial performance in former cases.

In conclusion, the use of silica fume can achieve adequate bond strength with concrete substrate and
there is a higher possibility of chemical reaction at the concrete-PCM interface with silica fume
addition that can enhance the chemical bonding between the concrete substrate and overlay material.
Considering easy applicability of silica fume with PCM in practical application, environmentally
friendly nature and ability to achieve adequate bond strength with concretes substrate, this study can
provide an indication for engineering application of silica fume in polymer cement-based repair
materials.
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Chapter 3
ASSESMENT OF CONCRETE-PCM BONDING PERFORMNACE WITH INCLUSION OF
SILICA FUME UNDER OVERLAYING CONDITIONS

3.1 Introduction

It was concluded from previous chapter that the use of silica fume with PCM as a repair material
can achieve adequate bond strength with concrete substrate and there is a higher possibility of
chemical bonding between the concrete substrate and overlay material with silica fume addition to
enhance interfacial performance. Although modified PCM with silica fume addition as repair material
has been found to possess good mechanical and chemical properties, there is absence of information
of the influence of various factors on the concrete-PCM interface. As reported in the technical
literature [1], the bonding between substrate concrete and repair material is highly influenced by
various factors such as surface roughness preparation techniques, temperature, moisture contents,
strength and stiffness of substrate concrete and overlay material, etc. Therefore, with present data and
scope, it is hard to confirm the applicability of this overlaying method using silica fume with PCM as
a repair material in practical strengthening cases. For practitioners better understanding and with an
aim to achieve the great potential in practical design implications of the PCM overlay strengthening
method, new work was designed and presented in the following sections exploring the effect of
various factors on the concrete-PCM interfacial bond performance.

A lot of experimental study have been found in the technical literature [2-5] that emphasized on
the importance of substrate concrete surface preparation and the effect of roughness for the good
bonding of repairing material to the substrate concrete. The roughness level of substrate concrete
highly influences the interfacial strengths as because the higher roughness level produce a larger
surface area than the lower roughness level for the PCM attachment. Water jetting and sand-blasting
techniques are considered to be the most suitable techniques for roughening the substrate concrete [6-
7] to produce good bond as these methods generates less micro-cracks in substrate layer, whereas
grinding [8] and the needle-gun [9] method of surface preparation result into lower bond strength. In
the experimental study by Miura [10], it was found that the interfacial shear strength increased with
the increase of surface roughness (from grinding to high sand blasting techniques). The moistness
state of substrate concrete interface [11-13] and compressive strength of substrate concrete [14-16] is
also regarded as one of the important factors in achieving bond between two layers. It was reported in
a study [17] that too much dry surface of substrate concrete absorb water from the newly overlaid
material, while excessive moisture in substrate concrete clog the pores and prevent absorption,
resulting into weaker bond strength. Thus, many researchers suggested to consider the saturated
surface dry condition in order to attain good bonding strength. Zhang [18] investigated the effect of
the difference between the compressive strengths of PCM and substrate concrete, it was found that the
interface bond strength decreases with increase in the difference of the compressive strength for a
given kind of PCM. In case of compatible strength between concrete and PCM, fracture in the PCM
side or interfacial fracture are most likely to occur. Hence, the substrate concrete surface should be
roughened enough to ensure the aggregate interlock phenomenon to act.

For the successful strengthening technique, it is also important to withstand the induced stress by
the continuous traffic movement during/after the construction work from the early stages as the PCM
overlaying method enables its construct without preventing traffic. As far as the author’s reviewed
literatures are concerned, not many study have been found evaluating the performance of the interface
from the early stages of overlay material application. In general, silica fume is expected to perform
better in long run. Therefore, it is essential to evaluate the performances of silica fume to enhance the
interfacial strength at early stages.

Although different factors have an impact on the concrete-PCM interfacial bond, the influence of
some of these factors on concrete-PCM interface were considered as an experimental parameter as a
priority basis. Series-I of this research work was designed to study the effectiveness of modified 5%
silica PCM as a repair material based on bi-surface shear test using three levels of surface roughness
(high, medium and low) and two different concrete compressive strengths (low strength type (LS)
with 16.73 MPa and normal strength type (NS) with 29.59 MPa). In series-1I and Series-IlI, the
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performance evaluation of the bonding strength under shear stress conditions based on bi-surface
shear test using rough concrete surface were explored with/without silica fume with three different
states of moisture at the interface and at early ages, respectively.

3.2 Experimental outline
3.2.1 Materials and mix proportion of substrate concrete

Two kinds of concrete with mix ratio as shown in the Table 3.1 were cast in the laboratory to
facilitate Serie-I experiment. Concrete with higher water to cement ratio was termed as low strength
“LS” concrete and with lower water to cement ratio was referred as normal strength “NS” concrete.
Concrete were cast with commercially manufactured ordinary portland cement (OPC) in case of “LS”
type of concrete and with high early strength cement in case of “NS” type of concrete. Similar
properties of coarse aggregate and fine aggregate mentioned in Chapter 2 (Section 2.2.1) was used to
prepare concrete. Water was sprinkled 24 hours before on the coarse and fine aggregates to make
them saturated. Tap water was used and all the mixes were prepared at room temperature using
mixing machine. To prepare composite specimen for Series-II and Series-III experiment, same
concrete as mentioned in Chapter 2 (Section 2.2.1) was used.

Table 3-1 Mix proportion of concrete

Type of o Amount(kg/m?)

Concrete WIC (%) Water (L) Cement Sand Aggregate
LS 60.0 160 267 817 1067
NS 40.0 160 400 788 1128

3.2.2 Materials of repairing

As an overlay repairing material, PCM and silica fume having similar properties as reported in
detail in Chapter 2 (Section 2.2.2 and 2.2.3, respectively) were used. As a second improving material
of the interfacial bonding strength between concrete and PCM, a reactive type of surface penetrant
(SP) supplied by the Fuji Chemical Co., Ltd. was used in Series-1 experiment. It was intending to use
to re-react cured concrete (as the cured substrate concrete cannot easily undergo chemical reactions)
to cause cured concrete hydration. It was thought that the hydration of both cured concrete and PCM
simultaneously helps to form a chemical bonding between these two materials. The main component
of the surface penetrates was “sodium silicate”. Surface penetrant was applied to the concrete surface
8 hours before the application of PCM following the outcome of the previous study [19]. Pipette was
used for the uniform application of surface penetrant over the entire concrete surface as shown in
Figure 3.1. It was applied in two times with time interval of 60 minutes and the amount was
maintained 0.15 1/m? for each of the Ist and 2nd application. When it was applied to the roughed
concrete surface, the surface was wettened according to guideline on design and application methods
of silicate-based surface penetrants used for concrete structures [20]. Though the moisture content of
the substrate concrete was not measure, but a good attention was paid to the wet condition of the
surface of concrete before application of surface penetrant. Water was sprayed on the roughed
substrate concrete surface and surface penetrant was applied after water stagnation had disappeared.
In cases, if some portion of surface penetrant remained over the concrete surface, it was wiped before
the application of PCM layer.

o

Figure 3-1 Application of the surface penetrant over the concrete surface
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3.2.3 Specimen preparation

The surface roughness of concrete substrate is considered as a key factor in the performance of
bonding between substrate concrete and new overlay layer. For the preparation of composite
specimens of Series-I experiment, one surface was roughened by steel wire brushing (WB) or
sandblasting (SB) for better interlocking of the overlay layer to the substrate layer, as these methods
generate fewer micro-cracks in the substrate layer [6]. Two types of roughness levels were prepared
by the WB technique and categorized as low (L) and high (H). Eight hours after the concrete was cast,
steel wire brushing was performed in the laboratory by the author. The types of cement used in the
specimen preparation results in the difference in the surface roughness level. The use of high early
strength cement resulted in a lower roughness level with no exposure of coarse aggregate, as shown in
Figure 3.2(a), whereas the use of normal strength portland cement resulted in a higher roughness level
with some exposed aggregates, as shown in Figure 3.2(b), thus named WB(L) and WB(H),
respectively. Sandblasting was performed after 14 days of curing of the concrete, and roughness level
is shown in Figure 3.2(c). To ease surface preparation and considering large number of specimen, a
retarder was used to prepare substrate concrete roughness level for series-II and Series-III
experimentation. In this method of surface preparation, retarder was sprayed over the concrete surface
after casting the concrete to delay the hardening of concrete. The soft concrete surface was then
washed spraying a strong jet of water until coarse aggregates were exposed as shown in Figure 3.2(d)
to make the surface rough (R) for better bonding. Following the outcomes of the trial test (in WB
cases) by the author and previous group research in our team [10, 19] (in SB cases), paying good
attention, it is possible to get similar roughness level of the three specimens used in each group by
visual inspection. Although many researchers quantitatively assess roughness, qualitative (visual
inspection) was used, following the outcomes of the trial test and previous research by our team
[10 19 21]

(a) WB(L) (b) WB(H) (c) Sandblastlng (SB) (d) Usmg retarder (R)
Figure 3-2 Surface roughness used in this test

3.2.4 Preparation of composite specimen

The composite specimens were prepared by casting concrete of size 150 x 150 x 100 mm and
100 x 100 x 50 mm, followed by pouring PCM after 14 days to prepare composite specimens of sizes
150x150x150 mm for Series-I experiment and 100x100x75 mm for experiment of Series-II and
Series-III. Considering a large number of composite specimens, different sizes of composite
specimens were selected to reduce the material use of PCM. Concrete specimens were put into the
moulds, and the roughened surface was kept facing up in the mould. Before casting the PCM, the top
surface of the concrete specimens was cleaned with high air pressure to remove any dust as well as to
create microporosity which helps in good adhesion. After that water was sprayed at the top concrete
surface and free water on the rough surface was removed (if any) with a towel just before casting the
PCM to provide a saturated concrete substrate with a dry surface for adequate bonding [22]. Once
water stagnation had disappeared, PCM was trowelled over the treated surface of the concrete. The
PCM was trowelled in two layers with a time interval of 180 minutes to prepare composite specimen
of size 150x150x150 mm and 100x100x75 mm, respectively for different series experimentation.

To study the influence of moistness of the interface, the composite specimen of size 100 x 100 x
75 mm was fabricated with the moisture state of the interface as air dry (AD), saturated surface dry
(SSD), and wet. The AD state was achieved by placing the specimen in a natural dry environment in
the laboratory for one week before pouring a new mortar layer. The SSD condition was achieved by
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immersing the specimens in water for 1 day, removing the samples from water, waited for about 2
hours, and wiping out the excess moisture (if any) at the surface with a towel before placing PCM.
The wet state was made by putting the substrate concrete in water for 3 days, removing the specimen
from the water immediately before casting PCM, and overlay mortar was placed without wiping

surface water. The state of the moistness of the interface used is shown in Flgure 3.3(a-c).

(a) AD

(b) SSD

(c) Wet

Figure 3-3 Moisture state of the interface used in this study

Table 3-2 Numbers of composite specimens for the interfacial shear test

Moistness Surface
. Surface roughness No. of
Test type Specimen level . of the penetrant :
preparation method . S specimen
interface  application

N _WB(L) SSD NS  Steel wire brushing SSD No 1x3
g M _WB(L) SSD NS Steel wire brushing SSD No 1x3
g M WB(L) SSD 'NS*  Steel wire brushing SSD Yes 1x3
é e N _WB(H) SSD LS Steel wire brushing SSD No 1x3
2 - M WBH) SSD LS  Steel wire brushing SSD No 1x3
§ Q .é M WB(H) SSD LS"  Steel wire brushing SSD Yes 1x3
7B N _SB SSD NS Sandblasting SSD No 1x3
89 “ M SB SSD NS Sandblasting SSD No 1x3
£ M _SB SSD NS* Sandblasting SSD Yes 1x3
2 N_SB_SSD LS Sandblasting SSD No 1x3
& M_SB_SSD LS Sandblasting SSD No 1x3
M SB SSD LS* Sandblasting SSD Yes 1x3
N R SSD 1 Using retarder SSD No 1x3
M R SSD 1 Using retarder SSD No 1x3
o — N R SSD 3 Using retarder SSD No 1x3
= s M R SSD 3 Using retarder SSD No 1x3
s _ B N R SSD 14 Using retarder SSD No 1x3
E g «n M R SSD 14 Using retarder SSD No 1x3
é o N R SSD 28 Using retarder SSD No 1x3
@S; M R SSD 28 Using retarder SSD No 1x3
88 N R AD 14 Using retarder AD No 1x3
< = M R AD 14 Using retarder AD No 1x3
88 = N R _AD 28 Using retarder AD No 1x3
€7 7 M _R_AD 28 Using retarder AD No 1x3
% 5 N R Wet 14 Using retarder Wet No 1x3
& n M R Wet 14 Using retarder Wet No 1x3
N R Wet 28 Using retarder Wet No 1x3
M R Wet 28 Using retarder Wet No 1x3

Note:

" indicates the application of surface penetrant at the substrate concrete interface
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Once the specimens were cast, the molds were wrapped with a polythene sheet to avoid the
evaporation of moisture. Twenty-four hours after casting, all the formworks were demolded, and the
specimens were cured in water following the procedure described in detail in Chapter 2 (Section
2.2.6). The total number of composite specimens cast is shown in Table 3.2. The acronym designation
adopted for each group of the specimens are as follows: the first letter “N” or “M” refers to normal or
modified 5% silica PCM followed by surface roughness level of the interface (WB(L), WB(H), SB or
R), and moisture state of the interface (SSD, AD and wet) and substrate concrete compressive strength
(LS or NS). For example, N_SB _SSD LS refers to a composite specimen with normal PCM and low
strength concrete which was bonded by roughness level prepared by sandblasting technique with
moisture state of saturated surface dry condition of the interface. Moreover, N SB SSD 3
represented the composite specimens N R _SSD which were tested three days after casting of the
PCM layer.

3.2.5 Testing procedure

Steel strip

Steel strip

Q
\‘)

150
Concrete

Concrete

25 25 25

50
(a) (b)

Figure 3-4 Schematic of bi-Surface shear strength composite specimen; (a) for Series-I, (b) for
Series-II and Series-II experiment (unit: mm)

5505 50

The interfacial shear strength is one of the major interface properties that need to be carefully
investigated. The measurement of the “pure” shear strength has always been a challenge for
researchers, as it is a very difficult condition to achieve in reality. Many previous methods have been
proposed to quantify the interfacial shear strength [23,24]. Single or double shear tests have been
widely used and developed to evaluate the interface shear strength due to their simple loading method,
but it has a disadvantage in the possibility to cause not adhesive failure but local compressive failure
at the edge of loading plate or bending crack [25]. The slant shear test that evaluated under a
combination of compression/tension and shear action at the interface has also been investigated by
some researchers and has been developed as a design standard such as ASTM C 882 [26]. The
presence of a compression force in the slant shear test leads to higher bonding strength than that in the
pure shear stress condition due to the increase in friction. Meanwhile, the test method is greatly
influenced by the difference between the stiffness of substrate concrete and repair material, the
geometry of the test such as size and axis at the shear plane [24]. Some researchers have used their
developed testing method for the pure interfacial shear strength measurement, but these methods were
not widely accepted due to their complex test setups. Each of these tests has been reported to have
some advantages and disadvantages compared with one another. Momayez et al. [23] proposed a new
direct shear test named bi-surface shear strength test that does not require any special form and can be
fabricated easily as well as gives less variation in the results. Thus, this method is widely used for the
evaluation of the interfacial shear strength. Consequently, considering the fact of a large number of
specimens and to ease the complexity in specimen preparation, the bi-surface shear test was adopted
to measure interface shear strength using Eq. 3.1 in this study. The scheme of the test method used for
the measurement of the interfacial shear strength is shown in Figure 3.4.
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where T, = the shear bond strength (MPa), P, = the ultimate load (N) and 4 = the area of the
connected interface (mm?).

