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ABSTRACT

Rational decisions about cost-effective maintenance and structural repair are hampered
by the absence of comprehensive data on structural performance of generic repair materials
acting compositely with deteriorated concrete elements. In the present climate of durability
problems in concrete construction such information is of critical importanée. In order to
assess long-term structural performance of repaired elements, basic short and long-term
properties of generic repair materials are required under various exposure conditions. The
principle ‘requirements to ensure satisfactory long-term performance of the repair have always
been high dimensional stability and relatively high early bond strength of the repair material

with the substrate concrete.

As part of a " Brite Euram " project, sponsored by E.E.C., the author has obtained
considerable experimental data on properties of three commercially available generic repair
materials, which are significant to the subsequent structural behaviour of repaired concrete
members. A comparison is also made between the performance of these repair materials with
a plain concrete mix of similar strength and stiffness. The following generic repair materials
were used: a high performance non-shrinkable concrete, a mineral based cementitious
material with no additives and no coarse aggregate size particles, and a cementitious mortar
which contains styrene acrylic copolymer with fibre additives. The repair materials are
supplied as single component systems by their manufacturers, ready for on-site mixing and

use, and require only the addition of clean water.



Data on strength, stiffness, post peak-load ductility under compression, swelling,
shrinkage and creep deformations under various curing conditions are presented in this thesis.
In addition water permeability coefficients and chloride penetration profiles of the materials
at various ages of exposure have been determined. A comprehensive compilation of chloride
diffusion data is made and an empirical expression is derived for the prediction of long-term
chloride penetration profiles based on data obtained at relatively early ages. Application of

this prediction model to the field data of some Arabian Gulf structures is made.

The influence of repair materials on the performance of reinforced concrete
compression members has been studied. A theoretical model is also derived to predict the
long-term structural interaction between a repair patch and substrate concrete in short
compression members of reinforced concrete. The model is based on the basic properties of
materials, such as creep deformation, drying shrinkage and modulus of elasticity. The
validity of the model is established on the basis of the experimental data obtained in this

study.

At the end of the thesis, conclusions and recommendations for future research are

made.
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CHAPTER 1

INTRODUCTION

1.1 INTRODUCTION

The durability of a material or structure refers to its ability to withstand the
environmental conditions to which it is exposed. Although concrete structures have mostly
performed satisfactorily during their service life, there are nevertheless significant problems
which occur in many structures and the causes are often related to durability of the composite
material. As a result, in recent years, repair, refurbishment and maintenance of reinforced
concrete structures has become a signiﬁcant part of the total cost of construction worldwide.

Under current practice, there are no standard procedures for the design of patch
repairs. Design is usually based on the experience of specialist contractors and when selection
of repair materials is made, emphasis is normally given to their relatively short term
properties such as strength, bond and early age plastic shrinkage/expansion etc. Although
these properties indicate the immediate performance of the repair they give little information
on its long-term performance with respect to cracking and efficient composite action with the
substrate materials to carry applied loads and deformations. Therefore, there is an important
need for recognising and understanding tlhe properties of generic repair materials, which are

of significance to the subsequent structural behaviour of repaired concrete members.

1.2 SCOPE OF RESEARCH
A patch repair is an effective restoration technique when an element or a whole
structure shows signs of distress, especially spalling and delamination. Most of the research

carried out on generic repair materials in the past has focused on the basic short-term



strength and bond properties of repair materials which are of immediate concern when repair
is applied. However, long-term deformation properties, such as creep and shrinkage, which
can affect internal stresses of the repaired members have received little attention. Also
relatively little information is available on the chloride diffusion characteristics of these
generic repair materials and mathematical models which can be used to predict long-term

chloride concentration in repair are not available.

In this context, therefore, long-term deformation properties together with the chloride
diffusion characteristics of generic repair materials deserve attention. Furthermore, a more
fundamental investigation of the structural interaction between repair patch and substrate
concrete needs to be undertaken, and the potential importance of property mismatch needs
to be quantified. Information on complete stress-strain characteristics and long-term
deformations of the repair and substrate material will be required for such an investigation.
Data on permeability and chloride diffusion characteristics together with prediction models

for long-term chloride concentration will be valuable for assessment of durability of repair.

1.3 SCOPE OF PRESENT INVESTIGATION

There is a growing need for valid expressions for the evaluation of structural
interaction between the repair patch and substrate concrete to allow for the design of effective
and economical remedial work. In addition procedures for predicting the long-term durability
of repair patches need to be developed. Although several studies have been carried out on

concrete repair materials in recent years, the important aspects outlined above have been

largely neglected.



The overall aims of this thesis therefore, were:-

- o investigate strength and deformation properties of three generic repair materials,
which are of significance to the subsequent structural behaviour of repaired members,
and also to compare their performance relative to plain concrete mixes which may
also be suitable for repair in their own right.

- to establish chloride diffusion and water permeability properties of these generic
repair materials, together with the derivation of a theoretical model which can be used
to predict long-term chloride diffusion for a given exposure condition.

- to study experimentally and theoretically the short and long term structural interaction
between a repair patch and the substrate concrete in short compression members of
reinforced concrete. Relate the long-term interaction to basic materials properties,

such as stiffness, creep and shrinkage, of the repair materials and substrate concrete.

Based on the results obtained from the experiments, mathematical models for
predicting the chloride concentrations as well as the long-term structural performance of
repaired columns have been proposed. These models and proposals formed an important
input to a research project entitled ” Assessment of Performance and Optimal Strategies for
Inspection and Maintenance of Concrete Structures Using Reliability-Based Expert
Systems " sponsored by CEC within the BRITE/EURAM research programme. The
objective of this project was to optimise strategies for inspeEtion, maintenance and repair of
reinforced concrete bridges by developing improved methods for modelling the deterioration
of existing as well as future structures using reliability-based expert system. A general

description of the expert system is given in the following section.



1.4 GENERAL DESCRIPTION OF THE EXPERT SYSTEM OF THE

BRITE/EURAM PROJECT

The expert system consists of two main modules: BRIDGE 1 and BRIDGE 2 and a
number of databases (structural data, service data, inspéction data, repair data, inspection
procedures, repair techniques, list of defects and list of causes) and FORTRAN programmes
(FORTRAN programmes for reliability analysis, updating analysis, structural analysis and

inspection procedures) and also INPUT and OUTPUT modules.

The expert system can be used in two different ways:

1. The BRIDGE 1 module of the expert system may be used in-situ during the inspection
of a bridge to supply informatibn on the causes of observed defects, related defects
and appropriate diagnosis methods, and may be used also to record the inspection data
to be used in later assessments of the reliability of the bridge.

2. The BRIDGE 2 module of the expert system may be used in the office to perform

detailed analysis of the inspection data and laboratory results. The output of the

analysis includes updated assessment of the reliability of the bridge and
recommendations on the appropriate actions to be taken; the options are no action,
detailed structural assessment or repair work with recommendations on the relevant
repair procedures, usually presented in that order as the calculated reliability of the

bridge decreases.

The reliability of the bridge is determined by using the reliability index B for a single
failure element or for the whole bridge. The reliability of the bridge is assumed to decrease

with time due to deterioration, and failure is considered to occur when the expected



reliability index falls below a minimum value. Updating of stochastic variables, such as
material properties and diffusion coefficients, is performed according to Bayesian statistical

theory on measured samples of the stochastic variables.

The role of the author in this project was to develop procedures for assessing the
influence of spalling (due to corrosion) and different generic repair materials on the structural
performance of repaired reinforced compression members, in the form of simple models to
. be used in the expert systems. Along with the structural study, information on the short and

long-term properties of the repair materials were also provided.

1.5 THESIS LAYOUT

In this thesis the author has attempted to bring together the latest information from
the field of reinforced concrete repair work, to provide researchers and engineers with
convenient compilation of information. Such information is of great importance in the design
of inspection and maintenance strategies for reinforced concrete structures where repair work
is carried out.

This thesis is divided into nine chapters, the introduction and eight other chapters.

Details of the experimental programme are outlined in chapter 2. Information on the
materials used throughout the investigation is also given. These include the chemical
compositions of the cement, grading curves of aggregates etc.

Properties of repair materials which are significant to the subsequent structural
performance of the reinforced concrete structures are reported in chapter 3. The first part of
the chapter deals with the typical properties of generic repair materials, and compares their

performance with plain concrete of similar grade. These properties include compressive



strength, modulus of elasticity, water permeability, together with the complete compressive
stress-strain characteristics including the post-cracking branches. Full description of repair
materials and grading curves for the aggregates used in these materials are also given in this
chapter.

Chapter 4 is devoted to the study of the long-term deformation of repair materials.
The effect of varying curing environment on shrinkage deformation was examined using five
different curing regimes. Expansion characteristics of the generic repair materials under
saturated condition were also determined. The sustained stress-strength ratio for the long-term
creep tests, of 90 days duration, ranged between 0.3 to 0.55 of the 28 days cube strength.

In chapter 5, a study of the chloride diffusion characteristics into concrete and repair
materials is presented. Based on relatively early age diffusion coefficients obtained from the
measurements of chloride concentration profiles for these materials at various test ages, a
method for predicting chloride concentrations in repair materials exposed to long-term
chloride contaminated environment is proposed.

Short compression members simulating deterioration due to reinforcement corrosion
on one face and two faces were considered in chapter 6. The influence of three generic repair
materials on such defective members has been studied. These include, mode of failure,
compressive strength, load distribution in the repair patch and substrate concrete, stiffness
and fracture process of the materials.

In chapter 7, the long-term structural performance of short reinforced concrete
columns has been studied experimentally using test elements incorporating repair patches
which were symmetrically positioned at the middle of the columns. The structural interaction
between the repair patch and substrate concrete after repair work was investigated and was

related to the basic material properties. A mathematical model is derived to describe the



long-term stress distribution in repaired short compression members.
Conclusions and proposals for future research are presented in chapter 8, while
chapter 9 lists sources of information that are referred in this thesis.

The current list of publications resulting from this research programme are given at

the end of the thesis.



CHAPTER 2

EXPERIMENTAL PROGRAMME

2.1 INTRODUCTION

Different. repair methods and generic materials are currently used to overcome damage
in deteriorated structures. The basic mechanical and physical interactions of such available
products and the substrate on which they are used need to be established before assessment
can be made and suitable repair materials chosen. Research has shown the potential
importance of property mismatch between patch repair materials and the reinforced concrete
substrate.

During service life, incompatibilities in the form of differing strengths and stiffness
between repair and substrate concrete can create difficulties, while drying shrinkage of repair
materials may reduce longer-term structural efficiency by either initial tensile strains induced
in the repair, or due to cracking at the repair/substrate interface. Also, creep of the repair
material under sustained stress render the load sharing capacity of the repair less effective
with time. A beneficial effect of creep can be to reduce the differential tensile strains induced
by shrinkage of the repair material. Permeability of repair materials influences the rate of
ingress of aggressive substances such as chlorides and sulphates into them, and consequently
has a major effect on the durability of the repair in the long-term.

The overall aim of the experimental programme was, therefore, to investigate short
and long-term properties of specially formulated generic repair materials, and the structural
performance of short reinforced concrete columns after repair to simulate corrosion damage

had been carried out.



2.2

2.3

2.3.1

OBJECTIVES OF THE INVESTIGATION

The principal objectives of the experimental work were:-

To establish typical properties of repair materials, which influence long-term
structural performance of repaired reinforced concrete elements.

To study long-term deformation properties of these repair materials, such as
shrinkage, swelling and creep, under different conditions of exposure.

To investigate the chloride diffusion characteristics in concrete and repair materials.
To derive a method for prediction of long-term chloride ion concentration in repair
materials exposed to a chloride contaminated environment, based on early age data.
To study the influence of different generic repair materials on the structural
performance of reinforced concrete short compression members.

To relate the long-term structural interaction between repair patch and the substrate
concrete to basic material properties such as stiffness, creep and shrinkage.

To derive a mathematical model for predicting long-term structural performance of

repaired reinforced concrete short columns.

DETAILS OF THE EXPERIMENTAL PROGRAMME

Properties of repair materials which influence long-term performance of concrete

structures

This series of tests was carried out in order to study the strength, stiffness, post peak-

load behaviour under compression and water permeability characteristics of three

commercially available generic repair materials, together with a plain concrete mix of similar

strength, which was used to provide control specimens for comparison. The stress-strain tests



of specimens were conducted using é steel tube to absorb the pressure release during the test,
when the repair material attained its maximum load. This prevented a sudden failure of the
repair material and allowed the determination of the descending portion of the stress-strain
curve of the material. The strains from the specimens and tube were measured by means of
electrical resistance strain gauges.

The generic repair materials are labelled as A, B and C, where Material A is a blend
of portland cement, graded aggregates of maximum size of Smm and additives, Material B
is a mineral based cementitious material with no coarse aggregate size particles or additives,
and Material C is a single component cementitious mortar which contains styrene acrylic
copolymer and fibre. They are supplied as single component systems by their manufacturers, .
ready for on-site mixing and requiring only the addition of clean water. The mix proportions
(by weight) of the concrete mix were 1 : 2.24 : 3.22; with a water to cement ratio of 0.56.
The cement content was 343 kg/m?. This mix was used as a control for comparison of the
properties of repair materials.

A majority of the specimens were tested at the age of 28 days. The development of
compressive strength with age, for each repair material was also established. A high-
performance, non-shrinkage repair material A, develops strength rapidly and reaches a high
compressive strength at 28 days age.

Details of this series of experiments are given in chapter 3.

2.3.2 Long-term deformation properties of materials

An experimental investigation was carried out in order to establish the shrinkage,
swelling and creep deformations of materials. The effects of varying the curing environment

on shrinkage deformation were examined by using five different curing regimes incorporating

10



different relative humidities and temperatures. Free shrinkage and swelling measurements
were made on four faces of each specimen. The first shrinkage measurement was taken after
24 hours after casting. |

For creep tests, éll the specimens were cured in water at 20°C for 28 days prior to
loading. All the prism specimens for creep tests were accompanied by identical prisms for
free shrinkage data. In the creep tests two prisms of each mix were loaded together in a
standard creep rig. The concentricity of the applied load was ensured by achieving reasonably
similar strains on the four tie rods of the creep rigs. The duration of the creep tests was 90
days followed by creep recovery for a further period of 60 days. The sustained stress-
strength ratios applied to the specimens were 0.30, 0.45 and 0.55 of the 28 day cube
strength. Creep strains under load and creep recovery were measured at regular intervalsion
two opposite faces of each specimen by means of a Demec extensometer over a gauge length
of 200mm.

The results show that shrinkage of the repair materials is significantly greater than
shrinkage of concrete. Also the shrinkage of these specially formulated repair mortars,
especially those modified with a polymer admixture, is very sensitive to relatively humidity
of exposure compared with normal concrete.

Details of this series of experiments are given in chapter 4.

2.3.3 Chloride diffusion into concrete and repair materials

This study was carried out in order to investig'ate the chloride diffusion characteristics
into plain concrete and repair materials of various constituents. The influence of initial curing

conditions on diffusion was also investigated.
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The investigation of chloride diffusion was carried out in two parts;

- In the first part four initial curing conditions were employed for the first 28 days after
casting, before any exposure of the specimens to a chloride solution. Air curing at
20°C, 55% RH, wet/air curing at 20°C, 55% RH, air curing under ambient conditions
and relatively uncontrolled conditions of the laboratory air and water curing at 20°C,

- in the second part, specimens were exposed to a chloride environment at 24 hours
after casting in order to simulate some practical conditions where the repairwpatches

cannot be protected from chloride exposure for a long period after application.

After the initial curing period of 28 days in part one and 24 hours in part two,
specimens were immersed iﬁ a sodium chloride solution (175 gm of NaCl per litre) and
analysis of chloride ingress into specimens tc')ok‘ place after 28, 90 and 180 days of
immersion.

Diffusion coefficients of the various mixes were calculated from the chloride
concentration data. An empirical expression to predict long-term chloride concentration is
derived. A comprehensive review of current data on chloride diffusion coefficients for
concrete and repair materials has been made for use with the long-term prediction models.
Application of this prediction model to the field data of some Arabian Gulf structures is

made. This series of experiments are reported in chapter 5.

2.3.4 Influence of repair materials on the structural performance of reinforced concrete

compression members

This series of tests were carried out in order to study the influence of three generic

repair materials on the structural performance of reinforced concrete compression members

12



and load-strain characteristics of the repaired members.

A total of twenty reinforced concrete column specimens of size 150 X 150 X 750mm
were employed in this investigation. All the column specimens were reinforced longitudinally
with four 12mm diameter high yield steel bars, the centroid of each bar being located at
26mm from the face of a specimen. Mild steel bar of 6mm diameter was used for stirrup
reinforcement in each column specimen. In order to facilitate strain measurement in the
longitudinal steel, studs of 10mm diameter were welded to the longitudinal bars in the
reinforcing cage over a gauge length of 200mm.

The concrete mix from which the column specimens were manufactured had the same
proportions as described in section 2.3.1. Some columns were cast with centrally positioned
voids of depth 55mm and length 200mm, to represent the spalling and corrosion damage
found in practice. The load deformation behaviour across voided and repaired column
specimens was studied upto failure loads.

Uniaxial compression tests were performed on the column specimens under a constant
stress rate of loading. At regular load increments, longitudinal strains in the concrete
substrate and the repaired zone were measured by means of Demec extensometer over a
gauge length of 200mm.

Details of this series of experiments are given in chapter 6.

2.3.5 Long-term structural interaction in repaired compression elements

This investigation was carried out in order to quantify the structural interaction
between a repair patch and substrate concrete as a function of basic material properties such
as shrinkage, creep and modulus of elasticity. Experimental studies were carried out using

three generic repair materials and a control concrete mix to simulate repairs in short

13



compression members. Details of the reinforced concrete specimens are as described in
section 2.3.4.

All the specimens were cured in a temperature and humidity controlled room for 28
days prior to testing. A total of twenty four column specimens were cast in three series.
From the eight columns of each series, four were used for the uniaxial creep test and four
for measuring shrinkage strain. All the specimens were tested for a period of 120 days. Then
voids on two opposite faces were made to simulate spalling of concrete in real life and then
repair work was carried out using generic repair materials A, B and C.

The redistribution of stresses caused by the repair materials was monitored. A
mathematical model was derived to describe the long-term stress distribution in repaired short
compression members. f

Details of this series of experiments are given in Chapter 7.

2.4 MATERIALS
2.4.1 Introduction

This section presents details of materials used throughout the experimental
programme. Two different sources of cement and aggregates were used as indicated in

sections 2.4.2 and 2.4.3. Details of generic repair materials are given in chapter 3.

2.4.2 Cement

Two different sources of cement were used in the course of the experimental
investigation. For the experimental work described in sections 2.3.1, 2.3.4 and 2.3.5 and
presented in chapters 3, 6 and 7, ordinary portland cement was supplied by Caledonian Ltd,

Aberdeen, Grampian. The chemical composition of batches of the cement used is shown in
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Table 2.1. The analysis was carried out at the laboratories of the Chemistry Department,

UMIST, Manchester, in accordance with the relevant British Standards [1].

Table 2.1

Chemical composition of the ordinary portland cement used in the manufacture of the

concrete specimens of chapters 3, 6 and 7

CaO

Si0,

ALO,

Fe, 0,

SO,

MgO

K,O

Na,O

Tricalcium Silicate (C;S)
Dicalcium Silicate (C,S)
Tetracalcium Aluminoferrite (C,AF)

Tricalcium Aluminate (C;A)

64.20 %
20.22 %
4.80 %
3.27 %
2.81 %
2.60 %
0.53 %
0.07 %
47.82 %
23.14 %
8.74 %

8.51 %

For the experimental investigations described in sections 2.3.2, 2.3.3 and presented

in chapters 4 and 5, ordinary portland cement was supplied by Castle Cement Limited,

15



Stamford, Lincolnshire. The chemical composition of batches of the cement used is shown

in Table 2.2. The analysis was provided by the supplier.

Table 2.2

Chemical composition of the ordinary portland cement used in the manufacture of the

concrete specimens of chapters 4 and S.

CaO 64.80 %
Si0, 20.80 %
Al 04 4.90 %
Fe,0; 2.90 %
SO; 3.10 %
MgO 1.00 %
K,O 0.67 %
Na,O | 0.13 %
Tricalcium Silicate (C;S) . 56.1 %
Dicalcium Silicate (C,S) 17.4 %
Tetracalcium Aluminoferrite (C,AF) 8.80 %
Tricalcium Aluminate (C;A) 8.10 %

2.4.3 Aggregates

Two different combinations of fine and coarse aggregates were used in the course of

the experimental investigation. For the experimental work described in sections 2.3.1, 2.3.4
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and 2.3.5 and presented in chapters 3, 6 and 7, fine aggregate was supplied by Lochhills
Quarry, Dyce, Grampian Region. This was a coarse sand conforming to the medium zone
~ limits of BS 882; 1965 [2], as shown in figure 2.1. Coarse aggregate used for the above
experimental investigation was 10mm maximum size crushed grey granite from Lochhills
Quarry, Dyce, Grampian Region. Its grading conformed to the limits defined by BS 882:
1965 [2] for 10mm coarse aggregate, as shown in figure 2.2. For the experimental
investigations described in sections 2.3.2, 2.3.3 and presented in chapters 4 and 5, coarse
aggregate and fine aggregate were supplied by Tarmac Road Stone, East Midlands. The
grading curve for the fine aggregate, which was a natural sand, conformed to the medium
zone limits of BS 882 [2] as shown in figure 2.3. Coarse aggregate was washed, crushed
granite which conformed to the grading for 10mm maximum size coarse aggregate defined

by BS 882: 1965[2] as shown in figure 2.4.

2.4.4 Steel reinforcement

Reinforcing bars used in the manufacture of specimens for the experimental
investigation presented in chapters 6 and 7 were standard 12mm diameter high-yield bars,
with a herring-bone deformation pattern of twin longitudinél projections and transverse ribs.
The chemical composition of the steel is shown in Table 2.3. The analysis of samples of the
steel used in the investigation was carried out at the laboratories of the Department of

Materials Science, UMIST, Manchester [3].

The stress-strain curve for the 12mm diameter steel reinforcement is presented in

figure 2.5.
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Table 2.3 The chemical composition of 12mm diameter high yield steel

reinforcement

Fe % 99.321
- C % 0.052
Si % 0.030
Mn % 0.290
P % 0.012
% 0.008
Cr % 0.020
Mo % 0.020
Ni % 0.030
Al % 0.098
B % 0.001
Co % 0.005
Ca % 0.030
Nb % 0.008
Pb % 0.010
Sn % 0.010
Ti % 0.005
\% % 0.040
w % 0.010
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CHAPTER 3
PROPERTIES OF REPAIR MATERIALS WHICH INFLUENCE LONG-TERM

PERFORMANCE OF CONCRETE STRUCTURES

3.1 INTRODUCTION

Results of an experimental investigation on the basic properties of three generic
repair materials which influence long-term performance of repaired concrete structures are
given in this chapter. The chapter deals with the typical mechanical properties of repair
materials, and compares their performance with plain concrete. Also experimental data on
the complete compressivé stress-strain characteristics of repair materials and plain concrete
are presented. A detailed discussion of the stress-strain behaviour of the materials under
uniaxial compression is made on the basis of the experimental data. A comprehensive

literature review of relevant topics precedes the results of the experimental investigation.

3.2 LITERATURE REVIEW
3.2.1 Introduction

In recent years, repair, refurbishment and maintenance of existing reinforced concrete
structures have become a significant part of the total cost of construction in the U.K. and
elsewhere in the world [4]. A patch repair is an effective restoration technique when an
element or a whole structure shows signs of distress, especially spalling and delamination [5].
Several studies have been carried out to inveétigate the long-term durability of repaired
concrete members in aggressive environments [6-8]. However, the basic properties of repair
materials which influence long-term performance of concrete structures have received little

attention.
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Different repair methods and generic materials are currently in use to overcome
damage in deteriorated structures. The basic mechanical and physical charécteristics of such
available products and the substrate on which they are used need to be established before
assessment can be made and a suitable repair material is chosen, Several researchers [9-12]
have highlighted the potential importance of property mismatch between patch repair

materials and the substrate concrete.

During service life, incompatibilities in the form of differing strength and modulus
of elasticity between repair and substrate concrete can create difficulties, while drying
shrinkage of repair materials may reduce long-term structural efficiency by either initial
tensile strains induced in the repair or due to cracking at the repair/substrate interface. Also,
creep of the repair materials under sustained stress may render the load sharing capacity of
the repair less effective with time. Permeability of repair materials influences the rate of
ingress of aggressive substances such as chlorides and sulphates into them, and consequently
has a major effect on the durability of the repair in the long-term. Table 3.1 shows general
requirements of repair materials for efficient structural repair, as suggested by Emberson and

Mays [13].

In recent years considerable effort has been directed towards establishing a
relationship for both the ascending and descending branches of the stress-strain relationship
of concrete. Even though the ascending branch has been fairly well characterised over the
past years, there is, however, limited information available on the descending part of the

curve due to the various difficulties of testing.
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TABLE 3.1 General requirements of patch repair materials for structural

compatibility [13]

Property Relationship of repair mortar (R)

to concrete
substrate (C)

Strength in compression, tension and flexure R=>=C

Elastic Modulus in compression, tension and R=C

flexure

Poisson’s ratio Dependent on modulus and
type of repair

Coefficient of thermal expansion R=C

Adhesion in tension and shear R=C

Curing and long-term shrinkage R=<C

Strain capacity R=C

Creep Dependence on whether

creep causes desirable or
undesirable effects
Fatigue performance R=C

3.2.2 Test methods on permeability

The permeability of concrete can be measured in situ or in the laboratory on samples
moved from site. The various test methods available have been classified under these two
headings and within these classifications three main processes are identified, absorption and
capillary effects, pressure differential permeability, and ionic and gas diffusion. Some of the

test methods may involve more than one mechanism.
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Concrete is considered to be a porous material, so water can penetrate via the pores
into the concrete matrix. The movement of water through the pores of concrete has many
important consequences in determining the properties and durability of such concrete.
Permeability is a flow property and is defined as the ease with which a fluid will pass
through a material under the action of a pressure differential.

Where the performance of structural reinforced concrete is in question, it is primarily
that portion of concrete within 50mm of the outside surface that is of interest, since the outer
steel bars will almost invariably be located within that region. The main function of the outer
layer concrete ( or repair material in case of a repaired structure ) is to protect the steel from
corrosion by maintaining a highly alkaline and impermeable cover to prevent the ingress of
air and moisture. If the alkalinity of the cover is reduced through carbonation or if chlorides
are present in the cement matrix, rusting of the steel can occur if oxygen and water are
available at the corrosion site. So measurement of the permeability should, provide an

indication of the durability of the concrete and repaired structure.

3.2.2.1 Initial surface absorption test (ISAT )

The test allows measuring the rate at which water is absorbed into a concrete surface.
This is not a test to measure the bulk permeability of concrete. However, the measurement
of the properties of the concrete surface is of particular importance for determining durability
of the embedded steel, frost resistance and weathering.

BS 1881 part 5 [14] describes the methods by which the ISAT is conducted. It
consists of a cap with a minimum surface area of 5000mm? which is sealed to the concrete

surface and filled with water as shown in figure 3.1. The rate at which water absorbed into
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the concrete under a pressure Head of 200mm is measured by movement along a capillary
tube attached to the cap at time intervals 10 min, 30 min, 1 hour and 2 hours, as specified
by the current standard. The results are normally quoted in ml/m?s.

ISAT can be used to measure the effect of curing and formwork stripping times on
surface permeability. There are, however, some practical difficulties with carrying out this
test ‘on site but these are usually overcome with practice. The major difficulties are in
achieving a satisfactory water-tight seal between the cap and the concrete surface and in
securing the cap in place without the use of clamps. The preferred material for use as a seal
is modelling clay, modified to appropriate softness by vaseline. Some new sealing techniques
have been carried out to improve the site use capability of the ISAT equipment [15], but no

suitable alternative sealing material has been developed.

