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Bond Degradation and Residual Flexural Capacity of Corroded RC Beams

Hao Wu

MASc., Department of Civil Engineering, Ryerson University, 2012

Abstract

An analytical model is developed to predict the residual flexural capacity of corroded RC
members. This was established by first developing an analytical model to calculate the
residual bond strength at steel-concrete interface. The bond model is then implemented
within the framework of the moment resistance method, and a new strain compatibility
analysis was developed: to account the analysis of a corroded reinforced concrete beam,
to incorporate dependence of the bond response on the stress strain and damage state
of the concrete and steel. Method for calculating flexural capacity of corroded RC beams
is then proposed, which is based on flexural analysis of RC beams that considers the
effect of bond degradation. The predicted results of these models correlated very well
with results observed in various experimental studies. This indicates that those
developed analytical models tend to estimate conservatively the residual bond strength

and flexural capacity of corroded RC beams.
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Chatper 1

INTRODUCTION

1.1 Background and Research Significance

Corrosion of reinforced concrete was first recognized early in the twentieth century, but it
has become worse in recent years with the widespread use of de-icing salts on highways
and bridge decks. The corrosion of steel reinforcement in concrete greatly reduces the
loading carrying capacity, shortens the service life and increases the maintenance cost
of the structure. According to a report (Highway, 1997), about 101,518 bridges of the
581,862 bridges in USA were rated as structurally deficient, and corrosion of the
reinforcing steel is a significant contributor to the structural deficiencies. The average
annual cost, through year 2011, for just maintaining the overall bridge conditions in US
is estimated to be $5.2 billions (Transportation, 2010). Therefore, designing against
corrosion of reinforcement in concrete should be of a great concern for materials and
bridge engineers, reinforced concrete corrosion specialists and those concerned with
the performance of reinforced and pre-stressed concrete bridges, when designing new
Reinforced Concrete (RC) structures and when evaluating the residual strength of old RC

structures.

It should be emphasized that the reinforcing steel is provided in reinforced concrete to
resist the tensile forces, and to produce controlled cracking within that zone. However,

corrosion not only deteriorates the steel bar and its function of transferring the tensile



stresses, but it deteriorates the concrete by spalling of the cover. Therefore, corrosion of
the reinforcement has a strong influence on the bond behaviour at the interface between
the steel reinforcement and concrete. As corrosion of the reinforcing steel progresses, the
bond strength between the reinforcing steel and concrete diminishes progressively, and
major repairs or replacement is needed. Reinforcement corrosion reduces the bond
strength between steel and concrete, deteriorating the load carrying capacity of RC
members. Therefore, it is very important to understand the mechanism of bond
deterioration and to estimate the bond strength and the residual load carrying capacity

of corroded RC beams.

Traditional strength-based design for new concrete structure has failed to provide
reliable long-term performance of structures exposed to aggressive environments. Most
national building codes aimed at ensuring that the structure being designed,
constructed and operated would perform satisfactorily at the ultimate and the
serviceability limit states. Therefore, a capacity reduction factor is used in the
calculation of the resistance of the concrete structure for consideration of the variation
of the material properties, member geometry and details, deficiencies in construction
practice and quality control, and the normal variation in the applied loads. However,
these considerations do not include the time-dependent behavior of loads and
resistances of the concrete structures. For example, the load may change (the highway
loading has increased significantly over the past several years), also, the resistance of a
concrete structure will decrease due to aging of the material and the deterioration

because of various environmental influences (such as corrosion of RC). Therefore, the



long-term performance of the concrete structure over the design service life is not
adequately reliable to guarantee the safety of the concrete structure. Considerable
experimental and numerical research was undertaken to study the basics of force
transfer at the steel rebar-concrete interface, the associated bond stress-slip, and other

force—displacement relationships.

While most of the researches regarding bond strength and flexural capacity of corroded
RC beams are experimental studies, there are several models for bond strength and very
few models for flexural capacity of corroded RC beam. Moreover, all these models are
not strictly derived theoretically and have their own limitations and drawbacks. The
drawback is that the results are highly dependent on the specific structures considered.
Therefore it's very important to propose analytical models for bond strength and

flexural strength calculation.

1.2 Previous Research at Ryerson University
The followings are summaries of the previous researches that have been done at

Ryerson University, including experimental and theoretical studies.

Hussein (2011) developed an analytical model to describe the deterioration of bond
strength at the steel-concrete interface in a reinforced concrete, due to the corrosion of
reinforcement. The concrete was assumed to be a thick-walled cylinder subjected to the
inner corrosion pressure due to the expansion of steel corrosion products. A friction

model was used to combine the action of confining pressure, which consists of radial



pressure produced by reinforcing bar ribs on surrounding concrete and corrosion
pressure due to expansion of steel corrosion products. The results from the developed

model showed good agreement with several researchers’ experimental results.

Al-Bayati (2009) conducted experiments to study the effect of corrosion on shear
behavior in both Normal Concrete (NC) and Self-consolidating Concrete (SCC) beams.
The use of NC and SCC showed minor influences on failure mode, while the different
states of corrosion showed a greater influence on failure mode and the structural

capacity of beams made from both NC and SCC.

Joyce (2008) carried out experiments to study the effect of corrosion on the flexural
behavior of reinforced concrete (RC) beams. It was observed that the flexural capacity of
reinforced concrete beams decreased as the rate of corrosion increased. The study
indicated a sharp drop in stiffness at relatively low degrees of corrosion, followed by a

slower decline at increasing corrosion levels.

Bhaskar (2008) developed an analytical model of bond which describes the contact
pressure between the reinforcing bar and concrete in a RC member. The analytical
model was implemented in a finite element analysis, using ABAQUS, of pull-out
specimens conducted by Amleh (2000). The results from finite element analysis agreed

reasonably with the experimental results.

Smith (2007) conducted experimental investigation into the effects of corrosion on the
structural behavior of RC beams. The experimental results of beam tests indicated that
the failure mode shifted from predictable ductile flexural failures at mid-span, to more

4



brittle failures at supports. The load carrying capacity decreased with increasing levels of
corrosion. Pull-out tests were also conducted by Smith (2007), and the experimental

results showed a gradual bond strength loss with increasing corrosion levels.

Aldulaymi (2007) conducted experimental studies to investigate the influence of
increasing levels of corrosion on the progressive deterioration of bond between the
steel and concrete. The experimental results indicated that the bond stress-slip
response of the embedded bar in the pullout specimen was adversely affected by the
width of the crack, and the level of corrosion. The maximum bond strength was

affected significantly by the number and size of cracks, and thus, the level of corrosion.

Ghosh and Amleh (2006) modeled the mechanical interaction between the corroding
reinforcing steel and the concrete with the nonlinear finite element program
ABAQUS. The loss of contact pressure and the decrease in the friction coefficient was
modeled first and the relationship between the loss of bond strength and the mass loss
of the reinforcing bar was established finally. The model gave accurate predictions of

bond strength for three experimental studies.

Hassan (2003) studied the effect of corrosion on bond strength using pullout tests on
specimens with four different types of concrete and three different types of steel
embedded. The results showed that the bond strength for corroded and un-corroded
stainless steel bars was lower than that of the regular carbon steel bars. Low levels of

corrosion (about 0.5 to 1% of mass loss) were observed to improve the bond strength



slightly. While, bond strength decreases rapidly with an increase in the corrosion level

for all types of specimens.

Lan (2003) investigated the behavior of three different types of specimens analytically,
based on fracture mechanics. The finite element program ATENA was used to analyze
cracking propagation and bond failure process, with nonlinear material models for
concrete. The effect of corrosion on bond-slip relationship in RC structures was also

investigated.

1.3 Scope and Objectives of the Present Investigation

The main objective of the current investigation focuses on developing a moment
resistance model for the concrete flexural elements under a given aggressive
environment (corrosion level). The concrete beams are considered to be corroded to
different levels of corrosion. Bond deterioration due to corrosion of the reinforcing steel
is the most important parameter in the loss of flexural capacity. Therefore, an analytical
model is first developed to calculate the residual bond strength between steel and
concrete under corrosion. The model is then implemented within the framework of the
moment resistance method. Method for calculating flexural capacity of corroded RC
beams is then proposed, which is based on the flexural analysis of normal RC beams that
considers the effect of bond degradation as well. A new strain compatibility condition is

considered in order to decide the failure modes.



1.4 Thesis Layout

The thesis is composed of six chapters. Chapter 1 addresses the research significance,
summarize the researches that have been done in Ryerson University, and presents the
scope and objective of this thesis. Chapter 2 presents the fundamentals of corrosion and
its influence on structural capacity. Chapter 3 presents the background of the thesis,
including the flexural theory, bond basics and the literature reviews of the previous
research on bond and flexural behaviors of RC beams. In Chapter 4, an analytical model to
calculate bond strength between corroded steel and concrete is proposed and validated
by experimental results from other researchers. Chapter 5 presents an analytical
procedure to calculate the residual flexural strength of corroded RC beams, which is also
validated by experimental studies from other researchers. Conclusions and
recommendations are made in Chapter 6. A numerical example is made in Appendix A
to demonstrate the calculation method of the residual bond strength and flexural capacity

of RC beams after sufferingreinforcement corrosion.



Chapter 2

CORROSION OF REINFORCEMENT

2.1 Introduction

As was mentioned earlier, the degree to which performance of reinforced concrete is
damaged as a result of reinforcement corrosion is a matter of great concern to those
responsible for assessing and maintaining the corroded RC structures. While
considerable research effort has been dedicated to the mechanisms and causes of
reinforcement corrosion and to researching the durability of repair materials,
considerably lower attention has been dedicated to the problem of assessing the
residual strength of the corroded structure. A detailed guidance on assessment of
residual strength of corrosion-damaged RC structures will be of a great importance to
number of practicing and practitioners. Therefore, comprehensive knowledge (that
understands and quantifies the effect of reinforcement corrosion on structural
behaviour) on the effect of corrosion on structural capacity and integrity is essential for
the development of effective tools for the prediction of residual service life and for the
development of cost effective repair strategies. This chapter will discuss the available
information on the factors that cause and control corrosion of steel in concrete, as
several metals will corrode under certain conditions when embedded in concrete.

Factors influencing the electrochemical process are also discussed.



2.2 Mechanism of Corrosion

Corrosion is the process of the transformation of a metal to its "native" form, which is the
natural ore state, often as oxides, chlorides or sulphates. This transformation occurs
because the compounds such as the oxides "involve" less energy than pure metals, and
hence they are more stable thermodynamically. The corrosion process does not take place
directly but rather as a series of electrochemical reactions with the passage of an electric
current. Corrosion also depends on the type and nature of the metal, the immediate
environment, temperature and other related factors. The corrosion may be defined as the

destructive attack of a metal by chemical or electrochemical reaction with its environment.