3.2.6 Statistical analysis

The laboratory test data of interfacial strength were further analyzed statistically using a one-way
analysis of variance (ANOVA) to evaluate the influence of silica fume as a repair mortar and the
impact of different influencing factors. The relevant calculation principles and significant criterial of
one way ANOVA is shown in Table 3.3 and 3.4, respectively. The formulas for the calculation of
parameters of the Table 3.3 is presented in literature [27]. The degree of influence of considered
factor on the interfacial bond was designated by “a”, “b”, “c”,” or “d” following the significant
criteria as shown in Table 3.4.

Table 3-3 Analysis of One way ANOVA

Source of variation Sum of squares Degree of freedom Mean square F value
deviation (SS) (DF) deviations (MS)
Between groups Sa r-1 MS4 = Sa/(r-1) MS,/
Within groups Sk n-r MSEg = Se/(n-r) MSA
Total variance St n-1 :

Note: “r” represent levers number for each influencing factor; and “n” represent the total number of
outcomes of different levers for each influencing factor

Table 3-4 Significant analyses based on one way ANOVA

Criteria Result
If F > Fo 01 (r-1,n-1) or p-value < 1% Highly significant effect (a)
If Foo1 (r-1,n-1) > F > Fo 05 (r-1,n-1) or p-value; 1% ~ 5% Significant effect (b)
If Fo.05 (r-1,n-r) > F> Fy 1(r-1,n-1) or p-value; 5% ~ 10% Little effect (¢)
If F <Fy.10(r-1,n-1) or p-value > 10% No or Very little effect (d)

3.3 Test results and discussions
3.3.1 Series-I (Interfacial shear strength of composite specimens)

The average interfacial shear strength along with the standard deviation of all the composite
specimens are presented in Figure 3.5. The data of the specimens were excluded when the difference
value between any measured value and the mean value calculated exceeds 20% of the mean value, the
median value measured is taken as the mean value. The COV values ranged from 1.41% to 14.71%
which are reasonable considering the variability of production of cementitious composites.
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Figure 3-5 Increase in the interface shear strength by the inclusion of silica fume in PCM
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The constituent of the overlay material attached to the substrate concrete influenced the
interfacial bonding strength. The inclusion of 5% silica fume of the PCM mass in the overlay material
greatly increased the interfacial strength in each substrate concrete compressive strength and surface
roughness case. The percentage increases in the interfacial strength for the case of 5% silica PCM
compared to the normal PCM cases are presented in Figure 3.5. The increasing percentage is very
high for the steel wire brushing cases with both the medium and lowest surface roughness levels
compared to the sandblasting case that has the highest surface roughness level. This fact indicates that
silica fume inclusions can enhance the chemical bonding at the concrete-PCM interface. Therefore, in
practical PCM strengthening applications, the inclusion of silica fume in the overlay material is highly
suggested if the substrate concrete cannot meet the roughness requirements.

The composite specimens (modified 5% silica PCM with surface penetrant) show less interfacial
shear strength compared to normal PCM composites irrespective of the types of concrete or surface
roughness level as shown in Figure 3.6 which indicates that our initial thought on the possible
enhancement of the bond strength by silicate-based surface penetrant was not correct.
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Figure 3-6 Decrease in the interface shear strength in modified %5 silica PCM with surface penetrant
compared to normal PCM composite

One of the reasons for the reduction in the interfacial bonding strength is the presence of a white
compound in both the concrete and PCM parts in the specimens with the surface penetrant, as shown
in Figure 3.7(a). In a previous study [19], this white compound was also observed at the interface of
the specimens with surface penetrant, and the presence of 44% CaCO; was found by X-ray diffraction
analysis of the white compound, which was higher compared to that of the normal concrete cases
(approximately 20%). This white compound cannot be seen in the normal PCM cases or the cases
without the surface penetrant, as shown in Figure 3.7(b).

IR e e

(a) With surface penetrant (b) Without surface penetrant
Figure 3-7 White compound in the interface
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Another cause for the reduction in the interface shear strength is that the layer of the surface
penetrant over the substrate concrete acts as a protective layer. In general, this material is used over
the cured concrete surface as a surface modifier to protect the surface from abrasion, water
penetration, etc. This protective layer hinders the flow of the water to the cured concrete, which is
required for hydration and prevents the small silica fume and PCM particles from filling the gaps
among the cement particles of the substrate, resulting in a weak bond between the substrate concrete
and overlay layer. In the SP application, it is realized that it is very important to adjust the chemical
reaction time of SP and PCM. The intensive chemical reaction time between concrete and SP which
depends on the kinds of SP used has not been studied so well. Therefore, it is important to know the
exact surface penetrant reaction time to realize effective interface bonding.

3.3.1.1 Effect of substrate concrete compressive strength

The results of interfacial bond strength of the composite specimens with different substrate
concrete compressive strengths are compared in Figure 3.8(a) when the surface is roughened by
sandblasting. An increase in the interfacial shear strength was found for “NS” concrete compared to
that of “LS” concrete. Higher compressive strength of substrate concrete formed lower autogenous
shrinkage of composite that results in higher bond strength [16]. The increase of compressive strength
of substrate concrete also increases its elastic modulus. It reduced the difference of elastic modulus of
composite specimens and increased the mechanical compatibility [15], subsequently increased
interfacial strength. In addition, in the case of the low substrate concrete compressive strength cases,
cracks occur in the concrete earlier and propagate towards the interface, causing failure of the
specimens through the interface or with the concrete cohesion fracture mode, subsequently resulting
in lower interfacial bonding strength. The increase in the interfacial bonding strength with the
increases in the substrate concrete compressive strength was also observed when 5% silica PCM
specimens were compared to the normal PCM specimens. The increase percentages were 36.84% for
“LS” concrete and 35.05% for “NS” concrete. Figure 3.8(b) shows that the interfacial bonding
strength decreases with increasing substrate concrete compressive strength. This is because the
roughness level is high for the case of the specimens with a lower substrate concrete compressive
strength. Conclusively, there is an optimum surface roughness level of the substrate concrete up to
which the substrate concrete compressive strength is not effective on the interfacial bonding
performance. After the optimum surface level, the interfacial strength increases with increasing
substrate concrete compressive strength.
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Figure 3-8 Effect of the substrate concrete compressive strength on the interfacial bonding at
different surface roughness levels.

3.3.1.2 Effect of surface roughness

The positive influence of surface roughness level of substrate concrete on the interfacial bonding
performance between the concrete and PCM was found in this research work. Figure 3.9 showed that
the surface roughness prepared by sandblasting, that has a higher surface roughness level, results in a
higher interfacial shear strength than that of the steel wire brushing cases that have a lower surface
roughness level for the case of both normal PCM and 5% silica PCM composite specimens. In the
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case of the normal PCM composite specimens, sandblasted specimens with the highest level of
roughness have higher interfacial strengths of approximately 5 times and 2.5 times compared to the
specimens roughened by steel wire brushing (lowest and medium roughness level). Consequently, the
surface roughness level greatly influences the interfacial bonding performance both in normal PCM
and 5% silica PCM cases.

27 Swelsmp s
'
|

Interfacial shear Strength (MPa)

N_SSD M_SSD
Figure 3-9 Variation in the interfacial strength with different surface roughness techniques
3.3.1.3 Fracture mode of the composite specimens

The fracture modes are named according to the location of the fracture on the surface of the
specimens. During and after the loading tests of the composite specimens, visual observations were
made carefully to determine the location of failure and named according to the definition of fracture
mode mentioned in Chapter 2 (Section 2.3.3.1). Examples of four types of fracture modes of the
composite specimens observed in this research work is shown in Figure 3.10(a-d).

(c) Interface-PCM composite fracture (I-P) (d) Concrete cohesion fracture (C)
Figure 3-10 Sample fracture surface of the composite specimens in Series-I experiment

In this research work, all the composite specimens with surface penetrant showed pure interface
(D) fracture. The fracture modes of the specimens other than the surface penetrant specimens are
shown in Figure 3.11. The sandblasted specimens showed an increase in the number of specimens that
failed at the mixed-mode or concrete cohesion mode in 5% silica PCM cases compared to normal
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PCM cases. For example, one pure interface fracture mode (I) was observed in the case of specimen
N_SB_SSD LS, but no pure interface fracture mode (I) was observed in the case of specimen
M_SB_SSD LS; rather, the fracture mode shifted to one mixed-mode (I-C) and two concrete
cohesion modes (C). It may be considered that concrete cohesion fracture occurred when the interface
shear strength was higher than the concrete shear strength. However, for both the normal PCM and
5% silica PCM cases, all the specimens show pure interface fracture mode (I) when the surface is
roughened by steel wire brushing (both high and low steel wire brushing cases). Consequently, it can
be said that the increase in the surface roughness shifted the failure surface closer to the concrete
cohesion (C) side for the case of the low substrate concrete compressive strength and to the mixed-
mode (I-P) for the case of the high substrate concrete compressive strength.

RBXI-P

Figure 3-11 Fracture mode observed for the composite specimens in Series-I experiment
3.3.2 Series-1I (Effect of moisture state of the interface)

Figure 3.12(a-b) showed three specimens’ average values of all the composite specimen with
different moisture state at the interface along with their standard derivation. The interfacial bonding
strength was higher with the SSD condition of the substrate concrete interface compared to air-dry or
wet conditions of substrate concrete interface. The wet condition of the interface results in the lowest
interfacial strength in all cases. The dry substrate may accelerate water migration from repair mortar
that leads to incomplete hydration near the interface and induces less bonding between substrate
concrete and overlay mortar. Alternatively, the presence of excessive moisture at the interface (wet
moisture state cases) may clog the pores of the substrate concrete and prevent absorption of new
material which results in weaker bond strength. The bond strength in the SSD state of normal PCM is
24% and 4% higher than that of wet state at 14 and 28 days, respectively. The outcome of statistical
analysis (p-value of 0.204 and 0.669, and degree of influence “d”), as presented in Figure 3.12(a)
confirmed that there is no or very little influence of the moistness of the interface on the bonding
strength in normal PCM specimens. The same phenomenon was also observed in the previous study
[10] in case of normal PCM over mortar. However, the percentage increase of bonding strength in the
SSD state of modified 5% silica PCM compared to the wet state at 14 and 28 days is 40% and 55%,
respectively. The outcome of the statical analysis (p-value of 0.013 and 0.042, and degree of influence
“b”), as presented in Figure 3.12(b) suggests that there is a significant effect of the moistness of the
interface on the bonding strength.
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Figure 3-12 Influence of moistness states of interface on the interfacial bond strength

A typical example of calculation and analysis of the relativity of the impact factors of the bond
interface between substrate concrete and overlay layer using one way ANOVA is presented in Table
3.5. As an example, the influence of the moistness of the interface on the bond interface strength of
modified 5% silica PCM-concrete at 14 days was considered. The calculated F-value is compared
with critical value (F\) obtained using F distribution at 1% (Fo.o1), 5% (Foos) and 10% (Fo,)
significant level to determine the level of significance of the concerned factor. Following the
significant criteria as shown in Table 3.4 and comparing the calculated and critical values, it can
conclude that the concerned factor (interface moisture state) has significant effect on the bonding
strength. The statistical results of the all the composite specimen with different moisture states of the
interface is presented in Figure 3.12 and Figure 3.13. Conclusively, the experimental and statistical
test results imply that moisture condition of the interface in substrate concrete is very important to
achieve good interfacial bonding strength, especially in using silica fume with overlay mortar.

Table3-5 A typical example of calculation and analysis of the relativity of the impact factors

Interfacial shear F Level of
Factor strength (MPa) 53 DE— M5 value Significance
AD 3.80 536 443 4992 2 2.496 Fo1=3.46
Interface Sienificant
moisture SSD  6.13 638 648 1532 6 0.255 9.777 Foos=5.14 effect (‘]:3
state Wet 540 536 480 - - - Foor=10.92

The influence of silica fume in the interfacial shear strength of the composite specimen under
different moisture states of the substrate concrete interface is shown in Figure 3.13. In all states of
moisture of the interface, the modified 5% silica PCM specimens showed higher interfacial bonding
strength compared to normal PCM specimens. The SSD state results in the highest percentage
increase of bonding strength, followed by AD and Wet state, respectively. The percentage increase of
interfacial strength with the inclusion of silica fume with PCM as a repair material compared to
without silica fume cases is also presented in Figure 3.13. With SSD state of the substrate concrete
interface, it accelerates the hydration process and rate of chemical reaction of silica compound and
Ca(OH); to form secondary C-S-H that leads to acquiring good bond between substrate concrete and
overlay mortar. The presence of a very small amount of water in the AD state helps in the formation
of fewer C-H-S at the interface, which does not satisfy the interface strengthening requirement
resulting in less bonding strength than SSD condition. The presence of a high amount of water at the
wet state clogs the pores of the substrate concrete and prevents absorption of new material indicating
that silica fume cannot perform in the expected way to strengthen the interface by the micro-filling
effect or by chemical connection.
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Figure 3-13 Influence of silica fume on bonding performance with different moisture conditions

The fracture mode of all the composite specimens tested at different moisture states of the
interface is presented in Figure 3.14(a-b). The modified 5% silica PCM specimens with SSD state of
the interface do not include any pure interface fractures (I) as presented in 3.14(b). This indicates
higher adhesion of modified PCM overlay with substrate concrete with better durability.
Consequently, the moisture condition at the interface of substrate concrete has a significant impact on
the interfacial bonding performance, especially in using Silica fume, SSD condition is very important
to achieve a good bond.
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(b) Specimens tested at early ages

Figure 3-14 Fracture mode of all the composite specimens of Series -II and Series-II1

3.3.3 Series-III (Effect of silica fume at early ages)

3.3.3.1 Monolithic specimen

The compressive strengths of normal PCM and modified 5% silica PCM were evaluated using
cylindrical specimens (50x100 mm) according to the standard test method ASTM C39 [28]. The
influence of silica fume was checked by comparing the percentage increase of strength of the
modified 5% silica PCM and normal PCM specimens, as shown in Figure 3.15.
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Figure 3-15 Influence of silica fume on monolithic specimens

The strength gain in the modified 5% silica PCM specimen was slightly higher which is
considered insignificant up to 3 days of curing compared to normal PCM specimen. There is a
possibility that due to presence of higher SiO, (about 29%, identified by XRF analysis) in PCM, silica
compound can react with Ca(OH), produced in the early-age hydration stage and increase its strength
causing marginal strength difference between normal PCM and modified 5% silica PCM at initial
stage. This gaining of strength become pronounced for modified 5% silica PCM specimen beyond
seven days. A high amount of strength gain was achieved in between the ages of 7 days and 28 days
of about 64% in modified PCM mortar whereas it is about 40% in the normal PCM overlay mortar.
The result of the statistical analysis shows no significance in between the ages of 1 day and 3 days,
which shifted to a significant and very significant level at the ages of 7 days and 28 days, respectively,
presented with p-values and degree of influence in Figure 3.15. This finding is partially a result of
pozzolanic reactions of the silica fume due to its large specific surface area. The self-cementitious
activity of silica fume, the predominant reaction of silica compound with Ca(OH), during the early
hydration stage seems to contribute to the higher strength of modified 5% silica PCM mortar. In
conclusion, the addition of 5% silica fume significantly increased the compressive strength of the
monolithic specimens with time, though it has a marginal effect at early ages.