3.2.2.2 Figg method

This method is intended to provide a measurement of the properties of the surface
skin (cover) of concrete in a relatively non-destructive way. The results are quoted as the
number of seconds for a given, but arbitrary, air pressure or water volume change. The
method is considered to be a permeability method and it is possible that true permeability

may be calculated from the results obtained from the Figg method.

3.2.2.3 Original work by Figg

The test is conducted by drilling a hole of 5.5mm diameter and 30mm depth into the
concrete [16]. After thorough cleaning, the hole is plugged for part of the depth by polyether
foam and then sealed with a catalysed silicone rubber. Measurements of concrete properties

using either air or water can then be made with slight variation in the equipment as shown
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in figures 3.2 and 3.3 [16].

In case of water , a head of water of 100mm was used as shown in figure 3.2 and the
time for the meniscus to travel 50mm is recorded. It is considered that the measurements are
relatively insensitive to the actual head of water used, as capillary suction is dominant.

In this test, it should be noted that the aggregate type affects the absolute value of the

result.

3.2.24 Modified Figg methods

Some workers have used Figg’s original method [17], others conducted similar work
but with modified equipment or methods. These modified methods by Pihlajavaara and Paroll
[18], Richards [19], Building Research Establishment [20], Cather et al [21] and Kasai et al.
[22] were derived for a number of reasons. One of these reasbns is that the original published
paper did not give full details of the equipment used by Figg and, therefore, some other
workers have used equipment which was available in their own laboratories.

Comparison of results between the different workers has been difficult to achieve,
although the techniques used are similar. This is due to the difference in the total volume of
the test system. The measurement is the time for a pressure change in a given volume of air
as a result of air movement into the drilled hole. Different times are obtained as the total
"dead" volume of the system differs. The volume includes the hole, the manometer and any

part of the equipment open to these at the time of test.

3.2.2.5 Pressure induced flow (liquids or gas)

True permeability can be measured by using these tests. Specimens (a core or a cube)

should be sealed from all faces except the two opposite parallel faces between which the flow
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of a liquid or a gas can be promoted by an applied pressure. This test can be impractical,
especially on low permeability concrete using a liquid because of the length of time taken to
conduct each test. In such cases other tests may be performed based on

the measurement of the depth of penetration of liquid as observed on subsequent splitting of
the test sample.

A typical cell arrangement is shown in figure 3.4 [23]. The test specimens are discs,
50 mm thick and 100 mm diameter, cut from cylinders of 100mm diameter X 200 mm long.
The test specimen is cast into a resin sleeve with a similar taper. Flow past the specimen is
prevented by an O-ring seal between the other surface of the resin sleeve and the inner face
of the brass sleeve.

Specimen preparation involves masking the top and bottom faces of the discs, and
placing them in a brass mould identical to that used in the test rig. The annular space is then
filled with epoxy resin to form the tapered resin sleeve. After the resin has cured for 24
hours the specimen is removed from the mould and weighed before being installed in the
permeability rig. After completion of the test, the specimen is again weighed, to determine
the increase in moisture content during test.

The cell is designed to operate at working pressures up to 10.3 X 10° N/m? (150 psi).
Flow is normally measured by observing the rate of flow of water through a calibrated glass
tube. Water pressure is applied from a pneumatic reservoir, the pressure being controlled
from a standard gas cylinder and valve. For concretes with very low permeability coefficients
(less than 102 m/s or 10"° m2) complete penetration of the specimen may take several days
or more. In such cases the specimens are removed from the test rig after about two weeks
and split, and the permeability coefficient calculated from the measured depth of water

penetration.
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3.2.3 Techniques to represent the complete stress-strain curves

Various techniques have been proposed in an attempt to represent the complete stress-
strain curve of concrete. As a result of these techniques various stress-strain functions have
been produced as summarised in Table 3.2. Most of these equations, developed by different
researchers, are rather complex [24] or require more than one function [25] to cover the full
range of concrete strengths commonly obtained with ordinary concrete.

Carrerira and Chu [26] have developed an equation to represent the ascending and

descending branches of the concrete, as follows :-

/
£ Blefed o)

7 B-le(eleh?

p=—1
1- I (3.2)
G:Eit
Where
£, = the maximum stress usually considered as the concrete compressive
strength of cylindrical specimens
E, = the initial tangent modulus
€, = the strain corresponding to the maximum stress
€ = concrete strain

Other researchers [27-30] have developed techniques to represent the complete stress-
strain curves; some of these techniques are very expensive due to the fact that these
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techniques require non-standard testing machines which are not available in most
laboratories. For example, Barnard [29] used a testing machine which applies strain to a
specimen at a constant rate and is stiff enough to allow the load to fall off in a failing
specimen. |

Kosaka et al [31] proposed a mathematical expression for complete stress-strain curves
of concrete under uniaxial compression based on experimental data obtained from
reference [32]. The expression requires some information about properties of concrete, curing
method and compressive strength of concrete. These mathematical expressions are in
agreement with the experimental stress-strain curves for the ascending branch but are in
disagreement with the descending part [33].

Desayi and Krishnan [34] have proposed a simple equation for the ascending and
descending curves of concrete, thus avoiding the use of two separate equations. The only
limitation of their equation is that it does not take into account the effect of the rate of
stressing or straining on the stress-strain relationship.

Many other investigators [35-37] have proposed equations for the complete stress-
strain curve based on the properties of the ascending part. Wang et al [38,39] have adopted
a relatively simple experimental technique to obtain the stress-strain curve including the
descending branch up to 0.006 strains. The stress-strain curves were obtained by testing
ordinary concrete cylinders. The cylinders were loaded in parallel with a steel tube designed
specifically for that purpose. The steel used for the tube was such that it remained linear
elastic up to a strain of 0.006. The thickness of the tube was designed in such a way that the
sum of the load carried by the cylinder and the tube was always increasing up to the strain

of 0.006.
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TABLE -3.2 Expression for complete stress-strain curves available in literature

Authors Ref. Stress-Strain equation Remarks
Saenz 35 | E[14+BE/E-2)(e/e)) + (1-2E/E)(e/eo)’]
" " Ee
1+ (E/ E0'2) (G/ Eo) + (E/ 60)2
Desay and 34 Ee Implies
Krishnan 14 (e/ep)? E/E, = 2
Smith and 36, E, <0 Implies
Young 37 E/E, = ¢
Wang et al 39 AX+BX? implies
1+CX+DX? y= flfo, X =€le,
Eo= foleo
A,B,C,D Constant
Carreira and 26 fIf’. = _B(ele’) Implies
Chu B-1+4(e/e’ )B = _1
1 - td
€ Eq
Popovics 32 f=fe _nl _ Considering
n-1-+(e/ey)” € = €
E ={(fo/e)
(n/n-1)}
Smith G.M 36 f=f eelo f*.=Comp strength
Young L.E € €= concrete strain
e = variable strain
in compression
block
e= natural
logarithm base
= 2.718
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Table 3.2 : continued

Authors Ref Stress-Strain equation Remarks
Tsai 41 Y= mX Y =f./ ., X=¢le at
1+(m-_n )X + _X" Y=1, m=E/E, nisa
n-1 n-1 factor to control the

| steepness of descending
portion, m is a factor
for ascending portion.

The purpose of using the tube was to absorb any release of energy from the testing machine
when concrete load capacity began decreasing after it reached its maximum stress.

Liu et al [40] have developed a general stress-strain relationship for concrete under
uniaxial and biaxial compression. The aim of their study was to look closely at concrete prior
to failure and to develop a practically useful relationship between stress and strain, then to
establish failure criteria for concrete under combined stress. The proposed stress-strain
relation was in good agreement with experimental and analytical results.

Tsai [41], along with various other researchers, has recognised that the descendin;g
portion of the stress-strain curve is as important as the ascending part especially if the
ductility of the concrete member is desired. For that purpose he proposed a new equation to
represent the uniaxial compressive stress-strain relationship. The equation generated was
based on Popovics [32] then Saenz [35], which consists of two parameters, one for the
ascending part and the other to control the ascending part.

Shah et al [42] used a servo-controlled closed-looped testing machine to obtain the
complete stress-strain curve. They claimed that the testing specimen interaction plays an
important role in determining the post peak behaviour of concrete specimens subjected to
uniaxial compression. As a result of their tests they concluded that when the specimens were

loaded so as to control the rate of axial strain increase, unstable failure occurred when the
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diameter or the length of specimen or the strain rate was increased.

The shape of the stress-strain curve can be related to the failure of concrete under
load, which takes place through progressive internal cracking [43]. The curve starts off with
a linear portion up to about 30 percent of the ultimate load, and beyond that point, the curve
deviates gradually towards the horizontal to reach a certain stress which is called the
"critical load". Beyond that the stress-strain curve begins to bend more sharply to the
horizontal and then, having reached the peak, it begins to descend and ends up with a
descending tail.

Gilkey and Murphy [44] reported that the curvature of stress-strain curve increases
with the amount of aggregates in the concrete. They have also reported that variances in
water/cement ratio, curing and age may introduce differences in the relative deformations as

well as the effect these factors have on strength.

3.2.3.1 Process of fracture of concrete

Concrete may be regarded as a composite material consisting of two phases, namely,
aggregates and cement paste. This consideration yields valuable information concerning some
physical and mechanical properties of concrete.

The stress-strain diagram of the hardened cement paste, aggregate and concrete, based
on reference [45] are shown in figure 3.5. It is evident that the aggregate as well as the

hardened cement paste exhibit a brittle behaviour. The stress-strain curve of concrete deviates
from linearity even at low loads and has a descending slope after ultimate load [30,38]. It
was recognised at early stages that the marked difference between the deformation of
concrete and that of its constituents is mostly due to crack formation [30,38]. Normally when

specimens are loaded under compression, the cracks that may occur are vertical cracks due
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to tensile stresses induced in the matrix perpendicular to the direction of applied compressive
stress and inclined cracks which occur at the coarse aggregate interface due to the relative
movement between aggregate and matrix. The various stages of crack formation as related
to the applied compressive stress and the process of fracture are discussed in the following
section.

3.2.3.2 Crack initiation

In materials like concrete, internal micro cracks are present even before the
application of any load due to settlement of fresh concrete [46,47]. This stage of micro-
cracking is referred to as the " initial condition "[48].

The micro-cracks at the "initial condition" are concentrated at the interface of
aggregate particles and cement paste [45,46 and 49,50]. These micro cracks constitute a
major proportion of the crack phase in a concrete specimen at each stage of‘ loading until
failure occurs [51,52].

It is generally known that when concrete is subjécted to a uniaxial compressive
loading, internal micro cracking will occur from a certain stress level. This stage of fracture
is called " stable crack initiation " which occurs usually at low stress levels approximately
up to 40 percent of the ultimate compressive strength of concrete [51], as shown in figure
3.6. This stable crack initiation continues to a stress level beyond which a stage of stable
crack propagation commences in the material [52] as shown in figure 3.6. Further
considerable micro cracking occurs at a stress level during the transition phase between the
state crack initiation and stable crack propagation zones.

Several researchers [52,53] have pointed out that at this stress level, which is about
40-55 percent of the ultimate strength of concrete, its poisson’s ratio begins to increase. This

point known as the crack "initiation stress” [52,54] which is indicated in figure 3.6.
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Newman K, and Newman B. [49] have also observed an inflection point on the stress-
volumetric strain curve at 50 to 60 percent of the ultimate strength as shown in figure 3.6,
called as "discontinuity point". Again from the figure, an unstable propagation zone follows
- the stable propagation stage. This point between the two zones is called the "critical stress"
level [55]. The critical stress level occurs at 70 to 90 percent of the ultimate compressive
strength [49,50] and is reflected by the dilation of the matrix structure. Newman et al [49]
concluded that at this point there is a reversal of the volumetric strain on the stress-strain
curves.

Unstable crack propagation takes place beyond the critical stress due to excessive
development of internal microcracks in the concrete. At this stage the concrete becomes
unstable and the sudden release of strain energy makes cracking self-propagating until
complete failure takes place. The presence of aggregate and bond cracks at the aggregate-
matrix interface, impact post-cracking ductility and hence enable concrete to sustain
deformation beyond the maximum stress. This gives rise to the descending branch of the

stress-strain curve as shown in figure 3.6.

3.3 EXPERIMENTAL PROGRAMME

In this investigation experimental work was carried out in order to generate
information on the typical properties and complete stress-strain curve of concrete and the
three different repair materials under uniaxial compression.
3.3.1 Materials and details of mixes

Three commercially available generic repair materials which are labelled A, B and
C were used in this study, together with a plain concrete mix of similar strength, which was

used to provide control specimens for comparison.The repair materials A, B and C are
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supplied as single component systems by their manufactures, ready for on-site mixing and
use and requiring only the addition of clean water. Details of the repair materials are as

follows :-

Material A is a blend of portland cement, graded aggregates of maximum size Smm and
additives which impart controlled expansion in both the plastic and hardened state whilst
minimising water demand. The material is supplied by FOSROC (UK) Ltd. This high
| performance, non-shrinkable concrete is used for the reinstatement of concrete by partial or
total replacement. The material conforms with the requirements of the Department of
Transport Standard (BD 27/86, Clause 4 ) " The repair of concrete Highway Structures ",
and has also been formulated to comply with the requirements of the DTp specification for
Highway works, Clause 1704.6 control of alkali-silica reaction.
Water addition:- 4 litres per 30 kg pack to give typical density of the fresh material 2069

kg/m*

Material B is a mineral cementitious material with no additives, supplied by JAHN
(Netherlands). It is relatively porous to allow leaching of salts to continue from contaminated

concrete after its repair.

Water addition:- 3 litres per 20 kg pack to give typical density of the fresh material 1575

kg/m’,

Material C is supplied by FLEXCRETE (UK) Ltd. It is a single component cementitious
mortar which incorporates most advanced cement chemistry, microsilica, fibre and styrene

acrylic copolymer technology. This results in a rapid hardening, low density, high strength

40



mortar with enhanced polymer properties. The thixotropic nature of the product enhances
easy trowel application in structural repair of voids, rendering and in reprofiling of both
vertical and horizontal surfaces.

For normal application use from 2.5 to 3.0 litres of clean water per 20 kg pack depending

upon desired consistency and it gives fresh density ranges between 1650 and 1750 kg/m’.

Plain_concrete mix used for comparison with the repair materials had constituents of
Ordinary Portland cement, fine aggregate conforming to Zone ‘M’ of BS 882, and coarse
aggregates of maximum size 10 mm. The mix proportions (by weight) were 1 : 2.24 : 3.22,
with a water/cement ratio of 0.56. The cement content was 343 kg/m’.

The grading curves for the generic repair materials are shown in figure 3.7. It is quite
apparent from figure 3.7 that, material A is much coarser than materials B and C. For
example, in material A there is a significant amount of aggregates of particle size 1.18mm
or greater, whereas in the case of materials B and C all particle sizes are much less than
1.18mm. Also, the grading of materials B and C are quite similar. In the case of the concrete
mix, grading is much coarser, comprising of medium zone sand and 10mm maximum size

coarse aggregate.

3.3.2 Casting, curing and testing

Concrete mixing was carried out in a pan type mixer. Mixing of each repair material

was carried out according to the manufacturer’s literature.

3.3.2.1 Strength tests

Eight 100mm cube specimens and two prism specimens of dimensions 100 x 100 x

500mm were prepared in cast iron moulds for each of the three repair materials and for plain
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concrete. The specimens were demoulded twenty four hours after casting and subsequently
cured in water at 20°C by immersion in a plastic tank filled with water, which was kept
under controlled temperature conditions in the laboratory. The compressive strength tests
were carried out at 3, 7, 14 and 28 days in accordance with BS 1881 : part 116 [56]. The
flexural strength of prism specimens was determined under four point bending in accordance
with BS 1881 : part 118 [57], at the age of 28 days.

3.3.2.2 Elastic modulus test

Two 100 x 100 x 500mm prism specimens of each mix were tested to determine the
static modulus of elasticity at 28 days. Specimens were cured in water at 20°C. Strain
readings were taken at regular load increments on opposite longitudinal faces of a prism. A
demec extensometer of gauge length 200mm was used for the purpose.

3.3.2.3 Coefficient of water permeability

Five 100mm diameter X 200mm high cylinder specimens were cast for each repair
material. The specimens were demoulded after 24 hours of casting and were left to cure in
a water tank at 20°C until the day of the permeability test. The specimens were taken out of
the water tank after 28 days, and each cylinder was segmented into three slices. The slices
were cut by a masonry saw, parallel to the top cast face of the cylinder. A circular disc of
diameter 100mm and thickness 40mm + 1mm was obtained from the middle portion of a
cylinder to provide a test specimen for the permeability apparatus. The remaining parts of
the cylinders were discarded.

A "liquid Permeameter" apparatus was used to determine the coefficient of
permeability of water through the disc specimen which was held in a hydrostatic cell within
the permeameter. A constant flow of water was established through the sample during the

test and the pressure across the sample and flow rate were monitored. A knowledge of the
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viscosity of the fluid used (water) and the dimensions of the specimen was used to determine
the coefficient of permeability using Darcy’s law [58]. The following equation was used to

calculate the coefficient of water permeability [58] :-

K- % (3.3)
Where,
Kip = coefficient of water permeability (m/s)
Q = volume flow rate (m?/s)
X . = specimen thickness in the direction of flow (m)
A = area of flow (m?)
h = head of water (m)

A constant flow of fluid is established through the sample, which is held in
hydrostatic type cell, and the pressure across the sample is known (cross-section and length),
as well as the viscosity of the fluid used, Darcy’s law will provide the permeability.

General layout of the instrument is shown in figure 3.8. All system components are
mounted in or on a rugged steel housing. The system comprises ( as shown in figure 3.8 )
the sample holder, the confining pressure sensor and readout unit. The reservoir for the
hydraulic fluid used in confining pressure system is placed internally, but the reservoirs for

sample flooding fluid and piston rinsing (metering pump) will be external.
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The sample holder is a hydrostatic cell, manufactured from stainless steel and rated
for use with pressures up to 100 Bar. The cell consists of a cylindrical shell and two
endplates. The end plates are held in position with a threaded retained ring. The top plate is
also the fixed platen for the sample, and has fluid distribution rings machined on its inside.
The sample holder is fitted with two sets of platens: one for samples with a diameter of
100mm, and one for samples with a diameter of 42mm. The maximum sample length
accepted is 200mm. To enable easy loading and unloading of samples, the top plate

connections are fitted with Quick-Connects.

The sample is held in its position, and effectively sealed along its circumference, by
applying a confining pressure on the outside of the core sleeve. The confining pressure can
be read from a gauge which is always connected to the sample holder. The cell is filled and
pressurized with a handpump, which is separated from the cell by a needle valve marked
"LOAD/HOLD CP". When emptying the cell the valve marked "RELEASE CP" connects
the cell with the hydraulic fluid reservoir. To prevent too large pressure build-up, a pressure
relief valve has been mounted in the circuit, which cracks at 50 bar approximately. A needle
valve is also fitted to release pressure when the test is stopped. Both the needle valve and the
pressure relief valve vent to a 1/4" fitting on the left hand side of the instrument, to allow
connection to a drain or waste reservoir.

Pressure is measured directly at the core face, through a separate port in the fixed
platen. The pressure sensor has a range of 0-35 Bar gauge and a digital readout is fitted with
a buffered analogue output of 2 V full scale, which can be connected to any computer with

a suitable A/D interface card. This tests were carried out at the University of Aberdeen.
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3.3.2.4 Stress-strain curve

From each mix three 75 X 75 X 300mm prism specimens and twelve cubes of 100
X 100 X 100mm were cast. The prism and cube specimens were demoulded after one day
of casting and were left to cure in a water tank, under uncontrolled conditions of laboratory
temperature until the day of test. The specimens were taken from the water tank after 28
days and left to dry in air, under uncontrolled conditions of laboratory temperature and
humidity. That was in order to attach electrical resistance strain gauges to the prismatic
specimens.

Little information is available on the complete stress-strain curve of generic repair
materials. The reason for this lack of information is due to the difficulties associated with
testing machines and measuring the descending portions of the curve. Most of the testing
machines used by researchers are standard compression machines. Unfortunately these
machines are constant stress machines rather than constant strain machines, which are
controlled by a load rate instead of a constant strain rate. In addition the rigidity of the
machines is limited so that sudden failure of specimens occurs soon after reaching the peak
stress due to the sudden release of the energy stored in the machine. Many research workers
[29,59-62] have developed different techniques to tackle this problem and to compensate for
sudden energy release by acquiring new machines or modifications to the existing ones to get
the post-peak behaviour of concrete. Unfortunately, most of these new techniques tend to be
very costly.

In this research programme a simple method has been developed to obtain the
descending portion of the stress-strain curve up to a strain of 0.007, as shown in figure 3.9.
This technique is similar to those used by other researchers [37,59] and was developed in a

previous research project [33].
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Concrete and repair material prisms of 75 X 75 X 300mm dimensions were loaded
in parallel with the steel tube by means of a constant stress loading type of testing machine
as illustrated in plate 3.1. The steel tube was of thickness 3.5mm and had been designed in
such a way that the load kept on increasing even when the concrete had failed inside the
tube. The steel tube was made of mild steel conforming to BS 4360-43A, which was heat
treated to behave elastically up to strains of 0.007.

During a test, to ensure the specimen and the tube were in direct contact with the
loading platen simultaneously, brass shims were used as capping (figure 3.9), the thickness
of the brass shims was varied for different specimens to between 0.002 to 0.2mm. The strain
readings from the tube were taken by means of electrical resistance strain gauges of 30mm
gauge length which were attached longitudinally at mid-height of the cylinder on two opposite
positions as shown in plate 3.1 and figure 3.9. Electrical resistance strain gauges were also
attached at the centre of two opposite faces of the test specimens as shown in figure 3.10.
The gauge length was 30mm and the gauges were attached both longitudinally and laterally
in order to measure strains in these directions. These strain gauges were connected to two
strain meters, one for the tube strain readings and the other for test specimen readings. The

strains recorded were in micro-strains (Plate 3.1 ).

The strains recorded from the two opposite faces of the tube were averaged. The
strain readings were recorded at regular increments of load (approximately 50 kN) right up
to the end of the test. Concrete and repair material strain measurements were stopped when
the specimens started cracking and strain became erratic whereas the strain readings from the

tube were recorded right up to the end of the test. The strains obtained from the opposite
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locations were combined to obtain average values. From these results, longitudinal strains
were plotted against applied stress as described in section 3.4. Volumetric strains were also

calculated from these data using the following’relationship -

€vot = €jong ~ 261, 3.4)
Where:-
€val = the volumetric strain
€long = the strain measured in the longitudinal direction
€pat = the strain measured in the lateral direction.

The cubes representative of each stress-strain curve test specimen were tested on the:

same day for the cube strength.

3.4 RESULTS AND DISCUSSION

3.4.1 Strength and elastic modulus

Table 3.3 gives the results of the strength (compressive and flexural) and elastic
modulus tests on each repair material and figure 3.11 represents the development of
compressive strength with age, for each repair material. Figure 3.11 shows that the high-
performance, non shrinkable repair material A, develops strength rapidly and reaches a high
compressive strength at 28 days age. Similarly the elastic modulus and modulus of rupture
of material A is much greater than the other materials (Table 3.3). Repair materials B and
C and the plain concrete mix have similar elastic moduli and flexural strengths. Their

compressive strength is in the range of 33 - 44 N/mm’ (Table 3.3).
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Plate 3.1 Test setup.
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TABLE - 3.3 Some Typical Properties of repair materials.
Material Compressive strength Flexural Strength | Elastic Modulus
(N/mm?) (N/mm?) (KN/mm?)
Age (at 28 days) (at 28 days)
A - 3 days 36.20
- 7 days 46.30 7.74 31.98
- 14 days 56.75
- 28 days 63.70
B - 3 days 25.10
- 7 days 29.90
- 14 days 31.30 4.21 19.10
- 28 days 33.00
C - 3 days 31.00 3.69 18.30
- 7 days 39.70
- 14 days 41.95
- 28 days 44.00
Concrete | -28 days 40.60 4.40 19.81
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3.4.2 Water permeability

The water permeability results for each of the three repair materials and concrete
are given in Table 3.4. All the permeability coefficients were derived from flow
measurements using Darcy’s equation (3.3). Measured values of flow rate and the calculated

permeability in terms of Darcy coefficient K;, in m/s are given.

The performance of the four materials tested varied significantly, the highest water
permeability coefficients being recorded for the porous mineral based material B. For
example, mean value of permeability coefficient K;j, (m/s) for materials A and C are 2.53
X 10" and 1.33 X 10" respectively, while for material B it is 5.62 X 10!, which shows

more than an order of magnitude increase in permeability relative to the other materials.

The data in Table 3.4 show that the plain concrete repair mix has similar permeability
coefficients as the repair materials A and C while its strength is similar to mix C and lower
than mix A (Table 3.4). This indicates that the special formulations used for repair materials

A and C do not significantly improve their impermeability.

3.4.3 Stress-strain curves

Tests were conducted on prisms of dimensions 75 X 75 X 300mm. Details of the test
procedure are given in section 3.3.2. During testing, the strains were measured in
longitudinal and lateral direction on the two opposite faces of the prism (figure 3.10) at each

load increment. The strain readings taken from two opposite sides were compared and
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TABLE - 3.4 WATER PERMEABILITY RESULTS
MIX | SPE [ FLOW RATE WATER HEAD PERMEABILITY
No. (ml/min) (h) COEFFICIENT"
KLD
From Measured Time

Machine (Actual) (m) (min) (m/s)

1 0.001 0.0018 656.61 815 2.33 X 10"

2 0.001 0.0009 833.18 1440 0.92X 10"

A 3 0.001 0.0024 534.91 560 3.81 X 10"
4 0.001 0.0021 586.78 1430 3.04 X 10

1 0.050 0.092 144.86 710 5.39 X 10

B 2 0.050 0.046 68.05 810 5.74 X 10!
3 0.050 0.046 68.05 695 5.74 X 10

1 0.001 0.0011 651.62 445 1.43X 10"

C 2 0.001 0.0007 707.48 590 0.84 X 101
3 0.001 0.0013 637.66 960 1.73X 10"

C 1 0.005 0.0044 714.47 1545 523X 10"
o 2 0.005 0.0031 520.94 795 5.05 X 108
N 3 0.005 0.0055 | 265.57 855 17.5 X 10
C. 4 0.005 0.0060 331.41 1555 15.4 X 10"

(* Calculated from Equation (3.3), by using actual Flow rate )
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averaged. The longitudinal steel tube strains on two opposite sides were also taken to
establish the full behaviour of the concrete specimen inside the tube. All strains were
measured by means of electrical resistance gauges of gauge length 30mm as shown in figure
3.9 and plate 3.1.

Figure 3.12 shows a typical load versus the averaged recorded strains graph taken
from the repair material A and the steel tube in the longitudinal direction. It is clear from
figure 3.12, that the repair material (A) specimen and the tube are not both in direct contact
with the platen of the testing machine at early stages of loading. This is shown by the
difference in the two graphs (a) and (b) of figure 3.12 which are not matching each other
and, therefore, Aindicate different strains in material A and the steel tube. Therefore, due to
this difference in the two averaged longitudinal strain readings (from tube and repair material
A), the reading considered for the stress-strain curves of repair material A are the average
longitudinal strains recorded directly from the material A specimen at early stages of loading.
After a certain applied load both the test specimen and the tube come in complete contact
with the platen and start to deform together with load increments. This occurs at 375kN load
in figure 3.12 when the initial slope of the load-strain graphs of both repair material A and
the steel tube changes. From this point onward, each further increment of loading leads to
an equal increase in strain of both the test specimen and the steel tube. Hence monitoring the
steel tube strains and from the knowledge of the total applied load, the repair material A
stress-strain behaviour can be evaluated. At high loads and during the descending branch of
the stress-strain curve, therefore, strains of repair material (A) were determined from the

strain plot of the tube such as the one given in figure 3.12, as follows :-
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In figure 3.12, the strain in repair material (A) at 375kN load is

€ry;s = 1460.5 microstrain

The corresponding strain in the tube, €gz;5 = 89 microstrain.