Steel in concrete is normally immune from corrosion because of the high alkalinity of the
concrete; the pH of the pore water can be greater than 12.5, which protects the embedded
steel against corrosion. This alkalinity of concrete causes passivation of the embedded
reinforcing bars. A microscopic oxide layer, which is the “passive” film, forms on the steel
surface due to the high pH, which prevents the dissolution of iron. Furthermore, the
concretes made using low water-cement ratios and good curing practices have a low
permeability, which minimizes the penetration of the corrosion inducing ingredients. In
addition, low permeability is believed to increase the electrical resistivity of the concrete to
some degree which helps in reducing the rate of corrosion by retarding the flow of
electrical currents within the concrete that accompany the electrochemical corrosion.
Consequently, corrosion of the embedded steel requires the breakdown of its passivity.
However, as the global warming becomes worse along with the increase of CO, content
in air, carbonation may break down the passive layer. Those structures in the tidal zone,
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or roads and bridge decks suffering from de-icing salt can also have the passive layer
broken down due to the chloride attack. Without the passive layer, the steel is
subjected to water and air and so corrosion happens. There are two steps of the
corrosion process. The first step of the steel corrosion is shown in Fig. 2-1, and the

chemical reactions were given by Mietz, Polder and Elsener (2000) as:

The anodic reaction: Fe » Fe?" + 2e~ (2-1)
The cathodic reaction:  2e™ + H,0 +%02 - 20H™ (2-2)
" N ) . ) '..o .. .
' e b 24 ' lonic " &
. Vi current s

1/20, + H,0 + 20~ & 20H

electronic e

current

Fig. 2-1: The anodic and cathodic reactions (Mietz, Polder and Elsener, 2000)

The second step of steel corrosion is shown in Fig. 2-2. The chemical reactions were

given by Mietz et al. (2000) as:
Fe?t + 20H™ - Fe(OH), (2-3)

4Fe(OH), + 0, + 2H,0 — 4Fe(OH), (2-4)
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Fe(OH); - Fe,0, - H,0 + 2H,0 (2-5)

lonic current ®
\ '

1120, + H,0 + 26~ —= 20H"

Fe2+ +20H" —» Fe(OH), Fust

Fo- —= Fe2r + 2e

Fig. 2-2: The corrosion reactions on steel (Mietz et al., 2000)

The un-hydrated ferric oxide Fe,0s; has a volume of about twice as that of the steel it
replaces and will have higher volume up to 10 times when it becomes hydrates (Mietz et
al., 2000). In concrete structures, the volume of corrosion products is normally twice of
uncorroded steel. The volume expansions of the corrosion products cause the cracking

and spalling of concrete, decreasing the load carrying capacity of RC structures.

2.3 Effect of Corrosion on Structural Capacity
There are two classifications of the corrosion of reinforcement namely: general or local
corrosion. General corrosion may occur due to either chloride contamination or due

to carbonation of the RC structure. The consequences of the steel corrosion are
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manifested as a decrease in the bar diameter, deterioration of the mechanical properties
of the reinforcing steel (e.g., the change from the normal ductile response of low carbon
steel bars to a relatively brittle response in bars damaged by pitting corrosion), cracking
and spalling of the concrete by the expansive iron oxides and hydroxides, and a noticeable
decrease in the bond at the steel-concrete interface. The oxides and hydroxides occupy a
greater volume than the parent metal, and the expansion of the diameter of the bar
as it corrodes generally leads to cracking and eventually spalling of concrete cover

before an appreciable proportion of the cross sectional area is lost.

Local or pitting corrosion is regularly associated with chloride contamination and not
with carbonation. The corrosion products due to local or pitting corrosion do not exhibit
the same degree of volumetric expansion as that of the general corrosion.
Consequently, the tendency of a corroding bar to split the concrete cover is less with
local or pitting corrosion, and extreme loss of bar section may occur without signs of

deterioration on the surface of the member.

In general, the residual strength of concrete structures may be affected by local (due
to pitting) or general loss of reinforcement cross sectional area, through changes in
the concrete cross section as a result of cracking or spalling, or through loss of bond
between steel and concrete. It should be noted that the two types of corrosion,
pitting and general corrosion, might occur together, and that the presence of general
corrosion should not be taken to indicate an absence of local corrosion. It should

also be noted that the loss of strength and ductility of reinforcement are of greatest
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concern when assessing structures affected by local corrosion, and are not

considered in this investigation.

2.3.1 Effect of Corrosion on Steel

In the case of general corrosion, bond is more likely to affect structural capacity than
is loss of tensile strength of reinforcement. Experiment results indicated that the level of
reinforcement corrosion does not influence the tensile strength of steel bars (calculated
on the actual area of cross-section), but reinforcing steel bars with more than 12%
corrosion indicates a brittle failure (Almusallam A. A., 2001). It's concluded that the
strength ratio and elastic modulus of reinforcement are not significantly affected by
corrosion and consequently the strength and modulus of elasticity of non-corroded bars

can be adopted in practice (Du et al. 2005).

2.3.2 Effect of Corrosion on Concrete

The corrosion products have higher volume than the original steel. With the increase of
corrosion level, the volume expansion of excessive rust products on the surface of steel
induces radial compression pressure and hoop tensile pressure on the surrounding
concrete after corrosion products fill the pores in concrete. When the hoop tensile
stress exceeds the tensile strength of concrete, the concrete will crack. Hence,
properties of cracked concrete should be considered to demonstrate the behaviour the

RC member after concrete cracks.
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2.3.3 Effect of Corrosion on Bond between Steel and Concrete

The transfer of the load between the steel and the concrete is affected by the
phenomenon of bond at the steel-concrete interface, which ensures secure gripping of the
reinforcement, and the working of the reinforcing steel in conjunction with the concrete,
to form a reliable structural element, capable of withstanding both tension and
compression forces (Amleh and Mirza, 2004). By simplifying the real behaviour, bond
stress may be considered as a shear stress over the surface of a reinforcing bar.
Bond strength initially comes from weak chemical bonds between steel and hardened
cement, but this resistance is broken at a very low stress. Once slip occurs, friction
contributes to bond. In plain reinforcing steel bars, friction is the major component of
strength. With deformed (ribbed) reinforcing steel bars, and under increasing slip
bond depend principally on the bearing, or mechanical interlock, between ribs rolled
on the surface of the bar and the surrounding concrete. In this stage, the reinforcing
bar generates bursting forces which tend to split the surrounding concrete. The failure
load may be limited by the resistance provided to these bursting forces by concrete

cover and confining reinforcement.

Corrosion affects bond strength in several ways. The bond strength between steel and
concrete is reduced with the increase of reinforcement corrosion. One reason is that the
cracking of concrete implies loss of confinement and thus reduces the bond. Another
reason is that the weak layer of corrosion products reduces the friction force.
Furthermore, the ribs are also deteriorated and the interlocking force decreases.

Corrosion may reduce the height of the ribs of a deformed bar, this is unlikely to be
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significant except at advanced stages of corrosion, however, disengagement of ribs
and concrete occurs, and the layer of corrosion products formed by oxidation of the
steel may force the concrete away from the bar and reduce the effective bearing area
of the ribs. Therefore, the bond strength is significantly reduced due to the corrosion of
reinforcement. However, it should be noted that within certain level of corrosion (2% to
4% mass loss of steel), the bond strength is observed to increase in many researches (Fu
and Chung, 1997), (Al-Sulaimani et al., 1990), (Almusallamet al., 1996), (Chunget al.,
2004) and others. The reason is that with the slight formation of corrosion products,
increases in the diameter of a corroding bar at first, which increases radial stresses
between bar and concrete and hence increases the frictional component of bond.
However, further corrosion will lead to more corrosion products, development of
longitudinal cracking and a reduction in the resistance to the bursting forces generated
by bond action. Corrosion products at the bar-concrete interface will affect friction at

the interface.
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Chatper 3

BACKGROUND AND LITERATURE REVIEW

3.1 Introduction

The majority of structural members used in practice are subjected to flexural stresses
caused by bending moments, such as beams and slabs. Bond between reinforcement
and concrete is necessary to ensure composite interaction of the two materials. It is
known that the load-carrying capacity of reinforced concrete (RC) beams is reduced with
increasing corrosion. In order to analyze the influence of corrosion on flexural capacity
of corroded RC beams, the fundamentals of conventional flexural theory, the design and
behavior of reinforced concrete members and the bond mechanics for uncorroded
beams must be studied first. In addition, this chapter reviews the available information
on the changes in bond characteristics of reinforcement induced by corrosion and the
consequences of that reduction on residual structural capacity of reinforced concrete

elements.

3.2 Strength Requirements for Structures

In order to provide proper safety against failure, structural members must always be
proportioned to resist loads greater than service or actual loads. The basic requirement
for design and checking the ultimate limit state condition is that the factored resistance
be equal to or greater than the effect of factored loads. In equation form, this can be

written as:
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PR > a; S, (3-1)

where

(¢} = resistance factor;

R = nominal resistance of a structural element;
a; = load factor of ith specified variable load;
S; = ith specified variable load.

In terms of moment resistance the factored resistance must be greater than or equal to

the effect of factored loads (i.e. M,, = M,, where M, represents the factored moment

resistance of the cross-section and M, represents the moment due to the factored

loads).

3.3 Flexural Theory of RC Beams
The flexural theory for reinforced concrete is based on three fundamental assumptions
(Macgregor and Wight, 2009):
1. Sections perpendicular to the axis of bending that are plane before bending
remain plane after bending;
2. The strain in the reinforcement is equal to the strain in the concrete at the same
level;
3. The stresses in the concrete and reinforcement can be computed from the
strains by using stress-strain curves for concrete and steel.
Figure 3-1(a) shows a beam subjected to a constant bending moment (pure bending).

The top half of the beam is subjected to compression and the bottom half is subjected
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to tension. There is a plane in the beam, which is not strained, and this is known as the
neutral surface. The intersection of the neutral surface with a cross section defines the
neutral axis (fundamental assumption of bending theory is that plane sections remain
plane). Therefore, the ends of the beam remain plane under the action of the bending
moment, resulting in a linear variation of strain with distance from the neutral axis, as
shown in Fig. 3-1 (b) (Timoshenko and Gere 1972). In addition, there is a linear stress
distribution over the depth of the beam, if the beam is made of a linear-elastic material

(a material for which stress is proportional to strain), as shown in Fig. 3-1(c).

The assumption of a linear strain distribution along with the stress-strain curves of the
concrete and steel permit determination of the stress distribution in the beam. Figs. 3-2
and 3-3 show schematic stress-strain curves of concrete and steel that are assumed for
the design of reinforced concrete members. The compressive stress-strain curve for
concrete depends on the testing conditions and the nature and proportions of the
concrete mixture. There is no well-defined elastic limit and the curve deviates from a

straight line in a gradual fashion.

(b)Strain (c) Stress
Disribution Distribution
(a) Deformed shape (linear-elastic)
Compression face € fc

Fig. 3-1: Pure bending of a beam (Timoshenko and Gere 1972)
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The mechanical properties of concrete and steel must be defined first. Macgregor and

Wight (2009) assumed a elastic-perfectly plastic model for the reinforcing steel in

tension and compression in Fig. 3-2. The steel elastic modulus E; is assumed to be 200

GPa.

where

steel stress;

elastic modulus;

steel strain;

steel strain at yielding;

yielding strength of steel.

f 5

fs

£s

Compression

Tension

Fig. 3-2: Assumed stress-strain relationship for reinforcing steel
(Macgregor and Wight, 2009)
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The stress-strain relationship for concrete is assumed by Macgregor and Wight (2009) as

shown in Fig. 3-3. The stress-strain relation is originally introduced by Hognestad (1952)

as:

where

fe

-] s

fe= (3-3)

f—_J\_—\

stresses in concrete;

compressive strength of concrete;

strain in concrete;

strain in concrete at peak compressive stress, taken as 0.002;

constant controlling the slope of the line, taken as 150.