3.3.3.2 Composite specimen

The average interfacial shear strength of the three specimens, after excluding data when the
difference between any measured value and the mean value exceeded 20% of the mean value, is
shown in Figure 3.16. One-day curing specimens showed higher interfacial strength in modified 5%
silica PCM specimen than in the normal PCM specimen. This indicates that the hydration of the silica
PCM mixtures occurs at the relatively young ages of casting. The interfacial strength further increased
with ages of curing in the modified 5% silica PCM compared to normal PCM. The bond strength of
one-day curing specimens was roughly half the three days strength in both normal and modified PCM
overlay mortar. In between age 14 days and 28 days, normal PCM specimens showed similar results,
whereas the modified PCM specimens showed approximately 20% higher bond strength. The
outcomes of statistical analysis showed a positive influence of silica fume on interface performances
from the young ages of casting. The bonding improvement can be attributed to the chemical reactions
of Ca(OH), of substrate concrete and SiO; of silica PCM of the overlay mortar to form secondary C-
S-H. Additionally, silica particles can fit between cement particles and inside pores on the surface of
the concrete substrate, resulting in a denser microstructure with higher intermolecular forces and
mechanical interlocking. Consequently, the bond strength increases significantly with the inclusion of
silica fume from the very first day of pouring of overlay mortar. The addition of silica fume to PCM is
strongly suggested for practical PCM strengthening applications to withstand the induced stress by the
continuous traffic movement during/after the construction work from the early ages.

36



| B4 Normal PCM
Modified 5% silica PCM

©

o

=

S

.C

S)

c bsgg

@ R

o PR

N R3Z5S

w Noded!
X XX

— KX

@ loded

o] KX

L XXX

n 0
RO

g 5:30

(&) X
KX

0 P>

b= 2

] P

K]

£

p-0.021 (b)

14 days
Figure 3-16 Interfacial strength of normal PCM and modified 5% silica PCM specimen at early ages

After the mechanical testing, visual observations were made to determine the failure mode of the
composite specimens whether it failed due to a crack along the interface (shear plane) or failed due to
significant cracking in the overlay material or substrate concrete. The failure mode was named
comparing the classification of the fracture surface as discussed in Section 2.3.3.1. The fracture mode
of all the specimens tested at early ages is shown in Figure 3.14(b), which shows a smaller number of
pure interface fracture (I) in modified 5% silica PCM specimens compared to normal PCM
specimens. Consequently, the adhesion of overlay mortar to substrate concrete increased with the
inclusion of silica fume that kept the interface from failing.

3.4 Conclusions

The following conclusions can be made from this material level test:

>

>

The interfacial shear strength increases with the increase in the surface roughness level for
both the normal PCM and 5% silica PCM cases.

The substrate concrete compressive strength is not effective in increasing the interfacial
bonding strength up to a certain surface roughness level (optimum level) of the substrate
concrete. If the roughness level exceeds that of the optimum level, the interfacial bonding
strength increases with increasing substrate concrete compressive strength.

The inclusion of silica fume in the PCM increases the interfacial bonding strength.
Additionally, the incorporation of silica fume shifts the failure surface closer to the concrete
cohesion (C) for the case of the low strength concrete and to the composite fracture mode (I-
P) for the case of the high strength concrete if the surface roughness level is high. However,
the surface roughness prepared by steel wire brushing having lower surface roughness level
result in pure interfacial fracture mode (I) for both the normal PCM and 5% silica PCM cases.
The fracture energy is affected by the fracture mode of the composite specimens, i.e., the
interfacial fracture mode (I) results in smaller fracture energy, whereas the composite fracture
(I-P) or (I-C) and concrete cohesion fracture mode (C) results in higher fracture energy.
Applying the surface penetrant at the interface decreases the interfacial shear strength and
results in the pure interfacial fracture mode (I), even if the surface roughness is high.

The interfacial strength is predominantly influenced with the moistness of the substrate
concrete surface, the saturated surface dry interface state of substrate concrete facilitate bond
strength development. Interface moisture state exert a positive influence on the modified 5%
silica PCM-concrete bonding performance, while it has no/insignificant impact on the normal
PCM-concrete interface.

There is a high possibility that the bond strength increases significantly with the inclusion of
silica fume from the very first day of pouring of overlay mortar due the predominant reaction
of silica compound with Ca(OH), during the early hydration stage.
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Chapter 4

BONDING DURABILITY OF CONCRETE-PCM INTERFACE WITH INCLUSION OF
SILICA FUME UNDER ENVIRONMENTAL CONDITIONS

4.1 Introduction

It was concluded form previous two chapters that the inclusion of silica fume with PCM as a
repair material significantly improve the concrete-PCM interfacial bonding strength. In practice, the
strengthened structures put into immediate service based on achieving adequate substrate concrete-
repair materials bond strength in a short duration. However, in many cases, the short-term strength
gain of the strengthened members does not ensure long-lasting and durable repairs as because the
long-term properties of the substrate concrete and repair material can be significantly different from
the properties measured at early ages. The strengthened members are frequently in harmful media and
severe environment in service life stage causing early degradation and performance deterioration [1].
The emphasis in selecting suitable repair techniques of the deteriorated structures is placed on the
bonding properties measured at early ages alone with not much consideration on the degradation
properties during long term exposure though the environmental exposure (freeze-thaw cycle, elevated
temperature) of strengthened members have significant response in its performance. Therefore, from
the perspective of practical application of polymer cement mortar (PCM) overlaying method, long-
term performance of strengthened members under severe environmental exposure should be achieved
along with short-term bonding strength of newly overlaid PCM layer with substrate concrete.

In some country, the temperature can be seen below -20°C in winter, thereby inducing different
degrees of freeze—thaw damages affecting the durability of the concrete structures. The positive and
negative temperature alterations during freezing and thawing cycle (FTC) in service environments
causes scaling and cracking in structures resulting significant influence on the mechanical
performance and service life of the concrete structure [2-3]. Many researcher have investigated
mechanical properties of concrete after freeze-thaw cycles [4-7] along with degradation prediction
model under FTC for evaluating concrete degradation behaviour [8-10] and confirmed negative
influence of FTC on the long-term performances of concrete structure. Not only the material itself is
damaged by FTC, the adhesive interface, which is regarded as the weakest part of composite system,
is also degraded under FTC [11-13]. In an experimental study by Qian [11], the interface and outer
surface of PCM containing composite specimen were found subjected to damage under FTC though
PCM itself possesses good freeze-thaw resistance over conventional mortar due to the reduction of
porosity as a result of decreased water-cement ratio, low permeability, high percentage of polymer
film and filling of pores by polymers. Since polymer film is an important mechanism to bond the
components of PCM and increase the bonding strength, the weakening of polymer under water or
freeze-thaw cycles would weaken the PCM or interface resulting flakes at interface and at outer PCM
surface. Also, higher porosity at the interface due to wall effect increase water absorption which
subsequently weaken the interface under FTC.

Temperature and moisture is also considered as one of the major factor affecting the durability of
the concrete structures. Due to rapid industrialization, global warming and non-sustainable
development, temperature in some regions exceeds 50°C and may rise to 60°C [14, 15], which may
deteriorate concrete structure rapidly. In our real environment, concrete structures are also exposed to
cyclic temperature instead of constant temperature. In such environmental conditions, mismatch
properties between concrete and repair material may be dominant causing damage to the adhesive
bonding between them. Therefore, both concrete and repair materials must be durable in severe
environmental exposure. Many researchers have investigated the change in the microstructure of the
concrete [16—18] and mechanical performance degradation of the concrete [19-21] after exposure to
high temperatures. It was observed that the mechanical behavior of concrete degraded to different
degrees after exposure to high temperatures. Repair materials like PCM is also sensitive to high
temperature, Ries [22] noticed 91.6% reduction in flexural strength at 90 °C. The degradation of the
properties of concrete and repair materials directly influenced the interfacial bonding strength under
severe environment condition as the interfacial strength is depends upon the intrinsic properties of the
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constituent material [23]. In the past experimental study [24-26], reduction of interfacial shear
strength of around 18% and 35% was reported for specimens exposed to 40°C and 60°C respectively
compared to 20°C. Additional stress is generated at the interface when exposed to hot dry
environment leading to failure of the interface at lower load [27]. Owing to high temperature and
moisture absorption, volumetric change in two constituents’ material also generates additional stress
at the interface and creates a condition of generating cracks [28].

The inclusion of silica fume with PCM as a repair material is expected to perform better in long
run under harsh environment as silica fume can cause chemical reaction to form more C-S-H with
strong binding force. Due to extreme fineness of silica fume, it fills the void resulting lower porosity
at the interface that can hold less moisture at the beginning. Thus, it may reduce the effect of
volumetric change under severe environmental conditions. Although different individual and coupling
environmental condition have an impact on the concrete-PCM interfacial bond, the influence of some
of the individual environmental conditions on concrete-PCM interface were considered as an
experimental parameter as a priority basis. Series-I of this research work was designed to study the
effectiveness of modified 5% silica PCM as a repair material under FTC based on a splitting tensile
strength test using rough concrete. In series-Il and Series-IlI, the performance evaluation of the
bonding strength under shear stress conditions based on bi-surface shear test using rough concrete
surface were explored with/without silica fume with different temperature exposure and moisture
condition, respectively.

4.2 Experimental outline
4.2.1 Materials

In this experimental work, three types of materials were used. First one was the substrate
concrete which was fabricated by mixing commercially available high-early strength cement, coarse
and fine aggregate, tap water, water reducer and air entraining agent having technical characteristics
as mentioned in Chapter 2 (Section 2.2.1) and with mix ratio as shown in the Table 4.1. Second type
of the material was the pre-mixed PCM containing poly acrylic ester (PAE) provided by company
having same properties as reported in detail in Chapter 2 (Section 2.2.2). Third material was silica
fume which was used with PCM as a repair material for proper adhesion between concrete and PCM.
Since silica fume powder is not liquid and difficult to spread in an interface, it was used by mixing
into PCM powder right before overlaying and hydrated together. Super plasticizer of 1.0% of the
PCM mass were mixed in preparing modified 5% silica PCM repair material to prevent the formation
of silica fume lumps. The mix proportion of repair material is shown in Table 4.2.

Table 4-1 Mix proportion of substrate concrete

3 . . .
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0,

(%6) ~ Water  Cement aggregate aggregate reducer (ml/ m?) strength (MPa)

40 160 500 818 1018 8 187.5 41.57

Table 4-2 Mix proportion of repair material
Overlay material Water/PCM Silica fume Superplasticizer
Y (%) (% of PCM mass) (% of PCM mass)
Normal PCM 15.0 0 0
Modified 5% silica PCM 15.0 5 1

4.2.2 Specimen preparation

Wooden molds were prepared for casting of concrete and PCM of following sizes; 100 cubic mm
(as monolithic specimen), 100 x 100 x 50 mm (for interfacial splitting tensile and shear test) as shown
in Figure 4.1(a). Thermocouple was placed at the middle of some molds to measure the inside
temperature of the specimen under different environmental exposure. At the bottom of the molds,
some amount of retarder were spread after mixing with water to prepare surface roughness level for
composite specimen, except of cubic mold. Once the concrete were cast in all molds, it was
compacted and covered with polythene sheet to avoid evaporation of moisture. Prior to demolding,
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the bottom layer of the mold were removed first and concrete surface was exposed to environment
after 24 of casting. Due to use of retarder, the exposed concrete surface was not fully hard. The soft
concrete surface was then sprayed with a strong jet of water until coarse aggregates were exposed to
resemble rough substrate concrete surface as shown in Figure 4.1(b). After 48 hours of casting, all
molds were removed and concrete was cured in wet condition for more than 2 weeks followed by dry
curing for about 3 months to resemble existing concrete of the real infrastructure. To prepare
composite specimens, cured concrete specimens of size 100 x 100 x 50 were put into the mold of 100
cubic mm (for splitting tensile strength test) and 100 x 100 x 75 mm (for bi-surface shear strength
test). The rough surface was kept upside in the mold. Before casting PCM, the rough concrete surface
was cleaned with high air pressure to remove any dust followed by immersing the concrete specimens
in water for 48 hours. Wet specimens were put in molds and free water on the rough surface was
removed by towel just before casting of repair material to provide saturated concrete substrate with
dry surface for adequate bonding. Though moisture content of the substrate concrete was not
measured quantitively, good attention was paid to the wet condition of the surface of substrate
concrete before casting PCM. Once water stagnation had disappeared, PCM was trowelled over the
treated surface of the concrete in two layers with a time interval of 180 minutes to prepare 100 cubic
mm (for splitting tensile strength test) and 100 x 100 x 75 mm (for bi-surface shear strength test).
Methodology of specimen preparation at material level testing is explained in Figure 4.1(a-e). The
specimens containing fresh PCM was cured in wet condition for about one week to facilitate the
hydration to took place. After wet curing, it was placed in the basement of the laboratory in dry
condition as polymer film formed during dry curing and filled the voids and makes PCM stronger
[29].

B it
=T o

(e) CuriJngr in wet condition

(d) Casting of PCM in two layers (e) Covered to reduce
evaporation

Figure 4-1 Preparation of composite specimens for material level testing
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4.2.3 Exposure condition

All the composite specimens were exposed to different environmental conditions in the
laboratory which resemble with the real environmental conditions. The specimens were divided into
three series to study the influence of freezing and thawing, elevated temperature, and moisture
content. Detail exposure condition of the composite specimens is described in the following section.
The Summary of exposure conditions, test performed and number of specimens considered in this
research work is shown in Table 4.3

4.2.3.1 Freeze-thaw cycle (FTC)

The most important durability problem of concrete structures under cold climate is freeze-thaw
effect. Durability of the repair material and its adhesive bonding to substrate concrete may also be
affected by negative and positive temperature fluctuations. To investigate this effects in details,
concrete repaired with normal PCM and modified 5% silica PCM were exposed to different freeze-
thaw cycle. Two types of experimental condition named “Type A” and “Type B” were considered.
The composite specimen for “Type A" exposure condition was prepared by applying epoxy resin in
all surface excect the top PCM surface as indicated in Figure 4.2(a) to resist water intake from all
surface except the free surface to ressemble real situation. In “Type B” composite specimen, all the
surface of the composite specimen were kept open so that water can intrude from all surface as shown
in Figure 4.2(b). It was intended to kept all surface open to simulate the worse case of the structures
with wide opening (cracks). In such cases, water can penetrate through that crack, subsequently
damage the properties of the materials.