The low value of the tube strain indicates that the repair material specimen was
slightly longer than the tube and came in contact with the platen first. ( This was purposely
ensured during the tests.)

The difference in strain = egy5 - €537 = 1371.5 microstrain.

Therefore, at any general load greater than 375 kN, say at 900 kN, the strain in the
repair specimen will be :-
er = ( €ue + 1371.5 ) microstrain.
At 900 kN, this will be:-

€roco = 2328 + 1371.5 = 3699.5 microstrain.

The load taken by the steel tube is calculated from the relationship :-

P = A.c.E (3.5
Where :-
Py = the load taken by the steel tube
€ = the strain measured in the longitudinal direction on steel tube
A = the cross-sectional area of the tube
E = the Young’s Modulus which is calculated from the calibration

graph of the tube before the test (figure 3.12)
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Hence,

P, = Py + P (3.6)
Where:-
P, = total load carried by test specimen and tube
i.e machine applied load.
Py = the load taken by repair material test specimen alone.

Therefore, the stress carried by repair material specimen is evaluated as :-

_ PPy
Op=
A
repair
3.7
Where:-
Or = stress in test specimen.
A fepair = the cross-sectional area of specimen tested.

Hence stress-strain curves are obtained by this technique.

Typical examples are shown in figures 3.13 to 3.15 for three different repair material
specimens and in figure 3.16 for control concrete specimen. Each stress—gtrain curve
presented in this chapter is an average of three prism specimens.

Together with the longitudinal strain, the lateral strains in specimens were monitored
and the lateral stress-strain behaviour is plotted in figures 3.13 to 3.16. The experimental

data for repair materials and the concrete are recorded in Table 3.5. These include strain
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capacity ( longitudinal, lateral and volumetric ) at initiation stress and critical stress. One of
the most interesting aspects of these tests was the similarity in the ascending portion between
the repair materials and concrete specimens while the descending portions of some repair
materials were very different. The existence of the descending branch means that material
has a capacity to withstand some load after the maximum load has been passed because the
linking of microcracks is delayed before complete break-down. From figures 3.13 to 3.16,
in high-strength repair material A both ascending and descending parts of the curve are
steeper compared to other two repair materials (B and C) and this implies a more brittle type

of behaviour.

3.4.3.1 Initiation stress

As stated previously in section 3.2.3.1, the boundary between stable crack initiation
and propagation zones in figure 3.6 is referred to as the crack " Initiation Stress " [52,54].
This crack initiation stress corresponds to the point when poisson’s ratio of the material starts
to increase and the volumetric strain curve deviates from linearity [52,54]. The relationship
between poisson’s ratio and applied stress for the plain concrete and three different repair
material specimens tested is shown in figure 3.17. A close examination of figure 3.17 shows
a distinct reduction in the stress-strength ratio at the initiation point for repair materials B and
C. For example, in plain concrete specimen of figure 3.17, the initiation stress-strength ratio
is 0.58 which is in agreement with the range of values found by other researchers

[33,45,49,52]. The corresponding values for the repair materials B and C is 0.3.
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The cause of this reduction in the crack initiation stress-strength ratio of material C
is most likely to be the greater interfacial surface area between the matrix and inclusions,

which is generated due to polymers and fibres addition.

3.4.3.2 Critical stress

In Figure 3.6 of section 3.2.3.1, the " Critical Stress " has been defined as the
boundary between the stable and unstable crack propagation zones [33] and this stress level
is reflected by the dilation of the matrix structure. Hence, this level corresponds to the point
on the stress-strain curve where a reversal of volumetric strain occurs. The critical stresses
of the specimens investigated in this study were determined from the stress-strain curves and
are recorded in Table 3.5. These are also indicated on the typical stress-strain graphs in
figures 3.13 to 3.16.

Table 3.5 and figures 3.13 to 3.16 show that the range of critical stress-strength ratios

is between 0.78 to 0.83 for repair materials and 0.80 for plain concrete specimens.

3.4.3.3 Ultimate strain

The results in figure 3.18 show the comparison of stress-strain curves of concrete with
repair materials, which were obtained in this investigation. Each curve in figure 3.18
represents the average values obtained from three prism specimens. It is clear from this
figure that the ultimate stress level and the post yield characteristics are influenced by the
material constituents. For example, material A which has high strength and subsequent high
elastic modulus shows the highest ultimate stress level.

The ultimate strains ( at maximum stress) of concrete and repair material specimens

tested in this investigation varied between 1300 microstrain to nearly 6200 microstrain as can
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be seen from figure 3.18. Typical examples of stress-strain curves obtained in this
investigation and by others [33,38,39] using the same experimental method are plotted in
figure 3.19. The ultimate strains (at maximum stress) obtained in specimens of this
investigation and reference [33] show similar values in figure 3.19 but the ultimate strains
determined in references [38,39] are much greater, ranging between 3000 to 3800
microstrains. The strains at failure from references [38,39] are around 6000 microstrains
whereas failure strains measured in this investigation and by Halabi [33] are found to be
around 3800 microstrains. The possible reason for the higher (concrete) ultimate strains in
references [38,38] is due to their assumption that the tube and concrete strains are the same
at the initial stages of loading and, therefore, taking the strains directly from the tube rather

than concrete specimen itself.

3.4.3.4 Strain capacity and mode of failure

The ductility of a repair patch is its ability to sustain significant inelastic deformation
without any considerable variation in load resisting capacity prior to failure. Ductility can be
measured by the property of toughness and the strain capacity of the material at post-peak
level.

In this investigation, the post yield strain capacity of generic repair materials and
concrete mix is assessed by considering the longitudinal strains at a stress-strength ratio of
0.4 on the falling branch of the stress-strain curves in figure 3.18. Figure 3.20 represents the
relationship between repair materials and strain at this stress-strength ratio. These results
indicate that polymer additives in repair rﬁaterial C cause a substantial increase in the
longitudinal strain capacity. Similarly a high strength and subsequent high elastic modulus

of the repair material also have influence on ultimate stress level. For example, the
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longitudinal strain capacfity were 3011, 2141 and 6541 microstrains for repair materials A,

B and C respectively, and for plain concrete 3059 microstrain.

All the specimens tested ( concrete and repair materials ), failed in a gradual manner.
Concrete and Repair material A specimens tested were characterised by extensive splitting
cracks running longitudinally from the top of the prism to the bottom, but in the case of
repair materials B & C some lateral cracks also occurred. When the steel tube was removed
after the tests, the specimens were found to be extensively damaged. High-strength repair
material A specimens failed in a brittle manner within the steel tube despite its ability to
absorb the energy release associated with failure. The result was total collapse of repair

material (A).

3.5 FURTHER DISCUSSION

The elastic modulus of repair materials is an important property - a high strength and
consequently high elastic modulus of the repair material will increase the load sharing
capacity of the repair patch. A mismatch in elastic modulus between the repair patch and
substrate concrete can result in a redistribution of stress within the repaired member, but
stress levels will depend on the proportion of load which is carried by the repair.

It is well established that it is economical to use aggregates in concrete mixes, which
also lead to a technically superior material due to its dimensional stability, ductility and
stiffness provided by aggregate to the cement paste matrix [26]. Similar benefits can be

achieved by using fine and coarse aggregate size particles in the repair mixes.
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It is generally accepted that deterioration processes in concrete structures, such as
reinforcement corrosion, can be determined largely by the ability of the cover z.one material
to resist the ingress of deleterious agents from the environment. Therefore, the permeability
of repair materials should provide an indicator of durability against reinforceﬁent corrosion
of repaired element. Polymer additives in repair materials show a small decrease in the water
permeability. For example, from the results of material C it is clear that its compressive
strength, stiffness and permeability are similar to a good quality concrete. If the excessively
high elastic modulus material A is used for repair on a normal grade concrete substrate,

excessive redistribution of stress to the patch would result.

3.6 CONCLUSIONS

The following conclusions are based on the experimental results reported in this
chapter on the repair material properties which influence long-term performance of repaired
concrete structures:

1. Compressive strength and modulus of elasticity are greatest for the generic
repair material A which contains small aggregate particles and has a low
water/powder ratio.

2. Presence of a polymer additive in the repair material reduces its water
permeability. For example, the water permeability coefficients, K, (m/s), for
the cementitious material with polymer additives is 1.33 X 10 compared
to 5.62 X 10" for the repair mortar which is based on a mineral cement
binder. The permeability coefficient of a plain concrete mix of similar strength

was in the range (5 to 15) X 10" m/s.
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The ultimate stress level (at maximum load) of specially formulated repair
materials varies significantly, the lowest ultimate stress being recorded for the
porous mineral based material B. For example, average value of ultimate stress
for materials A, C and control concrete were 62, 47 and 50 N/mm?
respectively, while for material B it was 25 N/mm?,

The post-peak strain capacity of the material modified with a polymer
admixture is markedly improved leading to a more pronounced falling branch
of stress-strain curve.

Test specimens of high-strength repair material A fail in a brittle manner
whereas the specimens of other two repair material ( B and C) tended to fail

in a ductile manner.
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CHAPTER 4

LONG-TERM DEFORMATIONS OF REPAIR MATERIALS

4.1 INTRODUCTION

" During service life, incompatibilities in the form of creep and shrinkage deformations
between repair and substrate concrete can create difficulties. Drying shrinkage of repair
materials may reduce long-term structural efficiency by either initial tensile strains induced
in the repair, or due to cracking at the repair/ substrate interface. Also, creep of the repair
materials under sustained stress may render thé load sharing capacity of the repair less
effective with time.

A patch repair is an effective restoration technique when an element of or a whole
structure shows signs of distress, especially spalling and delamination [5]. However,
shrinkage of a repair material in a repaired element is restrained by substrate concrete and
reinforcement during setting, curing and aging. Thus, although shrinkage (or swelling) can
categorize as independent of stress, the real life situation is not so simple. Shrinkage can
theoretically induce enormous strains in the repair, leading to tensile and adhesion failure.

Knowledge of shrinkage deformation of repair materials is important to avoid
shrinkage cracks between the recast section and the rest of the original structure, because
they impair durability and structural integrity, and are also aesthetically undesirable.

Most repairs are made to older concrete which is dimensionally stable. The main
requirement for successful repair is to provide a good bond between the new material and

the old concrete substrate. Often bond failure is not caused by the failure of a repair material

72



to adhere to a properly prepared substrate, but rather by its drying or curing shrinkage. For
this reason it is often desirable for repai'r materials to be shrinkage free or slightly expansive
to avoid shrinkage cracking and /or debonding. It is also necessary to ensure tight contact
and good bond with the surrounding parent materials. However, materials should not have
such a high expansion as to disrupt the parent material.

The magnitude of shrinkage and swelling deformation depends largely on the material
constituents. Due to differences in material constituents for different repair materials, the
mechanism of restraint on the free shrinkage of matrices is not the same.

All cement-based materials, when kept under sustained load, deform slowly with time
the movement being commonly known as creep. The magnitude of creep depends largely on
the applied stress and the material constituents. Hardened cement paste undergoes very high
creep whereas concrete shows relatively less creep under the same sustained load. This is
primarily due to the restraint provided by the rigidity of coarse aggregate particles.

Prior to presenting the results of this investigation, however, a brief literature review
is made of the current information available on the free shrinkage, swelling and creep

deformation properties of concrete and repair materials.

4.2 LITERATURE REVIEW

4.2.1 Shrinkage and Swelling deformations

Information on the shrinkage and swelling deformation of repair materials, as affected
by the materials constituents, is very limited if not non-existent. In the case of plain concrete,
research [67,68] has revealed that shrinkage deformation can be estimated with sufficient
knowledge of mix composition ( e.g. cementitious content of OPC, pfa, slag etc.,

water/cement ratio, aggregate/cement ratio, aggregate type). It can also be estimated for well
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defined cementitious repair materials free of polymer and unusual admixtures. Unfortunately,
formulators of commercial products are reluctant to give complete details of their materials,
and only general 'descriptions are normally available.

There seems to be little doubt that the material constituents have a large effect on the
free shrinkage of repair materials. However, this effect seems to vary for different curing
conditions and age of curing. At present, due to the limited nature of the available data, it
is .difﬁcult to describe the shrinkage mechanism of repair materials. There is a need for a
detailed investigation on different repair materials and curing conditions on the free shrinkage
deformation.

Table 4.1 shows nine generic categories of repair materials, which were selected by
Emberson and Mays [13], for a study of the property mismatch in patch repair of concrete.
Unrestrained prism specimens of size 40mm X 40mm X 160mm long were used to measure
shrinkage from an age of 24 hours. Shrinkage strains were monitored using a vibrating wire
gauge. A datum reading was taken at an age of 24 hours. The specimens were stored in a
temperature and humidity controlled room, in which the temperature varied from 12 to 22°C
and the relative humidity from 55 to 95 percent.

Figure 4.1 shows the variation in shrinkage strain with time from the age of 24 hours
to 16 months for four different repair materials as obtained by Emberson and Mays [13]. It
is apparent from the results of figure 4.1 and Table 4.2 that the free shrinkage is a function
of the materials constituents. The total shrinkage strains are greatest for the polyester resin
mortar and the vinyl acetate modified system. The epoxy and acrylic resin systems have

shown low values of total shrinkage; the magnesium phosphate system showed expansion.
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Table 4.1 Categories of patch repair systems used

Emberson and Mays [13].

by

Resinous

materials

Polymer modified

cementitious

Cementitious

materials

A: Epoxy mortar
B: Polyester mortar

C: Acrylic mortar

D: SBR modified
E: Vinyl acetate modified

F: Magnesium phosphate

G: OPC / sand mortar
H: HAC mortar

I: Flowing concrete

modified
Table 4.2 Shrinkage strains (ue)
Repair Material Shrinkage ( 24 hr to 16 months)

A -50

B -280
C -360
D -740
E -1060
F . +700
G -1140
H -760
1 -650.
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4.2.2 Creep of concrete

When stress is applied to a concrete specimen and sustained for a period of time the
specimen shows an immediate strain followed by a further deformation which progresses at
a diminishing rate with time, as shown in figure 4.2. The immediate strain is often referred
to as the elastic strain and the subsequent time dependant strain is referred to as the creep
strain. The part of the strain which is immediately recoverable upon removal of the stress
is called as the elastic recovery. The creep recovery which occurs over a period of time after
the removal of stress is termed as delayed elastic recovery.

An analytical description of creep, as well as the understanding of the physical
process that causes creep in concrete, are made considerably simple by breaking down the
total creep strain in two components, namely, delayed elastic strain and the flow component
of creep. These two components which comprise the overall creep of concrete are discussed

more fully in the following sections.

4.2.2.1 Delayed elastic strain and flow creep

It was realised early on that the concept of "creep” of concrete lacks prec'ise definition
because it consists not only of a reversible (delayed elastic) component but also an
irreversible (flow) strain component. If a test piece that has been subjected to a sustained load
is relieved of the load, a noticeable creep recovery, €., is observed over a period of time
(figure 4.2); it has been confirmed by research [71] that the delayed elastic component of
creep under load equals the creep recovery strain, €4, after unloading as shown in figure 4.2.
The irreversible flow component of creep has been shown to be equal to the residual strain,
€0p» Which remains upon removal of stress [71]. Hence, by disregarding the small effects of

change in elastic modulus with time, it can be seen that the total creep strain of concrete,
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€x, in figure 4.2, is the sum of delayed elastic strain, ey, and flow creep, €.

According to Illston [72], the delayed elastic strain component of creep reaches a
limiting value a few days after the application of the sustained load as shown in figure 4.3.
Therefore, for most practical purposes, the flow component of creep can be calculated by
subtracting the limiting value of the delayed elastic strain from tile total creep of concrete.
The magnitude of the limiting value of the delayed elastic strain depends largely on the
applied sustained stress [72,73]. The results in Table 4.3, which have been obtained by Roll
[731, show the effect of applied stress on the limiting value of the delayed elastic strain, e,
as a ratio of the 28 days elastic strain values, eg. It is evident from these values that the
delayed elastic strain increases with an increase in the sustained stress-strength ratio.

After the first few days under load, the magnitude of the delayed elastic strain of
concrete can be considered to remain constant at its limiting value (figure 4.3). It follows,
therefore, that the flow creep versus age under load curve for concrete is of a similar shape
to the total creep curve shown in figure 4.2. The rate of creep is rapid at early ages under
load followed by a more gradual creep rate. The flow component of creep can be further
subdivided into two components, basic flow and drying flow. Basic flow occurs under sealed
conditions of curing and depends primarily on the cement paste content and moisture content
of concrete. Drying flow is closely related to shrinkage and is therefore mainly affected by

the moisture gradient of the specimen.

4.2.2.2 Creep at high stresses

At stress levels below working stresses, a linear relationship exists between applied
stress-strength ratio and creep strain of concrete. This conclusion is based on a wide range

of data produced by various researchers [71]. Within this range of stress, creep consists
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Figure 4.3  Effect of time under load on the delayed elastic and flow strain components:
age at loading 10 days [72]
Table 4.3

Relationship between stress-strength ratio and e.y/eg [73]

Stress-Strength ratio - 0.20 0.35 0.50 | 0.65

€os | €5 = 0.24 0.28 0.31 0.44
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mainly of delayed elastic deformation and flow. However, there exists an upper limit of
stress beyond which creep is no longer proportional to the applied stress but increases with
stress at an increasing rate. At these high stress levels micro-cracking plays a major role in
the development of the time-dependent deformation of concrete. In fact, a sufficiently high
sustained stress may produce extensive micro-cracking, leading to eventual failure. The stress
at which the advent of micro-cracking causes failure has been reported to be in excess of 0.7

of the short term strength of concrete [71].

The stfess-strength ratio at which micro-cracking develops extensively is not constant
and depends on the degree of heterogeneity of the concrete. For instance, mortars are less
grossly heterogeneous than concrete containing large-sizé aggregates and, therefore, exhibit
proportionality between creep and stress-strength ratio up to a high limit stress. From Hsu’s
work [74], it appears that the upper limit of proportionality between creep and stress is
probably in the region where bond cracks begin tb increase. Beyond this stress level, strains

due to bond micro-cracking tend to increase creep at a higher rate.

Results of an experimental investigation on the long-term deformation characteristics
of three generic repair materials and plain concrete are given in this chapter. The chapter
comprises of two parts - the first part deals with the shrinkage and swelling deformation
properties (independent of load) of repair materials. The effect of varying the curing
environment on the shrinkage deformation is also examined. The second part of the chapter

is concerned with a study of the long-term creep deformation under uniaxial compression.
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4.3 EXPERIMENTAL PROGRAMME

An experimental study was carried out to establish the free shrinkage, swelling and
creep deformation properties of plain concrete and three generic repair materials (namely A,
B and C). These materials are commercially available, and in most cases are in widespread

use in construction. Experimental programme is given in Table 4.4.

4.3.1 Details of mixes and materials

Details of repair materials and concrete mixes are given in Table 4.5. The mix
proportions of concrete (by weight) were 1 : 2.24 : 3.22, with a water/cement ratio of 0.56.
The cement content was 343 kg/m®. The chosen mix proportions are designed to give a 28
days cube strength of 40 N/mm? (+ 1 N/mm?), and a slump of 10 - 20 mm. Ordinary
portland cement, fine aggregate conforming to zone ‘M’ of BS 882 and coarse aggregate of

10mm nominal size were used for the control concrete.

Three different types of repair materials were used, namely high performance non-
shrinkable concrete, Cement-based repair mortar and Cementitious mortar which incorporates
the most advanced cement chemistry, microsilica, fibre and styrene acrylic copolymer
technology. Detailed description of these repair materials are given in section 3.3.1 of

chapter 3.
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TABLE - 4.4 Experimental Programme

TEST AGE AT START OF
TEST
- Shrinkage
* at 20°C & 55% R.H. 1 day
* at 20°C & 30% R.H. 1 day
* at 20°C & 45% R.H. 1 day
* cured in water for 28 days,then stored in air at 20°C 28 days
and 55% R.H.
- Swelling 1 day
- Creep 28 days
TABLE - 4.5 Details of Mixes and Materials.
MIX MATERIALS AND DESCRIPTION | QUANTITY w/C
(kg/m®) RATIO
Ordinary Portland Cement 342.54
RE
CONCRETE Fine aggregate 767.04
0.56
10mm Coarse aggregate 1102.04

REPAIR MATERIALS

Mixed Water Addition
Density
A | High performance, non-shrink 2069 4 litres per 30 kg pack
concrete
B | Mineral based cementitious mortar 1575 3 litres per 20 kg pack
with no additives
C | Single component cementitious 1725 2.5 litres per 20 kg pack
material with polymer additives
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4.3.2 Casting and Curing

100 X 100 X 500mm size prism specimens were used in this study..This size
conformed to the sizes recommended for testing concrete (to BS 1881) instead of the
relatively smaller sizes permissible for repair materials (to BS 6319). This was done for the

following reasons:

* among the repair materials considered in the study was plain concrete with
coarse aggregates and, therefore, the larger specimen size was considered
appropriate for comparison of properties of the different materials.

* the research is concerned with mismatch of properties between the substrate
and repair material. The specification and design procedures of substrate
concrete are established on the basis of properties determined from standaird:
size of test specimens of concrete. It is therefore appropriate to use the same
size of specimens for repair materials in this investigation.

Mixing the constituents of each repair material was carried out according to tﬁe
manufacturer’s literature. Twenty four 100 X 100 X 500mm prism specimens and twelve 100
X 100 X 100mm cube specimens were cast for plain concrete and for each of the three
generic repair materials. The specimens were cast horizontally in three layers, each layer
being compacted on a vibrating table for a few seconds. The fresh material was covered with
polythene sheets and the specimens were demoulded after 24 hours. Subsequently, drying
shrinkage specimens were transferred to four different curing conditions and demec points
were attached to the four longitudinal faces of each specimen. The curing regimes adopted
were:-

@) 20°C and 30 percent R.H.
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(b) 20°C and 45 percent R.H.

(c) 20°C and 55 percent R.H.

(d) cured in wafer for the first 28 days after casting, then stored in air at 20°C and

55 percent R.H.

The swelling deformation of the materials was determined under total immersion in
water.

Prism specimens for creep were cured in water at 20°C for the first 28 days prior to
loading. All the prism specimens for creep tests were accompanied by identical prism

specimens for free shrinkage measurement.

4.3.3 Testing

Free shrinkage and swelling deformation measurements were made by means of a
Demec Extensometer over a gauge length of 200mm. Measurements were made on the four
longitudinal faces of each specimen. Consequently, each shrinkage and swelling value
presented in this chapter is an average of twelve faces of three prism specimens. The datum
strain reading was taken at an age of 1 day after casting and changes of length were |
monitored every 3 days for the first 60 days and once a week thereafter. The cube specimens
of all the mixes were tested in compression at 28 days age. The 28 day compressive strength,
J «u, was determined primarily to maintain a check on the quality control of the mixes.

The creep tests in this investigation were conducted in accordance with standard
recommendations [64]. In each of these tests, two prisms of a mix were loaded together in
a standard creep rig as shown in plate 4.1. Each creep rig comprised of steel end platens
supported by nuts on four 36mm diameter tie rods of high yield steel. The axial sustained

load on the specimens was applied by means of a hydraulic jack via the top platens of the
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creep rig. This load was maintained at a constant level by regular loading and tightening of
the nuts against the end platens. The concentricity of the applied load was ensured by
achieving reasonably similar strains on the four steel tie rods of a creep rig. During sustained
loading, the specimens in the creep rigs were stored in a temperature and humidity controlled
environment where the temperature was maintained at 20°C and the relative humidity was
55%. Three creep tests were carried out for each material at a sustained stress of 30, 45 and
55 percent of the 28 days cube strength. The initial strain on loading and subsequent
increases of strain were monitored across a 200mm gauge length, across two opposite faces
of each prism specimen by means of a demec extensometer.

In order to calculate the net creep strain, shrinkage was measured on separate

specimens and deducted from the total strain measured on specimens in the creep rigs.

4.4 RESULTS AND DISCUSSION

4.4.1 Free shrinkage and swelling deformation of repair materials and concrete

Figure 4.4 shows the variation in shrinkage and swelling deformations with time for
repair materials A, B, C and plain concrete. Comparison with the curves of plain concrete
shows that all repair materials shrink more. The shrinkage curves for repair materials A and
B have a general shape which is similar to concrete [65,66,69,70]. The curve for material
C shows very rapid shrinkage for the first 20 days followed by similar rate of shrinkage as
the other repair materials.

Figures 4.5 to 4.8 show the influence of relative humidity on the shrinkage of each
material. Relative shrinkage results of the different repair materials and concrete under

various curing conditions are shown in figures 4.9 to 4.12.
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Plate 4.1 Experimental set up for the creep test.
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The results plotted in figures 4.4, 4.9 to 4.12 show that the styrene acrylic latex
modified repair material C has much higher values of shrinkage and swelling compared to
other materials. Similar results were found by Emberson and Mays [13] for SBR and vinyl

acetate polymer modified cementitious materials (Table 4.2).

The 90 days results for shrinkage (under different conditions) and swelling
deformation are listed in Table 4.6. The larger magnitude of shrinkage and swelling strains

of the repair materials (especially material C) relative to plain concrete is clearly evident.

Table 4.6 Shrinkage and Swelling deformation strains at 90 days( microstrain)
Shrinkage
(at 20°C and Relative
Repair humidity of)
Material 55% 45% 30% Swelling
A 814 891 931 197
B 918 1033 1098 128
C 962 1230 1474 254
Concrete 450 559 702 87
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In figure 4.4, for 20°C, 55% RH curing, material C leads to an 88 percent increase
in shrinkage relative to the control concrete mix at 210 days age. The corresponding
increase for materials A and B is 64 and 78 percent. The presence of aggregate size particle
in repair material A influences shrinkage deformation. It is quite clear from the grading
curves of repair materials (section 3.3.1, chapter 3) that, material A is much coarser than
materials B and C. Also the grading of materials B and C are quite similar. Hence, the
presence of small aggregates in material A has a higher influence on the shrinkage
deformation compared to the other two materials. This is similar to the influence of
aggregates on shrinkage of concrete [65,66]. For example, shrinkage ( at 20°C and 55%
R.H. ) of the repair mortar A after 280 days is 1099.58 microstrain whereas the
corresponding values for the other two repair materials B and C are 1181 and 1239.30
microstrain respectively, thus indicating increase of 8 and 13 percent.

Results of this investigation show the marked influence of moisture conditions of
storage on length changes. The repair mortar modified with a polymer addition shows high
shrinkage and swelling deformations compared with the other two repair materials and
concrete. The relative humidity of the air surrounding the materials greatly affects the
magnitude of shrinkage for materials A, B, C and concrete, as shown in Table 4.5 and
figures 4.5 to 4.8. Also, these figures show that the shrinkage of specimens cured in water
for the first 28 days, then stored in air at 20°C and 55 percent relative humidity, is lower
than for specimens continuously cured at 20°C, 55% relative humidity after demoulding (24 |
hours after casting). This difference is much gréater in repair materials A, B and C (figures
4.5 to 4.7) compared with plain concrete (figure 4.8). These figures also show that shrinkage
of repair materials is much more sensitive to relative humidity of exposure compared to plain

concrete. This is especially the case for material C (figure 4.7). For example, the increase
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in shrinkage under curing at 30% relative humidity relative to 55% relatively humidity curing
is much greater in this repair material compared with plain concrete. The difference is even
more prOnounéed when shrinkage at 30% relative humidity is compared with specimens
cured in water for the first 28 days, then in air at 55% relative humidity. It is clear from
these figures that all the repair materials used in this investigation shrink more in comparison
with normal grade substrate concrete. The risk of shrinkage cracking with use of these repair
materials in practical situation is, therefore, greater.

The shrinkage of repair materials A, B and C at 70 days (from figures 4.5 to 4.7)
increase by 12, 17 and 37 percent respectively as relative humidity decreases from 53 percent
to 30 percent ( at constant temperature 20°C ). The corresponding increment for concrete is

18 percent.