Compression

fi |

—Er
Tension 1 ¢

I'_I‘::-|._._____._____

£c

Fig. 3-3: Assumed stress-strain relationship for concrete (Macgregor and Wight, 2009)

To determine the moment capacity of a RC beam, a singly reinforced concrete beam

under positive moment is considered in this investigation. The plane section analysis is
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drawn in Fig. 3-4, in which d is the distance between the center of principle rebar and
the extreme compression fiber, y. is the distance between neutral axis and extreme
compression fiber, @ is the curvature of the cross section, C, is the compression force of

concrete, T, is the tensile force of concrete, T is the tension force of reinforcing steel.

Cross section  Strain distribution Stress distribution

Fig. 3-4: Plane Section Analysis (Macgregor and Wight, 2009)

According to mechanics of materials , e.g. (Gere and Goodno, 2011), three conditions

must be satisfied:

1. Geometrical conditions:

o= (3-4)
y
where
() = curvature of the section;
& = the strains of concrete and steel at location y;
y = the distance from a point on the section to the neutral axis of the
section.

2. Physical conditions:
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The stress-strain relationship for steel and concrete, which are Eqgs. (3-1) and

(3-2), must be met respectively.

3. Equilibrium conditions:

C=T (3-5)
y
c=[ fb-dy (3-6)
0
T =f-A (3-7)
y
M= [ fbeyedy (39
0
where
C = the internal compression force of conrete;
T = the tensile force of reinforcing steel;
A = total area of reinforcing steel;
b = width of the beam section;
M = internal moment on the section.

The procedure to calculate the bending moment of a RC beam can be summarized as:
1. Find the cross sectional curvature @, and assume the strain of extreme concrete
compression fiber is g,;
2. According to the “plain section remain plain” assumption, the strain of tensile

reinforcing steel is ¢, calculated as:

d —_
g = ” Ye &, (3-9)
c

where
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Ve = the distance between the neutral axis and extreme compression

fiber.

3. Assuming the location of the neutral axis is y,, the compression force of concrete
C and the tensile force of steel can be calculated based on the the physical
condition using Egs. (3-2) and (3-3);

4. Move up and down the loacation of the neutral axis y. to meet the equilbrium
condition, which is C = T. The equibrium moment resistance M of the RC beam

canthen be calculated using Eq. (3-8).

3.4 Simplification of the Flexural Theory

To make it simple to analyze and design reinforced concrete beams, Macgregor and

Wight (2009) suggested the following assumptions:

1. The tensile strength of concrete, T, is neglected in flexural strength calculations;

2. The section is assumed to reach its norminal flexural strength when the strain in
the extreme compression fiber reaches the maximum usable compressive strain,
Ecus

3. The compressive stress-strain relationship of concrete may be based on
measured stress-strain curves, or may be based on rectangular shape that results

in prediction of flexural strength in substantial agreement with the results of

compressive tests (ACI Code section 10.2.6).
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In this investigation, an equivalent rectangularstress block to represent the parabolic
distribution of compression in concrete is used as shown in Fig. 3-4, which is difined

in CSA A23.3-04 (CSA, 2004).

s

Es
Cross section  Strain distribution Stress block

Fig. 3-5: Rectangular Stress Block (CSA, 2004)

In Fig. 3-5, a is the depth of the equivalent rectangular compressive zone; «;, is the ratio
of stress of compression stress block to the compressive strength of concrete which is
determined by Cement Association of Canada (2006) as a, = 0.85 — 0.0015f. = 0.67;
B is the ratio of depth of stress block and the actual depth of compression zone, which
is calculated in the design handbook (Cement Association of Canada, 2006) as
B, =0.97 —0.0025f,. Once these simplifications are assumed, the procedure of
calculation of moment capacity in Section 3.3 will be much easier, which is

demonstrated as follows:

1. The compression force of concrete:

C =a,f.ab (3-10)
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2. Assume the steel yields before crush of conrete, then the tensile force of steel at
failure is:
T=A -fy (3-11)

3. Setting C =T vyields the stress block depth:

A .
a=-— fy (3-12)
alfcb
4. The flexural strength is:
a
M=T- (d _ E) (3-13)

It should be noted that the strain of steel must be checked, because the steel is
assumed to vyield before the concrete crushes at failure. This assumption must be
satisfied to avoid the crushing of concrete. If not, the beam will suffer a brittle failure,
which is a bad design. Based on the linear strain distribution, the steel strain is

calculated as:

>, == (3-14)

3.5 Influence of Corrosion on Flexural Capacity of RC Members

The majority of structural members used in practice are subjected to flexural stresses
caused by bending moments, such as beams and slabs. This section summarizes the
current understanding of the influence of corrosion on flexural capacity of a reinforced

concrete element. Few researchers have investigated on how the corrosion of
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reinforcement influences the flexural capacity of reinforced concrete members, such as

strength, deflection and steel and concrete strains in reinforced concrete beams.

1. Malumbela et al. (2009)

Malumbela et al. (2009) studied the flexural behaviour of corroded RC beams under
combined effect of corrosion and sustained loads. An accelerated corrosion process
using a 5% solution of NaCl and a constant impressed current induced corrosion on
tensile steel bars. They tested four RC beams, each with a width of 153 mm, a depth of
254 mm and a length of 3000 mm. Beams were tested under self-weight, under 10% of
the ultimate load and under 33% of the ultimate load. Longitudinal tensile strains and
longitudinal compressive strains were monitored during the corrosion process.
Measured strains were used to determine the depth of the neutral axis, the curvature
and the moment of inertia of beams. They concluded that depth of the neutral axis is
independent of the level of corrosion for beams free from flexural cracks and beams
free from corrosion but significantly reduces with an increase in degree of corrosion for
corroded beams with flexural cracks. In addition, the longitudinal strains, depth of the
neutral axis and curvature depend on both the level of corrosion and the applied load

while the moment of inertia only depends on the level of corrosion.

2. Torres-Acosta et al. (2007)

Torres-Acosta et al. (2007) used specimens of concrete beams with 100 mm x 150 mm
cross section and 1500 mm in length casted with chlorides to investigate the flexural
capacity loss with steel cross-section loss due to generalized corrosion of the embedded

steel. The specimens were tested in flexure under three point loading. The experimental
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values of maximum load P,,,, were used to estimate the residual load capacity ratio

RLC.,g- An empirical equation was formulated according to the test data as:

RLC.,r = —0.8596 - (r—) + 0.9707 (3-15)
0
where
PITy 4x= maximum pit corrosion depth;
Ty = rebar radius.

It's observed by Torres-Acosta (2007) that the flexural load capacity decreased 60% with
only 10% of the x4,z /7, ratio, which is the ratio of average corrosion depth to the
rebar radius. PIT,, .5 /7, rather than x,, .z /7, ratio was the most important parameter
affecting flexural load capacity reduction, because pitting corrosion greatly decrease the
cross sectional area of the steel at a certain location and change the steel from ductile

behavior to brittle behavior.

3. E Maaddawy et al. (2005)

El-Maaddawy et al. (2005) studied the flexural behaviour of corroded RC beams under
combined effect of corrosion and sustained loads. Test results showed that the presence
of a sustained load and associated flexural cracks during corrosion exposure significantly
reduced the time to corrosion cracking and slightly increased the corrosion crack width.
For example they found that crack width would propagate 22% faster in loaded
conditions. They observed that with 8.9% and 22.2% mass loss, strength losses of 6.4%
and 20.0%, respectively. It was also observed that the presence of flexural cracks during

corrosion exposure initially increased the steel mass loss rate and, consequently, the
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reduction in the beam strength. El-Maaddawy et al. (2005) concluded that at low
corrosion levels, the effect of bond loss can be ignored and that the ultimate load

carrying capacity of the beam is affected only by the loss on steel reinforcement.

4. Ballim and Reid (2003)

Ballim and Reid (2003) tested beams having dimensions of 160 x 100 x 1500 mm,
reinforced with a single 16 mm diameter bottom bar and a pair of 8 mm diameter top
bars. Corrosion was initiated through carbonation and was accomplished by placing the
beams in a CO; filled pressure chamber (that was kept at 80 kPa) and supplying a
current of 400 pA/cm?. The beams were simultaneously corroded and loaded to either

23% or 34% of the ultimate load (P,).

1.8
° 1.6
E
o o
S 1.4 - .
E Cabrera aml
E Cihoddowssi
at (6P
1 :
0 2 4 6 8

2% Corrosion

Fig. 3-6: Effect of corrosion on the deflection ratio of RC beams. Series | — loaded to
0.23P,, (Ballim and Reid, 2003)
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Fig. 3-6 summarizes the deflection ratios that were observed by Ballim and Reid (2003),
which were calculated by dividing the average deflections of the corroded beams with
those of the control beams. This graph indicates that the deflection increased as
corrosion propagated, particularly at the early stages. The researchers attributed this
initial increase in deflection to early crack formation, as the crack creation and widening

progressed at a slower rate after a certain point (Ballim and Reid, 2003).

5. Castel et al. (2000)

Castel et al. (2000) studied the mechanical behaviour of RC beams with corroded
reinforcement. They conducted two separate experimental studies; the first one
consisted of four beams, which were naturally corroded in a salt fog environment for 14
years in an attempt to mimic actual field conditions, with dimensions of 150 x 280 x
3000 mm. Beam ultimate strength were determined by using three-point loading tests.
The average reported degree of corrosion was 10% and the reduction in flexural
strength was 20% with a 70% reduction in ductility. They concluded that the decrease in
stiffness was due to the reduction of both the steel cross-sectional area and bond
strength. This was attributed to the fact that the average maximum cross-section loss
near the centre of the beam was 20%, which would theoretically result in a stiffness
decrease of 15%. However, the total stiffness loss for one of the beams tested was 35%;
hence, there was a 20% difference in loss that was unaccounted for, which the
researchers suspected to be the result of bond deterioration (Castel et al., 2000). They
also said that the concrete cracks resulting from compression reinforcement corrosion

have an insignificant effect on the global behaviour of RC beams.
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6. Mangat and Elgarf (1999)

Mangat and Elgarf (1999) carried out another investigation into the effect of
reinforcement on load carrying capacity on 111 under-reinforced concrete beams.
Corrosion was induced at four different rates by applying a current of 1, 2, 3, or 4
mA/cm?. Nine groups of beams were fabricated, having dimensions of 100 x 150 x
910mm and reinforced with two no. 10 bars in tension. Stirrups (both embedded and
external) were applied to avoid shear failure. A significant reduction in the ultimate
flexural strength was noticed as under a four-point loading they observed a 77%
reduction in ultimate load with a corresponding loss of diameter of 10%. The load-
deflection relationships showed that when the degree of corrosion is greater than 2.5%,
load-deflection curves become dependent on the rate of corrosion. The rate of
corrosion was found to have an effect on the flexural load capacity. They observed that
when corrosion is less than 3.75%, the rate of corrosion had little influence on the
residual strength. While, when corrosion is greater than 5%, an increase in the rate of
corrosion greatly reduced the flexural strength of RC beams. They suggested that when
accelerated corrosion testing is necessary, the lowest practical corrosion rates should be

used to induce corrosion, particularly when the desired degree of corrosion is high.

Mangat and Elgarf (1999) proposed a numerical relationship between residual flexural

strength and the level of corrosion:

2Rt
B = [1 _ sin? (7 d—)] 100% (3-16)
b
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where B is the percent flexural load capacity, R is the rate of corrosion in mm/year, and

t is the elapsed time in years after corrosion initiation. The expressionZRt/d in the
b

above Eg. (3-16) is the formula for the degree of corrosion as a percentage reduction in

bar diameter.