N\

Only Free S_ilrface >

~—n

All surface ﬁ"leel

(b) Type B
Figure 4-2 Exposure condition of composite specimen used for FTC

The freeze-thaw test was performed in accordance with ASTM C-666A [30] in water with the
length of each FTC ranging between +20°C and -20°C. The temperature was set to drop from 20°C to
-20°C for 2 hours, keep at -20°C for 10 hours, rise from -20°C to +20°C for another 2 hours, and keep
at +20°C for 10 hour. Prior to FTC test, the specimens was submerged in water for proper saturation
inside the specimens. Then, the specimens was put inside self-designed mold as shown in Figure
4.3(a) filled with water such that the top surface of specimen is located around 5 mm below the level
of water. The experimental setup of all the specimens in chamber is shown in Figure 4.3(b). The
inside and outside temperature was measured with thermocouples which were attached inside of the
specimen during casting. At the end of specific number of FTC, the specimens was taken out from FT
chamber and the fundamental transverse frequency was recorder through ultrasonic pulse wave
velocity method to evaluate relative dynamic elastic modulus (RDME). The RDME was measured
using Eq. 4.1 to predict the damage progress of the specimens. The summary of exposure conditions
and number of specimens considered in this series of research work is shown in Table 4.3

2

RDME = (%) 4.1)

Where F, and Fy is fundamental transverse frequency after n cycles and O cycle of freezing and
thawing, respectively.
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Polystyrene

Concrete

(a) Self-designed freeze thaw environment (b) Specimen setup in chamber
Figure 4-3 Freeze-thaw test set up

4.2.3.2 Elevated temperature

In the second series of experimentation, the influence of temperature was incorporated. In many
regions, temperature fluctuates from ambient condition of 20°C to extreme temperature of 60°C.
Durability of the concrete, repair material and its adhesive bonding to substrate concrete may be
affected by this elevated temperature. In some region, concrete structures are also exposed to cyclic
temperature instead of constant temperature. To investigate this affect in detail, composite specimen
repaired with normal PCM and modified 5% silica PCM were exposed to four different temperature
variation in the laboratory as presented in Figure 4.4(a-d). The first condition was the exposure of
composite specimen at constant temperature of 60°C for 3 days, abbreviated as “Tsp” (short duration
exposure). In the second condition, composite specimen was put in oven at constant 60 °C for 36 days
to resemble long term exposure at constant temperature, abbreviated as “Twmp”. Cyclic condition of the
temperature were also adopted in this research work to represent real environmental condition. In the
first cyclic condition, temperature change during day and night was considered by putting the
composite specimen in oven at 60 °C for 12 hours and then at 30 °C for another 12 hours, abbreviated
as “Topn” (day and night variation). In second cyclic condition, seasonal variation of the temperature
was considered by replacing four season of a year by one day in the laboratory. Composite specimens
were exposed at 60 °C in oven for 24 hours to represent summer season, followed by immersed in
water for 24 hours at 20°C to show rainy season, at 5°C for 24 hours to represent winter season and at
ambient condition at 25°C for 24 hours to represent spring season. One cycle in seasonal variation
completed in 4 days and the specimen were tested after 12 cycles. In all cases, the composite
specimens were tested at room temperature.
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Figure 4-4 Exposure condition used to investigate the effect of elevated temperature
4.2.3.3 Moisture content

To investigate the influence of moisture on the concrete-PCM interfacial bonding strength,
composite specimen repaired with normal PCM and modified 5% silica PCM were exposed to wetting
and drying cycles (W/D cycles) and continuous immersion in water at room temperature in the
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laboratory. For one W/D cycles, the specimens were submerged in water for 2 days to get wetting
condition and drying was conducted in ambient air exposure in the laboratory for 2 days. There is no
standard test method available for the W/D cycles in the technical literature. Different researchers
used different test method during wetting and drying cycles [29]. In this research work, the test was
performed in wet state because of the sensitivity of PCM to the surrounding moisture after exposure
of 0, 12 and 24 W/D cycles. For continuous wet condition, the specimens were submerged into water
continuously. The specimens were taken out from water on testing day and test was conducted
immediately in wet conditions. Test was performed after 0, 48 and 96 days of continuous immersion
in water. The process of W/D cycles and continuous immersion in water are described in Figure 4.5.

Figure 4-5 Exposure condition used for W/D cycles and continuous immersion in water

Table 4-3 Summary of exposure conditions, test performed and number of specimens.

Overlay constituents
Test Y

Specimen level type  Normal PCM  Modified 5% silica
(N) PCM (M)
FTCO WE 3 3
FTC40 WE 3 3
L Tvpe A FTC70_WE 3 3
Ftileae\f/iﬁg g FTC9S_WE = o littin 3 3
c cleg FTCI20_WE tpensileg 3 3
(Seiies_l) FTC145_WE 3 3
. FTC6 NE 3 3
S Type B FTCI2_NE 3 3
g FTC20 NE 3 3
S 0 days Tcon 3 3
g Elevated 3 days Tsp Bi- 3 3
3 temperature 36 days Twmp surface 3 3
£ (Series-II) 30 cycle Ton shear 3 3
= 12 cycle Tsv 3 3
1% W/D cycle ; ;
Moisture (No.) Bi-
24 3 3
content . surface
(Series-ITT) 0 Continuous shear 3 3
48 immersion 3 3
96 (days) 3 3

Note: “WE” represent with epoxy resin, “NE” represent without epoxy resin.
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4.2.4 Testing procedure
4.2.4.1 Bulk specimens

Cylinder compressive strength of substrate concrete, normal PCM and modified 5% silica PCM was
evaluated by conducting compressive strength test after 28 days of curing according to the standard
test method ASTM C39 [31] with a universal testing machine (UTM) and found to be 41.57, 42.24
and 54.80 MPa, respectively. Compressive strength of the constituent overlay materials was also
measured after 90 days of casting. No significant change in strength from the strengths at 28 days was
observed for the case of normal PCM, but an increase of 17% strength was observed for modified 5%
silica PCM. The tensile strength of monolithic concrete, normal PCM and modified 5% silica PCM
were measured by splitting tensile test and found to 4.19, 3.57 and 3.47 MPa, respectively. In general,
the tensile strength of concrete was measured by performing a split tensile test on cylindrical
specimens following ASTM standards [31] and using Equation 4.2. In this research work, cubical
specimens were tested specimens according to the process described by Li [32] or Rashid [33] and the
tensile strength was measured using Equation 4.3.

4.2.4.2 Interfacial splitting tensile strength test

The splitting tensile test is widely used to evaluate tensile strength due to its ease of sample
preparation, low variation in test results, and simple loading method. A splitting tensile prism test was
conducted in this study, which assumes uniform tensile stress along the bond plane to evaluate the
tensile strength of the concrete-PCM interface. Although cylindrical specimens were prescribed in
ASTM C496 [33], it was proved by Li [32] that essentially uniform tensile stress in the splitting plane
is produced in both the cylinder and square prism by using the finite element method. Before testing,
two steel strips of size 200x12x6 mm were used at the top and bottom of the specimen to evenly
distribute the load. This strip has an influence on the stress distribution during loading, and the stress
conditions in the cylindrical and cubical specimens are shown in Figure 4.6. The size of the strip also
affects the tensile strength of the specimen [32]. The corrected splitting tensile strength is calculated
by incorporating the ratio of the width of the strip to the height of the specimen (), as presented in
Equation 4.3.

2P,
fu= (42)
Fr(B) = %‘ [(1 5?3 — 00115 (43)

where fg; is the split tensile strength (MPa); fi:(B) is the corrected split tensile strength
considering the effect of the strip (MPa), P, is the ultimate load (kN), 4 is the area of the specimen
interface (m?), and f is the ratio of the width of the strip to the height of the specimen.

Line Load Area Load

o
<
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(a) Cylindrical specimen (b) Prism specimen

Figure 4-6 Difference in stress condition for cylindrical and prism specimens
4.2.4.3 Bi-surface shear strength test

Interfacial shear strength was evaluated by using bi-Surface shear strength test which was
explained in detail by Momayez [10]. Considering the ease of specimen preparation, simple loading
method, and many specimens, the bi-surface shear test was adopted in this research work. This
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method is widely used for evaluation of interfacial shear strength as it gives less variation in results.
The scheme of the test method used for the measurement of the interfacial shear strength of the
composite is shown in Fig. 8, and it was evaluated by using Equation 4.4.

Py
24

where T4, 1s the interfacial shear strength (MPa), P, is the ultimate load (N) and 4 is the area of
the connected interface (mm?).

(4.4)

Tm ax

Steel strip

S

Steel strip

Concrete
Concrete

90 37 30 5 >
25 25 25°
(a) Splitting tensile strength test (b) Bi-surface shear test

Figure 4-7 Schematic diagram of the test method used in this research work (unit: mm)
4.3 Test results and discussions
4.3.1 Series-I (Effect of freeze-thaw cycle on the interface)
4.3.1.1 Relative dynamic elastic modulus (RDEM)

It is known that the micro cracks generated inside the concrete or repair material under various
pressure: hydraulic pressure [36], osmotic pressure [37], crystallization pressure [38], etc. during the
exposure to freeze-thaw cycle. The elastic modulus of the components decreases with the occurrence
of microcracks. Relative dynamic elastic modulus (RDEM) is one of the method used to quantify the
extent of damage of cementitious material under freeze-thaw damage in which RDME of 100%
denote no degradation, and RDME below 60% denote severe damage [30]. The measured RDME of
normal PCM and modified 5% silica PCM composite specimens was calculated according to ASTM
E 1876-09 [39] and presented in Figure 4.8. The damage progress in all the composite specimen with
silica fume is less compared to without silica fume cases. This might result due to the facts of more
hydrogen bond at the interface and fewer porosity caused with the inclusion of silica fume with PCM
as a repair material.
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Figure 4-8 RDEM of composite specimens under FTC (Type A specimens)
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4.3.1.2 Interfacial splitting tensile strength

Splitting prism tests on composite specimen were conducted to obtain the interfacial splitting
tensile strength. The average strength of three specimens were considered as the interfacial splitting
tensile strength under particular condition and presented in Figure 4.9(a-b) along with the standard
deviation. In every particular condition, the data of the specimens were excluded for average
calculation when the difference value between any measured value and the mean value calculated
exceeds 20% of the mean value. The splitting tensile strength decreased slowly under increasing
freeze-thaw cycles in exposure type A [Figure 4.9(a)], while that of exposure type B decreased
quickly [Figure 4.9(b)]. In both exposure type, the earlier occurrence of a sharp decline of the
interfacial tensile strength was observed in normal PCM composite specimens than that of modified
PCM composite specimen, indicating a delay of degradation process under FTC in later case. In
exposure type A, the reduction of the interfacial tensile strength of normal PCM composite specimen
was 9.9%, 24.4%, 35.2%, 37.1% and 54.2% after 40, 70, 95, 120 and 145 freeze-thaw cycles,
respectively of that of 0 cycle. In case of modified PCM composite specimen, the strength decrease
percentage was 6.1%, 7.4%, 18.3%, 20.4% and 29.6% after 40, 70, 95, 120 and 145 freeze-thaw
cycles, respectively of that of 0 cycle. In exposure type B, the interfacial strength of normal and
modified composite specimen decreased by 46.7% and 18.7% after 20 freeze-thaw cycles, 16.1% and
10.5% after 12 freeze-thaw cycles, 15.8% and 3.2% after 6 freeze-thaw cycles, respectively of that of
0 cycle. In all cases, the reducing ratio of interfacial strength was higher in normal PCM specimens
compared to modified PCM specimens, indicating positive influence of silica fume under FTC.
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Figure 4-9 Degradation of interfacial strength with different overlay constituents under FTC

The constituent of the overlay material attached to the substrate concrete influenced the
interfacial bonding strength under FTC. With increasing number of FTC, the interfacial splitting
tensile strength of composite specimen repaired with normal PCM decreased much quicker than those
of composite specimen repaired with modified 5% silica PCM. The inclusion silica in the overlay
material greatly increased the interfacial strength compared to without silica fume cases in both
exposure type under FTC as presented in Figure 4.10(a-b). It is believed that the higher porosity at the
interface increases water absorption due to wall effect and continuous freezing and thawing cause
damage to the interface initiating micro cracks that increase with water absorption. The extreme fine
particle size of silica fume in the fresh repairing material grew into the cavities and pores at the
surface of substrate concrete resulting in a denser microstructure with higher intermolecular forces
and mechanical interlocking. This will result decreasing the rate of water absorption and impact of
different pressure release during FTC at the interface, thus decreasing the freeze-thaw damage. The
repair material with inclusion of silica fume cause denser structure compared to without silica fume
causing less water intrusion resulting less damage during FTC. In addition, the formation of more
hydrogen bonds with strong binding force at the interface leads to acquiring good bond between
substrate concrete and overlay mortar with silica fume inclusion, thus reduces the damage initiation
under freeze-thaw environments. The experimental data of interfacial bonding strength obtained from

48



the loading test were further analyzed statistically using a one-way ANOVA to evaluate the influence
of silica fume as a repair mortar under freeze-thaw environment and presented in Table 4.4.
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Figure 4-10 Influence of silica fume on interfacial splitting tensile strength under FTC

Table 4-4 Statistical analysis of the influence of FTC on the interfacial splitting tensile strength

FTC  Splitting tensile F Level of
Factor No. strength (MPa) 8§ DF MS value £ Significance
0 263 267 260 203 1 203
Fo.1=3.46
. 40 2.61 229 228 0.89 16 0.06
Highl
g 70 213 196 226 -  — - . 1ghly
- _ ignificant
< 36.71 Foos=5.14
£ 95 183 194 199 - -  _ effect (a)
o
Z 120 125 187 201 -- - -
Foo1 = 10.92
<q§ 145 125 187 201 -- - -
(o8
= 0 326 328 315 106 1 1.06
Fo,1:3.46
5 40 128 2.85 325 156 16 0.11
o) . .
2% 70 253 291 359 - - - Significant
S .8 10.26  Foos=5.14 effect (b)
53 95 261 3.03 256 - - -
S 120 287 3.00 219 -~ - -
Fo01=10.92
145 222 229 297 - - -
s 0 263 267 260 073 1 0.73 e "
1=3. Hi
= 6 216 222 243 022 10 0.03 o . lgfyt
.c—‘c 2961 1gn1 1can
£ 12 215 244 223 - - Foos=5.14 effect (a)
o
o Z 20 169 190 250 - - - Foo1=10.92
S S 0 326 328 3.15 045 1 045
29 Fo.1=3.46 -
2% 6 330 278 331 046 10 0.05 Significant
S .S 9.799 effect (b)
éﬁ 12 327 287 263 - -- -- Foos=5.14
S 20 281 255 281 - - - Foo1=10.92




The influence of number of freeze-thaw cycle on the interface strength of modified 5% silica
PCM-concrete and normal PCM-concrete was evaluated comparing the calculated F-value with
critical F-value (F) obtained using F distribution at 1% (Fo.01), 5% (Fo.0s) and 10% (Fo.1) significant
level. The details calculation procedure and significant criterial was described in Chapter 3 (Section
3.2.6). The calculated F-value of the normal PCM specimens were obtained very high compared to
modified 5% silica PCM specimens. Following the significant criteria as shown in Chapter 2 (Table
3.4) and comparing the calculated and critical values, it was confirmed that freeze-thaw environment
have less effect on the interface of modified 5% silica PCM-concrete specimens compared to the
interface of normal PCM-concrete that have highly significant effect under FTC. Conclusively, the
experimental and statistical results imply that the inclusion of silica fume with PCM as a repair
material is very important to achieve good interfacial bonding strength under freeze-thaw
environments.