4.4.2 Creep of concrete and repair materials

In this study, the specimens were kept under sustained stress level ranging from 0.3
to 0.55 of the cube strength, for a period of 90 days. All creep strains are an average of four
specimens. Some typical creep curves of the four materials at stress/strength ratios of 30, 45
and 55 percent are plotted in figures 4.13 to 4.16, showing the instantaneous elastic strain
upon loading and the rate at which creep strains increase with time and the recovery upon
unloading. The shape of the curves for each material is similar thus indicating that the creep
phenomenon in each case is basically the same. The instantaneous elastic strains and the 90
days creep strains are given in Table 4.7.

From figures 4.14 and 4.15, the creep (at stress/strength ratio 0.30) of mineral based
cementitious material B is 1212 microstrain whereas the corresponding value for repair

material C is 1871 microstrain, thus indicating an increases of 52%. Similarly in the case of
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45% stress/strength ratio, creep of repair material B is 2161 microstrain, whereas the
corresponding value for repair mateﬁal C is 2552 microstrain, thus indicating an increase of
17 percent.

The creep strains with time for the various materials are plotted in figure 4.17 to 4.19
which show creep strains of the repair materials relative to the plain concrete. The porous

- mineral based repair material B, with no additives, shows comparatively low creep strains,
as does the high strength and high stiffness repair material A. The creep of the control plain
concrete after 90 days under load, at stress/strength ratio of 30%, is 1446 microstrain (Table
4.7) whereas for repair materials A and B creep strains are 1217 and 1212 microstrain
respectively, thus indicating decreases of 16 and 18 percent respectively relative to plain
concrete.

Repair material C shows the greatest creep strains (e.g. 1871, 2552 and 3137
microstrain at stress/strength ratio of 30%, 45% and 55% respectively) due to the addition
of latex modifiers in its preparation. Similar evidence of high creep strain for vinyl acetate
polymer modified cementitious material is given by data from Emberson and Mays [13].

It can be seen from figures 4.13 to 4.16 and Table 4.7 that the creep of repair
materials is more sensitive to stress/ strength ratio than plain concrete. For example, the
results in figure 4.16 show that in the case of concrete, the difference in creep strain at 30%,
45% and 55% stress/strength ratios is smaller than the repair materials A, B, and C (figures
4.13 to 4.15). Similarly, Table 4.6 shows that at stress/strength ratio of 0.30, the creep of
concrete is significantly greater than that of repair materials A and B. At 45% and 55%
stress/strength ratio, however, the creep strain of materials A and B are quite similar or

greater than that of concrete.
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Table 4.7 Creep strains at 90 days,instantaneous elastic strains on loading

(microstrain) and cube strength prior to loading.

Repair Materials = A B C Conc.
30% stress/ Cube strength
strength (N/ mm?) 60 33 40 38
Instantaneous elastic 488 442 553 454
strain
creep strain 1217 1212 1871 1446
45% Cube strength
stress/ (N/ mm?) 60 37 43 40
strength .
Instantaneous elastic 704 749 893 866
strain
creep strain 2078 2161 2552 2148
55% Cube strength
stress/ (N/ mm?) 63 36 38 35
strength i
Instantaneous elastic 949 1129 1039 954
strain
creep strain 3129 2767 3137 2732

105



010] 8

oljel yibualls/ssalis %0¢ e sjnsal 1sa} dealo uoissaidwo)

L1t @inbiyq
sAep-peo| jo uoljeoijdde aouis awi |
08 09 ot 0c 0
_ _ | _ _ 0
9]810U0] O [eUsSie|N ¢ g [elleje|N - V [elSie|N o
\»...v 00S
-

e e =
llll..l‘\‘ll..ll ] m.u
" & -] (]
= o H 0 H ..%
- — 0051 ¢
)
3
0002
M
o
(0))

— 00S¢

‘H'H % GG pue D 0c¢ e palolg
— 000€
— 00G€E

106



00l

olyel yibusaliis/ssalls %Gy Je sjynsal 1sa} dealo uolssaidwon

sAep -peo)| Jo uonesijdde souls swij

08 09 oy 0c
_ _ _ _

gL't a1nbi4

9}210U0) - O [BUSYe 3¢ g [eUSIeN | V [l -

‘H'H % SS pue J 0Oc¢ 1e palolg

Y . T

— 00S

P

000}

— 00S1

— 0002

[ 90-31 ] uteng deauin

— 00S¢

— 000€

— 00S€

107



00l

‘oljel yibualis/ssalls %GS 1e synsal }se} desio uolssaidwo)
61v ainbidg
sAep -peo| jo uoljesijdde aouls awi]

08 09 oY 0c 0
_ _ _ | 0

819JoUo0) 7 9 _m:ﬂm_\,_wm g leusre|N | V [elore|N o

L 005
- 0001
"H'H %SS PuUB O 02 ¥ peiolg

= — 00S 1

— 0002

[ 90-31 ] ureng desi)

— 00S¢

i - |- o00€
—

— 00S€

108



4.4.3 Analytical expressions for shrinkage and creep deformations

Various analytical expressions have been reported for the shrinkage and creep of
cement-based materials [26,75,76] which enable the prediction of loﬁg~term strains from
relatively short term experimental data. Hyperbolic and logarithmic expressions reported in
literature have been found to fit experimental results generally very well and are commonly
used. In this investigation, the hyperbolic and logarithmic expressions recommended by
Iliston and Pomeroy [26], are used to investigate their correlation with the experimental data
on repair materials.

Hyperbolic Expression :

t
= .1
€ a+bt (4-1)
Logarithmic Expression :

e = a’ + bllog(l+t) (4.2)
Where,
€ = Free shrinkage (e,) or creep Strain (e;)(microstrain)
t = Age (days) for shrinkage data, and

Age under load (days) for creep deformation

a, b, a’ and b’ are constants.

By plotting the experimental data for (t/e) and (t/e;) against t for the expressioh in
equation 4.1 (hyperbolic) and (e,) or (e.) against log(1+t) for the expression in equation 4.2
(logarithmic), constants a, b, a’ and b’ are determined for the experimental shrinkage and
creep curves. The results in Table 4.8 and 4.9 gives the values of these constants.
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Table 4.8

(at 30% stress/strength ratio)

Details of hyperbolic expression for shrinkage and creep

Repair Constants
Materials Shrinkage Creep
as bS ac bc
A 22,714 1035.90 18,820 1085.83
B 17,143 864.51 20,950 974.01
C 4,400 1030.76 12,630 814.89
Concrete 53,210 1429.69 14,286 855.53
Table 4.9  Details of logarithmic expression for shrinkage and creep
(at 30% stress/strength ratio)
Repair Constants ( X 10%)
Materials Shrinkage Creep
a’, b’, a’, b’,
A -244.45 535.19 -39.67 360.81
B -177.93 552.76 -300.0 550.93
C -456.69 269.87 -105.26 546.43
Concrete -237.50 377.80 -155.68 555.40
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The graphs in figures 4.20 to 4.23 show the comparison between the experimental and
predicted shrinkage and creep values (at 30% stress/strength ratio) from the hyperbolic
expression (equation 4.1) and logarithmic expression (equation 4.2) for the three repair
materials and the concrete mix. Also some typical comparison for higher stress/strength
ratios (45% and 55%) are shown in figures 4.24 and 4.25. It is evident from these results
that both these expressions are in good agreement with the experimental results. The
maximum percentage error between the experimental and calculated deformations at ages

beyond 14 days are listed in Table 4.10.

Table 4.10 Maximum percentage error for both expressions

Repair Maximum % error
Materials Hyperbolic expression Logarithmic expression
Shrinkage Creep Shrinkage Creep
(20°C and (20°C and
30% | 55% 30% 55%
55% r.h.) 55% r.h.)
A 4 5 4 3 7 8
B 7 3 2 2 4 6
C 5 8 7 2 10 10
Concrete 4 3 2 1 4 5
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For efficient long-term structural interaction, shrinkage and creep properties of repair
material should not differ significantly from those of the substrate concrete. For example,
from the results of material C it is clear that the shrinkage deformation of this material is
extremely high. this would lead to unacceptably high tensile strains at the interface with the
substrate with the consequent danger of cracking and adhesion failure. The high creep strains
of material C relative to concrete, on the other hand, would help in reducing the tensile

strains at the interface.

4.5 CONCLUSIONS
The following conclusions are based on the experimental results reported in this
chapter:
1. Drying shrinkage is greatest in the cementitious repair mortar which contains
a styrene acrylic copolymer despite the presence of some fibre additives in this
material. In all repair materials, most of the shrinkage occurs within the first

21 days and remains relatively stable beyond that age.

2. The shrinkage of specially formulated repair mortars, especially those modified
with a polymer admixture, is much more sensitive to relative humidity of
curing than plain concrete. As a consequence such repairs will be much more
prone to shrinkage cracking in a dry environment compared with plain

concrete.

3. Compressive creep strains are also greatest for the generic repair mortar which

contains styrene acrylic copolymer.
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High performance repair material A which contains aggregates of a relatively
coarser particle size has less shrinkage and creep deformations than other

repair mortars.

The relationship between shrinkage, creep and age (under load in case of
creep) can be represented by the following hyperbolic and logarithmic
expressions which are normally used for plain concrete:

Hyperbolic Expression :

_ t
€ a+bt
Logarithmic Expression :
e = a’ + bllog(1+t)
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CHAPTER 5

CHLORIDE DIFFUSION INTO CONCRETE AND REPAIR MATERIALS

5.1 INTRODUCTION

Although most reinforced concrete structures have shown good durability over long
periods of time, the problem of corrosion of reinforcement exists in many structures.
Chloride induced corrosion of reinforcement is one of the major causes of deterioration in
reinforced concrete structures. Structural members damaged as a result of reinforcement
corrosion are often reinstated by applying repair materials. However, this is usually
successful in the long-term only if the cause of the original damage has been eliminated, and
appropriate materials have been selected and properly applied.

There are a number of potential sources of chloride ions to which concrete may be
exposed while in service. Many reinforced concrete structures exposed to marine or other
chloride bearing environments show the typical cracking and spalling caused by corrosion
of reinforcing steel near the concrete surface, even after a few years of service. Field
observations and tests confirm that high chloride-ion concentrations in the vicinity of the
reinforcing steel near the concrete surface are the main cause for the early onset of corrosion.
So the presence and concentration of chloride ions in the vicinity of the steel determine the
rate at which corrosion takes place. The concrete ( or repair in case of repaired member )
cover to reinforcement should therefore have the properties required to form a physical and
chemical barrier against the penetration of deleterious substances such as chloride and carbon
dioxide. The penetration of chloride depends on the permeability of material used as a cover

to the reinforcement.
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The financial implications of deterioration caused by corrosion in new and repaired
concrete construction demand that careful methods of maintenance and assessment of these
structures should be available. Information obtained from regular inspection surveys should
enable the prediction of long-term initiation and propagation rates of corrosion in the

reinforcement.

In this chapter an investigation is reported which studies chloride diffusion
characteristics into plain concrete and repair materials of various constituents, and it is part
of a multistage research programme dealing with corrosion of repaired reinforced concrete.
The first part of this chapter deals with the chloride diffusion property of specimens initially
cured in one of the four curing condition for 28 days prior to exposure to chloride
environment. The second part of this investigation is concerned with specimens exposed to
chloride environment at 24 hours after casting. A standard computer package [88] was used
to perform a non-linear regression analysis of the experimental data on chloride concentration

in order to generate the material parameters diffusion coefficient (D,) and surface chloride

concentration (Co).

An analysis of chloride concentration profiles obtained for the three generic repair
materials and plain concrete at various ages revealed the time dependency of the effective
diffusion coefficient of chloride ions in to the materials. This is discussed in relation to
Fick’s second law of diffusion and an enhanced model is derived for the prediction of acid
soluble chloride concentration in the repair materials. Prior to reporting results of this

investigation, a literature review has been made on the chloride penetration into concrete.
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5.2 LITERATURE REVIEW

It is generally agreed that the ingress of chloride ions into concrete leads,in many
instances, to long-term deterioration of concrete structures. This is a major problem in
highway bridges in the UK due to the use of de-icing salts for winter maintenance [77-79].
The findings of the Wallbank report [80] on bridges suggest that almost 75% of motorway
and trunk road bridges are suffering from chloride contamination involving chloride levels
greater than 0.2% (by weight of cement). Many of these bridges are less than 20 years old.

There are a number of potential sources of chloride ions to which concrete may be
exposed while in service. Offshore structures are continually exposed to sea water and this
is particularly hazardous in the splash zone where the wetting and drying cycles can result
in very high concentrations of surface chloride. Some parts of the offshore structure are
usually totally submerged in sea water, some parts are situated in the tidal zone which is
subjected to wetting and drying and other parts are located in the atmospheric splash zone.
Chlorides can penetrate to all different parts of the structure regardless of the zone but the
rate of diffusion will be different. A more insidious source of chloride in concrete is calcium
chloride which was often mixed with concrete to accelerate its setting time. This practice,
however, is now strongly discouraged following the 1977 amendment to the code of practice
[91]. Although many concrete structures erected prior to this amendment contain calcium
chloride, the main sources of chloride in the future are likely to be the marine environment
and deicing salts. Diffusion of chloride ions into hardened concrete ( or repair patch ) from
these sources would thus pose the main durability concern for steel reinforcement.
Furthermore, it has been suggested that when mixed with concrete, chloride combines
chemically with the matrix to a greater extent than the chloride ions which diffuse through

hardened material from an external environment [81,82]]. So, it is the free chloride ions
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which are responsible for initiation of corrosion [83,84].

5.2.1 A chloride "Threshold" for corrosion

The service life of a concrete structure, with regard to corrosion of reinforcement in
marine environment, can be considered as the sum of two stages [85,86]; the initiation
period, during which the steel remains passive while chloridé ions diffuse into the concrete
surface, and the propagation period. The work by Hausmann [87] showed that there is a
threshold concentration of chloride ion which must be exceeded before corrosion of steel is
initiated. He suggested a threshold ratio of chloride ion activity to hydroxyl ion activity [CIT/
[OHT] of 0.6 in solution at the iron-matrix interface. The amount of chloride required for
initiating corrosion is thus, in part, dependent upon the pH value of the liquid within the pore
system of concrete. At a pH of less than 11.5, corrosion may occur without the presence of
CIl- while at a concrete pH greater than 11.5, a measurable amount of chloride is required
to initiate corrosion. The amount of CI" required to induce corrosion increases as fhe pH at
the iron - liquid interface increases. Table 5.1 shows a wide range of the "threshold" values
suggested by various investigators [87,89-97]. It is difficult to establish a universal threshold
level for chloride concentration, because of its dependence on many factors. These include
pH, cement content, proportion of chloride present as chloride ions in pore fluid of concrete
and the availability of oxygen. In the marine environment, the initiation period depends
mainly on the amount of airborne chloride ion accumulation on the surface and on the rate
at which they diffuse into the surface, until a threshold concentration has been reached that
may cause depassivation and corrosion onset. Chloride in concrete, however, occurs in three
forms namely free chloride jons, chloride bonded to calcium silicate hydrates (physically

absorbed) and chloride combined in definite compounds such as calcium chloro-aluminate
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Figure 5.2 Three different forms of chloride, after Tuuti [98]

(chemically bound) [98], as shown in figure 5.2. In some cases chloride is simply referred
to as chloride bound which combines both chemically bound and physical absorbed, and
chloride unbound which represents the chloride in the pore solution of concrete or paste [99].

In this investigation, acid soluble chloride has been dealt with, which is the chloride
soluble in nitric acid and is quoted as "per cent chloride by weight of concrete or of
material”. The acid soluble chloride is sometimes referred to as total chloride which

comprises the bound and unbound chloride.

5.2.2 Diffusion of chloride

Mangat and Gurusamy [101-103], Brown [104], Gourley and Bieniak [105], Berke
[106], Decter et al. [107] and others [108-112] indicated that the rate of chloride penetration
into concrete as a function of depth from the concrete surface and time can reasonably be

represented by Fick’s law of diffusion [113], which is given by the following expression;
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2
%%=Dc% (5.1)

Where C is the chloride ion concentration at a distance x from the concrete surface

after time t of exposure to chloride, and D, is the chloride diffusion coefficient.

A standard solution to this partial differential equation [113,114] gives :-

C(x, t) =co[1—erfw’l%] (5.2)
Where,
X = the distance from the concrete surface in cm
t = the time in seconds
D, = the diffusion coefficient in cm?/sec
G, = the equilibrium chloride concentration on the concrete surface
Cix,t) = the chloride concentration at any position x at time t
ef = the error function.

Clx,t) = Cyli-erf (2)]

X _)
2/D;t

Where Z=(

The error function has the following properties,

erf (-Z) = -erf Z,
erf (0) = 0 and
erf (o) = 1.
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When x = 0 at time t, Z = 0 and C(x,t) = C;and when x = o attimet, Z = o
and C(x,t) = 0. The above solution is, thus, correct for a semi-finite solid (0 < x < o)
and is true for an isotropic medium whose structure and diffusing properties at any point are
the same relative to all directions.

In a real structure if C(x,t) is assumed to be the threshold chloride ion concentration
for initiation of corrosion, and the depth of the reinforcement x is known, then time t to
initiate corrosion can the calculated, based on a knowledge of the parameters C, and D, for

the particular mix.

5.2.3 Factors effecting diffusion

Initial curing to which a concrete or a repair material is subjected prior to exposure
to a chloride environment, plays an important role in determining the chloride penetration
rates into the materials, especially at an early age of exposure to the chloride environment
[114]. The durability of repair and concrete depends largely on the extent to which the
hydration products in the paste fill the space originally occupied by water [115]. Drying of
the materials particularly at the surface, caused by poor curing leads to restricted hydration
in the surface layers and thus to higher porosities and permeabilities [116]. Therefore,
keeping tﬁe concrete and repair materials moist during the early days of curing has a far
reaching effect on producing a good quality material which has a low porosity and a low
permeability. This hinders the movement of harmful substances such as chloride ions and,
therefore, the length of time taken to initiate corrosion will be longer.

On the other hand, rapid drying of concrete after an initial period of moist curing may
lead to cracking of the concrete surface [117]. If cracks are present in the cover zone, they

will form major flow paths for chloride into the concrete and towards the reinforcing steel
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[118]. In cracked and uncracked sections alike, chloride ions will diffuse through the
capillaries and voids within the matrix and along any cracks or voids in the aggregate
particles [105] and at the interface of coarse aggregates. Mangat and Gurusamy [102,103]
carried out a study on precracked specimens and concluded that chloride concentrations in
the vicinity of cracks increases with increasing crack width, the effect being significant at
crack width larger than 0.5mm and marginal at crack widths less than 0.2mm. The work was
conducted on 100 X 100 X 500 mm prism specimens which were initially cured in laboratory
air for 14 days. Specimens were then transferred either to a sea water spray chamber in the
laboratory or to the tidal zone in the North Sea.

Ost and Monfore [119] determined the penetration rate of chloride into immersed
concrete by exposing samples of varying permeability, as defined by their water/cement
ratio, to 1% and 4% chloride solutions (10,000 ppm and 40,000 ppm). Their results
indicated that the penetration rate of chloride depended on the permeability of concrete as
defined by the water/cement ratio. Using their results, Browne and Geoghegan [120]
predicted that a chloride level of 0.4% by weight of cement, which represents the activation
level for initiating corrosion, could penetrate a 50mm cover of high quality concrete in

around two years.

5.2.4 Prediction of chloride concentration

Methods for predicting long-term chloride concentration on the basis of relatively
early age chloride concentration data obtained from routine inspection are needed so that the
time taken for corrosion to initiate can be estimated. Also, such techniques would allow
optimisation of maintenance cycles, timely application of preventive measures and provide

a basis for recommending the extent and methods of repair required for the structure. Since
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the availability of critical threshold levels of chloride concentrations at the reinforcement
surface are required for corrosion initiation, the need to predict the time required for such
chloride levels reaching the reinforcement is essential in any assessment procedure.
Molloy [126] carried out a study on durability characteristics of concrete under long-
term marine curing and concluded that the chloride diffusion coefficient, D,, is strongly
dependent on the period of exposure of concrete to a chloride environment. Consequently
long-term prediction of chloride concentrations on the basis of Fick’s Second Law of
Diffusion which inherently assumes a constant value of D, is not an accurate procedure
[133]. For accurate prediction of chloride diffusion in concrete, a modified differential
equation derived based on the law of diffusion, which takes into account the time variation
of ch is required. Also the apparent surface chloride concentration (C,) does not change
clearly and significantly with time. For concrete structures exposed to a marine environment,

Co can be assumed as 1.5 per cent by weight of cementitious materials [126,133].

5.3 EXPERIMENTAL PROGRAMME
5.3.1 Objectives

The experimental programme was carried out in order to study the chloride diffusion
profiles for the three repair materials and plain concrete. Various curing regimes were
adopted and their effect was also investigated. The influence of different durations of
exposure to a chloride environment on chloride diffusion were also studied. Also, an
empirical expression for the prediction of long-term chloride penetration profiles based on

data obtained at relatively early ages was derived.
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5.3.2 Materials

Three different repair materials and a plain concrete mix were used. Ordinary
portland cement, fine aggregate conforming to zone ‘M’ of BS 882 and coarse aggregate of
10mm nominal size were used throughout. Further details of these materials are given in

Section 3.3.1 of Chapter 3.

5.3.3 Mixing and casting

Cementitious repair materials A, B and C were mixed thoroughly. Mixing was
conducted without addition of water, until a uniform colour and consistency was attained.
Then water (of required quantity) was added\ slowly and mixing was continued until
uniformity of the mix was achieved.

At least twelve 100 X 100 X 300 mm size prism specimens were cast in steel moulds
for each of the mixes considered in this investigation, in batch 1. Casting was performed in
three layers, each layer being compacted on a vibrating table for a few seconds. These
specimens were used for chloride diffusion tests after pre-curing them for 28 days before
exposure to a chloride environment. In order to ensure that chloride penetration was allowed
to occur only from one longitudinal face of the specimens, the remaining faces were sealed
by means of a bituminous paint as shown in figure 5.3(a).

In batch II, six 100 X 100 X 500 mm prism specimens were cast for each material
to investigate the effect of early exposure (24 hours after casting) on chloride diffusion
characteristics. Since sealing of the specimen faces with a bituminous paint was impractical
in this case .due to the early age of exposure to a chloride environment, prior to casting in
batch II, pieces of a polythene sheet of dimensipns 100 X 500 mm were carefully cut to

provide a barrier against chloride penetration from two (long) opposite faces of the prism
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specimens, as shown in figure 5.3(b). During casting this polythene sheet was placed at

20mm from the bottom and top (trowelled) face so that under exposure chloride penetration

would occur from the side faces only. Casting was performed in three layers, each layer

being compacted on a vibrating table for a few seconds.

5.3.4 Curing

The prism specimens were demoulded after 24 hours. Subsequently, all specimens of

batch I were exposed to either one of the initial curing conditions described below.

b)

d)

Specimens were continuously cured in an environmental chamber at
temperature of 20°C and relative humidity of 55%. Specimens were called
AIR CURED AT 20°C, 55%RH.

After demoulding, the specimens were covered with a wet burlap and plastic
sheeting for 14 days and stored in the curing chamber at a temperature of 20°C
and relative humidity of 55% for further 14 days. The covers were then
removed and specimens were exposed to air under the same conditions of
temperature and humidity (20°C, 55% RH), for a further 14 days. specimens
were called WET/AIR CURED AT 20°C, 55% RH.

Specimens were continuously cured in air at ambient conditions in the
laboratory, where the temperature was fairly controlled at 20°C, but the
humidity was uncontrolled and generally ranged between 30-40%. Specimens
were called AIR CURED AT AMBIENT CONDITIONS.

After demoulding, specimens were continuously cured at a temperature of 20°C

and 100% relative humidity ( in water ). Specimens were called WET CURED.
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All specimens of batch I were initially cured for 28 days after demoulding by one of
‘the above curing methods. Specimens were then sealed on five faces by coating with layers
of a bituminous paint in order to ensure that chloride penetrated through one longitudinal
face only as shown in figure 5.3. The coated specimens were left in the laboratory air for
two days to let the paint harden fully. Specimens were then immersed in a sodium chloride

solution. The strength of the solution was 175 gm of sodium chloride in one litre of water

(3.0M).

The specimens which were cured initially at 20°C were immersed in the sodium
chloride solution which was maintained at the same temperature of 20°C. The specimens
which were cured at ambient conditions were immersed in a chloride solution which was also
at the ambient temperature (~ 20°C). This was achieved by storing plastic tanks containing
the chloride solutions in curing rooms where the temperature was kept at these levels.

In order to study the effect of early exposure to a chloride environment on the
diffusion characteristics of the different repair materials, six prism specimens were cast for
each material. The specimens were covered with a polythene sheet for 24 hours after casting.
The specimens were then demoulded and exposed to a chloride environment at 24 hours after
casting in order to simulate some practical conditions where the repair patches cannot be
protected from chloride exposure for long period after the application of repair. For example,

in marine applications where the repair cannot be protected from the tide for long periods.
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Figure 5.3  Sealing of a specimen (a) Batch I and (b) Batch II.

5.3.5 Sampling

After the required period of immersion in the chloride solution, a specimen was taken
out of the tank. It was cut into two halves by a masonry saw as shown in figure 5.4. Powder
samples for chloride analysis were drilled from each of the sawn faces of the prisms at
vaﬁous depths from the unsealed face. Drilling into each half of a specimen was performed
by means of a rotary percussion drill at a distance of 10, 20, 30, 40 and 50mm from the
unsealed face to the centre-line of the holes drilled as shown in figure 5.5. At 10mm distance
from the unsealed face, five holes of 4 mm diameter were dry drilled, whereas at other
positions three holes of 6 mm diameter were dry drilled. The powder samples drilled at each
position (common distance from the unsealed face) of the sawn faces were combined to give

an adequate weight of a test sample representing a given distance from the unsealed surface.
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5.3.6 Chemical analysis

The powder sample of concrete or repair material was sieved on a 200 pum sieve.
Care was taken not to férce any partié:le through the mesh. The powder passing the 200 um
size sieve was collected, from which a weight of 2 grams was measured accurately to the
nearest 0.01 g. This weight was used for chemical analysis. 25ml of 0.1 molar Nitric Acid
soiution was added to the sample and the mixture was heated on a hot plate. The solution
was boiled for one minute while stirring continuously. This process ensured the extraction
of chloride from the powder. The solution was left to cool down. On cooling this solution
was neutralised with Calcium carbonate and filtered into a conical flask. The solution was
then ready for titration and the Mohr titration method was used to determine the
concentration of chloride in the solution [121]. The procedure involved the use of 1.0 ml of

indicator in the test solution. The yellow indicator solution was made by combining 4.2 g of
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potassium chromate and 0.7 g of potassium dichromate in 100 ml of distilled water. After
adding 1.0 ml of indicator to the test solution, silver nitrate (AgNo;) (0.02 N) was added in
small quantities, while swirling the conical flask continuously, until the yellow indicator
changed into a distinct reddish colour. The volume of silver nitrate (AgNo;) used until the
colour change occurred was recorded. The change in colour was the end point of the titration
when all the chloride ions (CI)) were neutralised. The volume of AgNo; used was converted
to percent chloride by weight of the concrete or repair material from the following formula

[122] :-

__35.453VN,

10wp

scl (5.4)

Where,

V, is the volume of AgNo; used in ml to neutralise CI°
N; is the normality of AgNo; which is 0.02 N
w, is the weight of the powder sample in grams.

Chloride analysis of the different mixes were carried out after 28 days, 90 days and
180 days of immersion of spe(;imens in the chloride solution. The chloride concentration
determined by the above analysis is termed as acid soluble chloride which includes
chemically bound chloride in the matrix.