7. Rodriguez et al. (1997)

Rodriguez et al. (1997) studied the effect of varying degrees of corrosion on concrete
beams. The beam specimens were 200mm by 150mm with a clear span of 2000mm.
Beams had both tensile, compressive as well as shear reinforcement that was corroded
using accelerated corrosion techniques by immersing the specimens in a solution made
of 3% calcium chlorides by weight to the mixing water, over a period of 101-190 days

under a constant current density of 100 pA/cm?.

The results showed that corrosion increases deflections and crack widths at the service
load, decreases strength at the ultimate load, and causes an increase in both the spacing
and width of transverse cracking due to bond deterioration. The different types of
failure within the beam specimens that was observed by Rodriguez et al. (1997) are
shown in Fig. 3-7. They reported that type 1 failure occurred in both corroded and un-
corroded beams with a low tensile reinforcement ratio; type 2 failure was observed in
beams with un-corroded tensile reinforcement of a high ratio and most corroded beams
with a high ratio of shear reinforcement; type 3 failure occurred in nearly all beams
having a high ratio of corroded tensile bars and large stirrup spacing; while type 4 failure

was found in corroded and un-corroded beams with curtailed tensile reinforcement.
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Reinforcement

1)  Failure by bending (yielding of tensile reinforcement).
2)  Failure by bending (crushing of concrete).

3) Failure by shear.

4)  Failure by both shear and bond splitting.

Fig. 3-7: lllustration of types of failures of beams with corroded reinforcement
(Rodriguez et al., 1997)

It was determined that not only will there be a loss of strength in both shear and
bending due to reinforcement corrosion, but also that corrosion can change the mode
of failure as well. Failure in some beams shifted from bending to shear upon corrosion
of reinforcement. This was prominent in beams with stirrup spacing close to the
effective depth of the concrete sections, when combined with a high relative corrosion
of the tensile bars. This change in failure mechanism was attributed to the reduction of
the stirrups cross-section (shear reinforcement) due to pitting and the reduction of the
concrete section due to spalling. In addition, Rodriguez et al. (1997) concluded that by
using the reduced sections of steel and concrete with conventional RC models,
conservative values of the ultimate moment and shear force could be calculated for RC
members damaged by corrosion. However, this method of calculating the strength of

damaged members is deficient in that it fails to consider the reduction of bond.
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8. Huangand Yang (1997)

Huang and Yang (1997) studied the relationship between the corrosion of RC beams and
load-carrying capacity. Two types of beam specimens (150 x 150 x 500 mm, reinforced
with two 6 mm bottom bars) were used: beams without cracks (type S) and beams with
a middle surface crack (type K). Two concrete mixtures were used: mix A and mix B,
having a water to cement ratio (w/c) of 0.4 and 0.3 respectively. Immersing them in
seawater and applying a current of 5 A/cm? corroded the RC beams. Their results
showed significant reduction in load-carrying capacity with the increase in corrosion was
more in beams with a low w/c or predetermined cracks (mix B or type K) as shown in
Figures 3-8 and 3-9. Huang and Yang (1997) concluded that this behaviour was a result
of the chloride ions having easier access to the reinforcing steel in cracked beams than

in un-cracked ones.

To explain the fact that the beams made with a lower w/c (which makes for a higher
strength concrete), displayed a less favourable response, Huang and Yang (1997) said
that, “...lower water/cement ratio concretes have smaller pores, which show lower
energy-absorbing capacity”, and that after cracking, beams made of high strength

concrete may fail before ones of low strength concrete.
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Fig. 3-8: (a) Effect of corrosion on stiffness; (b) effect of corrosion on ultimate moment
(AS — beams without cracks and AK — beams with a middle surface crack)
(Huang and Yang, 1996).
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Fig. 3-9: (a) Effect of corrosion on stiffness; (b) effect of corrosion on ultimate moment
(BS — beams without cracks and BK — beams with a middle surface crack)
(Huang and Yang, 1996).
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Amleh (2005) observed similar behaviour with concretes made with low w/c ratios and
concluded that concrete that has smaller pores cannot accommodate voluminous rust
products as well as concrete with larger pores. This is because the existence of larger
pores allows the oxides to migrate more easily into the matrix of the concrete, thus
reducing the expansive tensile stresses. Conversely, concrete with smaller pores is more
greatly influenced by rust products and experiences larger internal stresses, resulting in

a more rapid deterioration of the concrete (Amleh, 2005).

9. Eyre and Nokhasteh (1992)

Eyre and Nokhasteh (1992) studied the behaviour of RC beams simply supported with
exposed reinforcement. In the tests performed, the concrete-steel interface was
assumed to have zero bond over various lengths of the beam and the capacity of the
beam was observed to reduce with smaller bond lengths. They found that even with the
use of a critical un-bonded length, the beams failed by the concrete crushing, regardless
of steel ratio. Their results have demonstrated that beams may possess considerable
strength despite bond being entirely eliminated over part of the span, provided ends of
bars remain adequately anchored. Eyre and Nokhasteh (1992) proposed an algebraic
method for predicting the ultimate strength of corroded RC beams. However, this
method assumes that concrete acts as a linear-elastic material and thus does not
properly reflect the stress-strain behaviour of concrete, and presumes a total loss of

bond, which does not reflect actual conditions (Maaddawy et al., 2005).
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10. Cabrera and Ghoddoussi (1992)

Cabrera and Ghoddoussi (1992) studied the effects of corrosion on beams of 160 x 125 x
1000 mm, reinforced with 2-10 mm diameter bars at the top, 2-12 mm diameter bars at
the bottom and 8 mm diameter stirrups. They also used accelerated corrosion
techniques to corrode the tensile reinforcement by applying an unknown current
density. They reported bond reduction of 35% and a maximum reduction in the steel
cross-sectional area was 9%, which resulted in a 20% reduction in the ultimate bending
moment and a 40% increase in deflection at the service load. They also developed
expressions for the relationship between crack width and corrosion, based on different
parameters. Predictions of the two sets of expressions are broadly consistent despite
significant differences in conditioning. Others report crack widths in excess of 0.6mm
without spalling. Given the importance of confinement from cover and links to bond, it

is clear that bond will be severely depleted prior to spalling.

11. Al-Sulaimani et al. (1990)

Al-Sulaimani et al. (1990) conducted two series of tests, one to study the influence of
corrosion on the behavior of beams failing in bond, the other to evaluate the behavior
of beams designed to fail in flexure. These beam tests were designed to simulate
relatively uniform corrosion, while pullout tests were used to simulate severe local

corrosion.
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These beams and pullout specimens were subjected to different levels of corrosion. In
the test program on the study of corrosion-bond behavior for beams designed to fail in
bond, beam specimens150x150 mm in cross section and 1000mm in length, with one 12
mm bottom bar having an embedment length of 144mm, were used. In the series aimed
at the study of corrosion-bond behavior for beams designed to fail in flexure, the same
specimen were used except that the embedment length was increased to 300mm. All
beam specimens were cast from a concrete with a water/cement ratio of 0.45 and an

average compressive strength of 40 MPa.

Sufficient development length and shear stirrups were provided to prevent bond or
shear failures for the beams designed to fail in flexure. They found that the average
bond stress over the embedded length was found to be well below the ultimate bond
stress observed in pullout tests for bars with similar corrosion, indicating that the failure
of the beams was due to the yielding of steel and was not a bond failure (Al-Sulaimani et
al., 1990). Furthermore, they concluded that the reduction in beam capacity was not
due to a decrease in bond stress but rather, it could be attributed primarily to the

reduced area of the reinforcing steel.

12. Minkarah and Ringo (1982)

Minkarah and Ringo (1982) carried out a series of tests on beam specimens in which loss
of cover to and full debonding of tension reinforcement due to corrosion damage was
simulated. Beam section, which contained 0.95% reinforcement, and span were tested

with a varying length of bar exposed. All beams were tested under a single point load
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offset from mid-span, and the load was applied at a section where reinforcement
remained bonded to concrete. They noted a marked difference in the pattern of crack
formation was noted in specimens with bars disbanded. They also noted that the beam
strength was not adversely affected by the absence of cover. This structural action was
described as changing from flexural to tied arch behaviour with secondary effects.
Exposure of reinforcement of about 20% of the span of the beam resulted in a slight loss
of load carrying capacity, however, exposure of over 60% of the span of the beam

resulted in a strength loss of around 20%.

Cairns (1993, 1995), Eyre and Nokhasteh (1992), and Raoofand Lin (1996) have all
conducted tests which demonstrate that beams may possess considerable strength
despite bond being entirely eliminated over part of the span, provided ends of bars

remain adequately anchored.

3.6 Bond Basics

As mentioned earlier, in the simplified analysis of reinforced concrete structures
complete compatibility of strains between concrete and steel is usually assumed, which
implies perfect bond. It is the bond that allows the tensile force to transfer from
concrete to reinforcing steel to compensate the low tensile strength of concrete. If the
bond between steel and concrete is not perfect, the flexural theory for RC beams cannot

be used to calculate the flexural capacity of the beam.
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3.6.1 Mechanism of Bond Transfer
The transfer of forces from concrete to steel is demonstrated by ACI Committee 408
(2003) in Fig. 3-10.

T bearing and friction
forces on bar

Vv Y~ Y
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adhesion and friction forces
along the surface of the bar

Fig. 3-10: Bond force transfer mechanism (ACl Committee, 2003)

As shown in Fig. 3-10, there are three mechanisms of the bond transfer, illustrated by

ACI Committee (2003):

Adhesion: Chemical adhesion between the bar and the concrete. Adhesion is a chemical
clinging force at the surface between steel and concrete. Although the chemical
adhesion is present when the bar is loaded at the beginning, it is lost quickly as the load

is increased, therefore this resisting effects is not reliable.

Friction: The surface characteristics of the rebar influence the frictional bond at the
rebar surface. Frictional forces arising from the roughness of the interface, forces
transverse to the bar surface, and relative slip between the bar and the surrounding
concrete. The friction force plays a significant role between the concrete and the bar

deformations (ribs).
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Mechanical anchorage: Mechanical anchorage or bearing of the ribs against the
concrete surface depends on the surface profile of the rebar. The mechanical anchorage
of the ribs plays the most important role for deformed bars at higher load levels. When
the ultimate bond strength is reached, shear cracks are formed in the concrete between
ribs, while the anchorage forces induce large bearing forces on the ribs. The

compressive bearing forces on bars also increase the frictional forces.

3.6.2 Bond Resistance
According to the bond transfer mechanism, the bond resistance for deformed bars

consists of three parts:

1. The shearforce f,;,, which is due to the adhesion between steel and concrete;

2. The friction force ffr, which is the tangential force resulting from the radial
compressive stresses due to the bearing force of ribs against the concrete
between ribs;

3. The bear force f,, which is the bearing force on ribs in the direction the rebar.

3.6.3 Bond Failure Modes
As stated by Cairns and Abdullah (1996), three modes of bond failure of ribbed

reinforcing bars may be identified as shown in Fig. 3-11.