4.3.1.3 Fracture modes

Careful visual observation was made during and after the loading test of the composite specimen
to identify the fracture modes and named according to the definition of fracture mode mentioned in
Chapter 2 (Section 2.3.3.1). The fracture mode of all the composite specimens tested under FTC are
presented in Figure 4.11(a-b). Pure interfacial adhesive (I) fracture mode was observed dominant in
the composite specimens with normal PCM. At freeze-thaw cycles of 120 and 145, substrate concrete
was distinctly separated from repairing mortar in all the tested specimens repaired with normal PCM.
This finding reflects an increase of damage of the normal PCM-concrete interface under the freeze-
thaw environments, leaded to more interface failure. By contrast, the specimens with 5% silica PCM
mostly showed composite or mixed fracture mode such as (I-P), (I-C) or (C-P). Even at freeze-thaw
cycles of 120 and 145, only one pure interface fracture (I) was observed. This exhibited that the
inclusion of silica fume with PCM as a repair material effectively improve the resistance of interface
fracture under freeze-thaw cycles. Silica fume optimizes the structure of the interface between
substrate concrete and PCM with better durability by acquiring denser structure of the interfacial zone
with more chemical bonding. Consequently, mixing silica fume with PCM improve the durability of
the interfacial performance of concrete-PCM interface under harsh freeze-thaw environments
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Figure 4-11 Fracture mode of all the composite specimen tested under FTC

4.3.2 Series-II (Effect of elevated temperature on the interface)
4.3.2.1. Influence of elevated constant temperature

The composite specimens were exposed to a constant 60°C temperature for 3 days to study the
influence of a short duration exposure and for 30 days to study the influence of a long time exposure.
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The interfacial shear strength was evaluated by performing bi-surface shear strength test. After the
exposure, the specimens were kept in the laboratory for some times to cool it down and tested at room
temperature. The reduction in interfacial shear strength with exposure to constant temperature
conditions were observed compared to without exposure cases (control specimens - Tcon), 18.91%
and 8.22% during Tsp exposure and 21.76% and 16.6% during Tvp exposure for normal PCM and
modified 5% silica PCM specimens, respectively. Higher strength reduction in normal PCM
specimens might be due to the presence of higher porosity at the normal PCM-concrete interface than
the modified PCM-concrete interface. During drying at high temperature, some of the fine pores
collapsed resulting in larger pores and reduce the strength with an increase in porosity [40, 41]. In all
exposure condition, the interfacial strength was also observed higher in modified PCM specimens
compared to normal PCM specimen (35.26% after Tsp exposure and 27.3% after Tmp exposure) as
presented in Figure 4.12(a). Denser microstructure with silica fume incorporation improves the
structure of the interface with fewer porosity, thus reduce the influence of elevated temperature at the
modified PCM-concrete interface and result higher interfacial strength than normal PCM specimens.
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Figure 4-12 Interfacial strength at elevated temperature (Tsp and Twp) along with fracture mode

The behaviour of the composite specimens with silica fume inclusion under exposure to constant
elevated temperature was also discussed in light of the fracture mode. The fracture mode of all the
composite specimens evaluated after loading test under Tsp and Twp along with control cases are
presented in Figure 4.12(b). Adhesive pure interface (I) fracture mode was observed as major failure
type in composite specimen repaired with normal PCM, both at control cases (tested before any
exposure condition) and after exposure condition (Tsp and Twmp). Examples of adhesive pure interface
(D) fracture mode of the composite specimens repaired with normal PCM is shown in Figure 4.12(c).
The composite specimens repaired with 5% silica PCM exhibited only one pure interface fracture (I)
mode under Tsp and Tmp, whereas control specimen (tested before any exposure condition) do not
include any pure interface fractures. An examples of mixed fracture mode (I-P) of the composite
specimens repaired with modified 5% silica PCM is shown in Figure 4.12(d). PCM attachment were
found in almost whole substrate concrete surface which indicates the degradation of PCM more than
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the degradation of adhesive interface as PCM is sensitive to high temperature. Higher number of
specimens failure in composite or mixed mode fracture in modified PCM cases indicate higher
adhesion of modified PCM overlay with substrate concrete with better durability under short and long
duration exposure at elevated temperature.

4.3.2.2 Influence of temperature cycle

Real environmental condition was assumed considering cyclic temperature exposure by
simulating the day-night and seasonal variation for the durability of the repaired system and provided
in the laboratory in programmed oven. The temperature were set at 60°C for 12 hours and 30°C for
another 12 hours for the day-night variation case (Tpn) and tested after 30 days of exposure.
Interfacial strength reduction was observed under Tpn in both normal and modified PCM specimens
compared to its corresponding control specimens tested before any exposure condition (Tcon) as
presented in Figure 4.13(a). The percentage reduction of the interfacial strength of the exposure
specimen (Tpn) compared to the control specimens were almost half for the case of 5% silica PCM
than that of normal PCM specimens. The strength increases of about 42% in modified PCM cases
compared normal PCM specimens under Tpn confirm the positive influence of the inclusion of silica
fume with PCM as a repaired mortar. The fracture mode of all three normal PCM composite specimen
tested after temperature exposure (Tpn) were observed pure interface fracture (I), whereas two out of
three specimen with modified 5% silica PCM exhibited mixed (I-P) fracture mode as presented in
Figure 4.13(b). Even though the PCM is very sensitive to high temperature [22, 42], the occurrence of
pure interface fracture in normal PCM specimens [Figure 4.13(c)] indicates that the normal PCM-
concrete interface is more vulnerable under cyclic temperature condition exposure. On contrast, in the
pictural view of the fracture surface of the modified 5% silica PCM specimen, the PCM attachment on
concrete side was observed as shown in Figure 4.13(d) that verify the degradation of PCM more than
the adhesive interface at elevated temperature.
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The temperature variation of four season (summer, rainy, winter and spring) was simulated by
exposing the specimen in each environment for 24 hours in the laboratory. One cycle of the seasonal
variation exposure condition (Tsv) was completed in four days and the mechanical loading test were
performed to evaluate the bonding strength after 12 cycles of exposure (48 days). The strength
reduction of 24.7% and 13.5% were observed under Tsy for normal PCM and modified 5% silica
PCM, respectively compared to Tcon specimens as presented in Figure 4.13(a). The bond strength
reduction was relatively low in the constant temperature exposure compared to the reduction in cyclic
temperature condition exposure. The polymers in the PCM may degrade and cannot recover fully due
to the cyclic temperature variation. Owing to cyclic condition, additional stress may generate at the
interface and creates a condition of generating micro-cracks resulting significant reduction in the
bonding strength. The outcome of higher interfacial strength (about 37%) as presented in Figure
4.13(a) and a smaller number of pure interface fracture (I) mode as presented in Figure 4.13(b) under
Tsv in modified 5% silica PCM specimens suggested a positive influence of the inclusion of silica
fume with PCM as a repaired mortar. This can be attributed by the formation of more hydrogen bond
at the interface with strong binding force and by generating denser microstructure of the interface
(micro-filler effect) due to incorporation of extremely fine and reactive silica fume with PCM.
Conclusively, silica fume improves the durability of the composite specimen under cyclic temperature
conditions.

4.3.3 Series-I1I (Effect of moisture content)
4.3.3.1. Wetting and drying cycles

The composite specimens were exposed to cyclic 2 days wetting followed by 2 days drying
condition to study the influence of simultaneous wetting and drying (W/D) condition on the interfacial
strength. One W/D cycle was completed in four days and the mechanical loading test were performed
to evaluate the bonding strength after 0, 12 and 24 cycles of exposure. The interfacial strength
reduction was observed with the increase of the W/D cycles both in normal and modified PCM
specimens as presented in Figure 4.14(a).
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Figure 4-14 Bonding strength of the composite specimen under moisture content (W/D cycles)

The strength reduction might cause due to presence of moisture at interface. In W/D cycle
condition, the presence of moisture at the interface exert water pressure causing micro cracks that
deteriorates the interfacial bonding during continuous wetting and drying, resulting significant
reduction in the bonding strength. The strength reduction was only about 15% in case of modified 5%
silica PCM specimen, whereas it was more than 30% in case of normal PCM specimen compared to
its corresponding control specimens tested before any exposure condition (0 cycle). To evaluate the
influence of silica fume, the interfacial strength of the composite specimens with/without silica fume
were compared under different W/D cycle exposure and presented in Figure 4.14(b). In all exposure
states of W/D cycles, the modified 5% silica PCM specimens showed higher interfacial bonding
strength compared to normal PCM specimens. The use of silica fume reduces the porosity of the
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interface due to its extreme fineness, thus reduces moisture presence at the void space. This will cause
less presence of moisture at the void space and reduce the impact of water pressure during continuous
wetting and drying, thus decreasing the damage degradation under W/D cycles. In addition, the
formation of more C-S-H with strong binding force with silica fume inclusion helps to acquire
adequate bond between concrete substrate and repair material (as mentioned in Chapter 2 and Chapter
3), thus reduces the damage initiation and propagation along the interface under W/D cycles.

The behaviour of the composite specimens with/without silica fume inclusion under exposure to
W/D cycles was also discussed in light of the fracture mode. The fracture mode of all the composite
specimens tested after 0, 12 and 24 W/D cycles of exposure is presented in Figure 4.15(a-b). The
acronym designation adopted are as follows: the first letter “N” or “M” refers to normal or modified
5% silica PCM followed by exposure condition and exposure duration. For example, N W/D 12C
refers to a composite specimen with normal PCM exposed under wetting and drying condition and
tested after 12 cycle of exposure. The fracture modes of all normal PCM specimens was pure interface
fractures (I) irrespective of the number of W/D cycles, whereas the specimen with 5% silica PCM
exhibited only one pure interface fracture (I) and two cases of composite or mixed fracture mode,
such as (I-P) or (I-C). A smaller number of pure interface fracture (I) in modified 5% silica PCM
specimens compared to normal PCM specimens indicates higher adhesion of modified PCM overlay
with substrate concrete with better durability.
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Figure 4-15 Bonding strength of the composite specimen under moisture

Statistical analyses of the experimental data of interfacial bonding strength obtained from the
loading test were performed using a one-way ANOVA to evaluate the influence of silica fume as a
repair mortar under W/D cycles and presented in Table 4.5. The calculated F-value of the modified
5% silica PCM specimens (5.17) were obtained smaller compared to normal PCM specimens (14.92).
Following the significant criteria mentioned in Chapter 2 (Table 3.4) and comparing the calculated
and critical values, it was confirmed that the exposure condition of W/D cycle have less effect on the
interface of modified 5% silica PCM-concrete interfacial strength compared to the interface of normal
PCM-concrete that have highly significant effect under W/D cycle. Conclusively, the experimental
and statistical results imply that the inclusion of silica fume with PCM as a repair material is very
important to achieve good interfacial bonding strength under W/D cycle.
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Table 4-5 Statistical analysis of the influence of moisture on the interfacial bonding strength

Factors and exposure  Interfacial shear F Level of
conditions strength (MPa) 55 DE - MS value * Significance
S Ocycle 560 427 605 598 1 598 F3°jt6:
g b Highly
= 12cycle 390 336 3.61 280 7 040 14.92 5‘10154 Significant
% g F. B effect (a)
—_— 0.01 —
% Z 24 cycle 3.28 337 327 - -- - 10.92
a = Foa=
5 50 Ocycle 627 630 511 270 1 270 346
= Foos= Significant
§ ;:; 12cycle 452 605 529 366 7 052 517 .7, effect (d)
° Foo1=
2 -
S 24cycle 547 446 3.72 10.92
5 Odays 560 427 605 520 1 520 120-;6:
) Q_‘ _ . .
S = Foos=  Significant
z g 48days 393 392 478 367 7 053 992 /%, effect (b)
E 2 o6days 414 367 251 - o~ - ?6019;
e 2 0days 627 630 511 007 1 007 For =
2 -0 3.46
s &5 F..— NoorVery
§ 5.5 48days 541 622 563 146 7 021 031 ST littleeffect
33 S14 )
o\o . _ . 0.01
S 96days 548 554 6.03 10.92

4.3.3.2 Continuous immersion in water

The composite specimens were immersed in water to study the influence of continuous
immersion in water on the interfacial strength. The mechanical loading test were performed to
evaluate the bonding strength after 0, 48 and 96 days of exposure. The interfacial strength reduction
of about 20% were observed after 96 days of exposure compared to control cases tested before any
exposure condition (zero immersion day) of normal PCM specimens, whereas its effects was found

marginal in case of modified PCM specimens, as presented in Figure 4.16(a).

“ioo.

9 9
1 B Normal PCM
8- __ 8- [ Modified 5% silica PCM
M g 4
=7 =77
£ £
56- 261
S ] S,
=51 _ - 027
¢ %‘f :
[u} o 44
o 4 <
5 w
=3
T 3- 3
8 4.93 £ o
© 5 2
G2 7 E
E 1 14
1 J
0

o
=

ormal PCM

Modified 5% silica PCM

(a)

55

48
Continuous immersion (days)

(b)

Figure 4-16 Bonding strength of the composite specimen under moisture (continuous wetting)
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The presence of extra moisture at the interface of normal PCM specimens due to higher porosity
loosen the cohesion of the polymers by swelling and dissolve the polymer films, resulting strength
reduction [43]. The absorbed water in modified 5% silica PCM specimens is quite limited during
continuous wetting due to lowering of porosity with silica fume inclusion, thus its effect on modified
specimens is marginal. The effect on interfacial bonding strength in continuous immersion in
water was lower compared to the W/D cycle strengths at the same age after the moisture
exposure starts. Continuous immersion in water provides suitable environment for the hydration and
curing of PAE PCM. In addition, in continuous immersion cases, presence of moisture at interface
hydrates the concrete and presence of hydroxyl group in concrete makes hydrogen bond with the
PCM and gives extra adhesion to the composite specimen [44].

The influence of silica fume was evaluated by comparing the outcome of the interfacial strength
of the composite specimens with/without silica fume after 0, 48 and 96 days of continuous wetting, as
presented in Figure 4.16(b). Higher interfacial bonding strength was observed in modified 5% silica
PCM specimens compared to normal PCM specimens at all exposure states of continuous immersion.
Statistical analyses of the experimental data using a one-way ANOVA presented in Table 4.5
confirmed that the exposure condition of continuous wetting have very little effect on the interface of
modified 5% silica PCM-concrete interfacial strength compared to the interface of normal PCM-
concrete that have significant effect. The influence of silica fume incorporation was also evaluated by
comparing the fracture mode of the composite specimens with/without silica fume. The fracture mode
of all the specimens tested under the exposure of continuous immersion is shown in Figure 4.15(a).
As an example, the pictural view of the fracture surface after the loading test of the normal PCM and
Modified 5% silica PCM specimen is shown in Figure 4.15(b) and Figure 4.15(c), respectively. A
smaller number of pure interface fracture (I) in modified 5% silica PCM specimens compared to
normal PCM specimens indicates higher adhesion of modified PCM overlay with substrate concrete.
Continuous immersion in water provides suitable environment for the hydration and curing of silica
fume modified PCM. In addition, free alkali after the hydration of cement reacts with the silica
compound of silica fume under the water supply condition to form an additional C-S-H hydrates,
resulting better bonding performance of the composite under continuous wetting condition.
Conclusively, the inclusion of silica fume with PCM as a repair material is very important to achieve
good interfacial bonding strength under continuous wetting.