In this investigation, a BMDP computer programme [88] was employed to determine
the best fit diffusion curves through a set of chloride diffusion experimental data at various
depths from the concrete and repair materials surface. To run the computer programme,
limits for C, and D, had to be fed in. The limits fed in for C, were between 0 to 10% by |
weight of material and for D, the range was between 107° to 10* cm?/sec. By feeding into

the computer programme the chloride penetration data at different depths and the limits for
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values of C, and D,, best fit chloride diffusion curves together with values of C, and D, were

calculated.

5.4 RESULTS AND DISCUSSION

A wide range of results are presented to determine the influence of initial curing
methods and duration of exposure to chloride environment on the chloride diffusion
characteristics. These are the chloride diffusion profiles, diffusion coefficients and the
equilibrium chloride concentrations on the concrete surface. The chloride diffusion profiles
and diffusion coefficients are also reported for the specimens exposed to chloride
environment at 24 hours after casting.

In the following sections of this chapter, wherever figures presenting chloride
concentration profiles are drawn, the symbols represent the experimental data (average of
two specimens) points of chloride concentration at each location (depth). The full line drawn
through these points is the best-fit curve representing Fick’s Second Law of Diffusion given

in equation (5.1).

5.4.1 Influence of initial curing

54.1.1 Chloride ingress after 28 days

Acid soluble chloride concentration profiles of the three different repair materials and
plain concrete exposed for 28 days to chloride solution are presented in figures 5.6 to 5.9.
Each figure represents chloride diffusion profiles for the different initial curing methods

adopted in this investigation.

Figure 5.6 shows chloride diffusion profiles for the repair material A for the four

different curing conditions adopted in this investigation. Initially air cured specimens under
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ambient conditions showed higher chloride uptake than the other curing methods, and the
lowest chloride uptake was found for water cured specimens. This was because in water
cured specimens, the hydration would proceed at a higher rate compared to that of other
curing conditions. For example, values of chloride concentration at a depth of 10mm from
the unsealed face for water cured specimens at 20°C, wet/air cured at 20°C, air cured at
20°C, 55% RH and specimens cured at ambient conditions are 0.077, 0.10, 0.18 and 0.32
by weight of material respectively. A similar trend of chloride uptake as affected by initial
curing conditions was found at all the other depths.

In figure 5.7, the chloride diffusion profiles for cementitious repair material B are
presented for the three of the four initial curing conditions employed in this investigation.
The effect of initial curing conditions on chloride levels for first 20mm depth were quite high
and beyond 30mm the curing methods employed show a constant difference in diffusion
profiles. The highest permeability coefficients for the porous mineral based material B, as
discussed in the section 3.4.2 of chapter 3, is the reason for the higher chloride concentration
values at all the depths compared with other materials.

The effect of initial curing conditions on material C is shown in figure 5.8, while
figure 5.9 represents chloride diffusion profiles for control concrete mix, under various initial
curing conditions. Contrary to the results of material A and material B, the air cured
specimens (at 20°C & 55% RH) of concrete showed the highest values of chloride levels at
all the depths. This is most likely to be due to the cracks (crazing) which appeared to have
taken place on the concrete surface when drying of the specimens started. The cracks caused
a rapid ingress of chloride at the surface and yielded higher values of chloride concentration
at the concrete surface. However, it is important to note that the effect of this crazing

(cracking) on chloride ingress in the surface zone is not significantly pronounced [103,125]
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and it can be concluded that such fine cracks have little deleterious effect on chloride
penetration.

The equilibrium chloride concentrations on the surface, C,, which were determined
by applying Fick’s 2™ law of diffusion to the experimental data as described in section 5.2.2,
are given in the Table 5.2. It is clear from table 5.2 that the equilibrium chloride
concentration on the surface, Cy,are similarly affected by the initial curing conditions as the
chloride levels in the figures 5.6 to 5.9. It is also clear that the repair materials and plain

concrete behave differently under different curing conditions.

Table 5.2 Equilibrium chloride concentration on the surface, C,, (% by weight of
material) under different initial curing conditions (after 28 days)

Materials — A B C CONCRETE

Curing methods ¥

Water cured at 20°C 0.0815 | - 0.3702 0.2931
Air cured at 20°C,55% RH 0.2099 0.8985 0.4514 0.6630
Cured at ambient condition 0.3950 0.9347 -- 0.6437
Wet/Air cured at 20°C 0.1244 0.7241 0.4132 0.3975

The values obtained for the equilibrium chloride concentration on the air cured
specimens of materials A, C and concrete mix were 0.21, 0.45 and 0.66% respectively. The
corresponding values at a depth of 20mm were 0.12, 0.37 and 0.47%. However at depths
beyond 30mm from the unsealed surface, chloride ingress profiles of materials were in

relatively closer band.
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The diffusion coefficients, D, varied from 25 X 107 Cm?Sec to 47 X 107 Cm?Sec
in case of high strength non-shrink repair material A. The values of D, varied considerably
with the initial curing conditions adopted prior to exposure to chloride solution. Also the
chloride diffusion coefficients of thé cementitious material C (with polymer additive) were
considerably higher than those for other materials. Seemingly, this is true regardless of the

initial curing conditions.

The results in figures 5.10 to 5.13, represent the 28 days chloride diffusion profiles
for the repair materials ( namely A, B and C ) and concrete mix under one of the four curing
conditions. It is clear from these figures that the repair mortar which is based on a mineral
cement binder (material B) possesses higher diffusion characteristics than the other materials
under all the curing conditions. High chloride concentration in material B is compatible with
the high water permeability coefficient of the material compared to other materials as
mentioned in chapter 3. For example, mean value of permeability coefficient, K, , (m/s), for
materials A and C are 2.53 X 10" and 1.33 X 10" respectively, while for material B it is
5.62 X 10!, which shows more than an order of magnitude increase in permeability relative

to the other materials.

Consider figure 5.10 for example, which shows chloride diffusion profiles for the four
different mixes after 28 days of immersion in chloride solution, for initially water cured
specimens at 20-C. The equilibrium chloride concentration on the material surfaces were
0.08, 0.86, 0.43 and 0.29% by weight of material for the repair materials A, B, C and

concrete mix respectively.
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It is also clear from the figures 5.10 to 5.13, that chloride concentration profiles for
high strength repair material were lower compared to other three materials. For example
from figure 5.12, the value of equilibrium chloride concentration on the surface of materials
B, C and concrete mix were 0.69, 0.41 and 0.29% by weight of material respectively
compared to 0.12% for high strength material A. The relatively flatter chloride diffusion

profiles of repair material C is also noticeable from this figures.

54.1.2 Chloride ingress after 90 days

Chloride diffusion profiles after 90 days of immersion in the chloride solution are
presented in figures 5.14 to 5.17 for materials A, B, C and concrete mix respectively under
initially air curing at 20°C, 55 %RH and water curing at 20°C. It appears that the initially air
cured specimens at 20°C, 55% RH still possess higher chloride uptake than water cured
specimens at 20°C, for all repair materials. For example, figure 5.15 shows chIoride
diffusion profiles for the repair material B for the two curing conditions. Specimens initially
air cured at 20°C, 55% R.H. showed higher chloride uptake than the specimen water cured
at 20°C. The effect of initial curing conditions on chloride levels for the first 20 mm depth
were quite high and beyond that for the curing methods employed show a constant difference

in chloride concentration.

The effect of initial curing conditions on material C is shown in figure 5.16, while
figure 5.17 represents chloride concentration profiles for plain concrete mix, under two initial
curing conditions. Similar to the results of material A, B and C, initially air cured (at 20°C,

55% R.H.) specimens of concrete showed the highest values of chloride concentrations at all
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the depths. It is also clear from figures 5.14 to 5.17 that the mineral based material B and
plain concrete mixes are more sensitive to the initial curing conditions compared to materials
A and C. A high uptake of chloride is found in chloride diffusion profiles for a repair mortar
which is based on a mineral cement binder, material B, as represented in figure 5.15. High
chloride concentration can be explained by the higher permeability property of material B
compared to other materials as discussed in chapter 3.

In figure 5.14 the equilibrium chloride concentrations on the surface are 0.35 and
0.39% by weight of material for water cured specimens at 20°C and air cured specimens at
20°C, 55% RH respectively. The same trend of lower chloride concentration in initially water
cured specimens is seen at other depths.

The diffusion coefficients after 90 days of immersion in the chloride solution are
considerably smaller than those obtained after 28 days of immersion, especially for materials
B and C. For example, the diffusion coefficients of initially water cured specimens of
material C at 20°C after 90 days is 107 X 107 Cm?sec in comparison to 309 X 107 Cm?/sec
after 28 days. Also the diffusion coefficients of the initially water cured specimens at 20°C
is lower than that of the air cured specimens at 20°C, 55% RH, as shown in figures 5.16 and

5.17.

Results of all water cured specimens at 20°C and all air cured specimens at 20°C,
55% RH after 90 days of immersion in the chloride solution are presented in figures 5.18

and 5.19 respectively. The trend is similar to that of 28 days results as shown in figures 5.11

and 5.12.
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54.1.3 Chloride ingress after 180 days

Chloride diffusion profiles after 180 days of immersion in the chloride solution are
presented in figures 5.20 to 5.23 for repair materials A, B, C and plain concrete
respectively. From the figures 5.20 to 5.22, it is clear that the initial curing method has very
little or no influence on the chloride uptake in repair materials. While from the figure 5.23,
it is clear that concrete mix is more sensitive to the initial curing condition.

The results in figures 5.24 and 5.25 represent chloride diffusion profiles for all the
materials for each of the initial curing conditions, after 180 days of immersion in the chloride
solution. The trend is similar to that in figures 5.18 and 5.19 after 90 days immersion. It is
clear from these figures that the repair mortar which is based on a mineral cement binder
(material B) possesses higher chloride concentration than the other materials under both
initial curing conditions. From the results of materials C it is also clear that its surface
chloride levels are similar to those of good quality concrete (figures 5.24 and 5.25) but the
chloride diffusion ;'ate is extremely high. This would lead to unacceptable high chloride
penetration for long-term chloride exposure, with the consequent danger of reinforcement
corrosion and spalling of concrete in repaired zone.

Consider figure 5.24, which shows chloride diffusion profiles for the four different
mixes considered in this investigation after 180 days of immersion in chloride solution for
initially water cured specimens at 20°C. The equilibrium chloride concentration on the
material surfaces were 0.59, 0.97, 0.41 and 0.61% by weight of material for the repair
materials A, B, C and concrete mix respectively. At a depth of 30 mm and greater the
chloride concentration profiles for all the materials, except material B, were found closer.
It is also clear from figure 5.24, that chloride concentration profiles for material with

polymer additives (material C) has lower concentration compared to other materials.
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Diffusion coefficient values of specimens after 180 days of exposure to chloride
solution are generally smaller than those obtained after 28 and 90 days of exposure for the
various curing regimes adopted in this investigation. Values of diffusion coefficient ranged
" from 15.35 X 107 Cm?/Sec to 94.42 X 107 Cm*Sec for the initial water cured specimens,

and from 9.23 X 107 Cm?Sec to 123 X 107 Cm?/Sec for the initial air cured specimens.

5.4.2 Influence of early exposure to chloride solution

Chloride diffusion profiles for Materials exposed to chloride solution after 24 hours
of casting are presented in figures 5.26 to 5.28 for 28, 90 and 180 days of immersion in the
chloride solution. These results are obtained from the specimens of Batch II (section 5.3.3).
Each figure displays chloride diffusion profiles for the repair materials and the concrete mix
considered in this investigation. As for the previous results (of Batch I), a high uptake of
chloride is found in the repair mortar B which is based on a mineral cement binder. This
seems to be true in most of the results obtained. For example, from figure 5.26 the values
of chloride concentrations at a depth of 10 mm from the unsealed surface for material B is
0.66% compared to 0.24, 0.49 and 0.26% for materials A, C and concrete mix respectively.
However, early exposure to chloride (24 hours after casting) has very little effect on chloride
penetration compared to the specimen cured for 28 days prior to exposure to chloride
solution. So it is clear that exposing these materials to chloride environment at early age has

no serious consequences.
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5.4.3 Influence of duration of exposure to chloride environment
5.4.3.1 Chloride diffusion profiles at different ages of exposure

Influence of duration of exposure to chloride environment on chloride uptake is shown
for the specimens initially cured for 28 days (batch I) and initially cured for 24 hours (batch
IT) of this investigation in figures 5.29 to 5.40 for the various materials used in this study.
It appears from the results of figures 5.31 to 5.35, where specimens were either water cured
at 20°C or air cured at 20°C, 55% RH for first 28 days prior to immersion in a chloride
solution, that material C did not show an increase in chloride uptake even after 180 days of
immersion in the chloride solution. The other three materials (materials A, B and concrete
mix) showed increased chloride uptake with increase in duration of exposure to chloride
environment (figures 5.29,5.30 and 5.32). This is probably due to the very low permeability
of material C, as discussed in chapter 3.

Considering figure 5.29, which presents the chloride diffusion profiles for the repair
Material A at various periods of exposure to chloride solution, it shows that there is a
considerable increase in the chloride uptaké beyond the 28 days of immersion. Figures 5.30
and 5.31, on the other hand, show that there is a relatively small increase in chloride uptake
at periods beyond 28 days of immersion for the materials B and C.

In figure 5.33, results of high strength repair material A are presented for three
different periods of immersion to a chloride environment. Initial curing for 28 days was at
20°C and 55% RH. It shows a consistent increase in chloride uptake at all ages of
immersion. Chloride diffusion profiles for the concrete mix at different ages of immersion
are presented in figures 5.32 and 5.36 for initial water cured at 20°C and air cured at 20°C,
55% RH respectively. It is also clear from these figures that the chloride uptake increases

as the age of immersion increases. It also shows effect of initial curing condition on the
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chloride uptake in concrete.

Gjorv and Vennestand [123] also showed progressively increasing depths of chloride
penetration with time for a mortar mix with ordinary portland cement at water to cement
ratio of 0.4. Specimens were cured in water for at least 2 to 3 months. Midgly and Illston
[124] also found a consistent increase in the chloride uptake after one year of immersion in
chloride solution compared with the chloride uptake after 6 months of immersion in chloride
solution. The work was conducted on cement pastes with water/cement ratios of 0.23, 0.47
and 0.71. Paste cylinders of 23 mm diameter X 70 mm length were initially stored for one
month in a saturated solution of calcium hydroxide at a temperature of 21 + 1°C, then
specimens were forced into undersized rubber tubes of 20 mm diameter and only one end of
each sample was left exposed. Some cylinders were then placed in a solution of sodium
chloride containing 30 grams per litre NaCl and some others were left in sodium chloride
solution containing 150 grams per litre. At a water/cement ratio of 0.47, the chloride
concentrations at a depth of 7 mm were about 0.62% at the age of 6 months of immersion
and 1.1% at the age of 12 months in chloride solution ( 150 grams NaCl per litre ). A
similar trend was obtained at other water/cement ratios regardless of the concentration of the

chloride solution.

Influence of early exposure to chloride environment on the chloride profiles of the
repair materials and the concrete is shown in figures 5.37 to 5.40. For the repair méterials
A, B and the concrete mix, an increase in chloride uptake occurred with increase in age of
exposure to chloride solution, while in case of material C (figure 5.39) duration of exposure

has relatively small influence on the chloride diffusion profile.
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Chloride diffusion profiles for concrete mix at various periods of exposure to chloride
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By comparing the results of mixes exposed after 24 hour and after 28 days of initial
curing, it is shown that specimens exposed to chloride environment after 24 hours of casting

has no serious consequences on long-term chloride concentration.

5.4.3.2 Relationship between Diffusion coefficient and duration of exposure

Results obtained on the variation of diffusion coefficient with duration of exposure,
together with the results of other workers are reported. The variation in the diffusion
coefficient with the duration of exposure to chloride solution for the results of this
investigation are shown in figures 5.41 to 5.43 for initially air cured specimens at 20C, 55%
RH, water cured specimens at 20°C and early exposed specimens respectively. Thé diffusion
coefficient values ranged from 63.4 X 107 cm?Sec after 28 days of exposure to 20.25 X 107

Cm?/Sec after 180 days of exposure, for initially air cured concrete specimens.

El-Khatib [125] reported values of diffusion coefficients for different mixes of
concrete with various durations of exposure to chloride solution. Four different concrete
mixes were used. Mixes Al, B1, C1 and D1 of proportions by weight of Cement : Binder
(which comprises cement and cement replacement material) : Water : Fine aggregate :

Coarse aggregate of 1 : 0.45 : 2.0 : 3.44. The mixes were identified as follows:-
a) Mix Al is the control mix made with OPC, without the addition of cement

replacement materials;

b) Mix Bl was made with 22% replacement of cement with PFA;
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C) Mix C1 is the mix where 9% of cement was replaced by silica fume, and
d) Mix D1 was made with replacing 40 of cement GGBF slag.

Further details of the mixes are given in Table 5.3.

Table 5.3 Details of mixes used by El-Khatib [125]

Mix proportions (Kg/m?)

Mix Cement PFA Silica GGBF Water Fine Coarse
Fume Slag Aggregate ~ Aggregate

Al 350 - - - 157.7 708.6 1201.4

B1 273 77 - - 157.7 687.1 1201.4

Cl1 3185 - 315 - 157.5 698.1 1201.4

D1 210 - - 140 157.5 698.6 1202.4

1.2% by weight of cement or cementitious materials (binder) of Superplasticiser
SP2000 was added in mixes Al, Bl and D1, and 1.5% was added in mix C1 to provide
satisfactory workability. 95ml of air entraining égent (AEI) per 50 kg of cement or
cementitious material (binder) were added in mixes Al, C1, and D1,While 118 ml per 50
kg of cementitious material were added in mix B1 which contained 22% of PFA. Owing to
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the presence of carbon in PFA, the air content of the concrete mix was reduced, so that it
maintain the same level of air content in mix 1 compared with other three mixes, the dosage
of air entraining agent had to be increased as recommended by the manufacturer. After
casting, specimens (100X100X500 mm) were initially cured in air at 37°C, 25% RH, wet/air
cured at 37°C, 25% RH and air cured at ambient conditions. The chloride diffusion values
ranged from 7 X 107 Cm%Sec after 28 days of exposure to 0.1 X 107 Cm*Sec after 12
months of exposure for initial wet/air curing (at 37°C, 25% R.H.) condition, as shown in
figure 5.44.

Molloy [126] reported values of diffusion coefficients for different concrete mixes
with various durations of exposure to sea water. Six different mixes were used. Control mix
A3, mix D3 with 25% replacement of cement with PFA, mix E3 with 60% replacement of
cement with GGBF slag, and F3 with 15% replacement of cement with silica fume. The
binder content of mixes A3, D3, E3 and F3 was 430 kg/m® and water/binder ratio of 0.58.
Mixes B3 and C3 were mixes with cement only. Mix B3 had a cement content of 430 kg/m’
and water/cement ratio of 0.58. Details of the mixes are given in Table 5.4. After casting,
specimens (100 X 100 X 500 mm) were initially cured in air under laboratory ambient
conditions for one month before exposure to sea water. Chloride diffusion values ranged
from about 2.0 X 107 Cm?Sec to 12.6 X 107 Cm?/Sec, but after 9 months of exposure, the
values ranged from 0.42 X 107 to 1.51 X 107 Cm*Sec. Results on variation of chloride
diffusion coefficient for mixes A3, B3, C3, D3, E3 and F3 are presented in figure 5.45.

Thomas’ et al results [127] show that the values of diffusion coefficients were always
found to be lower after two years of exposure compared to those after one year of exposure.
This further indicates that the diffusion coefficient decreases as the period of exposure to the

chloride environment increases.
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It is observed from experimental results of this investigation and others [102,103,
125-127] that the rate of chloride diffusion into repair materials and concrete diminishes with
time. The values of D, for materials A, B, C and concrete are shown in figures 5.41 and
5.42 for exposure periods up to 180 days for specimens water cured at 20°C and air cured
at 20°C, 55% RH for first 28 days prior to exposure to chloride solution. It is evident from
these figures that the rate of decrease in D, values is sharp at early age. The implication of
decreasing D, values with time is that prediction of long-term chloride concentrations in
repaired concrete structures by simply using D, values measured at earlier ages will results
in an overestimation of these concentrations. The diffusion coefficient values ranged from
29 X 107 cm?Sec after 28 days of exposure to 9.23 X 107 Cm?Sec after 180 days of
exposure for initial air cured specimens of material A. In the case of material B, the diffusion
coefficient value after 28 days of immersion was 209.7 X 107 cm?/sec for initial water cured
specimens at 20°C as shown in figure 5.30. The overwhelming evidence indicates that the

diffusion coefficient decreases as the duration of exposure to chloride environment increases.

5.5 PREDICTION OF LONG-TERM CHLORIDE PENETRATION

The basic Fick’s 2™ law equation and its solution as applied to chloride diffusion in
concrete were presented in section 5.2.2 [Equations (5.1) and (5.2)]. The effective diffusion
coefficient is assumed to be constant with respect to time in these equations. Figures 5.41
to 5.43 show, however, that D, is time dependent. So incorporating the time-dependency of
D, into the chloride diffusion model used for calculating long-term chloride concentrations
will lead to greater accuracy. Hence, the relationship between D, and time may be

approximated by an empirical relationship of the form,
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D_=D, t;" (5-3)

Where,
D, = effective diffusion coefficient (Cm?/Sec)
t, = time (months)
D, = effective diffusion coefficient at time t equal to one month
m = empirical coefficient, which depends on the diffusion

characteristic of the material.

Equation (5.3) can be written in a linear form as;

logD_=logD,-mlogt, (5.4)

In order to determine the values of D, (from the intercept) and the constant m (slope)
for the various materials, the data for the mixes reported in this chapter are plotted in the
form of equation (5.4) in figures 5.46 to 5.48. Since repair materials are generically different
and sensitive to the initial curing condition, separate values of co;lstants for initial water
cured and air cured specimens are listed in Table 5.5. Table 5.6 gives values of constants
(m and D,) for early exposed specimens.

The profiles of the diffusion coefficient as a function of time have been calculated
using equation 5.4 using the values of m and D, tabulated in Tables 5.5 and 5.6. These have
been plotted together with the experimental data in figures 5.49 to 5.51 for different curing
conditions. The experimental results of diffusion coefficients obtained in this investigation
are generally in good agreement with the profiles obtained from different m and D values,
which are shown by the solid line. It appears that equation 5.3 is suitable for the prediction
of long-term chloride diffusion coefficient with reasonable accuracy.
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TABLE 5.5 D, and m values for the various materials for initially either air
cured or water cured for 28 days

Materials initially water cured initially air cured
m D, (X10°) m D, (X10)
Cm?/Sec Cm?/Sec
A 0.50 4.70 0.57 3.91
B 1.10 19.06 1.41 13.85
C 0.69 25.88 0.65 56.88
Concrete 0.58 4.70 0.52 7.06
TABLE 5.6 | D, and m values for the various materials for early exposed ( 24
hours after casting) specimens
D, (X10%)
Materials m Cm?/Sec
A 0.91 11.88
B 0.98 48.31
C 0.58 14.96
Concrete 0.92 1.88

5.5.1 Surface Chloride Concentration, C,. and Diffusion Coefficient, D,

The values of surface chloride concentration, C,, were obtained from experimental
data available at different periods of exposure to a chloride environment by applying Fick’s
second law ( equation 5.2 ), to obtain a best-fit curve. These values of surface concentration
obtained from the experimental data are plotted against exposure period in figures 5.52 to
5.54. The results in these figures indicate that generally there is an increase in C, values as

the period of immersion increases. It is important to state that a high concentration of the
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chloride solution was used for the exposure test; 175 gm NaCl per litre was used. The vast
majority of C, values obtained from the experimental data ranged between 0.3 to 0.8 % by
weight of material. By comparing equilibrium chloride concentration of figure 5.54 (early
exposed) with those obtained from specimens which were exposed to chloride solution after
28 days initial curing (figures 5.52 and 5.53) show no significant difference in the C, values
of different materials in the long-term.

Also, an attempt is made to see whether there is any relationship between C, and D..
In figure 5.55, each value of equilibrium chloride concentration on the surface (Co)
associated with a value of diffusion coefficient (D,) is plotted for the mixes considered in this
investigation (materials A, B, C and concrete) after 28 days, 90 days and 180 days of
immersion in the chloride solution. There seems to be no specific trend between C, and D..
This is further repeated in figure 5.56 for the data of El-Khatib [125] on mixes Al, B1, C1

and D1.

In figure 5.57, the relationship between C, and D, obtained from other research data
[102,103,123] is presented. The figure shows that there is no relationship between C, and
D,. In mix Bl the value of D, decreases as the value of C, increases. whereas in mix Al,
the Dc values seems to have increased as the values of C, increased. Also, Gjorv and

Vennesland’s results show no particular trend.

From the above results in figures 5.55 to 5.57, it can be concluded that surface
chloride concentration (C,) and diffusion coefficient (D,) are not related. This can be due to
the fact that D, is primarily related to the properties of material and C, is a function of the

chloride concentration of the solution to which a concrete specimen is exposed.
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5.5.2 Theory for predicting long-term chloride diffusion

As discussed in section 5.5.1, the diffusion coefficient decreases as the period of
exposure to chloride environment increases. The following empirical equation was derived

to describe that change, which was as follows :-

D =D, t,™ (5.3)

The value of constants, D, and m, for the various materials are given in the Tables

5.5 and 5.6.

In order to derive an equation for the determination of long-term chloride
concentration in repair materials, the time-dependence of the diffusion coefficient, D, which
is represented by equation 5.3, needs to be incorporated in the theory based on Fick’s second

law of diffusion which governs chloride penetration into material.

By converting the time in months into seconds, equation 5.3 becomes,

5.5
D_.=K.t™ (5.5)

Where,

t = time of exposure to chloride solution in seconds,
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Table 5.6(a) The values of constant K|

Materials K,
initially water cured initially air cured
A 0.153 X 10* D, 0.430 X 10* D,
B 0.108 X 10® D, 10.49 X 10® D,
C 2.53 X 10* D, 1.4 X 10* D,
Concrete 0.498 X 10* D, 0.205 X 10* D,

For example, diffusion coefficient, D, for initially water cured material A is as

follows:

D..=(0.153X104) D, t™ (5.6)

For initially air cured repair material A, substituting the time-variable expression for

D,, from equation 5.5 into equation 5.1 (Fick’s second law of diffusion equation) gives:

__QQ= -0.57y _0°C 5.7
Se= (6t =5 (5.7)
Where,
m = 0.57, from Table 5.5.
1 dc _ d*c

(5.8)

(K,t7°-57) 0t ax?
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Assuming aTé(kst'°'57)6t (5.9)

and substituting into equation (5.8) gives:

2
g_; = % (5.10)
Integrating equation (5.9) gives :
t -
T =[ (Kt "")oe
Solving the integral gives :
T =2.326K,t% (5.11)

The standard solution of equation (5.10) is

- . .
1 erf( 2ﬁ)] (5.12)

Substituting for T from equation (5.11) and for K, from equation (5.5) as listed in

Cc=C,

Table 5.7 gives :

c(x, t) = G

1-erfl— %X (5.13)
196,/D, £9-53

Hence, if the diffusion coefficient after one month (30 days) of exposure to a chloride
environment, D,, is known together with the equilibrium chloride concentration on the
material surface, C,, then the chloride concentration at a depth x from the surface after time
t, C(x,t), may be calculated from equation (5.13).