The first mode, as illustrated in Fig. 3-11 (a), is the pull-out failure, in which concrete is
sheared across the tops of the bar ribs. Pull-out failure occurs when the bar is well-

confined by a thick cover or by heavy stirrups confining the bar. It is generally agreed
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that pull-out failures occur where minimum concrete cover is in excess of three times

bar diameter (Cairns and Abdullah, 1996).
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Fig. 3-11: Bond failure modes of ribbed reinforcing bars (Cairns and Abdullah, 1996)

When concrete cover is less than twice the bar diameter, bond-splitting failure will
occur as illustrated in Fig. 3-11 (b), where a wedge of concrete is sheared by the bearing
of ribs. Fig. 3-11 (c) shows another splitting failure mode, in which concrete is sheared

on the inclined surface of ribs.
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3.6.4 Factors affecting the bond strength
The bond strength between steel and concrete is affected by many factors, including the
structure characteristics, the bar properties and the concrete properties. A summary of

the effect of those factors are made by ACI Committee 408 (2003) as follows:

1. Bond force increases with increased concrete cover and bar spacing,
development and splice length, and the use of confining transverse
reinforcement;

2. Top-castbars have lower bond strength than bottom-cast reinforcing bars;

3. Noncontact lap splices provide a higher bond strength than contact lap splices;

4. For a given length of bar, the bond force contributed by both concrete and
transverse reinforcement increases as the bar diameter increases;

5. The bond strength of bars confined by transverse reinforcement increases with
increased relative rib area;

6. Bond strength increases with increased concrete compressive strength;

7. The bond strength provided by transverse reinforcement increases
approximately with the 3/4 power of the compressive strength;

8. An increase in aggregate strength and quantity results in an higher bond
strength;

9. Fiber reinforcement act as transverse reinforcement, providing increased bond
strength;

10. Improved consolidation of concrete results in higher bond strength.
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3.7 Influence of Corrosion on Bond Behavior
A lot of researchers have investigated the influence of corrosion on the bond strength

between steel and concrete.

1. Chungetal. (2004)

Chung et al. (2004) carried out experimental research in order to determine the way in

which corrosion affects bond strength and development length. Seventy concrete slab

specimens having one steel reinforcing bar were corroded to different levels of
corrosion to evaluate the effect of corrosion level on bond stress and development

length of flexural tension members. The average bond stress increases before corrosion

level reached 2% and then starts to decrease after 2% corrosion level. Chung et al. (2004)
explains that below actual corrosion of 2%, the corrosion rusts on the surface of
corroded steel bar causes increase in friction stress between reinforcing bar and

concrete, which overrides the decreasing bond stress due to corrosion.

They also suggested a correction factor & in development length when designing

concrete structures by ACI318 Code:

1.0, Co < 2.0
5= { (3-17)

2.09C; %, C,> 2.0
where C,, is the corrosion level in percentage.

2. Jin and Zhao (2001)
Jin and Zhao (2001) carried out a series of experimental studies using pull-out cubic

concrete specimens (100 mm x 100 mm x 100mm) with 12 mm diameter plain bars and
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deformed bars respectively. Optimizing the aggressive line of test data, they gave the

following empirical equations to calculate the bond strength:

T, = NTy (3-18)
where T, is the bond strength between uncorroded steel bar and concrete, n is the

bond strength coefficient, n,, as the bond strength coefficient for plain bar in Eq. (3-19)

and 1, as the coefficient for deformed bars in Eq. (3-21).

,,={ 14228, §<38 (3-19)

1—-15+ 3768, 0>0"
where § is the corrosion layer depth, 8" is the depth corresponding to the cracking time,

which was calculated by Jin and Zhao (2001):

§ =Dy (Jnp*+1—p*—1)/2 (3-20)
where D is the diameter of the steel bar, p*is the percentage of rebar corrosion

corresponding to cracking time, and n is the volume expansion ratio taken as 2 to 3.

The bond strength coefficient for deformed bars was expressed as:

_ (1.00 + 7.06, 6 <0.05

M = {1.46 —235 8> 005 (3-21)

Jin and Zhao (2001) also conducted beam tests on 1140-mm-long beams with a cross
section of 150 mm x 150 mm, reinforced with two 12 mm bottom bars, two 6 mm top
bars and 6 mm stirrups at 100 mm. Based on the test data, they proposed the following

empirical equation to calculate the bending capacity of corroded RC beams:

(3-22)
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where M, is the bending strength of uncorroded RC beam, ' is the comprehensive

reduction coefficient considering rebar corrosion and was expressed as:

, 1, p<12
p =1

1.04514 — 0.03762p, 12<p<6 (3-23)

where p% is the corrosion percentage.

3. Amleh and Mirza (1999)

Amleh and Mirza (1999) investigated the influence of corrosion on bond between the
reinforcing steel and concrete, using a series of tests on 14 cylinder tension specimens.
The cylinder was 100 mm in diameter and 1-m long and reinforced with one No. 20 bar.
12 of the 14 specimens were placed in a tank filled with a 5% NaCl solution. The study
was carried out for seven different levels of corrosion, ranging from no corrosion to
extensive corrosion, with a 9-mm longitudinal crack caused by the bursting pressure due
to the volume expansion of the corrosion products. They have reported a 9% loss of
bond strength due to 4% loss of weight from corrosion accompanied by transverse
cracks, and a 17.5% weight loss with no transverse cracks before yielding of the bar

resulted in 92% loss of bond between the steel and the surrounding concrete.

The width of these transverse cracks increased as the corrosion level increased, and it

signified a reduction of bond between the reinforcing steel bar and concrete.
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4, Stanish et al. (1999)

Stanish et al. (1999) investigated 10 one-way slab specimens having a cross section of
350 mm (width) by 150 mm (thickness) and 1300 mm span. The slabs were immersed in
a 3% NaCl solution up to the mid-depth of the rebars and were tested under four-point
loading. Based on the experimental program and subsequent mathematical analysis, the
peak bond strength at various corrosion levels was estimated. A linear regression
analysis was performed with the available data and the empirical average bond stress

was expressed as:

U
— =0.63 — 0.04ML (3-24)

NI

where ML is the percentage of mass loss.

5. Fu and Chung (1997)

Fu and Chung (1997) reported that the corrosion of steel rebar in concrete which is
immersed in saturated Ca(OH); solution caused the bond strength to increase while the
contact resistivity increased within the first 5 weeks of corrosion. Further corrosion
caused the bond strength to decrease while the contact resistivity continued to increase.
This means that slight corrosion increased the bond strength, while severe corrosion

decreased the bond strength.

6. Almusallam et al. (1996)

Almusallam et al. (1996) investigated the effect of reinforcement corrosion on the bond
strength between reinforcing steel and concrete. They noticed that in the pre-cracking
stage (0-4% corrosion), the ultimate bond strength increases. However, when
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reinforcement corrosion is in the range of 4 to 6%, the bond failure occurs suddenly at a
very low free-end slip. Beyond 6% rebar corrosion, the bond failure occurs because of a
continuous slippage of rebars. The ultimate bond strength initially increased with an
increase in the degree of corrosion within 4% rebar corrosion, after which there was a
sharp decrease in the ultimate bond strength up to 6% rebar corrosion. Beyond the 6%
rebar corrosion, the ultimate bond strength did not vary very much even up to 80%

corrosion.

7. Cabrera and Ghoddoussi (1992)

Cabrera and Ghoddoussi (1992) investigated the effect of reinforcement corrosion on
bond strength. They studied two types of specimens: pull-out test specimens and beam
test specimens. The pull-out tests were carried out on 150 mm concrete cubes, in which
diameter reinforcing bars were centrally embedded. The beam specimens were 125 x
160 x 1000 mm, reinforced with two 10 mm top bars, two 12 mm bottom bars and plain
stirrups of 8 mm at 40 mm spacing along the shear span of 384 mm. The experimental
results were used to determine the relationships between bond stress and the corrosion
rate. They discussed the influence of the cement type on the rate of corrosion and their
effect on the bond strength. Maximum reduction of the cross section (9%) at bottom bar
caused a reduction of 20% of the ultimate bending moment and increased the

deflection by 40% at mid-span corresponding to the service load.

8. Al-Sulaimani et al. (1990)
Al-Sulaimani et al. (1990) studied the influence of reinforcing bar corrosion and the

associated longitudinal cracking on the steel-concrete interface bond behaviour using the
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standard pull-out and beam tests. The bond behaviour at the steel-concrete interface was
examined at four different stages of corrosion, no corrosion stage, pre-cracking stage,
cracking stage, post-cracking stage. They found that when the mass loss of the
reinforcement due to corrosion reaches approximately 2%, concrete cracks. A small
amount of corrosion increases the bond, but the slip at failure decreases considerably.
However, when the mass loss exceeds 2%, bond strength decreases considerably. Even
when there is extensive corrosion, bond is not completely destroyed. Bond strength
exists even when the mass loss approaches 6%. This can explain the fact that structures

with extensively corroded reinforcement sustain loads.

3.8 Theoretical and Analytical Models
A few researchers have proposed models to calculate the bond strength between
reinforcement and concrete. Models to calculate the residual flexural strength were also

suggested by few researchers.

1. Coronelli Bond model (2002)

Coronelli (2002) studied the interface pressure caused by the expansion of corrosion
product at different confinement stages and developed a model predicting the bond
strength for corroded bars in reinforced concrete structures. He studied the role of the

interface pressure caused by bar expansion in different confinement situations.

In order to determine the interface pressure, the total crack width with regard to
corrosion depth X, which was proposed by Molina, Alonso and Andrade (1993), was
used:
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W, = Z u, = 2mt (3-25)
i

with
p= W=Dy (3-26)
r,+c
where
bcorr = opening of each single radial crack;
t = bar expansion;
Ve = ratio between the volumes of corroded and virgin steel;
c = extension of the crack across the cover;
7 = bar radius;
X = the corrosion depth.

Fig. 3-12 shows the relation between corrosion depth X and bar expansion t.

Xv,
(a) (b)

Fig. 3-12: Corrosion depth X and bar expansion t (Coronelli, 2002)
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Once the crack width is determined, the confinement pressure at failure p

max can be

achieved by adding confinement of stirrups and confinement of concrete.

Coronelli (2002) modified a model proposed by Cairns and Abdullah (1996) for splitting

bond failure by considering corroded bars and formulated the bond strength as:

where

Tpu = k(XPp™ (X) + 7 (X) + 1(X)Deorr (X) (3-27)

bond strength;

maximum confining pressure at bond failure;

cohesive bond strength contribution determined by Eq. (3-28);
corrosion pressure;

a factor determined by Eq. (3-29);

friction coefficient determined by Eq. (3-30).

70 = nA, f..nlcotd + tan(@ + 6)]/(nd,s,) (3-28)

k =nc.tan(p + 8) /n (3-29)

number of transverse ribs at section;

rib spacing;

rib area in the plane atright angles to bar axis;
coefficient, depending on the rib shape and area;
orientation of the ribs;

friction angle between steel and concrete;
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feon = adhesion strength determined by Eq. (3-31).

Coronelli (2002) considered the influence of corrosion on the friction coefficient and

adhesion strength and proposed the following equations:

u=tanp =03-02(X —X,,.) (3-30)
fcoh =2- 1O(X _Xcr) (3-31)
The drawback of this model is that the corrosion pressure is not theoretically derived

but based on experimental results.

2. Wang and Liu Bond Model (2006)

Wang and Liu (2006) modeled the bond strength of corroded reinforcements
theoretically. They firstly calculated the corrosion pressure with reference to Fig. 3-13,
where R, is the initial radius of rebar, R, is the cover dimension, R; defines the cracking
front, p.,, is the corrosion pressure caused by expansive action of corrosion products,
p; is the radial pressure at the cracking front. It should be noted that in this section, they
used different notations for cover dimension, cracking front and initial radius from those

in the present researchin Chapter 4.
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(b) (d)

Fig. 3-13: Idealization of cover concrete as thick-walled cylinder: (a) geometry; (b)

elastic outer part; (c) cracked inner part with radial displacement wu,. |

(d) equivalence of (c). (Wang and Liu, 2006)

T':Ro’

Wang and Liu (2006) calculated the corrosion pressure before corrosion cracking

(x < x.,) and after corrosion cracking (x > x,) respectively.