4.4 Conclusions

The experimental study was conducted on the interface behavior between substrate concrete and
two types of repairing mortars (normal PCM and modified 5% silica PCM). Different environmental
condition, by considering freezing and thawing, elevated temperature fluctuation and moisture content
were assumed in this experimental work. The influence of such exposure condition on the bonding
strength of the composite specimens with/without silica fume was investigated and the following
conclusions were drawn.

e The freeze-thaw cycles had significant negative influences on bonding behaviors of substrate
concrete-PCM interface. The damage progress, occurrence of interface fracture and degradation
of interfacial bonding strength under FTC significantly influenced by the constituents of the
repairing mortar. The splitting tensile strength of normal PCM composite under FTC decreases
more quickly than that of modified 5% silica PCM composite. Normal PCM composite causes
earlier occurrences of the sharp decline and more decrease of interfacial strength than that of
modified silica PCM specimens.

e Mixing silica fume with PCM significantly increase interfacial bonding strength, provides better
adhesion with substrate concrete and improves the durability of the interfacial performance of
concrete-PCM interface under harsh freeze-thaw environments

e The exposure of the composite specimens at elevated temperature (60°C) significantly reduces
the interfacial bonding strength. Specimens repaired with normal PCM results more decrease of
interface shear strength than that of modified PCM compared to its corresponding reference
specimens under both short duration (3 days) and long duration (30 days) exposure at constant
60°C temperature. Earlier occurrence of interface fracture and a greater number of pure interface
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fracture mode in normal PCM specimens compared to modified 5% PCM specimens indicates
higher adhesion of modified PCM overlay with substrate concrete with better durability under
short and long duration exposure at elevated temperature.

o The reduction of interfacial strength further increases under cyclic temperature conditions
resulting more detrimental influence of the elevated temperature on the interfacial bonding
strength. Mixing silica fume with PCM significantly increase interfacial bonding strength (about
40% compared to normal PCM cases), provides better adhesion with substrate concrete
(occurrence of composite or mixed mode fracture instead of pure interface fracture that
happened in normal PCM cases) and improves the durability of the interfacial performance of
concrete-PCM interface under cyclic temperature conditions.

e The interfacial strength of normal PCM specimens significantly reduced under both wetting and
drying condition and continuous immersion compared to the reference specimens. The
interfacial strength of modified 5% silica PCM specimens reduced insignificantly under
continuous immersion exposure and reduced moderately under wetting and drying, compared to
reference specimens.

e The inclusion of silica fume significantly improves the interfacial bonding strength compared to
without silica fume cases under the influence of moisture by wetting/drying and continuous
immersion.

e The influence of moisture under continuous immersion results lower reduction of interfacial
strength compared to the exposure under wetting and drying cycle at the same age after the
moisture exposure starts for both the normal PCM and 5% silica PCM specimens.

In conclusion, the use of silica fume achieves adequate bond strength with concrete substrate,
improves adhesion and durability under harsh environmental conditions. Considering ease in
practical application, environmentally friendly nature, and ability to achieve adequate bond strength
with concretes substrate (under environmental condition), this study can provide an indication to
practitioner for engineering application of silica fume in polymer cement-based repair materials
under harsh environment.
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Chapter 5

PERFORMANCE OF PCM STRENGTHENED RC BEAM WITH/WITHOUT SILICA FUME
AS REPAIR MATERIAL

5.1 Introduction

Currently, there is a tremendous demand of strengthening or upgradation of existing RC
structures due to ageing as well as increase in service loads that traditionally been achieved by
enlarging the member sections using external bonding [1-3] or cementitious material [4-8]. In the last
several decades, the use of PCM become a promising candidate as a cementitious matrix material of
the strengthening layer because of its superior properties over ordinary concrete/cement mortar. In
PCM retrofitting methods, the strengthening bars are fixed underneath the RC members followed by
spraying/troweling of PCM as the use of PCM alone cannot perform efficiently due to its low tensile
strength. The PCM overlaid to the tension side surface of reinforced concrete RC structure often
performs to upgrade the flexural capacity and stiffness [9-10] and reduce deformation and alleviate
stress of the repaired structures [11]. An improvement in fatigue resistance were also observed in
laboratory test by using this method of strengthening [12]. Despite an increase in load carrying
capacity of the PCM strengthened RC beams, experimental observation has shown the occurrence of
different premature debonding failure modes like concrete cover separation, peeling off in the
constant moment zone, peeling off in the shear flexure and overlay end zone which led to not fully
utilization of its capacity and hinders the worldwide application of this method [9-10, 13]. Therefore,
from the perspective of practical application of PCM overlaying method, the processes and
procedures of this method should be improved to reduce the occurrence of premature debonding
failure as well as to increase the load carrying capacity of the strengthened structures. As a possible
means silica fume is intending to use with PCM as a repair mortar. It was concluded form the material
level test mentioned in the previous chapters that the inclusion of silica fume with PCM as a repair
material significantly improve the concrete-PCM interfacial bonding strength and durability. For a
successful strengthening techniques, an improvement in the performance level concerning load
carrying capacity and failure modes should also be achieved at material level.

To understand the performance of PCM strengthened members with or without silica fume at
material level, experiments were conducted on RC beams with the aim to use silica fume in practical
PCM overlaying method. The primary focus of this work is to enhance the concrete-PCM interfacial
bond by using silica fume with PCM as a repair material to prevent premature debonding failure
which was reported in the technical literature as one of the major failure mode of PCM strengthened
RC beams [9-10, 13-14] and increase the serviceability of the deteriorated structures. In the past
research, it was mentioned that the use of cementitious material alone may not be efficient unless a
very thick layer of overlay (not preferable in practice) applied for the structural strengthening of
existing RC members [15-16]. Considering this issue, the flexural strengthening performance of PCM
strengthened RC beams with or without silica fume was investigated using three types of commonly
used tensile strengthening bar (conventional reinforcement, CFRP strand sheet and CFRP grid).
Conventional material such as steel is readily available and cost effective material, but its higher
tensile stiffness may cause higher stress concentrating generating interfacial cracks. On the other
hand, CFRP strand sheet and CFRP grid has becomes a highly attractive alternatives to the traditional
overlaying bar due to its superior properties concerning high strength-to-weight ratio and highly
durable nature [17-20]. In this research work, an efforts have been made to use modified 5% silica
PCM together with tensile reinforcement for structural strengthening purpose to validate the positive
influence of modified 5% silica PCM as an excellent matrix and bonding agent. The effectiveness of
the conventional rebar, CFRP strand sheet and CFRP grid as a strengthening overlay bar also
discussed in the viewpoint of load carrying capacity and failure modes.

Considering the above background, detailed experiments were designed to evaluate the behavior
of PCM strengthened RC beams with or without silica fume as a repair material. Total 14 RC beams
were cast and strengthened with two type of conventional rebar (D6 and D10), three types of CFRP
grid with changing tensile stiffness (low, medium, and high) and adding different amount of CFRP
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strand sheet by changing its width (50mm and 150mm) at soffit of beams and covered by
troweling with normal and modified 5% silica PCM. The performance of PCM strengthened beams
using particular strengthening bars with or without silica fume were compared under different heads,
viz. failure modes, load deflection relationship, ultimate load, debonding load and, strain value and
strain distribution of the strengthening bar along the beam. The ultimate load of strengthened beams
considering perfect bond between substrate concrete-overlay material were also calculated and
compared with the experiment results.

5.2 Experimental methodology
5.2.1 Material properties

In this experimental work, ready mixed concrete with target compressive strength of 40 MPa
supplied by a local concrete company was used to cast all the un-strengthened RC beams at the same
batch to minimize the experimental scatter. Five cylindrical specimens (¢150 mmx300 mm) were
used to determine the compressive strength of the concrete. The tensile steel bars of 16mm dia bar
while compression and shear reinforcement of 6mm dia bar and 10mm dia bar respectively were used
to prepared reinforced RC beams. The properties of all the steel rebars used in this research work are
presented in Table 5.1. For the flexural strengthening of RC beams, normal PCM or modified 5%
silica PCM were used as a cementitious matrix to impregnate overlay reinforcement to form an
external overlay. PCM containing poly acrylic ester (PAE) [Figure 5.1(a)] having same properties as
reported in detail in Chapter 2 (Section 2.2.2) and same silica fume [Figure 5.1(b)] as reported in
detail in Chapter 2 (Section 2.2.3) was used to prepare overlaying cementitious matrix. As an
overlaying reinforcement, three types of commonly used tensile strengthening bar were used. Steel
rebar of grade SD295A (D6 and D10) having mechanical properties as mentioned in Table 5.1 were
used as one of the types of overlaying reinforcement.

(a) PCM (b) Silica fume (c) CFRP grid (d) CFRP strand sheet
Figure 5-1 Overlaying material used in this experimental work

Commercially available CFRP grid made up of untwisted yarns of continuous carbon fibers with
thermoset epoxy resin impregnation and having nominal dimensions of 50 mm x 50 mm, as shown in
figure 5.1(c) were used as other types of overlaying reinforcement. Three kinds of CFRP grids with
different stiffness (low, medium and high) were used in the experimental program, which are
designated as FTG-CR4, FTG-CR6 and FTG-CR8, according to the product datasheet provided by the
manufacturer (Nippon Steel Co., Ltd, Japan). The mechanical properties of three types of CFRP grid
used in this experimental program is tabulated in Table 5.2. Strand sheet made up with high tensile
strength carbon fiber individually impregnated with resin [Figure 5.1(d)] were also used as an
overlaying reinforcement, which are designated as FSS-HT-600 in the product datasheet provided by
the manufacturer (Nippon Steel Co., Ltd, Japan). The used CFRP strand sheet in this research work
has a nominal thickness of 0.333 mm and mechanical propertied as tabulated in table 5.2. It was used
in two different amount by changing its width (50mm and 150mm).

Table 5-1 Properties of steel reinforcement

Steel reinforcement Area Yield strength Elastic modulus
diameter (mm?) (MPa) (MPa)
D6 56.10 329 200000
D10 142.5 366 200000
D16 402.12 398 200000
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Table 5-2 Properties of CFRP grid and CFRP strand sheet

Properties CFRP grid CFRP Strand Sheet
FTG-CR4 FTG-CR6  FTG-CR8  50mm width 150mm width
Area (mm?) 13.2 35 52.8 16.65 49.95
Tensile strength (MPa) 1400 1400 1400 3400 3400
Elastic modulus (MPa) 110000 110000 110000 245000 245000

5.2.2 Details of the specimens

A total of 14 simply-supported RC beams with dimensions of 150x150x1440 mm having shear
span ration of 3.5 were prepared and tested under four-point bending loading, as illustrated in Figure
5.2(a). Two rebars of diameter 6mm and 16mm were used as compression and tension reinforcement
respectively. The concrete cover thickness was kept 25mm in every direction. The rebar of diameter
10mm were used as shear stirrups with 80mm spacing. The PCM was overlayed having a thickness of
20mm and a bond length of 1040 mm leaving S0mm free space from the supports as illustrated in
Figure 5.2(a-b). The configuration of different types and amount of tensile strengthening bar with
different cementitious matrix used in this research work is presented in figure 5.1(b). Seven different
configuration of strengthening reinforcement were employed and two beams were cast with each
strengthening reinforcement configuration, one was with normal PCM mortar and the other one was
using modified 5% silica PCM to understand the influence of silica fume. In addition, several strain
gauge were attached at different position of the strengthening bar as presented in Figure 5.1(c) to
monitor the strain response of the reinforcing bar upon loading.
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Figure 5-2 Detail of overlay strengthened beams with loading set-up (unit: mm)
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5.2.3 Specimen preparation

The steel cage were prepared beforehand by tiring tensile, compression and shear reinforcement
as shown in Figure 5.3(a). The tension reinforcements were bent at the ends to prevent failure near
support end. At the center of each tension reinforcements, two steel strain gages were attached
(diametrically opposite on the ribs) and covered with water resistant tapes to avoid damage during
casting and inside the beam. Wooden molds were prepared for casting RC beams of size
150x150x1440 mm as shown in Figure 5.3(b). At the bottom of the molds, some amount of retarder
were spread after mixing with water to prepare surface roughness and the prepared steel cage were
placed inside of the wooden (tension reinforcements were on bottom) to expose the tension surface for
surface preparation and casting of PCM layer later. Spacing of the steel cage from bottom was
maintained by providing two spacers of height of 25 mm. Ready mixed concrete were placed in the
wooden mold with steel cage to prepare RC beams. Once the concrete were cast in all molds, it was
compacted and covered with water-soaked mattress and polythene sheet to avoid evaporation of
moisture. Prior to demolding, the bottom layer of the mold were removed first and concrete surface
was exposed to environment after 24 of casting. Due to use of retarder, the exposed concrete surface
was not fully hard. The soft concrete surface was then sprayed with a strong jet of water until coarse
aggregates were exposed to resemble rough substrate concrete surface as shown in Figure 5.3(c).
After 48 hours of casting, all the beams were demolded and concrete was cured in wet condition by
covering with water-soaked mattress and polythene sheet for 28 days. In every 7 days, water was
sprinkled on the beam for proper curing.

Figure 5-3 Preparation of specimens for member level testing; (a) preparation of steel cage and strain
gauge attachment, (b) wooden molds with retarder at bottom (c) Rough surface of the tensile face of
the RC beam, (c) rough surface with formwork and reinforcement (as an example, CFRP grid) for
overlay, (d) troweling of the PCM
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To prepare the strengthened RC beams, rough surface of the cured concrete specimens were
exposed and fix the overlaying reinforcement (steel rebar and CFRP grid) as shown in Figure 5.3(d).
Screws and wire mess were used to anchored overlaying reinforcement to the treated substrate
concrete surface. To maintain the thickness and bond length of the PCM overlay, mold of size
20*150*1040 mm were placed over rough surface of RC beam, prior of PCM casting. In preparing
strengthened RC beams using CFRP strand sheet, the overlaying reinforcing bar were not fix directly
to the treated concrete surface. Rather, PCM coating (about 5 mm) were cast first over the rough
concrete surface and then CFRP grid was pressed with roller followed by pouring of second layer of
PCM to make overlay thickness of 20mm. Before casting of PCM layer, the rough surface of the
concrete was pre-wetted for 24 hours. Just before casting of repair material, the surface water was
removed using clothes/tissues to provide saturated concrete substrate with dry surface for adequate
bonding and PCM was trowelled as shown in Figure 5.3(e). Later, it was covered with plastic and
mattress sheet to preserve the moisture condition. Methodology of strengthened RC beams
preparation for member level testing is explained in Figure 5.3(a-e). After 24 hours, formworks were
demolded and it was cured in wet condition for about one week to facilitate the hydration to took
place followed by dry curing of 21 days to facilitate polymer film formation. Summary of all the
beam specimens tested at member level is presented in Table 5.3. The tensile stiffness in newton (N)
was calculated using area and elastic modulus of the reinforcing bar. The acronym designation
adopted of each specimens are as follows: the first letter “N” or “M” refers to normal or modified 5%
silica PCM followed by different types and amount of strengthening reinforcement.

Table 5-3 Summary of specimens for member level testing

Speci Strengthening bar Area Tensile Overlay

pectmens Types Specification (mm?)  stiffness (N)  constituents
N_Rebar D6 N
M_Rebar D6 Steel 2@sD 366 11320 M
N_Rebar D10 rebar N
M Rebar D10 2@10D 141.5 28300 M
N_CFRP Grid_CR4 FTG-CR4 132 1320 N
M_CFRP Grid CR4 (low stiffness) ’ M
N_CFRP Grid_CR6 CFRP FTG-CR6 35 3500 N
M_CFRP Grid CR6 Grid  (medium stiffness) M
N_CFRP Grid CRS8 FTG-CRS 578 5730 N
M CFRP Grid CR8 (High stiffness) ) M
N_CFRP Strand (50mm) FSS-HT-600 N
M _CFRP Strand (50mm) S{fiﬁ (50 mm width) 49.95 4895 M
N_CFRP Strand (150mm) sheet FSS-HT-600 19.98 12238 N
M CFRP Strand (150mm) (150mm width) ) M

5.2.4 Instrumentation and testing procedure

Monotonic four point bending test was carried out on each specimen with a clear span of 1140
mm between two supports. The support points were set at a distance of 150 mm from the ends of the
RC beam and the loading points were set at a distance of 420 mm from the support point to maintain
shear span ratio of 3.5. The distance of support to the overlay end was 50 mm. The constant moment
zone length was 300 mm, which was maintained using steel spreader connected with a hydraulic
actuator of capacity 1000 kN. Four linear variable differential transducer (LVDT) were employed
(two of them were aligned with supports and two were placed at center of beam ) to measure mid-
span deflection during loading. Steel strain gages were attached at the middle section of tensile
reinforcement in concrete part and at a distance of 100 mm apart from 120mm away of overlay end in
overlaying bar [Figure 5.5(c)] to record the strain values, which might give valuable information
about strain distribution. These strain distributions might be helpful in understanding the debonding
phenomenon, if it happens. The data of the strain gauges, LVDT and the load cell were recorded using
data logger connected with computer (data acquisition system). The experiment setup used in the
laboratory for the four point bending test is presented in Figure 5.4.
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Figure 5-4 Experimental setup for four point bending test

5.3 Experimental results and discussion

The experimental data obtained from the four point bending test were analyzed further and the
influence of the inclusion of silica fume with PCM as a repair material were discussed in the
following section, comparing the performance of all the PCM strengthened beam in terms of the crack
pattern, failure mode, ultimate load, debonding load, load-deflection curves, strain profiles of main
steel bar and strengthening reinforcing bars.