Similarly, using different values of K, and m of the various materials for initial curing
conditions of this investigation, the chloride concentration at a depth x from the surface after
time t, C(x,t), can be calculated as follows:-
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For initial water cured Material A

clx, t) = C,

l1-erfl—%X (5.14)
109,/D, £°-5

For initial water cured Material C

C(x,t) = C, (5.15)

l-er _X__
555,/D, £°-31

For initial air cured Material C

1]

C(x, t) C,

l-erfl— % (5.16)
391,/D, £

For initial water cured Concrete Mix

Clx, t) = C,

l-erfl— % (5.17)
213/D, £%%

For initial air cured Concrete Mix

C(x,t) = Cli-erf—% || (5.18)
129/D, 048

In order to see the validity .of equations (5.14) to (5.18), chloride diffusion profiles
obtained from experimental data should be compared with those obtained from above
equations. All equations are based on the assumption that the equilibrium chloride

concentration on the surface, C,, is constant during the period of exposure to chloride
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environment. By considering figures 5.52 to 5.54 (section 5.5.2) for the results of this
investigation, C, seems to increase slightly as the period of exposure tb chloride increases.
However, a constant value has been assumed. The values of C, shown in figures 5.52 to 5.54
suggest that a value of 0.4% (by weight of material) for Material C and 0.6% (by weight of
material) for other materials. |

Consider the high-performance repair Material A under air curing at 20°C, 55%RH.
The chloride diffusion profiles obtained from the experimental data after 180 days of
exposure to chloride solution and those obtained from the equation (5.13) after the same
period are shown in figure 5.58.

The values obtained from equation (5.13) are calculated as follows:

Co = 0.6% by weight of material (assumed)
t = (180 X 24 X 60 X 60) =15552000 Seconds
D, = 3.91 X 10 Cm?Sec as given in Table 5.5.

It can be seen from figure 5.58 that predicted values obtained from equation (3 .13)
are slightly higher than those obtained from the experimental data. The difference becomes

larger as the depth of penetration increases.

Similar differences are obtained in figure 5.59, for material C (initially water cured
at 20°C) for 180 days of exposure. The same trend is seen in figures 5.60 and 5.61 for the
concrete mix under initial air curing at 20°C,55%RH and initial water curing at 20-C
respectively, after 180 days of exposure.

Generally, the predicted chloride profiles are in acceptable agreement with the

experimental data obtained in this investigation. Therefore the method outlined in this chapter
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represents a convenient means of predicting chloride concentration in concrete and the three

generic repair materials.

5.5.3 Application of prediction model to field data

The procedure for predicting long-term (after 20 years) chloride concentration profiles
is applied to the field data of two Arabian Gulf reinforced concrete dock structures exposed
to a marine environment, at Port Rashid and Jebel Ali Port. The calculations were performed
for control concrete and concrete cast using zemdrain formwork. Splash zone, tidal zone and
top of dock zones of marine exposure were considered. The structures were constructed using
two types of formwork, standard formwork followed by normal curing and zemdrain
formwork manufactured by DuPont de Nemours (Luxembourg) which allows absorption of
moisture from top layers of concrete so that the surface layers of concrete are expected to

be less permeable and consequently allow less chloride diffusion.

Using the chloride concentration data at various depths, as shown in Tables 5.7 and
5.8, values of diffusion coefficients (D,) and equilibrium chloride concentration on the
surface (C,) were calculated by employing the BMDP computer programme to determine the
chloride penetration profile. The computed values of diffusion coefficients and the C, are
presented in Tables 5.9 and 5.10. Together with the corresponding values for constants D,
and m calculated from equation 5.4, and 24 months surface chloride concentration (assumed
to be constant for each exposure conditions).

The predicted chloride concentration profiles after 20 years of exposures were, hence,
determined and are plotted in figures 5.62 to 5.73 together with the chloride diffusion

profiles assuming constant D, (of 24 months age).
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Table 5.9 D, and C, values used in the analysis of PORT RASHID

Exposure Control mix Zamdrain
durations
D, (X 107) Cm?/Sec D, (X 107) Cm?/Sec
Tidal Splash Top of Tidal Splash | Top of
Dock v Dock
12 months 0.13 0.19 0.19 0.21 0.13 0.18
18 months 1.22 0.31 0.19 0.25 0.11 .074
24 months 2.18 0.28 0.13 0.49 0.12 .096
12 mths 4.10 1.93 1.72 1.56 1.33 0.61
C 18 mths 4.10 3.76 3.41 3.52 3.05 2.2
0
24 mths 3.98 2.87 3.48 3.06 2.19 1.72

 Table 5.10 D, and average C, values used in the analysis of JEBEL ALI PORT

Exposure Control mix Zamdrain
durations ;
D, (X 107) Cm?/Sec D, (X 107) Cm?/Sec
Tidal Splash Top of Tidal Splash Top of
Dock Dock
12 months - 0.12 0.20 - 0.16 13.1
18 months 0.099 0.093 0.13 0.1 0.11 0.33
24 months 0.09 - 0.097 0.09 0.05 0.05 2.99
12 mths --- 3.52 1.22 - 1.1 0.11
C 18 mths 4.07 4.0 3.67 3.16 3.16 0.69
0
24 mths 5.32 4.29 1.76 4.01 4.36 0.16
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Prediction of chloride concentration after 20 years exposure, Port Rashid ( Control - Splash Zone )
m = 0.53 (from experimental data).
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Prediction of chloride concentration after 20 years exposure, Port Rashid ( Control - Top of Dock )
m = -0.51 (from experimental data).
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Prediction of chloride concentration after 20 years exposure, Port Rashid (Zamdrain - Tidal Zone)
m = +1.10 (from experimental data)
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Prediction of chloride concentration after 20 years exposure, Port Rashid ( Zamdrain - Splash Zone )
m = -0.18 (from experimental data).
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Prediction of chloride concentration after 20 years exposure, Jebel Ali Port (Control -Splash Zone)
m = -0.85 {from experimental data).
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Prediction of chloride concentration after 20 years of exposure, Jebel Ali Port (Zamdrain - Splash
Zone) m = -0.99 (from experimental data).
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Figure 5.69
Prediction of chloride concentration after 20 years exposure, Jebe!l Ali Port (Control -Splash Zone)

m = -0.85 (from experimental data).
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Prediction of chloride concentration after 20 years exposure, Jebel Ali Port (Control - Top of Dock)
m = -0.98 (from experimental data)
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Figure 5.71
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Prediction of chloride concentration after 20 years exposure, Jebel Ali Port (Zamedrain -Tidal Zone)
m = -0.99 ( from experimental data)
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5.6 CONCLUSIONS

The following conclusions are based on results obtained for specimens of generic

repair materials (namely A, B, C) and concrete mix exposed to a chloride environment.

The chloride concentration profiles show a strong dependency on the initial
curing conditions, especially during the early periods of exposure to chloride
environment. But after a long period of exposure the effect of initial curing
on chloride penetration is reduced.

High performance non-shrink repair material A showed the lowest chloride
penetration under all the initial curing conditions considered in this
investigation, while cementitious repair material B showed the highest chloride
uptake among all materials.

The diffusion coefficient of a material at a given time, D,, showed a strong
dependency on time of exposure to a chloride environment. The different
chloride concentration profiles for different materials are related to the
diffusion coefficient at one month (30 days) of exposure. The relationship can

be expressed in the form

D, = D, t,™
Where,
D, = diffusion coefficient (Cm?/Sec) after time t,
D, = effective diffusion coefficient at time t equal to one
month (30 days),
tn | = the time of exposure in months(30 days),
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m = an empirical coefficient which can be assumed constant
for particular mix.

4. The equilibrium chloride concentration on the material surface, C,, and
diffusion coefficient, D,, are not related.

5. Incorporation of the time-dependency of the diffusion coefficient into Fick’s

Second Law of Diffusion gives the following equation;

l1-er ____}_{__
k/D E™

Which can be used to predict long-term chloride concentration in the

clx, t) = C,

different materials.

Where,
C(x,t) = chloride concentration at distance,x, ahd at time,t,
C, = Chloride concentration at thé surface
K & m = Constants which depends on the material property and
initial curing conditions.
6. Based on the above expressions, prediction of long-term chloride

concentrations in repair can be made using routine inspection data such as
chloride concentration values at a known depth in materials at a given period
of exposure.

7. The early exposure to chloride environment (after 24 hours of casting) has no

serious consequences on long-term chloride concentration.
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CHAPTER 6
INFLUENCE OF REPAIR MATERIALS ON THE STRUCTURAL

PERFORMANCE OF REINFORCED CONCRETE COMPRESSION MEMBERS

6.1 INTRODUCTION

A patch repair is an effective restoration technique when an element of a structure
shows signs of distress, especially spalling and delamination [5]. Repair should be carried
out with sound material of similar properties to the original substrate. Repair materials which
can be packed into the repair zone with little or no support [128] are required in most
situations. These restrictions explain the fairly natural choice of sand-cement mortars for the
repair of damaged concrete, but the durability of such repair is not always satisfactory.
Dissatisfaction with this state of affairs has led to the search for better repair materials. In
the mid-1960°s polymer and epoxy resin-based mortars became available [128,129]. Their
adhesive bonding capacity, rapid development of high strength and their outstanding
chemical resistance offered clear advantages over simple cementitious mortars - sufficient to
justify their considerably higher cost [128-130].

However, while these materials continue to give excellent service when used in
appropriate situations, their indiscriminate substitution soon led to other problems. For
example, the rapid curing reactions of these chemicals were often accompanied by a
considerable rise in temperature, and in some cases substantial shrinkage of the resin binder,
which could induce severe stresses in the parent concrete adjacent to the bond line [131,84].
Ignorance of these aspects led to unfortunate experiences in the repair industry, which
_spurred interest in the reappraisal of cementitious mortars to overcome their shortcomings.

The outcome has been a swing back to cementitious repair materials, modified in more
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sophisticated forms [128,84], such as the incorporation of fibres to improve crack resistance,
abrasion and impact resistance and durability of the repair [132].

In chapters three and four conclusions were drawn about the significance of property
mismatch on the structural behaviour of patch repaired concrete members. These were based
on material properties determined for three generic repair materials and a plain concrete mix
of similar strength. In this investigation, the influence of generic repair materials on the
structural performance of defective reinforced concrete columns is studied. This includes the
load-strain characteristics and the failure mode of defective and repaired reinforced concrete
members. Short compression members simulating deterioration due to reinforcement
corrosion on one face and on two faces were considered in this investigation.

Prior to presenting the results of this investigation, however, a brief literature review
is made of the current information available on the load-deformation behaviour of reinforced
concrete compression members under axial loading. This also includes the effect of creep and
shrinkage deformations on the structural behaviour of repaired members, which forms

relevant literature review for the topics covered in the next chapter.

6.2 LITERATURE REVIEW

The information available on the effect of generic repair materials on the load-
deformation characteristics of reinforced concrete compression members is very limited. Such
available information [10,13] shows that repair materials have a significant effect on the load-
deformation properties of reinforced concrete columns. In order to understand the principal
features of the behaviour of repaired members, a general knowledge of the load-deformation
properties of reinforced concrete compression members under axial loading is essential. In

the following sections the salient points on the load deformation behaviour of conventionally

203



reinforced compression members under short-term and long-term loading will be discussed.

6.2.1 Reinforced concrete compression members

A reinforced concrete compression member basically consists of concrete, longitudinal
steel reinforcement and lateral steei reinforcement (stirrups). The stirrups are provided
primarily to prevent the longitudinal steel from buckling. If the stirrups are closely spaced,
the ductility of the member is improved. The diameter and spacing of the stirrups are related
to the diameter of the longitudinal steel bars for design purposes. The behaviour of a
reinforced concrete compression member under axial loading is mainly governed by the load-
deformation properties and cross-sectional areas of the longitudinal steel and concrete. At
small stresses, concrete and steel can be considered to behave elastically. Under these
conditions the load carried by each phase of the composite material can be determined from
elastic theory which will be discussed in section 6.2.1.1. However, actual observations show
that the steel stress is much larger than elasticity calculation would indicate, because of both
shrinkage and creep of concrete which increase with age under load.

The results of several tests on reinforced concrete compression members [10,13,134]
indicate that there is no fixed ratio of steel stress to concrete stress in column specimens. The
ratio of these stresses depends on the amount of shrinkage, which in turn depends on the age
of the concrete and the method of curing. It also depends on the amount of creep in the
concrete phase of the column specimens. Creep is greater when the load is applied at an early
stage of the hardening process [135-137]. The amount of creep is influenced by any of the
factors which determine the quality of concrete, such as cement content, water to cement
ratio, additives, curing and even type of aggregate used.

If a load is applied for only a short time, such as an ordinary live load, it causes little
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creep especially after the concrete is well cured. The live load thus produces an increment
of stress in steel and concrete which can be calculated reasonably accurately by elastic
theory. However, stress produced by dead load or any permanent or semi permanent load
depends on the entire load history of the columns.

Although tests show that the actual working stresses cannot be estimated with any
reasonable accuracy, they also show that the ultimate strengths of column specimens do not
vary appreciably with the history of loading [138]. This is due to the fact that, if under load,
the longitudinal steel reaches its yield stress first, the resulting increased deformation builds
up the stress in the concrete until its ultimate strength is reached. If, however, the concrete
approaches its ultimate strength before the steel reaches its yield, the increased deformation
of the concrete near its maximum stress, forces the steel stress to build up more rapidly.
Thus regardless of loading history, a reinforced concrete compression member reaches its
ultimate strength only when the load causes a stress approximately equal to 67 percent of the
ultimate strength of the concrete plus the yield stress of the longitudinal steel reinforcement

[138]. The 67 percent factor for the concrete is due to a number of possible factors:-

- columns have a much larger height/width ratio than standard cubes and hence
the effect of end restraints is almost insignificant compared with that in a cube
test;

- the apparent concrete strength increases with the rate of loading [139,140], and
since the rate of loading in a column test is much slower than that in a cube
test, the apparent strength is reduced;

- the compaction of the concrete in a reinforced concrete column is likely to be

less complete than in a cube.
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The following equation can therefore be used for the ultimate strength of reinforced

compression members;

P, = 0.67f,A. + f,A; (6.1)
Where,
Py = Ultimate strength of column specimens
feu = Compressive cube strength
Iy = Yield stress of the longitudinal steel bars
A, = Cross-sectional area of concrete
A = Cross-sectional area of steel.
6.2.1.1 Elastic theory

When a load, P, is applied to a reinforced concrete compression member, it is shared
between the concrete and steel phase of the composite material. The proportion of load
carried by each phase depends on the cross-sectional area and stiffness of each phase. The

conditions of equilibrium of forces, leads to the following equation,

P = O0A, + O, (6.2)
Where,
P = Applied axial load
0, = Stress in the reinforcement
g, = Stress in the concrete.

When the stresses in concrete and the reinforcement are within the elastic limit and
the interfacial bond is intact then the strains in the two phases are equal. Therefore, from the

condition of strain compatibility, it follows that;
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o’C 09
—£ = = 6.3
E, E, ( )
Where,

E, = Modulus of elasticity of concrete, and

E, = Modulus of elasticity of steel.

Substituting for g, or g, from equation (6.3) into equation (6.2), leads to the following

equation;
_ p
6, = 2.+ PA, (6.4)
- EP
e T A+ pA (6-2)
Where,
B = modular ratio ( E;/ E,)

In equations (6.4) and (6.5), the term ( A, + BA,) represents the area of the

transformed section.

6.2.1.2 Effects of creep and shrinkage

Equations (6.4) and (6.5) may give the falée impression that the stresses o, and o in
a given column are uniquely defined once the load P is specified. In fact, as mentioned
earlier, it is almost impossible to determine these stresses accurately because of the effects
of creep and shrinkage of concrete. In practice, g, is usually much larger than predicted by

the elastic theory (equation 6.5). This is due to the fact that under a sustained load, the
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effective stiffness of concrete decreases with time due to creep. Hence, the modular ratio,
B, in equations (6.4) and (6.5) increases, leading to an increase in the steel stress. If the
effective values of B for various durations of loading are inserted in equations (6.4) and
(6.5), it will be found that for a reinforced compression member under a constant load, there
is a gradual but significant redistribution of stress with time, the concrete gradually sheds off
part of the load it carries and this is picked up by the steel. This redistribution may continue
for years until the effective modular ratio settles down to an approximately constant value
[139], which cannot be determined with precision [141]. For practical concrete mixes, the
effective modular ratio for long-term loading may be two to three times that for short-term
modular ratio; BS 8110: Clause 2.5.2 [92] recommends that the effective modular ratio
should be taken as 15.

If the sustained load on a compression member is removed, there is an immediate
elastic recovery and residual stresses are set up. The steel reinforcement ends up in
compression and the concrete in tension [141]. The residual tensile stress in the concrete may
sometimes be high enough to cause cracking.

The effect of shrinkage of concrete causes further redistribution of stresses. A plain
concrete specimen undergoing uniform shrinkage will experience no stresses, but in a
reinforced concrete member, the reinforcement bars resist the shrinkége and set up tensile
stresses in concrete and compressive stresses in the steel.

It is clear from the above discussion that the actual stresses in a reinforced
compression member may be quite different from the values predicted from equations (6.4)
and (6.5). The difficulty of determining the creep and shrinkage with precision means that
the actual stresses cannot be determined accurately. If the member is subjected to a history

of load applications and removals, the residual stresses constitute further complications.
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The requirements of a repair system will vary within a broad classification of
structural and cosmetic application. Within each of these classeé, the mechanical properties
must be defined which will identify the ability of a material to fulfil the required application.
The structural application of a repair patch (i.e its stress carrying ability) is made more
complicated by the load relief during the repair operation. Thus, analysis of the transmission
and distribution of load through patch repairs in real structural members presents a complex
problem. Emberson et al [13] found complex patterns of stress gradient for the relatively

simple symmetrically reinforced repaired compression members.

6.3 EXPERIMENTAL WORK

An experimental investigation was carried out in two batches to understand the
behaviour of defective and repaired column specimens. Batch (I) deals with a single void
repair, while batch (II) deals with voids on two opposite faces of reinforced concrete
columns. Three commercially available generic repair materials, labelled as A, B, and C,
were used for repair work and the repaired specimens were axially loaded to failure. Results

of these tests are provided in this chapter.

6.3.1 Details of column specimens

A total of twenty six 150 X 150 X 750mm column specimens and nine cube
specimens were cast in three different series. All the column specimens were reinforced
longitudinally with four 12mm diameter high yield steel bars. The centroid of each
longitudinal bar was located at 26mm from the face of a specimen, as shown in figure 6.1.
Mild steel bars of 6mm diameter were used for stirrup reinforcement.

To simulate deterioration due to reinforcement corrosion, the defective columns were
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cast with centrally located voids of depth 55mm and length of 220mm, as shown in figure
6.2. The longitudinal steel bars were cast in the voids with 10% loss of cross-section due to
corrosion. Twelve columns were cast for each batch (I and II) with the centrally located
voids as shown in figure 6.2, and a further two columns were cast for each batch as control

column specimens which did not contain any void representing defective concrete.

6.3.2 Details of mix and materials

Details of repair materials and concrete mix are given in Table 6.1. Concrete mix
proportions (by weight) of 1 : 2.24 : 3.22, with a water to cement ratio of 0.56, were used
throughout. The cement content was 343 kg/m’. The chosen concrete mix proportions are
designed to give a 28 days cube strength of 40 N/mm? ( + 1 N/mm? ), and a slump of 10-
20 mm. Further details of these materials are given in section 3.3.1 of chapter 3.

As stated earlier, the longitudinal reinforcement consisted of four 12mm diameter high
yield steel (HYS) bars. The links provided to prevent outward buckling of the longitudinal
bars were 6mm diameter mild steel. The concrete at each end of a column specimen was
confined by closely placed links to a depth of 90 mm, as shown in figure 6.1, in order to
prevent premature localised failure during destructive testing. In order to facilitate strain
measurements in the longitudinal steel, studs of 10mm diameter were welded on to the
longitudinal bars in the reinforcing cage over a gauge length of 200mm.

Three commercially available generic repair materials which are labelled A,B and C
were used for repair of the defective reinforced concrete columns, as shown in Table 6.1.
Material A is a high performance non-shrinkable mix, Material B is a mineral based
cementitious mortar with no aggregate size particles or additives and Material C is a single

component cementitious mortar with polymer additives.
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TABLE - 6.1 Details of Mixes and Materials.

MIX MATERIALS AND DESCRIPTION QUANTITY W/C
(kg/m®) RATIO
Ordinary Portland Cement 342.54
CON TE
CRE Fine aggregate 767.04
0.56
10mm Coarse aggregate 1102.04
REPAIR MATERIALS
Mixed Water
Density Addition
A | High performance, non-shrink concrete 2069 4 litres per
30 kg pack
B | Mineral based cementitious mortar with no 1575 3 litres per
additives 20 kg pack
C | Single component cementitious material 1725 2.5 litres per

with polymer additives

20 kg pack

Further information and detailed mechanical characteristics of these materials are

given in section 3.3.1 of chapter 3.
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6.3.3 Casting and curing

Prior to casting, polystyrene pieces was carefully cut to prepare voids around
corroded reinforcement when concrete was cast. These were then cut into smaller sections
and assembled around the reinforcing bars to completely occupy the area in the mould where
the void was required in the cast concrete. Any cracks and joints between the pieces were
covered with insulating tape and in some areas plasticine was used to ensure that accurately
dimensioned voids remained after casting. The welded studs, as described in section 6.3.2.1,
were fitted with thin cylindrical polystyrene blocks during casting. The polystyrene blocks
were removed before the column specimens were tested to ensure unrestrained movement of
the studs during the deformation of the reinforcing bars.

Prior to casting, the column moulds were cleaned and lightly oiled to ensure easy
removal of the concrete. The reinforcement cage was positioned within the column mould
and the polystyrene pieces for the voided section were positioned carefully. All concrete
mixing was carried out using a rotary pan mixer. Mixing was continued until a uniform
consistency confirmed that concrete was thoroughly mixed. All the specimens were cast
horizontally in three layers, each layer being adequately compacted. The fresh concrete was
covered with a polythene sheet. After 24 hours the specimens were removed from their
moulds and allowed to cure in water for 28 days. Three reinforced columns of each series
were repaired with each repair material A, B and C respectively after 14 days of curing.
They were subsequently cured in water for a further 14 days prior to test. A fourth voided
specimen was taken as defective column specimen to study effect of void on the performance
of such columns. In this column, the void was not filled with patch repair. The full details

of the column specimens is given in Table 6.2.
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Figure 6.2

Details of void for (a) batch I, and (b) batch Il specimens
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Table 6.2  Details of column specimens.

Batch I and I Description
Specimens
Control Columns Reinforced concrete columns with no voids
Columns A Repaired using Repair Material A
Columns B Repaired using Repair Material B
Columns C Repaired using Repair Material C
Voided Columns Void was not filled with patch repair

(Batch I- void on one face; Batch II- void on opposite faces and three specimens
were tested for each batch I and II)

6.3.4 Repair of columns

Timber formwork was cut to cover two sides of each void and it was clamped in place
by using G clamps. This formed a tightly sealed joint on two sides of the void leaving the

third side open to allow the placing of the repair material.

At the age of 14 days, the columns to be repaired were taken out of water, and the
void surface was roughened by hand using a hammer and chisel to ensure good bonding. At
the same time, by using a wire brush, it was ensured that impurities were cleaned from the
corroded exposed reinforcement.

The repair mix was prepared according to the manufacturer’s literature. The material
was manually poured and compacted into the voids until full, when the exposed surface was
levelled off. Upon completion of the repair, the specimens were kept covered with a
polythene sheet for 24 hours, after which they were cured in water until the test date.

Strains at different positions were measured by using a demec extensometer of 200mm
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gauge length. Demec discs were attached for this purpose and their locations on the
specimens are as shown in figures 6.3 to 6.5.

6.3.5 Test procedure

Uniaxial compression tests were performed on the column specimens in an ELE
(International) 3000 kN compression maéhine under a constant stress rate of loading. Initial
strain readings ét the locations described in the previous section were taken using a Demec
extensometer and the column was loaded in 25 kN increments. At each load increment
longitudinal strain were measured and the column was examined to check for any cracking.
Loading was continued at a steady rate to failure and the failure load was noted. The
specimen was then taken out of the testing machine and any crushed material was removed
to expose the reinforcement. Demec gauge calibration factors were used to determine the

strains in each column at the various load intervals.

6.4 ANALYSIS OF VOIDED SECTIONS OF COMPRESSION MEMBERS

6.4.1 Elastic Analysis

Consider the axially loaded short reinforced concrete column with a void as shown
in figure 6.6. An equivalent section for a voided section (A-A) is drawn in figure 6.7,
because the voided section A-A is the determinant feature for failure. The applied force P
is assumed to act through the centroid of the original section and so acts at a depth of D/2
as shown in figure 6.7. It is obvious that due to presence of void this force is not centroidal
about the equivalent section, so it will cause bending as well as compression. It means that
in this case the column specimen is subjected to an axial load P and bending moment M, or
the column is eccentrically loaded with a load P at an eccentricity € = M/P. This combined

action gives a strain distribution on the voided portion as shown in figure 6.8.
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S.G. 4 position centred 200mm apart

/ on concrete face

40 mm r
X X €4—s.G. 3
55 mmﬂ 4
S.G. 2
S.G. 1

‘_
200 mm
220 mm | S.G.5 position as S.G.3

but on opposite face

S.G.1 and S.G.2 are on steel studs,
welded to longitudinal reinforcement bars

All other gauges are on concrete surface

S.G.4 and S.G.5 are on Steel Studs
as S.G.1 & S.G.2

55 mm "
55 mm
<
220 mm S.G.6 position as S.G.3 but
on opposite face
(b)
S.G.3 and S.G.6 are on Concrete Surface
Figure 6.4

Location of demec points on voided column specimens; (a) void on
one face (batch 1), and (b) void on two opposite faces (batch Il)
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220 mm S.G.2 on repaired surface

(@)

»

S.G.8 on the repair surface as S.G.7

Repaired surfaces S.G.4 and S.G.5 are on Steel Studs
\ as S.G.1 & S.G.2
55 .
S.G.3
55 m / /
S.G. 2

S.G.7

S.G. 1

I'200 mE'I
S.G.6 position as S.G.3

220 mm
but opposite side

b
(k) S.G.3 and S.G.6 are on Concrete Surface

S.G.7 and S.G.8 are on the repair patch

Figure 6.5
Location of demec points on repaired column specimens; (a) void on one
face (batch 1), and (b) void on two opposite faces (batch Il)
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For small applied loads, both materials will be in their elastic ranges and so stress is
directly proportional to strain. In this case, stress variation across the equivalent section will
be identical to the strain variation. The stress due to the axial load P, o,,, from equation (6.4)
is given by;

P
(o] = 6.6
P A (o4 + ﬁ Asl + B ASZ ( )

The stress due to the moment M, oy, at any depth x from the un-voided face is given -

by,
M(x-x
o= A S ) (6.7)
c

Where,

I, = the second moment of area of the equivalent section about its centroidal

axis and
X = depth of centroid axis (voided section).

Combining equations (6.6) and (6.7), the stress variation due to both the axial load

and bending, o,,y, across the equivalent section in the elastic range is given by,

_ p . M(x-x)

c = (6.8)
oFM AC + pASl+ ﬁ‘qSZ IC

By equating to zero and substituting e = M / P, the position of the neutral axis is

given by,

I, '
(AC+BAsl+BA52) e (6 ) 9)
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6.4.2 Ultimate Analysis

For the rectangular void used in this investigation, the concrete reaches its maximum
compressive strain first on the voided face. Also, at maximum load, the concrete begins to
crush and this propagates across the column causihg it to fail. Figure 6.9 shows possible
mode of failure for eccentrically loaded voided columns. As there is compatibility of strains
| between the reinforcement and the adjacent concrete, the steel strains ( €5, and eg, ) and
concrete strain on unaffe(_:ted face (e,) can be determined from the strain diagram (figure 6.9).
The relationship between the depth of neutral axis (x ) and the ultimate concrete strain (e,

= 0.0035) and steel strains are given by,

-

€, = ( ;_}i:) X 0.0035 (6.10)
-

€5, = (#}%‘) X 0.0035 (6.11)

€x = (?;f_;?) X 0.0035 (6.12)

Figure 6.8 represents the total strain diagram for the voided columns considered in
this investigation and' corresponding stress distribution across the voided section is as shown
in figure 6.10. As shown in the figure, the concrete stress variation is part parabola and part
rectangular and the stress on voided face is 0.67 f,,. A detailed stress analysis would be
required for the calculation of the area of the part parabola and part rectangular concrete

stress block as shown in figure 6.10. The simplification for the rectangular parabolic concrete

223



stress distribution is the rectangular block as suggested in BS 8110 [92]. This gives a stress
distribution as shown in figure 6.11.