Before corrosion cracking, the thickness of the rust layer ¢, was calculated by Wang and

Liu (2006) as:

L n(2Ryx —x?) + x(R, — R, + x)
T R, + R,

The radial displacement u,. | R caused by corrosion expansionis then:
-0

(n— 1) (2Ryx — x?)
R; + R,

r|r=R0=Rr—R0=tr—x=

The radial displacement was simply considered as elastic and is given as:

fo  (R/M*+1
Je ..

W)= T R R

where E is the modulus of elasticity of concrete.
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Setr = R, in Eq. (3-34) and equal it to Eq. (3-33) yields the corrosion depth x at certain

cracking front R; .

In order to calculate the corrosion pressure p.,., an equilibrium condition along any

radially cracked section was given by Wang and Liu (2006) as:

R;
Peor " Ro = D" R; +j Og (r)dr (3-35)
Ro
where
RZ — R}

=f <L 3-36

When the hoop stress o, (r) reaches the tensile strength of concrete f, at the cracking

front, the inner cracked cylinder is considered to perform a strain softening behaviour

and the stress-strain relationship is illustrated in Fig. 3-14.

59(?‘3"
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Fig. 3-14: Average stess-strain relationship of concrete in tension (Pantazopoulou and
Papoulia, 2001)
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The hoop strain at position r was given:

“u, fi (R/7)P+1
VO T Rk 3

The hoop stress was expressed for different hoop strains in Fig. 3-14 as:

( E,-go(r), go(r) < &gy
gg(r) — e,
-/11-085—m—], e, <egn(r)<e
oy (1) =5 fe £ — &y ct o 1 (3-38)
g, — &9 (1)
Losftl;‘ufgl €1< 89(7') SEu

After corrosion cracking, the calculation process is similar. The Equilibrium equation was
formulated as:
R;
Peor " Ro = f op (r)dr (3-39)
Ro

The hoop strain was expressed as:

2
o (7-) = &pc w (3_40)

where &g, is the average hoop strain at R, .

The hoop stress can be determined by Eg. (3-38) and then corrosion pressure can be

obtained by Eq. (3-39).

Wang and Liu (2006) used Fig. 3-15 to calculate the normal compressive pressure p, and
the friction pressure provided by the bond action of corroded ribbed bars in splitting

failure. . In Fig. 3-15, the rib face angle ¢ = 45°; the core diameter d, = 0.96d, where

54



d is the nominal diameter of the non-corroded reinforcing bar; the rib spacing [,. = 0.6d.
When the corrosion depth reachesx, the nominal diameter will be d, =d — 2x.
According to Xu (1990), the average rib height of noncorroded bar is 0.07d; the average
rib height of the corroded bar in Fig. 3-15 (a) at corrosion level x can be taken as h, =
0.07d,,; a is the angle of face of crushed concrete, the average value of a is taken as a =
25°; the concrete cover c, is given in Eq. (22) by Wang and Liu (2006); p, and fp,are
the normal compressive force and friction force on the bearing face; f is the friction
coefficient of crushed concrete, and f = 0.6 according to Xu (1990); p. isthe average

radial force and s, is the splitting bondanchorage strength.
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Fig. 3-15: (a) Geometry of a ribbed bar and the mechanical interaction between bar
and concrete; (b) point A at the end of concrete key; (c) stresses of A; (d) principal
stresses of A (Wang and Liu, 2006)
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The splitting bond strength produced by p, and fp, was as:

. _ o n(dy+ h,)h,
Tore = (Sina + f + cosa) - p, ldsing (3-41)
X

Considering the corrosion pressure p_,,. prior to loading, the ultimate bond strength of

corroded reinforcements was formulated by Wang and Liu (2006) as follows:

Tux = TCT‘X

+ tana - p,,, (3-42)
The drawback of the model is that a same modulus of elasticity of cracked concrete as
that of uncracked concrete is used, which overestimates the behaviour of cracked

concrete.

3. Wang and Liu Flexure Model (2008)
Wang and Liu (2008) proposed an analytical model to calculate the flexural capacity of

corroded RC beam. The development of this model is as following:

Wang and Liu (2008) took into consideration of properties of the corroded bar. The yield

strength of corroded bar that was proposed by Lee et al. (1998):

1.24Aw
(1 — —) fy unif orm corrosion

_ 100 i,
fyx = 1.98Aw - , (3-43)
( — W) fy pitting corrosion
where
fy = yielding strength of noncorroded reinforcement;
Aw = the corrosion mass loss percentage (%).
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And the elastic modulus of corroded reinforcement that was proposed by Lee et

al.(1998):

0.75Aw . .
(1 - ) E, uniform corrosion
100

B = (1 1.13AW)
100

(3-44)

E, pitting corrosion

where E is the modulus of elasticity of noncorroded reinforcement.

The bond strength for corroded reinforcement can be determined from the Wang and
Liu (2006). The ultimate bond strength 7, (0) of the uncorroded reinforcement is

determined according to Xu ( 1990). The average bond strength 7, (0) of uncorroded

reinforcement was assumed to be half of 7,,(0) (Kim & White, 1991).

A schematic drawing of RC beam for analysis is shown in Fig. 3-16.
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Fig. 3-16: A schematic drawing for RC beam (Wang & Liu, 2008)

If 7,(x) =7,(0), flexural capacity of corroded RC beam can be calculated by
conventional RC models. If7,(x) < 7,(0), the assumed strain compatibility in code

equations is no longer satisfied. Wang and Liu (2008) made use of condition of
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equilibrium of forces and compatibility of the total deformations to

compatibility equation, which is:

. 7, (x) Ly 7,(0) -7, (x) . Rox—X ¢y
o T,0) L 7,,(0) *x

cxX

where

Eox = tensile strain of steel;

Ecx = compressive strain of concrete in extreme fiber;
Xeyw = depth of compression zone;

hoy = effective depth of corroded RC beam;

Ly = length of constant moment zone;

L = span of the beam.

develop a new

(3-45)

The tensile strain of reinforcement ¢, is determined by the relationship of T,, =

e B A, T,

sxEsxAs Tymax and f, A, where Ty, is the tensile force can be provided by the

corroded RC beam. The flexural carrying capacity Mg, can be obtained by

simultaneously solving Egs. (3-46) to (3-49), and considering the equilibrium of forces of

the corroded RC beam (Wang and Liu, 2008).

Eo(x.,—a

F.. == sx) “EoAge S Ascfycx S fu(x’)n,nd;c'l;l (3-46)

Scx cx*°sc —
XCX

’ Ecx Scxz
Asgstsx = fc bxcx D + Fscx

2
& 3¢

P 2

&
fo = fc bxcx( = - 36962) Zox T Fscx(hOx - asx)
€o €9
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(3-48)



480 — Ecx

Zox = hox — Xex e, — e, (3-49)
where
A, = the area of the compressive steel;
fycx = yield strength of corroded compressive reinforcing steel;
E,., = modulus of elasticity of corroded compressive reinforcing steel;
7T,(x") = average ultimate bond strength of the compressive reinforcing steel at

corrosion depth x';

n' = the number of compressive rebar;

d;: = diameter of corroded compressive reinforcing bar;

L, = the anchorage length of compressive rebar;

Zoxy = the lever arm between tensile force in reinforcement and compression

force in concrete;

b

the width of the RC beam.
Fig. 3-17 shows a flow chart of the analytical procedure proposed by Wang and Liu

(2008) for flexural carrying capacity.
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Specify geometric and material properties
¥
Calculation of the flexural carrying capacity M, and the average
bond strength of the noncorroded steel T,{0) of the noncorroded RC beam
v
Calculation of the average bond strength F,(x). the mechanical properties f,, and
E_. of the corroded tensile bar of the corroded RC beam at different corrosion level x

¥
The flexural

CHITYIng capacity
My, 1s caleulated
by the RC ]

conventional . } Let & =&, Mg, &, and tensile
model The flexural carrying capacity force T, are caleulated by Eq. (23)

M, is calculated by Eq/(23), and conditions of equilibrium of force
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H
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Fig. 3-17: Analytical procedure for flexural carrying capacity and failure mode of
corroded RC beams (Wang and Liu, 2008)

Caleulate T, A, [, atx

4. Maaddawy et. al Flexure Model (2005)

Maaddawy et al (2005) studied the combined effect of corrosion and sustained loads on
the structural performance of reinforced concrete beams. Test results showed that the
presence of a sustained load and associated flexural cracks during corrosion exposure
significantly reduced the time to corrosion cracking and slightly increased the corrosion
crack width. The presence of flexural cracks during corrosion exposure initially increased

the steel mass loss rate and, consequently, the reduction in the beam strength.
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They also proposed an analytical model to predict the nonlinear flexural behavior of
corroded RC beams. In the model, the deflection of a RC beam was calculated from the
elongation of the rebar between concrete cracks rather than from curvatures of beam

sections. A schematic drawing of the model is shown in Fig. 3-18.
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Fig. 3-18: Modeling of test specimens (Maaddawy et al., 2005)

The beam was modeled as a series of elements and was assumed to be subjected to a
pure bending moment that is constant along the element length. Each element has a
length equal to mean crack spacing. The element has a single crack at its middle point
which initiates when the moment is larger than cracking moment. The maximum stress
of steel locates at the middle of the element. The deflection of beam and the elongation

of steel were calculated using this model by Maaddawy et al. (2005).

To calculate the flexural capacity of corroded and uncorroded beam, Maaddawy et. al
(2005) considered both compatibility and equilibrium requirements. The strain and

stress distribution and relationship is shown in Fig. 3-19 and Fig. 3-20.
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The strain compatibility conditions are:

g = fele=d) (3-50)
c
g =2ld=0) (3-51)
c
€t = M (3-52)
c
where
N = strain of tensile reinforcing bar;
&g = strain of compressive reinforcing bar;
&, = strain of concrete at extreme compression fiber;
€t = strain of concrete at extreme tension fiber;
c = depth of neutral axis measured from top face of beam;
d’ = depth of compressive reinforcing bar measured from top face of beam;
d = depth of tensile reinforcing bar measured from top face of beam;
h = height of concrete cross section.

The stress block factors a; and 3, for a parabolic stress-strain curve that were proposed

by Collins and Mitchell (1987):

e 1 e,
@hi= o3G0 (3-53)
4_ Ec
— gco
:81 - 6 — Zﬁc_ (3‘54)
ECO

where &, i the concrete strain corresponding to concrete compressive strength.
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Fig. 3-19: Vertical strain and stress distribution at middle of uncracked element
(Maaddawy et al., 2005)
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Fig. 3-20: Vertical strain and stress distribution at middle of cracked element
(Maaddawy et al., 2005)

Equilibrium equations in the pre-yield stage were formulated by Maaddawy et al. (2005)

as:

e(c—d
a,f; Bich +A.,S'ESM
e (h—c)? e.(d—c)
_EchT_AsEs% =0 (3-55)
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alfc’ﬁlcb(c ﬁ; )+A E (%d’)z

g, (h—c¢)? e (d—c)?