5.3.1. Crack patterns and failure modes

In overlaying, most common failure reported in the technical literature is the debonding failure
before the reaching to the flexural capacity [21-22]. Debonding failure has been categorized in several
types and named according to the process described by other researchers [23-25]. Besides, classical
failure of beam (tension failure of reinforcement in the tension zone either in concrete layer or overlay
layer and crushing of concrete in compression zone) were also observed. In this research work, the
failure modes were named seeing the crack distribution along the beam and observing the strain value
at tensile and strengthening reinforcement. The failure situation for all the strengthened RC beam
tested in this work is presented in Figure 5.5(a-c) and discussed herewith.

5.3.1.1 Beam strengthened with steel rebar

The crack patterns and failure modes of RC beams strengthened with different amount of steel
bar and PCM matrix is illustrated in Figure 5.5(a). In specimens with D6 strengthening bar, the failure
mode was characterized by yielding of tensile rebar (both in concrete and PCM layer) followed by
concrete crushing representing flexural failure in both normal PCM and modified PCM specimen.
Though partial separation of PCM overlay was observed up to 24 mm from the overlay end in normal
PCM strengthened beam, but it did not propagate further and beam failed with no debonding at the
interface. In specimens with D10 strengthening bar, partial separation of overlay layer at the end with
critical diagonal crack was observed in normal PCM strengthened beam representing bond failure.
The occurrence of sudden drop of the strain value in the strengthening bar before the yielding of main
steel bar confirm the bond failure. In modified PCM strengthened beam, sudden drop of the strain
value in the strengthening bar was not observed representing no bond failure, but the failure was
characterized by concrete cover separation due to high stress concentration at the overlay end and due
to critical diagonal crack in shear-flexure zone. In all cases, the crack numbers in strengthened beam
with modified PCM were more than those observed in strengthened beam with normal PCM. Overall,
it seems that the use of silica fume with PCM as a repair material improves interfacial bonding.

5.3.1.2 Beam strengthened with CFRP grid

Figure 5.5(b) illustrated the crack patterns and failure modes of RC beams strengthened with
different amount of CFRP grid and PCM matrix. Both normal and modified PCM strengthened beam
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with CFRP grid having low stiffness (CR4) failed due to concrete crushing followed by the rupture of
CFRP grids and without any debonding. Cracks were first initiated in tensile surface of the constant
moment zone and then propagated toward compression zone which widened further with the increase
in load. Cracks also appear in flexural-shear zone and propagated in inclined direction towards
loading points. Eventually, concrete was crushed and CFRP grid was ruptured at the ultimate states.
The possibility of the debonding failure increased with the increase of the strengthening reinforcement
area due to high stress concentrations.
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(c) Beam strengthened with CFRP strand sheet
Figure 5-5 Observed crack pattern and failure mode of the strengthened RC beam
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With the increase of the stiffness of the CFRP grid (CR6 and CRS), debonding failure were
likely to happened in normal PCM strengthened beam. Though bond separation of PCM overlay was
observed in normal PCM strengthened beam, but no bond failure was observed in modified 5% silica
PCM strengthened beam, rather concrete cover separation occurred in the post peak region due to
high stress concentration (CR6) and flexural-shear crack induced debonding due to critical diagonal
crack in the shear-flexure zone (CR8) in the latter case. The strain value of the main steel bar at the
time of sudden drop of the load value were 1106p and 6980 in case of the strengthened beam with
CR6, and 1857p and 4429 in case of the strengthened beam with CRS8 for normal PCM and modified
PCM specimen, respectively. It reflect that the main steel rebar of the modified PCM strengthened
beam already yielded at the time of debonding, representing more stress transfer from the concrete
part to the overlay part and the occurrence of debonding failure in the post peak region. The
occurrence of the bond failure in modified PCM strengthened beam was reduced probably because of
the relatively stronger bond achieved between the cementitious mortar and the concrete substrate with
the silica fume inclusion.

5.3.1.3 Beam strengthened with CFRP strand sheet

The illustration of crack pattern and failure mode of strengthened beam with CFRP strand sheet
is presented in Figure 5.5(c). The number of cracks were more in modified PCM specimens then in
normal PCM specimens. In using CFRP strand sheet of width 150mm, separation of overlay ends was
observed along the strengthening reinforcement in both normal PCM and modified PCM specimen
due to very high stress concentration at the ends. The strain value of the main rebar at the time of
debonding was 538u and 1292p (not reach the yielding strain — 2000p) for the normal PCM and
modified PCM strengthened beam, respectively. The failure mode of the normal PCM strengthened
beam with 50mm width strand sheet was characterized as intermediate crack (IC) induced debonding,
whereas the use of reduced strand sheet width (50mm) shifted the failure mode of the modified 5%
silica PCM strengthened beam to concrete crushing followed by the rupture of CFRP strand sheet
(without any debonding). The use of modified silica PCM seemed to be the most efficient solution in
achieving the composite action of the strengthening system and avoiding the debonding failure.
Conclusively, the inclusion of silica fume with PCM results a promising cementitious matrix for
overlay which can be used together with the tensile strengthening reinforcement for practical
strengthening applications.

5.3.2 Load-displacement behavior

The experimental load deflection curves at the mid span of the tested strengthened beams with
different types and amount of strengthening reinforcement is presented in Figure 5.6(a-c). To
understand the influence of silica fume inclusion with PCM, load-displacement curve of the
strengthened beam with normal PCM matrix and modified PCM matrix were plotted together having
particular same amount of strengthening reinforcement. The ductility level were decreased with the
increase of the amount of strengthening reinforcement. Strengthened beam of both normal and
modified PCM matrix having “rebar D6” [Figure 5.6(a)] and “CFRP grid CR4” [Figure 5.6(b)]
specification showed ductile behavior and the failure observed were flexural failure. But for beam
specification of “rebar D10” [Figure 5.6(a)] shows sudden drop of the load and failure mode shifted
from flexural to debonding failure. Sudden drop of the load was observed earlier in beam having
specification “N_Rebar D10” compared to “M_Rebar D10” representing earlier occurrence of
debonding and less ductile behavior in former case. The initial stiffness of all strengthened beams
remained unchanged until onset of cracking. The stiffness was found increasing with the increase of
the amount of strengthening reinforcement. The stiffness was observed lower in the beam
strengthened with the modified PCM matrix compared to its corresponding normal PCM strengthened
beams. Earlier occurrence of the sudden drop of the load value were also observed in normal PCM
strengthened beam with CFRP grid (CR6 and CR&) as presented in Figure 5.6(b) and with CFRP
strand sheet (150mm case) as presented in Figure 5.6(c) compared to its corresponding modified PCM
strengthened beam, representing a delay of debonding in later case. The load displacement diagram of
modified PCM strengthened beam with CFRP grid (CR6) as presented in Figure 5.6(b) and with
CFRP strand sheet (50mm case) as presented in Figure 5.6(c) showed gradual decrease of the load
instead of sudden drop that occurred in corresponding normal PCM strengthened beam, indicating an
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increase of ductile behavior with silica fume inclusion. The decrease of the stiffness occurred gently
in the post peak region of modified PCM strengthened beam with CFRP grid (CR6) [Figure 5.6(b)]
and with CFRP strand sheet (50mm case) [Figure 5.6(c)]. This indicated that the overlay matrix with
silica fume inclusion still provide a portion of load-carrying capacity during the post-cracking stage,
that subsequently delayed the steel yielding in the beam strengthened with the modified silica PCM.
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Figure 5-6 Comparison of load-displacement diagram and ultimate displacement of all the
strengthened RC beam

To understand the influence of silica fume in term of ductility, the displacement at the peak load
of the normal and modified PCM strengthened beam were compared and presented in Figure 5.7. No
significant differences were observed in beam “rebar D6” and “CFRP grid CR4” due to occurrence
of flexural failure in both normal and modified PCM strengthened beam. In all other cases, significant
increase of the displacement at peak load in modified PCM strengthened beams compared to normal
PCM strengthened beam were observed as shown in Figure 5.6(d). An increase of about 65% and
33% were observed in beam “M_CFRP grid CR6” and “M_CFRP grid CRS8”, respectively compared
to its corresponding normal PCM case. The beams strengthened with modified PCM matrix always
exhibited better ultimate flexural deformation than their normal PCM counterparts, leading to a more
ductile failure. Conclusively, the incorporation of silica fume significantly improves the ductile
behavior of the strengthened beam as well as it results into a promising PCM cementitious matrix
which can be used together with the strengthening reinforcement (especially CFRP grid) for practical
strengthening applications.
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Figure 5-7 Influence of silica fume on the displacement at peak load

5.3.3 Load carrying capacity

The influence of silica fume is evaluated comparing the peak load and debonding load of the
strengthened beam with or without silica fume obtained from the experimental results of the static
loading test and discussed in the following subsection.

5.3.3.1 Peak load

The peak load describes the capacity of the structural member along with failure behavior, thus
the performance of the strengthened beam tested in this research work is discussed considering peak
load. Figure 5.8(a) showed the experimental results of peak load of all the strengthened beam along
with the calculated result of unstrengthened beam. The peak load of all the strengthened beams was
found higher than the peak load of the unstrengthened beam. Higher peak load of modified PCM
strengthened beam was observed compared to the normal PCM strengthened beam in all cases except
for flexural failure governs (“Rebar D6” and “CFRP grid CR4”) beam. An increased peak load of
about 25% and 12% were observed in beam “M_CFRP grid CR6” and “M_CFRP grid CRS&”,
respectively compared to its corresponding normal PCM case. The percentage increase in the peak
load of all the strengthened beams from unstrengthen beam is presented in Figure 5.8(b). The increase
percentage was higher in modified PCM matrix strengthened beam than in normal PCM matrix
strengthened beam, representing higher bond force transfer between the strengthening layer and the
substrate concrete in former case. This confirmed that the inclusion of silica fume with PCM as a

repair material significantly improved the performance of the strengthened beam.
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5.3.3.2 Debonding load

Debonding is the most common failure mode in the strengthened beams which is also observed
in this research work. Sudden drop of the load value and strain value at the strengthening
reinforcement were considered a criteria to choose the load as debonding load. The occurrence of the
debonding failure stopped the load transfer from beam section to the overlaid layer, thus strain value
of the strengthening reinforcement significantly dropped. Figure 5.9(a) showed the load of all the
strengthened beam along with the calculated result of unstrengthened beam. The debonding load of all
the strengthened beams is found higher than the peak load of the unstrengthened beam except for
beam “N_CFRP strand (150mm)” in which debonding happened even before reaching the capacity of
unstrengthened beam. Higher debonding load was observed in the modified PCM strengthened beam
compared to the normal PCM strengthened beam in all cases. This confirms the positive influence of
silica fume inclusion to delay the occurrence of debonding in strengthened beam. To understand it
more precisely, the strain value of the main tensile steel bar at the debonding load were observed and
presented in Figure 5.9(b). In all cases, higher strain value were observed in modified PCM
strengthened beam compared to normal PCM strengthened beam, suggesting a high possibility of
more load transfer from the concrete beam section to the overlaid layer in former cases. Conclusively,
the inclusion of silica fume with PCM overlay delay the occurrence of debonding failure and improve
the overall performance of the strengthened beam.
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Figure 5-9 Influence of silica fume to delay the occurrence of debonding
5.3.4 Strain measurements

One of the most efficient and effective way to describe the interaction among substrate concrete,
cementitious matrix and strengthening reinforcement is the strain value in longitudinal steel
reinforcement or the strain distribution of the strengthening reinforcement along the beam. The strain
value at both longitudinal steel bar and strengthening reinforcement provide More insightful
information which could not be revealed from the load-deflection behavior and failure mode at the
ultimate state. The performance evaluation of the strengthened beam with silica fume inclusion is
discussed in the following section in terms of the strain profiles of main steel bar and strengthening
reinforcing bars.

5.3.4.1 Longitudinal steel bar strain value

The applied load versus the strain responses of the tensile steel bar at the midspan section for all
tested strengthened beams are shown in Figure 5.10(a-c). It should be noted that the yielding strain of
the steel bar was about 2000u. In all cases, the load-strain response exhibited three stage. The two
turning points corresponded to initial cracking load or yielding/debonding load. It is seen that the
longitudinal steel bar strains in the modified PCM strengthened beam were effectively reduced
compared to those in the normal PCM strengthened beams except for some cases, representing the
possibilities of higher load transfer from the concrete layer to the overlay layer in former cases.
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Figure 5-10 Load-strain responses of the tensile steel bars at the midspan section

5.3.4.2 Strain distribution of strengthening bar

The strain distribution of the different types of strengthening reinforcement along the beam is
presented in Figure 5.11(a-c). The origin of the x-axis in these figures represent the mid-section of the
strengthened beam. One from each types of strengthening reinforcement were chosen as an example
covering all types of failure mode observed, to compare the strain distribution of the modified PCM
and normal PCM strengthened beam. The strains in the main tensile steel bar were less compared to
the strengthening reinforcement due to their location closer to the neutral axis. In normal PCM
strengthened beam with D6 as strengthening bar, a sudden increase of strain distributions within a
certain span length in constant moment zone was seen as presented in Figure 5.11(a), implying the
abrupt occurrence of local interface debonding within this length, or widening of a major flexural or
flexural/shear crack. The strain value of the strengthening bar showed gradual decreasing tendency in
the post peak region, representing the possibility of flexural failure due to widening of a major
flexural or flexural/shear crack with further increase of the loading. In contrast, the strain distribution
of the strengthening bar (D6) of the strengthened beam with modified PCM was apparently linear
with some zigzags due to the cracking, such a sudden increase of strain distribution was not observed
as presented in Figure 5.11(a). This suggests an excellent composite action between strengthening and
concrete layer in using modified 5% silica PCM matrix. The strain distribution of the strengthening
bar of modified PCM strengthened beam with CFRP grid (CR6) as presented in Figure 5.11(b) and
with CFRP strand sheet (50mm case) as presented in Figure 5.11(c) were smoother compared to those
corresponding beams with normal PCM matrix. No sudden increase/decrease of strain value was
observed in the strengthening bar with modified PCM matrix since debonding does not happen, as
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presented in Figure 5.11(b-c). On the other hand, sudden increase of the strain value in shear-flexure
zone at load level of 0.9F, [Figure 5.11(b)] and sudden dropping of the strain value just after the peak
(debonding) load [Figure 5.6(c)] was observed for the strengthened beam with normal PCM matrix,
representing the occurrence of debonding failure. This phenomenon suggests that the inclusion of
silica fume in PCM helped a more uniform shear stress transfer at the interface between the
strengthening layer and the substrate RC beam. In all cases, the strain values of strengthening
reinforcement at any particular load level was higher in modified PCM cases, indicating the
possibility of more load transfer from the concrete part to overlay part. Conclusively, the inclusion of
silica fume significantly improve the bond performance of the strengthened structure.
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Figure 5-11 Strain distributions of the strengthening reinforcement at different loading levels.