Assuming idealised stress strain curves of steel reinforcement, BS 8110 [92] as shown
in figure 6.12, the steel stresses can be easily calculated as follows:-

Jfa = Ejeqorfy 6.13 (a)

fo = Eieqorf, 6.13 (b)
Where the lesser of the two values is used.

Using simplified stress distribution as shown in figure 6.11, for the known stress
distribution (figure 6.9), the ultimate load, P,, can be calculated as follow;

P, = [0.9d B (0.67 f )] + [ fuAal + [ oA ] (6.14)

The axial loading on the column may cause buckling of the longitudinal reinforcement
and subsequent cracking and spalling of the adjacent concrete cover. So, checking for steel
buckling:-

The maximum load, P, that can be carried by any reinforcing bar is given by,

P = Iy A (6.15)
Where,
A, = the cross sectional area of the bar.

Buckling will be the controlling factor when the applied load exceeds the buckling
load. An approximation of the buckling load, P, can be gained using Euler’s formula for
the two fixed ends,

P = 4 7 EI/ L? (6.16)

Where,

I = the second moment of area about the buckling axis,

L = the length over which the steel can buckle.
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From equating the loads from equations (6.15) and (6.16), a critical length, Ly, of

exposed reinforcing bar is,

L, = 2m,|ZLa (6.17)

Substituting values for I and A, for a circular bar, gives

nD E
LCR = — — (6. 18)
2\ f,

The critical length, L., gives a guideline as to possibility of buckling failure. For
example, if the exposed length of reinforcement is greater than L then the mode of

reinforcing bar failure will be controlled by buckling.

6.5 RESULTS AND DISCUSSION

A wide range of experimental data are presented to describe the load-strain
characteristics of the control, voided and repaired reinforced concrete short compression
members.

The effect of different generic repair materials on the ultimate strength and fracture
process of concrete under short term uniaxial compression were established. Each result for
the compression members presented in this investigation is an average of three column

specimens.
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6.5.1 Mode of failure

Plates 6.1 and 6.2 shows the failure mode for the repaired specimens of Batch I and
II, respectively. A careful observation of these photographs shows that the basic mechanical
properties of repair materials govern the failure mode of the repaired columns when loaded
under compression. For example, the failure of columns repaired with high strength material
A (both Batches I and II) is due to simultaneous crushing of the concrete and buckling of
steel reinforcement in substrate concrete adjacent to the repair patch while the repair patch
itself (repair material and reinforcement within it) does not fail. Similarly it is evident from
a plates 6.1 and 6.2 that failure of the column specimens repaired with cementitious mortar
B is due to crushing of repair material and buckling of steel bars within repair zone.
Extensive spalling of the repair patch leading to a pronounced failure zone was found for the
columns repaired with materials B and C, the spalling in the repair patch being even more
extensive for the weaker repair material C.

Repair materials having higher values of strength and consequently higher elastic
modulus than the substrate concrete can cause significant changes in the stress fields
developed during transmission of load through repair patch. The value of poisson’s ratio
contributes to these changes but in patch repairs the mismatch of the modulus values is

primarily responsible for their magnitude [11,13].

6.5.2 Load distribution in Steel, Concrete and Repair phases

When repaired reinforced concrete column specimens are subjected to uniaxial
compression, the applied load is shared between the materials. The magnitude of load carried
by the repair material, steel and concrete phases depends on their cross-sectional area and

stiffness.
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() (b)

Plate 6.1 Failure mode for the specimens, (a) repaired with Material B and (b) repaired
with Material A, of Batch I.
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Plate 6.2 Failure mode for the specimens, (a) repaired with Material A, (b) repaired
with Material B and (c) repaired with Material C, of Batch II.
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The load-strain curves of column specimens (batch I) under uniaxial compression are
shown in figures 6.13 to 6.16. Each curve represents the average of three column specimens.
As the applied load increases, stresses and strains in the column specimens increase. In this
investigation, the loads carried by the steel, concrete and repair phases are determined from
a knowledge of the strains in the longitudinal steel and repair materials at each increment of
applied load. The stress and hence the load, P and Py, carried by the steel and repair patch
are obtained from figures 6.17 and 6.18 which represents the complete stress-strain
relationship of the longitudinal steel and repair materials. The load in the concrete phase of

the specimen, P, is then determined from the following expression for composite materials:-

Where,
Pg = load carried by Longitudinal steel,
Pc = load' carried by substrate concrete,
Pr = load carried by repair patch, and
P = total applied load on column specimen at each increment

of loading.

The ultimate load carried by the column specimen is taken as the load causing the
concrete or repair materials to reach its ultimate strain, and buckling of the steel
reinforcement. Due to safety reasons it was decided to take strain readings up to about 40%
of the failure load.

The load distribution in the steel, repair and concrete phases of the compression

members as obtained using the above procedure is presented in figures 6.19 to 6.20, where

231



the abssica represents the incremental applied load in form P/P; and the ordinate represents
the proportion of applied load shared by the concrete, repair and steel phases which are

represented by P./P, Py/P and Py/P respectively.

The results in figure 6.19 show that the high strength and high stiffness of material
A hasa signiﬁcarit éffect on the load distribution in the repaired reinforced concrete column
specimens. It also shows that, with increment in load, stress concentration on substrate
concrete becomes high, as a result concrete begins to crush and this propagates across the

column causing it to fail.

From the load distribution curve for column specimens repaired with material B,
repaired surface carries slightly lower stress compared to substrate concrete as shown in
figure 6.20. In this case, the repaired column failed by crushing of the repair material. This
was followed by crushing of the concrete, then buckling of reinforcing bars. The buckling
occurred between the links, and was within the repair zone. In column specimens repaired
with material B, some crushing started to appear on repaired surface at about 95% of failure
load and propagated to concrete and across the column causing it to fail. Also, from figure
6.21, with increase in load, stress concentration on substrate concrete becomes high for

reinforced concrete specimens repaired with material C.
In case of voided column specimens, the concrete crushed on the voided face then

crushing propagated across the column. The exposed corroded steel buckled between the

links and consequently the steel on unaffected side buckled as the column collapsed.
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Figure 6.13
Load-strain relationship for columns A (batch [), repaired with Material A
Failure Load = 1014 kN
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Figure 6.14 '
Load-strain relationship for column 2 (Batch 1), repaired with Material B
Failure Load = 857.10 kN
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Figure 6.15

Load-strain relationship for columns C (batch l), repaired with Material C
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Figure 6.16
Load-strain relationship for voided columns (batch I),
Failure Load = 592.60 kN
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Figures 6.24 to 6.27 represent experimental results of batch II tests (double sided
void), of this investigation. The load distribution in the concrete, repair and steel phases of
repaired column specimens are given in figures 6.28 to 6.31- these are determined from the
strain data plotted in figures 6.24 to 6.27 and the stress-strain curves of materials given in
figures 6.17 and 6.18. Repair materials strength and stiffness have similar effect as in batch
I on the load sharing by the concrete, repair and steel phases of the repaired column
specimens. The results in figures 6.28 to 6.31 shows that, with increase in load, stress
concentration on substrate concrete becomes lower. This is due to large cross-sectional area
of the repair patch. Column specimens repaired with Material A exhibited more convergent
performance compared to other column specimens. Also, the magnitude of load carried by
the repair material and substrate concrete phases depends on their cross-sectional area and
stiffness. While figure 6.32 represents load distribution in the concrete and steel phases of

control column specimens.

The results in figures 6.33 and 6.34 show the comparison between the experimental
and theoretical load distribution (batch I) using serviceability analysis. These curves are
determined from the equation of total stress (equation 6.8) and the stress strain curve of
concrete given in figure 6.18. Generally all the predicted load distribution are in agreement

with the experimental data obtained in this investigation.

6.5.3 Ultimate strength

Figures 6.35 and 6.36, represent the effect of the repair material on the ultimate
failure load (as percentage of the ultimate strength of the control column) of repaired column

specimens of batches I and II, respectively.
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According to these figures, the properties of repair material have a significant effect
on the load carrying capaéity of the repaired column specimens. The average residual
strength of column specimens repaired with material A was found in the range of 93 to 94%
of the compressive strength of control column.

While values of 76 and 80% were found for the column specimens repaired with
materials B and C, respectively. So, the ultimate failure load of the repaired reinforced
concrete depends on the cross-sectional area, strength and stiffness of repair materials.

The effect of different generic materials on the failure load and the ultimate strength
of the defective and repaired short compression members are highlighted in Table 6.3.The
presence of a single and double voids on two opposite faces in the reinforced concrete
column due to corrosion of reinforcement and subsequent spalling reduces it’s strength by
approximately 46 and 79%, respectively.

Repair of defective reinforced concrete columns using three generic repair materials
A, B and C restore the strength of the column by 94, 72 and 71 percent for a voids on two
opposite faces (Batch II) respectively.

Table 6.3 Results of a failure load and residual strength of Batch I and Batch II tests.

Failure Load Failure load compare to
(KN) control column (%)
Repair
Specimens Materials Batch I Batch II Batch 1 Batch II
Control - 1093 1143 100 100
Columns A A 1014 1072 92.77 93.79
Columns B B 857.1 825.4 78.42 72,21
Columns C C 910.8 815.8 83.33 71.37
Voided nil 592.6 249.9 54.22 21.86
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6.5.4 Theoretical analysis

Theoretical analysis of voided column specimens of batch I test using the method
described in section 6.4 is as follows:-
The voided cross-section dimensions are:-
B=D =150mm,d = 95mm, d;, = 26 mm, d, = 124 mm
A, = (150 X 95) = 14250 mm?, A, = 226 mm?, A, = 203 mm?
The material properties are:-
fe = 42 N/'mm?, f, = 470 N/mm?, és = 210 kN/mm?,
E.= 21 kN/mm?
This gives an equivalent section area Ay of:
Aq = Ac+ aAy + @A, where, 0 =E,/E,
; 14250 + 10 (226 + 203)
= 18540 mm?
From the design stress-strain curve of concrete [92], the maximum concrete strain () is
given by:-
€ = (fulvw)™ /4100
= 1.581 X 103
Now the length of exposed reinforcing bar (L) is = 220 mm.
Using equation (6.18), the critical length (L) of the exposed reinforcing bar is,
Leg = 398.4 mm.

Hence, L < Lg.

Therefore, mode of reinforcement failure is not controlled by buckling.
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The neutral axis position of the equivalent section is given by:-
x = (14250 x 47.5) + (10 x 226 x 26) + (10 x 203 x 124)/18540 = 53.26 mm.

Therefore, the eccentricity e of the applied load is,
e = 150/2-53.26 = 21.74 mm.
The second moment of area, I, of the equivalent section at the voided section is,
I = {150 x 95%/3} + {10 x 226 x (95-26)?}
+ {10 x 203 x (124 -95)*}
= 4.473 x 10" mm*
Therefore,
Ic = (4.473 x 107) - (18540 x 21.74%
= 3.597 x 10" mm*
Using equation (6.9) the neutral axis position x due to the applied load is:-

X = -35.98 mm

and, from equations (6.10) to (6.12) the critical strains at point of failure are:-

¢ = 1.646x10°
e, =  4.275x 10% and
€ = -0.961 x 103, ( ..e, < ¢,)

Also from equations 6.13(a) and 6.13(b) the steel stresses f,; and f, at point of

failure is,
fa = 417.00 N/mm? ie < fy
fe = 897.75 N/mm’ ie. > f,, Sof, =470 N/mm’
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Applying equation (6.14), failure load, P,, can be calculated as follows:- .
P, = [0.9x95x 150 x 0.67 x 42] + [417 x 226] + [470 x 203]

= 546.20 kN

The failure load value determined from the above procedure for the single voided
column specimen shows acceptable agreement with experimental result as shown in Table

6.4.

Table 6.4  Comparison between the experimental and theoretical failure load of defective
reinforced concrete column of Batch 1.

Failure Load (kN) % Error

Experimental Theoretical

592.60 546.20

6.6 CONCLUSIONS

From the experimental results described in this chapter, the following conclusions can

be made :-

- Column specimens repaired with material A, failed without giving any warning, while
columns repaired with materials B and C developed cracks on the repair surface at
about 90% of failure load and propagated to concrete and across the column causing
it to failure.

- . The elastic modulus of the repair material is of importance in reinforced concrete

patch repairs. To avoid stress concentrations and brittle failure, the modulus of the
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repair material should not differ significantly from that of the substrate concrete. For
example, repair material A - a high strength and high elastic modulus material causes
relatively high stress concentration and fails in a brittle manner. Conversely, those
with low elastic modulus values transfer load into the substrate concrete.

The magnitude of load carried by the repair material and substrate concrete phases

depends on their cross-sectional area and stiffness.
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CHAPTER 7
LONG TERM STRUCTURAL INTERACTION IN REPAIRED COMPRESSION

ELEMENTS

7.1 INTRODUCTION

The importance of long-term deformation, such as creep and shrinkage, in concrete
structures is already well established. Creep can affect internal stresses in two ways: it can
reduce existing internal stress concentrations so that they are of a continuous nature, and it
can create its own new internal stresses when materials with different creep characteristics
interact in a given cross section. One example would be a reinforced concrete column under
permanent load. Creep causes contraction of concrete but not of steel. Since plane sections
remain plane, the stresses decrease in the concrete over time as the stresses increase in the
steel. The same redistribution is produced by shrinkage ; these internal stresses are, in turn,
reduced by creep. As a result of this redistribution caused by creep and shrinkage,
compression reinforcement in under-reinforced columns may reach the yield point even under
working loads. Similar redistribution of stresses can be expected in repaired reinforced
concrete elements due to grossly different creep and shrinkage characteristics of a repair
patch relative to the substrate material. However, there is little information available on the
long-term stress distributipn in repaired elements.

In this chapter, the long term structural interaction between a repair patch and
substrate reinforced concrete were investigated. Three commercially available generic repair
materials, namely A, B and C, are used for repair work. Results of an experimental
investigation on the long term structural interaction between a repair patch and the substrate

in short compression members of reinforced concrete are given in this chapter. A theoretical

250



procedure is derived to relate the interaction with basic properties of these repair materials
and substrate concrete, e.g. creep, shrinkage and modulus of elasticity. The validity of the
theory is established on the basis of the experimental data obtained in this study. Also, an
atfempt is made to predict the long-term creep deformation of repaired reinforced concrete
by using the creep model proposed by Samra [144]. Before presenting the results of this
study, however, a brief literature review is made on the practical methods of predicting time-

dependent deformations of reinforced concrete.

7.2 LITERATURE REVIEW

Although it is known that the presence of reinforcement in concrete reduces elastic
strain, shrinkage and creep, there are surprisingly few published papers reporting
experimental data. Troxell et. al [145] and Lambotte et. al [146] demonstrated the reduction
in shrinkage and, to a lesser degree, in creep for symmetrically distributed reinforcement.

For designers, there are various practical methods available for estimating time-
dependent deformations of reinforced concrete: Okada[147], Abeles[148], CEB[149],
Dilger[150] and Branson[151]. These five methods apply reduction factors to the creep and
shrinkage of plain concrete to allow for the presence of reinforcement, these factors are
based mainly on elastic analysis either on a constant modulus of elasticity for concrete or on
an age-adjusted effective modulus to allow for creep. Except for the Okada method [147],

the general form of the reduction factor (F) is :
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(7.1)

Fo= 1+ pnj;(1+x¢)
Where,
n is the modular ratio
n, is the initial modular ratio
o is the reinforcement ratio
X is the ageing coefficient
¢ is the creep coefficient of plain concrete

(the ratio of creep to the elastic strain is termed the creep coefficient)

Okada’s reduction factors are:

1 + 0.5pn,
1 + pn,

EC' (%4
E

Io

(7.2 (a))

Creep F = [

Where,
E,, is the modulus of elasticity of plain concrete at loading,

E, is the reinforced concrete modulus of elasticity at loading.

1 - 0.5pn,0

—r— (7.2 (b))

Shrinkage F =

Details of the parameters of equations (7.1) and (7.2) for each method are listed in
Table 7.1. It is clear that all the above predicting methods rely on a knowledge of creep and
shrinkage of plain concrete specimens of the same size and shape. Therefore, it is necessary

to have experimental data on plain concrete to compare the results.

252



Table 7.1 Parameters of deformation reduction factors (eqns. (7.1) and (7.2)) for the
various methods of predicting deformation of reinforced concrete.

Method Deformation | Initial Rein. Aging Creep coeff | Remark

modular ratio | ratio coeff (¢)

Ny )
CEB70 Creep - - - - No influence
[149] Shrinkage 20 aJ/a, - 0 Time-independent
Abeles Creep - | Time-independent
[148] Shrinkage EJ/E, a/a, - Time-independent
Branson Creep Variable Time-dependent
[151] Shrinkage EJ/E, a/a, 0.82 Time-dependent
Dilger Creep Variable Time-dependent
[150] Shrinkage EJ/E, a/a, 0.82 Time-dependent
Okada Creep EJ/E, a/a, - Variable Time-independent
[147] Shrinkage EJ/E, a/a, - Time-dependent

E, is the modulus of elasticity of steel

E, is the modulus of elasticity of plain concrete at loading

a, is the area of steel
a, is the area of concrete
a, is the area of section (= a; + a_ )

Assessment of the above five methods of predicting time-dependent deformations of

reinforced concrete has been carried out by Brooks et. al [152]. The objectives were to

compare experimental and predicted axial deformations of reinforced concrete with

symmetrical and unsymmetrical distribution of reinforcement, as used for non-tensioned steel

in the partially prestressed beam tests [153]. The specimens were twelve rectangular prisms,




100 X 180mm in cross-section and 435mm in length, the percentage of reinforcement being
0, 0.63, 1.62, 1.74, 3.66 and 4.47, as shown in figure 7.1. Axial creep was determined
under a stress of SMPa on two sets of three prisms loaded in series by two dead-weight lever
arm test rigs, the remaining six prisms were used for the determination of shrinkage.
Concrete surface strain measurement was by a 200mm Demec gauge, the gauge positions
being at the top and bottom reinforcement levels and at midheight of the 180mm sides of the
prism. Figures 7.2 and 7.3 show the average time-dependent total deformation of the prisms
under load and the average shrinkage of the load-free prisms for the various amounts of
reinforcement. In the case of symmetrical reinforcement, the strain is the average of six
gauge positions, i.e. at two reinforcement levels and midsection depth on two sides. For the
unsymmetrically reinforced prisms, the strain is the average of two gauge positions, i.e. at
the reinforcement level on two sides. Comparison of measured creep strains of reinforced
concrete specimens after the test duration of 8 months [152] with the theoretically predicted
strains, by the methods of Okada [147] and Abeles [148 ] are in close agreement, whereas
the Dilger [7] and Branson [8] methods underestimate creep. In a majority of cases,
shrinkage is overestimated by the prediction methods.

On the other hand, a rational approach for calculating the serviceability effects of
creep on reinforced concrete columns is proposed by Samra [144]. In this approach, a simple
procedure for predicting the effects of creep in reinforced concrete is devised. The approach
is based on a study of the behaviour of reinforced concrete members under sustained load,
with the resulting increase in deformations and stress redistribution between concrete and
steel. The solution incorporates an effective modulus of elasticity for a member with

reinforcement.
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Figure 7.1 Details of creep and shrinkage test specimens. Rectangular plain,

symmetrically reinforced and unsymmetrically reinforced concrete prisms, after

Brooks et al [152]
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Figure 7.2
(a) Total deformation under a stress of 5Mpa and (b) shrinkage, of
symmetrically reinforced concrete prisms, after Brooks et al [152].
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(a) Total deformation under a stress of 5 Mpa and (b)
shrinkage, of unsymmetrically reinforced concrete prisms,
after Brooks et al [152]
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According to the creep model suggested by Samra [144] for a reinforced concrete
member the final strain in concrete, after a period t of sustained load, may be expressed by

the following equation,

€ce = €. (1+d,) - f:t ‘2{1 db, - Aic (7.3)

i.e.

€xt = initial strain - Creep recovery - Short-term
plus creep strain strain recovery

in which,

€xt = strain in concrete after time t, under sustained load

€ = elastic strain in concrete upon application of load

Af, = stress decrement in concrete due to transfer of force from concrete to steel,
during time t and

Af, = stress decrement in concrete during an infinitesimal time interval i.

Equation (7.3) describes the well-known phenomenon that columns under sustained
load exhibit a continuous, but decreasing, transfer of force from concrete to steel.

The concrete stress f, after a time t, is given by

for = foy - AF, (7.4)

The term under the integral sign in equation (7.3) may be approximated as Af, ¢/2E,
and substituting in equation 7.3 gives:-
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or,

and

Where,

€. T % (1+¢t) - AE,ft (1+%¢t) (7'5)
€. = 231' [(1+,) - ?f_t (1+%¢t)]

Hence, the final strain in concrete €, may now be written simply as :-

f ci
€ = (7.6)
ct Eca
E
E, = < 1 Af (7.7)
- (1+¢c) - (l+_¢t) _C
2 f ci
E, = an apparent effective modulus of elasticity for the composite reinforced
section
o, = creep coefficient
Af/fq = ratio of the stress transfer.

The analysis of an axially loaded column under sustained service loads using the

above creep model proceeds as follows:-

1. The stress and strain distributions in concrete and steel are determined under
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short-term loading by using transformed section analysis.

After a time (t) of sustained load, and due to creep effects, concrete stresses
are reduced while the steel stress is increased. The stress reduction Af, is
assumed. Then, knowing the creep coefficient after time (t) for the given
concrete mix and substituting into equation (7.7), the apparent modulus of

elasticity is determined.

From equation (7.6), the final strain in the concrete is calculated. Because of
strain compatibility, this strain is equal to the steel strain, i.e., ¢, = €,. The
final stresses in concrete and steel are computed from equation (7.4) for the
concrete, and by multiplying the steel strain determined in step (3) by its
modulus of elasticity. Thus for concrete: f, = f.; - Af,, and for steel: f, =

€q E..

Equilibrium is then checked by verifying P, + P, = P, where P, and P, represent the

forces in the steel and the concrete respectively, and P is the applied axial compressive force

on the column. If this condition is not satisfied, a new stress decrement is assumed, and steps

(2) and (3) are repeated until equilibrium is satisfied. The solution involves an iterative

procedure and may require several trials.

EXPERIMENTAL PROGRAMME

Experimental work was carried out to establish long-term deformations of reinforced

concrete short column specimens which incorporated repair patches in them.
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7.3.1 Materials and Mix proportions

Concrete mix proportions of 1: 2.24 : 3.21 (by weight), with a water-cement ratio of
0.56, were used throughout. The concrete constituents were ordinary portland cement, fine
aggregate conforming to Zone ‘M’ of BS 882, and the coarse aggregates of a maximum size
of 10mm. The concrete mix was designed to give a 28-days cube strength of 45 N/mm? (+
1 N/mm?), and a slump of 10 - 30mm. Details of the materials are given in section 3.3.1
of chapter 3.

Three commercially available generic repair materials which are labelled A, B and
C were used in this study. Details of these repair materials are given in chapter 3.

The longitudinal reinforcement consisted of four 12mm diameter HYS bars. The links
provided to prevent outward buckling of the longitudinal bars were 6mm diameter mild steel.
Four studs were welded onto the longitudinal bars to ensure correct cover to the
reinforcement. In order to prevent premature loéalised failure of specimens during testing,
extra links at both ends were provided, as shown in figure 7.4. In order to facilitate strain
measurements in the longitudinal steel, studs of 10mm diameter were welded on the
longitudinal bars in the reinforcing cage and demec points were attached to these providing

a gauge length of 200mm for strain monitoring.

7.3.2 Details of Specimens, Casting, Curing and Testing

All the column specimens were reinforced longitudinally with four 12mm diameter
high yield steel bars, the centroid of each bar was located at 26mm from the adjacent faces

of the specimen as shown in figure 7.4. Mild steel bars of 6mm diameter were used for

stirrup reinforcement in each column specimen.
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Figure 7.4 Reinforcement Details
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A total of twenty four 150 x 150 x 750mm column specimens and eighteen cube
specimens of dimensions 100 x 100 x 100mm were cast in four batches (columns I, II, III
and IV) as shown in Table 7.2. From the six column specimens of each batch, three were
used for the uniaxial creep test and three for measuring shrinkage strains.

All the column specimens were cast in a horizontal position in three layers, each layer
was compacted on a vibrating table for a few seconds. The fresh concrete was covered with
a polythene sheet for the first 24 hours and then, specimens were demoulded. Subsequently,
all the specimens were cured at 20°C and 55% R.H. in a temperature and humidity
controlled room for 28 days prior to testing.

Tests for uniaxial creep and shrinkage commenced at 28 days after casting and regular
strain measurements were taken thereafter for 120 days. To simulate deterioration due to
reinforcement corrosion, after 120 days, centrally located voids on two opposite faces of the
columns were cut to a depth of 55mm and length 220mm using a hammer and chisel, as
shown in figure 7.5. Subsequently, patch repair work was carried out using the three generic
repair materials. Prior to patch repairing a void in a column, timber formwork was cut to
cover two sides of each void and it was clamped in place by using G clamps. This formed
tightly sealed joints on two faces of the void leaving the third face open to allow the placing
of the répair material. The repair mix was prepared according to the manufacturer’s
instructions. The material was manually poured and compacted into the voids until full, when
the open surface was levelled off. Upon completion of the repair, the specimens were kept
covered with a polythene sheet for 24 hours, after which they were cured at 20:C and 55%

RH for a further 7 days, prior to testing.
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Table 7.2  Experimental programme-

Column
Specimens’ Remark
Columns I Repaired with Material A after 120 days
Columns II Repaired with Material B after 120 days
Columns III Repaired with Material C after 120 days
Columns IV Control column specimens of reinforced concrete

(* 6 columns, each repaired with materials A, B and C respectively and 6 control columns)

750 mm

/ é A /155 mm
/& 55 mm 150 mm

150 mm

<

220 mm i

Figure 7.5 Column specimens showing the voids before patch repair

1
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A total of twelve specimens were tested for compression creep characteristics, by
maintaining a sustained axial load for a period of 210 days after patch repairing the voids in
a column and curing for 7 days. The creep tests were carried out in accordance with standard
practice [26]. Each specimen was loaded independently in a standard creep rig which
comprised of steel end plates bolted on to four 36mm diameter high yield steel tie rods. The
axial sustained load was applied to the specimen by means of a hydraulic jack and was
maintained at a constant level by regular application of load and tightening of the nuts on the
supporting steel rods. The nut loss was assumed to be 10 percent of the applied load in all
cases. The concentricity of the applied load was ensured by achieving reasonably similar
strains on the four steel tie rods of the creep rigs. In order to calculate the net creep strain,
shrinkage was measured on separate reinforced concrete column specimens and deducted
from the total strain measured on specimens in the creep rig. The loaded creep specimens
along with their corresponding shrinkage specimens were stored in the temperature and
humidity controlled room, at 20°C and 55% R.H.

At regular intervals, the creep and shrinkage strains of concrete were measured on
the four faces of each column specimen. The strains were measured by using a demec
extensometer of 200mm gauge length. Locations of demec points on specimens are given in
figures 7.6 and 7.7. Strain measurements in the steel reinforcement were made across two
demec points attached to the protruding ends of steel studs which were welded to the
reinforcement as described in section 6.3.2. Each shrinkage value presented in this chapter
is an average of strains measured across four faces of three identical reinforced concrete

specimens.
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7.3.2.1 Determination of sustained stress-strength ratio for Uniaxial creep test

At the serviceability limit state, the condition of equilibrium of forces in a column results in

the following expression:

7 L] 8
N o= fa, +fa, (7-8)
Where,
N = applied axial load
fe = compressive stress in the concrete
Is = compressive stress in the longitudinal reinforcement
A, = cross-sectional area of the concrete, and
A, = cross-sectional area of the longitudinal reinforcement.
For the ultimate limit state [136],
(7.9)

N = 0.4f A, + 0.75f A

Where,
Seu = the characteristic strength of concrete
Iy = the characteristic strength of the reinforcement

In limit state design a structural member is usually designed for the ultimate limit

state and then checked for the serviceability limit states of cracking and deflection.
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Figure 7.6 Location of Demec points on reinforced concrete column (control)

S.G.8 on the repair surface as S.G.7
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Figure 7.7 Location of demec points on repaired column specimens
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The loading on a column at the serviceability condition under limit state design

procedure is taken as:-

N, = 1.0G, + 0.90,
Where,
Gk = characteristic dead load,
Q« = Characteristic live load.