+ECbT + ASESf =M,,;

and in the post-yield stage are:

a,f; Bych + ASE

—A, Ify +Eg, <£ (dc ‘) ?)l =0

N

& (C - d,)
c

—d"N>2
alfc’ﬁlcb(c ﬁ; )+A E, M

E

N

+As(d - C) Ify + Esp <@ _f_y>l = Mext

where M,,, is the external moment.

(3-56)

(3-57)

(3-58)

The drawback of this model is that no analytical analysis is done to account the effect of

corrosion for bond degradation.
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Chapter 4
ANALYTICAL MODEL OF BOND DEGRADATION

Considerable experimental, numerical and analytical research was undertaken to study
the basics of force transfer at the steel rebar-concrete interface, the associated bond
stress-slip, and other force—displacement relationships within corroded reinforced

concrete members.

A model proposed by Cairns et al. (1996) for splitting bond failure and later modified by
several researchers first by Coronelli (2002) to consider the corroded bars, then by
Bhargava et al. (2006) with their contributions toward the estimation of various
parameters associated with the bond strength evaluation of corroded bars at different
corrosion levels, then lately was modified by Hussein (2011). Coronelli (2002)

formulated the bond strength as follows:

Ty = kO)P™ (x) + 10 (%) + 1(X)Pporr (X) (4-1)
where
Tpy = total bond strength;
X = corrosion depth (mm);
p™ = maximum confining pressure at bond failure, including confinement of

concrete and stirrups;

70 adhesive bond strength contribution;

k

coefficient as a function of the rib properties and friction angle between

steel and concrete;
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vl = friction coefficient between steel and concrete;

Peorr = COrrosion pressure.

However, it's very likely that the bond will not fail in splitting especially in heavy
corrosion when the ribs are severely corroded and pull-out failure occurs. Hussein (2011)
has modified the equation for corrosion pressure p,,,, and assumed concrete as a thick-
walled cylinder subjected to internal pressure, radial pressure produced by principal bar
ribs on surrounding concrete, exerted from the growth of corrosion products on the
concrete at the interface between the steel bar and the surrounding concrete.
Therefore, it can be concluded that the bond stress at the steel-concrete interface is a
function of contact pressure at the steel-concrete interface. Hussein (2011) bond
strength model consists of the contribution of the confining pressure of cracked

concrete, the corrosion pressure and the adhesion between corrode steel and cracked

concrete:
Ty = KGO * Py () + 1(E) * Pegrr () + Tap (1) (4-2)
where
X = corrosion depth in mm;
Thu = total bond strength;
u(x) = friction coefficient between steel and concrete;
Pcons (x) = confining pressure by cracked concrete;
Deorr (%) = corrosion pressure;

67



Typ () bond strength contribution due to adhesion between corroded

steel and cracked concrete.

However, this model doesn’t include the contribution of the confinement of the stirrups,
which is a very important factor affecting the bond strength between steel and concrete.
Therefore, to include the contribution of stirrups, the present investigation proposes the

following equation for calculating bond strength between corroded rebar and concrete:

Ty = 10O X [Pee () + P 5 (1) + Peorr (1)] (4-3)
where
De (%) = the confinement by concrete;
De s (%) = the confinement by stirrups.

4.1 Friction Coefficient

Influence of corrosion on interfacial friction was taken into account in a number of
analytical models, e.g. Coronelli (2002), Amleh and Ghosh (2006), and Bhargava et al.
(2006). Friction is incorporated into existing numerical models only implicitly as a part of

interfacial resistance (Val, 2011).

In this model, the friction coefficient u(x) that was suggested by Coronelli (2002) is used:

pu(x) =037 —0.26(x — x,,) (4-4)

where

Xor = corrosion depth associated with through concrete cracking.
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4.2 Confining Pressure by Cracked Concrete

With the use of transverse reinforcement, the splitting cracks resistance and the
confining pressure on bars increases. Hence, to consider the effect of stirrups, the
confining stress produced by stirrups is added. The confining pressure by cracked
concrete and stirrups can be calculated based on the model proposed by Giuriani et al.
(1991).

partially developed {b}
splitting crack

J@L— rndlnl pressure l."J" J

mmmmmmm

——stress due to the
residual tensile strength
of crocked concrete

tensile stress of

uncracked concrete tronsverse bar ection

Fig. 4-1: Splitting crack and confining actions around ribbed bar

(Giuriani et al., 1991)

With splitting cracks, the bond stress becomes sensitive to confinement of reinforcing
bar. This confining action could be provided by the residual stresses transmitted
between the faces of the cracked concrete and by transverse reinforcement distributed
along the main bar as illustrated in Fig. 4-1. As shown in Fig. 4-1, the radial pressure g,, is
equilibrated by the stress due to the residual tensile strength of cracked concrete,

tensile stress of uncracked concrete, and the tensile force by the stirrups.
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The confining pressure by cracked concrete was formulated by Giuriani et al. (1991) as:

pee = L= TZ;)’”)AZ Oy (4-5)
where
b = the width of the member;
n, = number of longitudinal reinforcing steel (principle bar);
d>p = diameter of principle bar;
Az = stirrups spacing;
A, = area of principle bar in the splitting plane (Fig. 4-2);
Ope = residual tensile strength of cracked concrete.

{a)

Fig. 4-2: Geometrical parameters of principal and transverse bars

The residual tensile strength of cracked concrete o, . was suggested by Giuriani et al.

(1991) as:
o, = L (4-6)
Sow oy
“o,0,
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where

feto = tensile strength when concrete begin to crack (w=0);
K = coefficient experimentally determined;

D, = maximum size of aggregate;

w = crack opening;

The value of f_., and kcan be taken from Fig. 4-3.
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Fig. 4-3: Residual tensile stress of cracked concrete at increasing crack opening

The crack width can be calculated based on the model proposed by Molina et al. (1993):

W
r—=2m(vs— 1) (4-7)
where
Ve = v, /v, , which is the ratio between specific volumes of rust and steel.
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As suggested by Molina et. al (1993), there are normally three principle cracks

developed, thus

3w.
% = 21(v,)s — 1) (4-8)
1

Therefore, the average crack width can be taken as:

_ 2n(vyys —1)x
3

w (4-9)

4.3 Confining Pressure by Stirrups

The confining pressure contributed by stirrups that was suggested by Giuriani et al.

(1991) is used:

_ A
Pest = A_*Gst (4-10)
p
where
A, = global cross-section area shown in Fig. 4-2;
Ot = stress in stirrups.

The stress in stirrups was proposed by Giuriani et al. (1991) as:

E 22 <W>2+ i Mg (4-11)
Og = L - - 2\ 5 e g .
(agm) Py a%ﬂ(pp
p P
where
E = modulus of elasticity of steel;
b, = diameter of stirrups;
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a = coefficient experimentally determined regarding stirrups geometry;

a,, a, , and a, are coefficient related to the ideal trilateral local bond-slip law of the

stirrups (Fig. 4-4) and were formulated by Giuriani et al. (1991) as:

chemical
adheejan

T
ai 12
T
ay = ———1— (4-12)
4a, (712 - 1)
T
11
8T
02
a, = (4-13)
E
s
4T
120
, = st (4-14)
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Fig. 4-4: Transverse-bar response at increasing crack opening

It should be noted that the bond contribution by stirrups has an upper limit. The

maximum value of the bond force contributed by stirrups that was suggested by ACI

Committee 408 (2003) is used:
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NA4,,
T, = K,t,t, Tf £P (4-15)

where

K, = a constant, taken as 31.14;

t, = a factor that depends on the relative rib area R,. of the reinforcement;

ty = a factor that depends on the diameter d, of the developed or spliced bar;
N = the number of transverse stirrups, or ties, within the development or

splice length;
A, = area of each stirrup or tie crossing the potential plane of splitting

T

adjacent to the reinforcement being developed or spliced;

n = number of bars being developed along the plane of splitting;
1! = concrete compressive strength;
1Y = a constant taken as 0.5.

The values of t,. and t; were represented as linear functions of relative rib area R, and

bar diameterd,,, respectively by Zuo and Darwin (1998, 2000) as:

t, = 9.6R, + 0.28 (4-16)
t, = 0.78d, + 0.22 (4-17)

with d, ininches and R, < 0.14.
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4.4 Corrosion Pressure

To calculate the corrosion pressure, a corrosion-cracking model must be proposed first.
Thick-walled cylinder models have been used by many researchers such as Xu et al.
(2007), Bhargava et al. (2006), Wang and Liu (2004) and can be demonstrated in Fig. 4-5.
The concrete thick-walled cylinder subjected to internal pressure, radial pressure
produced by principal bar ribs on surrounding concrete, exerted from the growth of
corrosion products on the concrete at the interface between the steel bar and the
surrounding concrete. The concrete in the inner cylinder is considered as an anisotropic
material, while at the outer cylinder, the concrete is treated as isotropic material. A
frictional model is used to combine the action of confining pressure resulted from radial
pressure produced by principal bar ribs on surrounding concrete, and corrosion pressure

resulted from the expansion of corrosion products.

In Fig. 4-5,R; is the initial radius of reinforcing steel. As corrosion increases, the
corrosion depth x increases. The corrosion products first occupy the space where steel
is corroded then expand outside and form a rust layer of thickness t. The expansion
pressure makes the surrounding concrete crack and reaches a radius R, which is the

crack front. R, is the radius of concrete cover front.
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Fig. 4-5: Corrosion cracking model

4.4.1 Corrosion Pressure before Through Cracking

When cracks propagate and reach the outmost cover, it’s called through cracking.
Before through cracking, the hollow concrete cylinder is divided into an inner partially
cracked zone and an outer uncracked zone, which was initially proposed by Tepfers
(1979). The outer uncracked cylinder performs an isotropic linear elastic behaviour.
However, the inner cracked concrete should be treated as tensile softening by a bi-

linear stress-strain relationship as proposed in the CEB-FIP Model Code (CEB-FIP, 1993).
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When the penetration depth reaches x, the radius of baris reduced to R, =R; — x, and
the reduced volume per unit length of baris AV, = tR? —RZ = nR? —w(R; — x)* =

(2R, x — x?%). Hence, the newly formed rust volume is:
AV, = v, AV, = v, (2R x — x?) (4-18)

The ratio of rust volume to steel volume v..,. can be taken from 1.7-6.15 according to

T/s

different corrosion products (Lundgren, 2002). In this research, the value of Vys 1S taken

as 3.

It should be noted that not all the corrosion products form the rust layer. In fact, some
of the rust penetrates into the open cracks in cracked zone of the cylinder. The total
crack width along the surface atr = R, that was formulated by Pantazopoulou and

Papoulia (2001) is used:

Jw = 21R; X &g p, (4-19)
with the hoop strainat r = R; :
Up,.
Egp = 4-20
O,R; R ( )

where up_ is the radial displacementat r = R; .