5.3.5 Flexural capacity analysis

The flexural capacity of the strengthened RC beam with PCM overlay is evaluated on the basis
of conventional procedure recommended by the ACI 318 Code [26] and considering perfect bond
between concrete and PCM. Following assumption were made; (1) plane cross-sections remain plane
during the loading process; (2) the tensile strength of concrete was ignored; (3) the strain of
compression concrete was taken as 3500u (4) the tensile force of the overlaying layer was determined
by combining the tensile forces of both strengthening reinforcement and cementitious matrix. The
equivalent cross-section diagram along with strain and stress variation along the depth of the beam is
shown in Figure 5.12. The detailed explanation of the value of the notations and the properties of the
materials were mentioned in Section 5.2.1 and Section 5.2.2, which are used in the flexural capacity
calculation. The ultimate moment strength was calculated using a rectangular stress block (using o
=0.67) acting over a depth 0.8xy. The neutral axis depth (xy) was calculated from the equilibrium of
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internal forces and the strain value in the compression, tensile and strengthening bar were determined
from ¢. by the linear strain distribution. Finally, the moment for ultimate stage was taken about an axis
and corresponding required load was calculated.
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Figure 5-12 Stress and strain distributions of the strengthened RC beam

The calculation result of peak load of all the strengthened beam is shown in Table 5.4 and
compared with the corresponding experimental results. The calculated flexural capacity of all the
normal PCM strengthened RC beam was overestimated mainly because of the occurrence of
debonding at the interface, except for the beam “Rebar D6 and “CFRP grid CR4” that results close
calculated and experimental value. This indicates that if no debonding occurs, the ultimate flexure
strength of strengthened beam can be predicted based on the conventional procedure. In case of
modified PCM strengthened beam, the calculated flexural capacity was found close to the
experimental result or underestimated, except for the CFRP strand sheet (150mm case) due to the
occurrence of debonding failure. The underestimation might be due to shear deformation after the
occurrence of diagonal cracking of concrete. This diagonal cracking might results dowel action on the
external strengthening layer, reducing the tensile rupture strain of the strengthening reinforcement. In
cases, the shear deformation is high, there is a possibility of mixed-mode failure which is considered
more significant in case of cement-bonded strengthening reinforcement system because of high
bending stiffness [27].

Table 5-4 Comparison between calculation and experiment results

Normal PCM Modified 5% silica PCM
Specimens Fu,exp Fu,cal K u,exp Fu,exp Fu,cal I u,exp
(kN) (kN) E u,cal (kN) (kN) E u,cal
Rebar D6 102.83 100.33 1.02 99.99 100.33 1.00
Rebar D10 101.21 116.15 0.87 111 116.15 0.96
CFRP Grid CR4 108.06  105.02 1.03 112.63 105.02 1.07
CFRP Grid CR6 108.06  119.39 0.91 134.51 119.39 1.13
CFRP Grid CRS 114.92  125.99 0.91 128.3 125.99 1.02
CFRP Strand (50mm) 107.74  113.75 0.95 114.59 113.75 1.01
CFRP Strand (50mm) 96.96 130.15 0.74 100.55 130.15 0.77

5.4 Conclusions

In this research work, the performance of the PCM overlaying method with the inclusion of silica
fume was investigated at member level by conducting loading test of strengthened RC beams.
Numbers of beams were prepared and tested at four point bending up to failure. Two types of matrix
materials (normal PCM vs. modified 5% silica PCM) and seven different levels of the strengthening
reinforcement served as the test variables. The test results were carefully observed and compared in
terms of the crack patterns, failure modes, load-deflection responses, strain measurements in tensile
steel bars and strengthening reinforcement and the following conclusions were drawn;
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e The load carrying capacity of all the strengthened beams using PCM overlaying method
increases significantly compared to the unstrengthen beam. The inclusion of silica fume in PCM
further increases the load carrying capacity of the strengthened beam in comparison with normal
PCM cementitious matrix.

e Compared to normal PCM mortar, however, use of modified 5% silica PCM mortar led to more
ductile failure and dispersed more uniformly the shear stress transfer at the interface between the
strengthening layer and the substrate concrete.

e Ductility level of the strengthened beam reduces with the increase in strengthening
reinforcement area. More reduction occurs in normal PCM strengthened beam than in modified
PCM strengthened beam.

e The inclusion of silica fume with PCM overlay delays the occurrence of the debonding failure
and improve the overall performance of the strengthened beam. The occurrence of the bond
failure in modified PCM strengthened beam reduces probably because of the relatively stronger
bond achieved between the cementitious mortar and the concrete substrate with the silica fume
inclusion.

e The use of larger amount of strengthening reinforcement having very high tensile stiffness
triggers the occurrence of debonding failure. Special design check is necessary to select the
appropriate amount of strengthening reinforcement. Further experimentation is necessary to
choose appropriate amount of strengthening reinforcement, but there is a high possibility of
getting better structural performance maintaining the reinforcement amount (area X tensile
strength) ratio of the strengthening reinforcement and main steel bar within 0.5.

o In spite of the existence of a certain level of debonding, the flexural capacity of the modified
PCM strengthened RC beams can be predicted with acceptable accuracy based on conventional
procedure (sectional analysis) considering perfect bond between the cementitious mortar and the
concrete substrate. However, in case of normal PCM strengthened RC beam, this method
overestimate the flexural capacity due to earlier occurrence of the debonding at the interface.

In summary, the incorporation of silica fume with PCM can effectively improve the technical
performance of the strengthened RC beam. Modified PCM mortar helps in improving the ultimate
bending moment and enhancing the performance of the bonding surface, this reflecting a good repair
effect.
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Chapter 6
CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

Among the issues that still need to be taken up in PCM strengthening method of RC members,
the debonding issues were addressed in this research. Extensive experimentations were carried out at
micro and material level in order to observe the effectiveness of using 5% silica fume with PCM to
improve the bonding behaviour of substrate concrete and overlay layer. Meanwhile, PCM overlay
strengthened beams with different cross-section area of the strengthening bar and with the inclusion of
silica fume in PCM were tested under monotonic flexure loading. Several conclusions were extracted
from the experimental results and described with respect to behavior at micro level (Chapter 2),
material level (Chapter 2 to Chapter 4) and member level (chapter 5), respectively.

6.1.1 Micro level testing

For evaluating the effectiveness of modified 5% silica PCM as a repair material (qualitatively
and quantitively) in forming a chemical connection at the interface, microstructural analysis was
performed. The following conclusions were extracted after conducting microstructural analysis using
different microscopic test (SEM-EDS, XRD and TG-DTA).

e XRD and TG-DTA microscopic test can be used to investigate the formation of chemical
connection at the interface, both qualitatively and quantitively.

o The incorporation of silica fume with PCM as a repair material significantly reduces the
presence of harmful Ca(OH); and CaCOs at the concrete-PCM interface, implying an increase
in the extend of bond formation between silica compound and free Ca(OH), after the hydration
of cement to form more C-S-H at the interface.

e The ratio of Ca/Si quantified using SEM-EDS test can be used as an indirect method to
measure the contents of C-S-H and free alkali at the interface. The use of silica fume reduces
the value of Ca/Si ratio that reflects the higher possibility of formation of more C-S-H at the
concrete-PCM interface with silica fume inclusion with PCM.

6.1.2 Material level testing

The test results at micro level confirms an increase of the extend of chemical bonding between
the concrete substrate and overlay material with silica fume addition, subsequently to enhance the
interfacial performance. For practitioners better understanding and with an aim to achieve the great
potential in practical design implications of the modified PCM overlay strengthening method, the
effects of various influencing factors on the concrete-PCM interfacial bond performance and the
bonding durability under severe environmental condition was evaluated at material level testing. From
the test results, following conclusions can be reached.

o Surface roughness preparation techniques of the substrate concrete had a profound effect on
the interfacial bonding strength. Surface roughed by sand blasting results higher interfacial
bond strength. In comparison with interfacial shear strength, the splitting tension strength are
not so sensitive to variation of interface roughness of the substrate concrete.

o The failure at adhesion layer with smooth fracture surface results in lower bond strength, while
the failure at adhesion layer or mixed-mixed mode failure results in lower bond strength.

e With a sufficient roughness level of substrate concrete, interfacial strength increases with the
increase of the substrate concrete compressive strength.

e Applying surface penetrant at the interface decreases the interfacial shear strength and results
pure interfacial fracture mode (I) even if the surface roughness is high.

e The interfacial strength is predominantly influenced with the moistness of the substrate
concrete surface, the saturated surface dry interface state of substrate concrete facilitate bond
strength development.
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e Exposure under severe environmental conditions of the strengthened members had significant
negative influences on its long-term performance. The freeze-thaw cycles had significant
negative influences on bonding behaviors of substrate concrete-PCM interface. Exposure of
cyclic temperature condition had more detrimental effect than the exposure of constant
temperature condition. The influence of moisture under continuous immersion results lower
reduction of interfacial strength compared to the exposure under wetting and drying cycle.

e The inclusion of 5% silica fume in PCM

>

>

>

significantly increases the interfacial bonding strength compared to normal PCM
specimens.

shifts the interfacial fracture (I) with lower fracture energy to a composite fracture mode
(I-P) or (I-C) or mixed (C-P) fracture mode with higher fracture energy.

increases significantly the bond strength from the very first day of pouring of overlay
mortar due the predominant reaction of silica compound with Ca(OH) during the early
hydration stage.

significantly increases the interfacial bonding strength, provides better adhesion with
substrate concrete and improves the durability of the interfacial performance of concrete-
PCM interface under harsh freeze-thaw environments.

reduces the degradation of the interfacial bonding strength (about 40% compared to
normal PCM cases), provides better adhesion with substrate concrete (occurrence of
composite or mixed mode fracture instead of pure interface fracture that happened in
normal PCM cases) and improves the durability of the interfacial performance of
concrete-PCM interface under constant and cyclic temperature conditions.

significantly improves the interfacial bonding strength compared to without silica fume
cases under the influence of moisture by wetting/drying and continuous immersion.

6.1.3 Material level testing

For real application of the current work by modified PCM, member level testing was performed
on strengthened RC beams. It was concluded from the testing at micro and material level that the
inclusion of silica fume exert positive influences on strength of concrete-PCM interface. The
performance of the interface was also investigated at member level by conducting loading test of RC
beams strengthened with various amount of reinforcement at bottom of beam which was embedded in
both normal and modified PCM overlay. From the experimental and analytical results, following
conclusions can be reached.

e PCM overlaying method significantly increases the load carrying capacity compared to the
unstrengthen structure. The increase of the strengthening reinforcement area increase the failure
load but reduces the ductility level and triggers the occurrence of debonding failure.

o Different types of strengthening reinforcement has important effect on the mechanical
performances of the strengthened structural. The use of CFRP grid performs better in terms of
peak load, debonding load, ductility level and load-displacement relationship compared to
convention steel rebar and CFRP strand sheet.

e The use of larger amount of strengthening reinforcement having very high tensile stiffness
triggers the occurrence of debonding failure. Reinforcement amount (area X tensile strength)
ratio of the strengthening reinforcement and main steel bar should not exceed 0.5 in order to get
better structural performance.

e The inclusion of 5% silica fume in PCM

>

>

increases the load carrying capacity of the strengthened beam in comparison with normal
PCM cementitious matrix.

led to more ductile failure and dispersed more uniformly the shear stress transfer at the
interface between the strengthening layer and the substrate concrete.
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» reduces the decrease of ductility level the increase in strengthening reinforcement area in
comparison with normal PCM case.

» delays the occurrence of the debonding failure and improve the overall performance of
the strengthened beam because of the relatively stronger bond achieved between the
cementitious mortar and the concrete substrate with the silica fume inclusion. Therefore,
the flexural capacity of the modified PCM strengthened RC beams can be predicted with
acceptable accuracy based on conventional procedure (sectional analysis) considering
perfect bond between the cementitious mortar and the concrete substrate.

» improves the ultimate bending moment and enhance the performance of the bonding
surface, thus reflecting a good repair effect.

In conclusion, considering easy applicability of silica fume with PCM in practical application,
environmentally friendly nature and ability to achieve adequate bond strength with concretes
substrate, this study can provide an indication for engineering application of silica fume in polymer
cement-based repair materials.

6.2 Recommendations
6.2.1 Suggestions for Engineering Applications

Based on the experimental work conducted in this study, the following suggestions were made
for the practical application on repairing structure by modified 5% silica PCM.

» It is commonly hold view that the interface should be roughened enough to ensure proper
bonding of cement matrix based repair material and substrate concrete. The inclusion of silica
fume makes the repair material chemically reactive and performs better even with smooth or
very low roughness level. In real scenario, there might be some cases where the substrate
concrete surface could not roughen enough. In such cases, current data can be used as a
guideline to the practitioner.

» No information is available by manufacturers of PCM about the mechanical properties of PCM
with the inclusion of silica fume. In this research work, it is confirmed that the inclusion of
silica fume with PCM significantly improves the interfacial bond strength and performs better
under severe environmental conditions. Current data may be used by the manufacturers of
PCM to produce other types of PCM with improved functionality.

6.2.2 Suggestions for future studies

This dissertation describes the influence of silica fume to enhance the interfacial behavior of
concrete-PCM, considering the effects of various influencing factors on the concrete-PCM interfacial
bond performance and the bonding durability under severe environmental condition. Extensive
experimentations were conducted at micro, material, and member level to precisely understand its
influence and for practical application to real structures. Still there are a lot of works to be done prior
to use this method in practical design implications which are recommended as follows.

v In this work, micro level testing was done after 28 days of specimen preparation. However,
some stress is induced by the continuous traffic movement during/after the construction work
from the early stages as the PCM overlaying method enables its construct without preventing
traffic. Therefore, it is essential to evaluate the performances of silica fume quantitively from
the very first day of pouring of overlay material.

v Only the content of C-S-H at the interface was indirectly measured from the results of Ca/Si
ratio obtained from SEM-EDS test. It is suggested to do more precise investigation to
establish a relationship between bond strength and Ca/Si ratio. It is also suggested to perform
loading test and Ca/Si measurement on the same day as the exposure in air may affects the
measurement of Ca/Si ratio.

v The influence of interface roughness was considered in this research work. In practice, there
prevails many cracks in the substrate concrete. These cracks generally cleaned before
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overlaying, but an extent of damage still exist. Therefore, the effect of the existing damage
should be taken into account in the future study.

The bonding durability of the interface under severe environmental conditions were evaluated
with respect to strength measurement and fracture mode only in this work. The observation of
material change at micro level and stress analysis considering thermal stress are two basic
targets in the future study.

The effects of severe environmental conditions were evaluated by exposing the specimens for
a short period of time compared to the service life of RC structures. Long-time exposure
period (about 2-3 years) should be used in the future study to investigate the bonding
durability issue that resemble service life of the strengthened structures.

The load carrying capacity of the strengthened RC beams was predicted in this work
considering perfect bond between substrate concrete and overlay layer. Attention should be
paid to establish bond-slip relationship to incorporate in the analytical and numerical
simulation purpose.

In this work, only RC beams were tested under static loading though many structures repaired
by overlaying method are exposed to fatigue loading. Therefore, it is recommended to
investigate the performance of the PCM strengthened members under fatigue loading, both
experimentally and numerically.
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