1.0 and 0.9 are partial factors of safety.

The ultimate design load is taken as:-

N, = 1.4G, + 1.60,

u

where,

1.4 & 1.6 are the appropriate partial safety factors

Assuming G, = Q, = Q gives:
N, = 1.9Q, and
N, = 3Q

Therefore, the ratio of serviceability load to ultimate load is,

(7.10)

(7.11)

for load.

(7.12)

Hence, in order to determine the serviceability sustained load to be applied to a creep

specimen, the ratio of applied load to ultimate column load of 0.63 is taken as a suitable

value.
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7.4 RESULTS AND DISCUSSION
Experimental results are presented on the long-term deformations of short reinforced
concrete column specimens together with the structural interaction between a repair patch and

the substrate concrete.

7.4.1 Influence of Longitudinal Steel reinforcement on the Shrinkage of Concrete

The shrinkage of plain concrete and repair materials has been established in chapter
4. The restraining effect of longitudinal steel reinforcement on shrinkage is assessed in this
chapter by comparing the shrinkage curves for reinforced concrete column specimens with
corresponding unreinforced prisms of similar mix proportions (from chapter 4), as shown in
figure 7.8. The top curve in figure 7.8 shows shrinkage of plain concrete prisms of
dimension 100 X 100 X 500mm which were considered in chapter 4. In order to make these
data suitable for comparison with reinforced concrete columns of dimension 150 X 150 X
750mm, a volume/surface correction has been made [141]. The corrected shrinkage curve
for plain concrete is shown in figure 7.8. The shrinkage curves of the three reinforced
concrete specimens (control columns) are also plotted in. figure 7.8. It can be seen that the
longitudinal reinforcing steel leads to significant reductioﬁ in the shrinkage measured on the
surface of plain concrete. For example, for control column specimens of reinforced concrete,
the surface shrinkage at 120 days decreases by about 43 percent relative to fhe surface

shrinkage of the plain concrete specimens of similar volume/surface.

7.4.2 Influence of Patch Repair on the Shrinkage of Concrete

Figures 7.9 to 7.11 show the shrinkage strains with age of reinforced concrete

columns which have been repaired with repair materials A, B and C. The graphs in figures
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7.9 to 7.11 show the shrinkage strains of the concrete surface of the unreinforced columns
upto 120 days of age (strain measured on gauges 3 and 6, figure 7.7). After the application
of repair patch at 120 days age, the effect on the shrinkage of the concrete surface (gauges
3 and 6, figure 7.7), repair patches (gauges 7 and 8, figure 7.7) and the strain in steel
reinforcement (gauges 1,2 and 4,5, figure 7.7) is also shown in these figure. For comparison
purpose, the free shrinkage curve of each repair material is also plotted. It is clear in figures
7.9 and 7.10 that after application of the repair patch, the shrinkage on the concrete surfacé
(gauge 3 and 6) and the shrinkage of the repair patch are similar. Also the strain of the steel
reinforcement is similar. In the case of material C, however (figure 7.11), the shrinkage
strains in the repair patch (gauges 7 and 8) are considerably greater than the strains on the
concrete surface after repair (gauges 3 and 6). The strains in the steel reinforcement have an
intermediate value, greater than the substrate concrete surface but less than the repair
material surface. In each of figures 7.9 to 7.11, the free shrinkage of the repair materials is
much greater than the shrinkage strains measured on the repair patch. This is due to the
restraining effect provided by both the substrate concrete and the steel reinforcemgnt on the

repair patch.

The volume/surface ratio of the repair patch is higher than that of the
100X100X500mm prism specimens and hence the free shrinkage of the repair patch will be
even higher than free shrinkage curves plotted in figures 7.9 to 7.11.

It has been established in chapter 4 that the creep characteristics of repair materials
A and B are quite similar at a constant stress/strength ratio. However, the creep strains of
material C are relatively quite high. So high shrinkage strains on the repair patch repaired

with material C can be due to the significantly high creep at a given stress/strength ratio.
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The total volume of repair patch and the surfaces which are exposed to drying can be
used to obtain volume/surface ratio, but drying will also take place from the restrained faces
due to absorption by the substrate concrete and this cannot be quantified accurately.
Therefore, volume/surface ratio of repair cannot be determined accurately in this case, so
a volume/surface ratio correction to the free shrinkage of prism 100 X 100 X 500mm
dimensions have not made in this investigation.

Glanville and Thomas [154] found that the total creep in compression and in tension
is equal under the same applied stress/strength ratio. On the other hand, Davis et al [155]
found that the rate of creep in tension is initially higher than in compression under the same
stress/strength ratio . After about one month under load, the creep rate under tension
decreases considerably than in compression. This behaviour was found to apply both to mass-
cured concrete and to concrete drying at a rélative humidity of 50 per cent. Mamillan’s tests
[156] indicate the total specific creep of neat cement paste at a relative humidity of 50
percent to be about five times higher in tension than in compression. However, on a
stress/strength basis, the creep in tension is the lower of the two. Brooks et. al [157] reveal
that, for concrete loaded at a latter age after shrinkage has taken place, total creep in tension
is less than total creep in compression. Also, whereas age reduces basic creep in
compression, basic creep in tension is not appreciably reduced, because the increase of
tensile strength with age is small. In this investigation, the substrate concrete shrinkage
strains start increasing after the application of the repair patch whereas the repair patch itself

shrinks less than its free shrinkage. This results in a varying tensile stress on the repair

patch.
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7.4.3 Load distribution in reinforced concrete column specimens under sustained axial

loading

When reinforced concrete columns are kept under a constant sustained load,
redistribution of stress from concrete to steel takes place continuously until the reinforcing
steel reaches its yield stress. Once the steel has attained its yield stress, it can no longer carry
any additional load, thus preventing the concrete from transferring its load to steel. This
stage represents the end of stress redistribution from concrete to steel and is refereed to as

the " Steady state".

7.4.3.1 Schematic Representation

In order to identify clearly the factors which influence the load distribution in the
concrete and reinforcing steel phases of columns under sustained loading, a schematic
representation is made in this section. The load distribution in concrete and steel can be
represented by the idealised curves in figure 7.12, where the load in concrete, P,, and in

steel, P,, are related to the total applied load, P, as follows :-

P = P, + P, (7.17)

The concrete matrix, in figure 7.12, carries a proportion of the applied sustained load
immediately after the application of load. However, as the age under load increases concrete
undergoes creep and hence it transfers some of the load to the longitudinal steel
reinforcement, thus leading to an increase in the share of load carried by the steel until it
reaches a steady state. This process of load redistribution leads to a continuous reduction in
the sustained stress of concrete until the steady state of stress is reached beyond which it
remains unchanged.
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Pc
P
Steady state Concrete
Steady state Steel
PS
P
Age under load (days)
Figure 7.12

Schematic load distribution in reinforced concrete compression
members under sustained load. |
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The load carried at different ages by the concrete and reinforcing steel phases in the
column specimens tested in this investigation was determined from the strain measurements
on the longitudinal steel reinforcement, which were made at regular intervals as shown by
a typical example in figure 7.13. The stress corresponding to these strains was determined
from the stress-strain curves of the steel reinforcement bars which is given in figure 7.14.
Hence, a knowledge of the total applied load, P, and the force in the longitudinal steel, P,,
lead to the determination of load P, in the concrete phase using equation 7.17. In order to
confirm the accuracy of this procedure for determining P, and P,, an alternative approach was
made to determine the instantaneous values only of these loads, as described below.

Assuming a condition of strain compatibility between the concrete and longitudinal

steel phases of the column specimens, equation 7.17 can be re-written in the form of:

A, (7.18)

pP = P
A

Es
+ PC(F)(

c

c
c

Where,
P = total applied load

P, = load carried by the concrete phase

E, = Young’s modulus of steel ( = 210 KN/mm? )

E, = Secant modulus of elasticity of concrete (= 22 KN/mm?)
A, = cross-sectional area of steel reinforcement

A, = cross-sectional area of concrete.
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A knowledge of the total applied load, P, the cross-section dimensions and elastic
properties of concrete and steel reinforcement allows the determination of the instantaneous
value of P, from equation 7.18 and consequently of P, from equation 7.17. These
instantaneous values of P, and P,, as determined from the above two procedures, are given
in Table 7.3 and show acceptable agreement with experimental r;:sults.

The loads carried by the concrete and reinforcing steel phases of the column
specimens, as a proportion of the total applied load, against the age under loading are shown
in figure 7.15 as obtained from figures 7.13 and 7.14, for two control column specimens.
It is evident from figure 7.15 that the steel reinforcement took a gradually increasing share
of the compressive load, with a corresponding decrease in compressive load taken by the
concrete. Also, the sustained load causes redistribution of stresses, so that the stress
decreases in the concrete over time as the stress increases in the steel. From the results in
figure 7.15, it is not possible to detect the steady state of stress as mentioned in section
7.4.2.1. This is so because when the applied sustained load on the column specimens is small

it requires longer period before the longitudinal steel reinforcement attains its yield stress.

Table 7.3 Comparison between the instantaneous loads in concrete and steel as
determined by the two procedures

Column P Procedure 1° Procedure 2** Maximum
(kN) (kN) (kN) % error
P, P, P, P, P, P,
control 320 64 256 54 266 14 4
(specimen 2) ‘
control 320 65 254 54 266 15 5
(specimen 3)

* Procedure 1 is based on steel stress-strain in figure 7.12, and
*k Procedure 2 uses equation 7.18.
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7.4.4 Creep Deformation

The creep characteristics of repair materials and plain concrete under different
stress/strength ratios have already been investigated in chapter 4. In this section the creep
curves of the concrete phase and patch repair phase in reinforced concrete columns will be
discussed. The effect of longitudinal reinforcing steel on the creep of concrete and repair
materials will be investigated by comparing the creep curves of reinforced concrete column

specimens with those for unreinforced prisms under similar sustained stresses.

7.4.4.1 Creep curves for short reinforced concrete columns

The results in figure 7.16 show the creep curves of the control short reinforced
concrete column specimens and of prism specimens of the plain concrete mix which was used
in the reinforced concrete columns. In order to make creep data of plain concrete prism of
100 X 100 X 500mm suitable for comparison with reinforced concrete columns of dimension
150 X 150 X 750mm, volume/surface and stress/strength ratio corrections have been made
to achieve common values for the prism and column specimens [141]. The specimens were
loaded at 28 days age after casting. The load was maintained for up to 120 days in the case
of the reinforced concrete column specimens and for 90 days in the case of plain concrete
prism specimens. The sustained stress level on the unreinforced prism specimens was 0.35
percent of the 28 day cube strength. The axial sustained load on the reinforced concrete
columns was 0.63 percent of the ultimate column load.

Comparing the creep curves for the reinforced concrete columns (average of three
specimens) and prism specimens (average of three specimens), as shown in figure 7.16, it

can be concluded that reinforcement leads to a reduction in creep, but not as significant as
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in shrinkage deformation curves, as shown in figure 7.8. For example, for a specimen of
control column, the creep strain at 90 days after loading decreases only by 3 percent relative
to the creep of the unreinforced prism specimen compared to 36 percent decreases in the case
of the surface shrinkage at 90 days. Results of other investigators also show that the effect
of reinforcement is to reduce shrinkage to a much greater extent than creep [147-149, 157].
In fact, it is assumed in the CEB 70 design recommendations that there is little influence on
creep for amounts of reinforcement up to 2% [149].

In this investigation, the following creep model [144] as described in section 7.2 is

used to investigate its correlation with the experimental data on reinforced concrete columns.

The final strain in concrete ¢, [144] is :-

f ci
= 7.6
et E.. ( )
and
E
E, = <
ca A 7.7
(1+d,) - (1+1¢,) Af. (7.7)
2 f ci
Where,
E, = an apparent effective modulus of elasticity for the composite reinforced
section
o = creep coefficient
Aflfs = ratio of the stress transfer.
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Predictions made on the basis of an apparent effective modulus of elasticity used in
the creep model suggested by Samara [144], are compared with the experimental data of this

study, and very good agreement is found as shown in figure 7.17. It is clear from this figure

that creep is overestimated by the creep model [144], and it gives overestimates within 12%.

7.4.4.2 Creep of' substrate concrete and repair phase in reinforced columns

Creep deformation of the three repair materials A, B and C and plain concrete has
already been investigated in chapter 4. In this section creep curves of the substrate concrete
and repair phases in repaired reinforced concrete columns are presented. The total strains on
concrete and repair materials were measured on two opposite faces on each column
specimens, as described in section 7.3.2 (figure 7.7, gauges 3,6,7 and 8). The net creep
strains were then obtained by deducting the shrinkage strains of corresponding unstressed

column specimens.

Typical creep curves of repaired and control reinforced concrete columns (average
of three specimens) are given in figures 7.18 to 7.20, showing the instantaneous elastic strain
upon loading and the rate at which creep strains increase with time for both the concrete
surface and the patch repair surface.

From the results of figure 7.18 to 7.20, it is not possible to detect the influence of
repair material on the proportion of load distribution in the concrete, repair and reinforcing
steel phases of the repaired column specimens owing to different cross-section and properties

of materials. The loads carried by the concrete, repair and steel phases of the repaired
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reinforced concrete cqlumns (average of three specimens) are determined as a proportion of
the total applied load and plotted against the age under load in figures 7.21 to 7.23. While
figure 7.24 represents load distribution in the concrete and steel phases of the control column
specimens under sustained load.

Both the concrete and repair material, in figures 7.21 to 7.23, carry a different
proportion of the applied sustained load immediately after the application of load since the
cross-sectional area, strength and stiffness of the materials comprising the column specimens
are not the same.‘ However, as the age under load increases both concrete and repair patch

undergo creep and hence transfer of their share of load takes place.

It is clearly evident from figures 7.21 to 7.23 that, with time, load distribution from
the repair to substrate concrete is much more marked in the reinforced concrete columns
repaired with material B and C as compared to columns repaired with material A. This is
primarily due to relatively low modulus and high creep characteristics of repair materials B
and C compared to substrate concrete. This trend is clearly in agreement with the repair
material properties which influence long-term performance of concrete structures as discussed
in chapters 3 and 4. An additional factor is the fact that the creep of repair materials is more

sensitive to stress/strength ratio than plain concrete (chapter 4).

So, the long-term load sharing by the repair patch is primarily controlled by the creep
characteristics of the repair materials. The elastic modulus is also an important property - a
high strength and consequently high elastic modulus of the repair material A increases the
load sharing capacity of the repair patch, but it is also increases the possibility of cracking

and failure in long-term.
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7.5 A THEORY FOR THE CREEP OF REPAIRED REINFORCED CONCRETE

COLUMNS UNDER COMPRESSION

7.5.1 Introduction

The preceding chapters have dealt with creep of different repair materials as a
property of the material. A knowledge of this property is of importance in understanding the
behaviour of such a material and its influence on the subsequent structural performance of
a repaired member. The main interest lies in the application of repair materials and in
determining the allowance which should be made for creep in design calculations.

The problems encountered are not easy, not only because of the complexity of the
properties of a repair material itself, but also because repair is generally used in combination
with reinforcing steel and substrate concrete. For this reason, it is the creep of repaired
reinforced concrete and the effects of creep in relation to composite action in general that are
of interest.

A simple mathematical expression to predict the total strain ratio (at repair cross-
section) between the repair patch and substrate concrete at any time (t) is derived in this
chapter. This mathematical analyses should form a useful guide in the selection of a repair
material for efficient long-term structural interaction between a repair patch and the substrate
concrete in compression members of reinforced concrete. A theory is derived in this section

to determine the total strain ratio (eg/ec), :-

Where,
€r = total strain on repair patch,
€c = total strain on substrate concrete, at any time t in terms of the creep

properties and modulus of elasticity of the materials, and the varying
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sustained stress applied on the concrete and repair cross-section.

Experimental data using three generic repair materials is used to verify the validity of the
proposed theory. The strain ratio, (e; /ec), derived using this procedure shows good

correlation with experimental data of this investigation.

7.5.2 Analysis of creep effects on repaired columns

An assumption is made that the rate of creep is constant at any time t, as shown in
figure 7.25.
The elastic strain-plus- creep deformation under a unit stress is termed the creep

function @, which is given by:

D (0 [ 1+ b, nl (7.20)

(ty)

Where,
to = age at first application of load,
Ew = . modulus of elasticity at age t,, and
o(te,t) = creep coefficient.

where the creep coefficient is defined as the ratio of creep strain at observation time
t to the elastic strain at time t,,.

Given the ambient relative humidity, age at application of load, and volume/surface
ratio the creep function can be calculated from equation (7.20) using the creep data and

modulus of elasticity data available for repair materials and the substrate concrete mixes.
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Relation between strain and time for a unit stress applied during the period t, to t.

Derivation of the analytical expression in this section is based on the assumptions that;

- creep varies linearly with stress, and

- it obeys Bolzmann’s principle of superposition, which was applied to concrete

data by Dischinger [158] and Maslov [159].

In this investigation, the difference in creep of repair and substrate concrete leads to
change in applied stress strength ratio continuous with age. Subsequently it results in strain
deformation under a varying stress. In the following section equations for the total strain on
repair patch and substrate concrete under varying stress/strength ratio was derived.

A practical method for directly computing the strain under a varying stress, or stress
under a varying strain, was developed by Trost [161] and later improved by Bazant [160]
who calls his method the ‘Age Adjusted Effective Modulus Method’.This introduces the
concept of an ‘aging’ coefficient.

The total strain resulting from an initial stress applied at age t,, o(t,) = 0,, and from

the subsequent continuously varying stress is given by :-

a"‘g” dt’ (7.21)

t
€ =0(I)t t +fq)t't
(t) 0 (oo) to (I) at

substituting for ®(t,,t) from equation (7.20) in equation (7.21) gives:

_ O S T RCLITV
) < E [1+¢(to.t)]+f E / dt
(£o) t (¢ ot

(7.21 ()

Where,
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®(t,,t) is the creep function
0y is the initial stress on application of load.
By evaluating the integral of equation 7.21 (a), for variation of stress (oy,0,) With

time :-

g g =g
_ ()
ey == 140, 0l +—— [1*X (4, 0Pz, 0] (7.22)

In this equation, x,, is the aging coefficient which accounts for the effect of aging
on the ultimate value of creep for stress increments or decrements occurring gradually after
the application of the original load. The aging coefficient is defined by equating the last

terms of equations (7.21 (a)) and (7.22), and rearranging as follows :

t [1+¢ / ] aO' IA
[1+ o ] = f (¢, 1) () q¢/ 7.23)
——'—E(to) X(to, &) ¥ (&, t) ty E(t/) at/ (

X( ) E(to) tl + ¢(t/,t)- ao(t/) dtl - 1
b Eqr € -
° bt 0 [0(5-00] & Eey 9 (¢ $ iz, 00
(7.24)
For numerical evaluations:
E t Ao
(tq) / 1
X (e, t)= 0 (th [1+¢(c’,t)]- (7.25)

d’(t,,,t) [0 (¢)=0o] . B ¢(co,c)
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Thus, the value of the aging coefficient x depends on t,, on the creep function, and

on the variation of the stress or strain with time.

Using the aging coefficient and shrinkage property of material equation (7.22) can be

arrange as follows:

g g -0

0 (t) 0
[1 + d)(to,t)] + E(t)
0

() [T+ Xy 0P eo. 0] +Ean (Eo/ )

(t)
(7.26)
Subsequently the total strain ratio of repair patch and substrate concrete, (exz/ec), at

any time t given by :- !

Op Or(t) "Or(¢,)
= [1+¢R - ] =
E (to. t) E

R tD R(to)

(SR) _ X [1+XR(t:o,t)¢R(to:t)]+ KleSha(co,c) (7.27)
¢

o ag -0
c clte, ) ~%c(ty)
. ) [1+@cqe, 0] +

o

\ ©C EC(t:o)

X [1+xc(to,c)¢c(to,t)]+ Kzssbc(co,n

Where,

K, and K, are the constants for volume/surface correction.

Equation 7.27 can be used to calculate total strain ratio at any time t, (ex/ec),, after loading
using basic material properties such as modulus of elasticity on loading and shrinkage

properties of materials, stress history and aging coefficient.

299



7.5.2.1 Determination of modulus of elasticity and stress on loading

In order to predict the total strain ratio,(e/e,), in repaired column specimens from
equation (7.27) of the proposed theory, values of stress, modulus of elasticity on loading and
creep coefficients have to be established first. This in turn requires the determination of the |
initial stress / strength ratio on the materials which is calculated by the following
procedure :

From the condition of equilibrium (at repair cross-section):-

P o= fa, + fA, + fe, (7.28)
Where,
P = applied axial load
Fofolr = compressive stress in the concrete, steel and repair patch
respectively
ALA AR = cross-sectional area of concrete, steel and repair patch
respectively.

Assuming full bond between the materials, then from the condition of compatibility

of strains,

— = = = = (7.29)

( Concrete Strain = Steel Strain = Repair Strain )

Where E,E, and E; are respectively the effective modulus of elasticity of the

concrete, steel and repair material at the time of application of load.
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From equations (7.28) and (7.29),

_ P - 1A

fe = E, (7.30)
Ac + AR'E
c
= P - fsAs

fo = E, (7.31)
AR + Ac?

In the above equations, the quantity (A, + Ay Eg/E,) represents the concrete area plus
modular ratio times the repair area, and this is the same as the area of the transformed
section in concrete.

In order to determine stress/strength ratio at application of load, stresses in concrete
and repair material were divided by corresponding cube strength of each material at the time
of loading. The experimental values of creep coefficients were determined by using materials

properties under the same environment conditions.

7.5.2.2 Comparison of experimental and predicted total strains

The results in figures 7.26 to 7.29 show the comparison between the experimental
and theoretical total strain (including elastic, creep and shrinkage strain) ratio of repair patch
and substrate concrete at different ages. Generally all the predicted creep strain ratios are in
close agreement with the experimental data obtained in this study. Therefore the derived
mathematical model represents an accurate means of predicting creep strain ratio of repair
patch and concrete surface. It is also clear that the stress on application of load and modulus
of elasticity of materials at loading plays an important role in the strain distribution between

repair patch and substrate concrete.
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Figure 7.29 compares the total strain ratio, ( e / €, ),, for the reinforced column

specimens repaired with three different repair materials. It is clear from this figure that a

high strength and consequently high elastic modulus of the repair material A increases the

load sharing capacity of the repair patch quite considerably compared to specimens repaired

with material B and C.

7.6

CONCLUSIONS

The following conclusions are based on the results obtained in this chapter,

The long-term cracking at the repair/substrate interface and the load sharing by the
repair patch is primarily controlled by the shrinkage and creep characteristics of the
repair materials.For efficient long-term structural interaction, these properties should
not differ significantly from those of the substrate concrete.

The elastic modulus is also an important property - a high strength and consequently
high elastic modulus of the repair material increases the load sharing capacity of the
repair patch, but also increases the possibility of cracking and failure.

The presence of reinforcement reduces shrinkage to a greater extent than creep.
Prediction of stress decrement in concrete made on the basis of an apparent effective
modulus of elasticity (creep model) suggested by Samara [144] shows good agreement
with thé experimental data of this investigation.

A mathematical expression to predict the creep strain ratio, of repair patch and
concrete surface,(eg/e,), at any time (t) after repair is derived in this study.
Calculation of the strain ratios using this procedure shows good correlation with

experiential data of this investigation.
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH

8.1 CONCLUSIONS
The following conclusions are based on the theoretical and experimental work

reported in this thesis,

1. Compressive creep strains and drying shrinkage are greatest in the cementitious repair
material which contains the styrene acrylic copolymer, despite the presence of some

fibre additives in this material.

2. In all repair materials considered, most of the drying shrinkage occurs within the first

21 days and remains relatively stable beyond that age.

3. The shrinkage of specially formulated repair mortars, particularly those modified with
polymer admixtures, is much more sensitive to the of relative humidity of the curing

environment than plain concrete.

4. Coarse aggregate size particles in repair materials provide dimensional stability,

ductility and higher stiffness.

5. Presence of a polymer admixture in a repair material reduces its water permeability.
The highest water permeability coefficients were recorded for the mineral based

material B. The mean values of permeability coefficient, K; (m/s), for material A
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10.

and C are 2.53 X 10" and 1.33 X 10" respectively, while for material B it is 5.62
X 10", which shows more than an order of magnitude increase in permeability

relative to the other materials.

For efficient long-term structural interaction with the substrate, the stiffness,
shrinkage and creep deformation properties of repair materials should not differ

significantly from those of the substrate concrete.

Under compression, plain concrete specimens and the two repair materials B and C
failed in a relatively ductile manner whereas repair material A specimens failed in a

brittle manner.

The chloride concentration profiles of repair materials, show a strong dependency
on the initial curing conditions, especially during the early periods of exposure to
chloride solution environment. But after a long period of exposure the effect of initial

curing on chloride penetration is reduced.

Repair material A showed the lowest chloride penetration under all the initial curing
conditions considered in this investigation, while cementitious repair material B

showed the highest chloride uptake among all the materials.

The chloride diffusion coefficient decreases as the period of exposure to a chloride
environment increases. The following formula was derived to predict long-term

chloride concentration profiles,
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11.

12.

13.

Clx,t) = ¢,

l-er L
KD, t™

Where,
C(x,t) = chloride concentration as a function of distance x and
time t
X = distance (Cm)
t = time (seconds)
Co = Chloride concentration at the surface
K&m = Constants  which  depends ~on the material

property and initial curing conditions.

The equilibrium chloride concentration on the material surface, C,, and diffusion

coefficient, D,, are not related.

In repaired reinforced concrete column specimens under sustained axial load, the
redistribution of stress (form substrate to repair patch) in specimens repaired with

material C is significantly higher then in other repaired columns.

Shrinkage of a repair patch in a repaired reinforced concrete element is restrained by
the substrate material. The substrate material itself shrinks due to the compressive
stress induced by the differential shrinkage of the repair patch relative to the substrate

material.
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14.  Selecting an appropriate material and predicting its shrinkage stress in the repaired

structure for a specified situation is an important strategy for reducing the adverse

effects due to restrained shrinkage.

15.  The following mathematical expression has been derived for determining the long-

term total strain distribution, (ep/ec),, in repaired reinforced concrete columns,

Where,
t, =
Ocs OR =
Ec’ ER =
bc, Pr =
€shes Eshr

Xcs Xr =

K] and K2 =

Or Or(t) “Or(t,)
(_‘) [1+¢R(co.t)] t—
tO

ER ER( to)

X [1+XR(t0,t)¢R(to.t)]+ K&

Shp(t, 1)
( o c ]
E C(to: t) E
C t C(ty)

X [1+Xeie,, 0Pcie,, 0] * Ko sheieg, 0

age at first application of load,

Stress on substrate concrete and repair patch respectively,
Modulus of elasticity of concrete and repair material,
Creep coefficient of concrete and repair material,
Shrinkage on concrete surface and repair patch,

aging coefficient for concrete surface and repair patch, and

constants for volume/surface correction.
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8.2 RECOMMENDATIONS FOR FURTHER WORK
The following may constitute important points for further research into the effect of

generic repair materials on the performance of concrete repair:-

1. Evaluation of the long-term performance of damaged and repaired columns under

variable or fatigue load.

2. Permeability of generic repair materials to chloride as well as water under practical

curing conditions requires an indepth examination.

3. The variation of the equilibrium chloride concentration on the concrete surface with

the duration of exposure to chloride environment need to be investigated further.
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