Substituting Eq. (4-20) to Eq. (4-19) yields the crack width:

Jw = 2nuRi (4-21)
As stated by Pantazopoulou and Papoulia (2001), the total space available within cracks

can be approximated as Xw(R, — R,.)/2 with reference to the model in Fig. 4-6.
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Fig. 4-6: Rust deposited within open cracks (Pantazopoulou and Papoulia, 2001)

Then the accumulated rust volume is consisted of two parts: the rust layer and the one
penetrating into the cracks. Now by letting R, to be the reduced radius of bar, and R, to

be the rust front, then
AV, = [nR.* — nR ]+ Zw(R. —R,)/2 (4-22)
Substitute Eq. (4-21) into Eqg. (4-22), and noticing that thatt = U, T X, R,=R;,—x,

and R, = R; + up,, then Eq. (4-22) becomes:

AV, = mup (R, +R;) +mx(2R; — X) (4-23)

Equating Eq. (4-23) into Eq.(4-18), and solving u yields:

_ x(vr/s B 1)(2Ri —X) (4-24)

R R, +R;

Similar derivation of the radial displacement that considers the volume expansion was
also done by other researchers, such as Wang and Liu (2006), Pantazopoulou and

Papoulia (2001), and Xu et al. (2007).
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The uncracked concrete (R, < r < R,)) behaves as isotropic linearly elastic material. Fig.

4-7 shows the pressure within uncracked cylinder.

--L—-
i\
B

_/—//

— | ey

Fig. 4-7: Free-body diagram of uncracked cylinder

The problem of a hollow cylinder suffered from inner and outer constant pressure was
solved by Xu et al. (2002) as a plain stress problem. The radial and hoop stress and the

radial displacement that were expressed by Xu et al. (2002) are used in this investigation:

A
o =5+ 2C (4-25)
A
0p(r) =——+2C (4-26)
1 A
u, = A —(1+v)?+ 2(1—v)rC] (4-27)
0
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where v is the poison’s ratio; A and C are constants to be determined by boundary

conditions; E| is the initial modulus of elasticity of concrete.

By applying the boundary conditions, i.e. when r=R,, 0, = 0; whenr =R,

gy (r) = f,, the constants Aand C are solved as:

PR S A S (4-28)
DRI

c c

The radial and hoop stress and radial displacement then becomes:

1_(r)2

Io’;U

o.(r) = f; (4-29)
1+ (R)
1+ (&1)2
oy (r) = f; % (4-30)
1+ (g
2
u, = E;l(1+v)&+ (1—v)rl (4-31)
E, (Ry\? r
(7%) +1

[

It should be noted that the value of radial stress is negative because itis in compression.

The inner partially crack concrete should be treated as inhomogeneous orthotropic
linearly elastic material, as suggested by Chernin et al. (2010), but solving the
differential equation for the radial displacement u,. is not an easy work. To make it
simple, it can be assumed that the radial displacement u,. follows the elastic distribution,

which was proposed by Nielsen (2002), in Eq. (4-27) within the range R; <7 < R,. Thus
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settingr = R; in Eq. (4-31) yields the radial displacement of concrete contacting with

the bar:

RZ
[(1 +v) FO. +(1-V)R, (4-32)

1

wof 1
i E R 2
"(®) +1

Using the theory of elasticity, the strain-displacement relationship that was proposed by

Chernin et al. (2010) is used in this investigation:

du, U,
&(r)= a0 (r) = - (4-33)

Substituting Eq. (4-33) into (4-31) yields the radial and hoop strain in partially cracked

concrete:

g (r) = o 1 [(1=v) = (1 + V)R] (4-34)
Eo (Ro\*
) +1
fo 1 _
gg(r) = —-——— [(1 —v) + (L+V)Ry*r 2] (4-35)
Fo (R4
R

[

To take into consideration that the hoop stiffness is different from the radial stiffness,
based on theory of elasticity of orthotropic materials, the following constitutive
relationship between stress and strain, which was proposed by Li et al. (2006), is used in

this investigation:

E—G[SQ (r) +v,e.(M)] (4-36)

Ue(r)=1—vv
172
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where v; and v, is the Poison’s ratio in the radial and tangential directions. For
simplicity, it can be assumed that the Poision’s ratio v; = v, = v. Then Eq. (4-36) can be

rewritten as:

oy (r) = f—gvz[sg (r) +ve, (1] (4-37)

1

To calculate the hoop stiffness E,, Chernin et al. (2010) used their previous work (Val et
al., 2009) in which a FE analysis was performed and the tension softening in the
direction normal to a crack is based on the model proposed by Hillerborg et al. (1976),
who adopted a stress-displacement curve from CEB-FIP model code (CEB-FIP, 1993). The

hoop stiffness that was proposed by Chernin et al. (2010) is used:

E,(r) = E, (Rlc)n (4-38)

with recommended value of n as:

15, f, <3.07 MPa
n= { (4-39)

0.081e%%%, f, >3.07 MPa

The normalised modulus of elasticity is shown in Fig. 4-8.
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Fig. 4-8: Residual stiffness of partially cracked thick-walled concrete cylinder (FE
analysis) (Cabrera & Ghoddoussi, 1992)

Assuming the crack front R, to be between the initial bar radius R; and the radius of the
concrete front R, (R; < R, < R,)), and substituting Eqgs. (4-34), (4-35), and (4-38) into Eq.

(4-37) yields the hoop stress in partially cracked concrete:

1
op(r) = —————(" + Ri -1™7%) (4-40)
+1

The above Eq. (4-40) is the solution to the hoop stress in partially cracked concrete,
based on the elastic mechanics, which also considers the stiffness reduction of cracked
concrete in the hoop direction. To calculate the corrosion pressure p.,,, , a free body
diagram was drawn by Xu et al. (2007), but the they considered the hoop stress as a

linear triangle distribution from f, at the crack front to zero at the bar surface, which is
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not the real case. An improved and more realistic free-body diagram is drawn in Fig. 4-9

in this research.

B eorr

Fig. 4-9: Schematic fee-body diagram of inner cracked concrete

In Fig. 4-9, p... is the corrosion pressure on bar surface and p, is the radial pressure on

the crack front, which can be calculated from Eq. (4-29) by settingr = R_.:

A
pc=ft(§c)—2 (4'41)
(B o

c

It should be noted that the hoop stress along the crack front and on the surface of the
bar are not plotted, but they themselves are in equilibrium. The integration of the

projection of corrosion pressure on half of the cutting side of the section is:
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/2
f c0S 0 D oy R;AO = Dporr R; (4-42)
0

Similarly,

/2
f cosOp.R.dO = p.R, (4-43)
0
So the equilibrium gives the following equation

R

pcorrRi = pcRc + j Og (r)dr (4'44)
R;

Eq. (4-44) was also expressed in Wang and Liu (2006), but the they didn’t explain how it

was derived in details.

Substituting Eqs. (4-40) and (4-41) into Eq. (4-44) vyields the corrosion pressure before

through cracking:

2
(&) -1 1 1 Rn+1_Rn+1 Rn—l_Rn—l
p :_C.fRC—_}__. fe < iy ¢ L (4-45)
corr R. t R 2 R. Rn R 2 Tl+1 n—1
CU (R g RORS (R
R R

c c

The steps to calculate the corrosion pressure corresponding to corrosion depth x or

M L(Mass Loss) before through cracking are summarized as follows:

1. Assume the crack front R, inthe range of R; <R, < R;

2. Calculate the value of n for the hoop stiffness E,(r) of cracked concrete using Eq.

(4-39);
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3. Calculate the corrosion pressure using Eqg. (4-45), which was derived in this
research;

4. Calculate the corresponding radial displacement Up, using Eq. (4-32);

5. Solve the corrosion depth x by Eq. (4-24) and the solution is given by the present

author:

X = Ri_ R?_M (4-46)
(Vr/s - 1)

6. Calculate the corresponding ML (Mass Loss):

ML =
7

(4-47)

4.4.2 Corrosion Pressure after Through Cracking
The critical corrosion depth x_, can be obtained by setting R, = R, in Eq. (4-46). After

through cracking, i.e.,> x_.., it should be noted that there has not been any research

cr?
done to properly calculate the hoop stiffness E, after through cracking. However, the

stress-strain relationship can be assumed as shown in Fig. 4-10. The hoop stress can be

calculated by the method proposed by Wang and Liu (2006).

Since there is no outer uncracked concrete confining the cracked concrete, the

equilibrium equation Eq. (4-44) becomes:

RO
DeorrRi =f gy (r)dr (4-48)
R

i
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The stress-strain of cracked concrete in tension relationship that was proposed by

Pantazopoulou and Papoulia (2001) is used:

( _
|ft-l1—0.85-m, g < &(r) < g
_ €17 &t
o,(r) = 4 (4-49)
0 | g, —&o(r)
kOlSﬁr W, & < 89(7") < &y
fe
0.15f,
£g(r)
-

Fig. 4-10: Stress-strain relationship of concrete in tension

(Pantazopoulou & Papoulia, 2001)

The radial displacement at 7 = R; can be calculated using Eq. (4-24) by setting R, = R, :

_ x(vr/s B 1)(2Ri —X)

_ (4-50)
i R, + R,

Ug

SetR. =R,, replaceg—:)with Ego, 1-€., the hoop strain at v = R, , and neglect Poison’s

effect, then Eqg. (4-32) was formulated by Wang and Liu (2006) as:

2
u(r) = gy - - % (4-51)

87



Then, the hoop strain at any location r was:

u(r) 1+ (R,/7)?
gg(r) = — = o + (4-52)
Equating u(R;) in Eq. (4-51) to Eq. (4-50) yields the unknowng,,:
V.. —1)(2R; — x
Ego = 2y - ( r/s )( i ) (4_53)

R R?
(F(il-l_ 1)(R—%+ 1)
The steps to calculate the corrosion pressure after through cracking x > x,. are:

1. Assume the penetration depth x, and the corresponding ML is calculated using

Eq.(4-47);
2. Calculate the hoop strainatr = R, “&y,” using Eq. (4-53);
3. Calculate the hoop strain atany location, &4(7) using Eq. (4-52);

4. Find out in which range the strain, &4 is in Fig. 4-10 and use the corresponding

stress-strain relationship in Eq. (4-49) to calculate the stress g, (1);

5. Substitute the stress g, (r) into Eq. (4-48) and integrate r from R; to R, to calculate

the corrosion pressure.

The specific integration procedure and equations can be found in Wang and Liu’s paper
(Wang and Liu, 2006) except one error in Eg. (15c) in their paper and is corrected by the

present author as:

0.15 1 RZ  R2
I = Ji ¢,(RR1 — RRu) _L (=% — =% + RR1 — RRu | |(4-54)
£, — & E, (R./R)?> \RRu RR1
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The model to calculate the corrosion pressure is mainly based on the model proposed
by Wang and Liu (2006), modified by the present author by treating the inner cracked
concrete cylinder as inhomogeneous orthotropic linearly elastic material, and the
solution of the corrosion pressure before through cracking is given by the present

author as in Eq. (4-45).

After calculating the confinement by concrete and stirrups, and the corrosion pressure,

the bond strength between steel and concrete can be obtained using Eqg. (4-3).

4.5 Comparison with Experimental Results and Discussion

The model developed to determine the bond stress at uncorroded and corroded steel-
concrete interface is validated by analyzing and comparing the results obtained from the

model versus experimental results done by other researchers.

4.5.1 Comparison with Al-Sulaimani’s experiment

The bond model is used to calculate the results of pull-out tests conducted by Al-
Sulaimani et al. (1990). As was mentioned earlier, the pull-out tests were conducted on
150 mm cubic concrete specimens with different reinforcing bar diameters (10 and 14
mm) embedded centrally. The average compressive strength of concrete is 30 MPa. The
calculated results and the experiment results are shown in Fig. 4-11 and 4-12, in which

T, is the bond contribution from concrete confinement, t is the bond contribution

corr

from corrosion pressure and 7,,, is the total ultimate strength of concrete.
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The calculated results correspond well with the experimental results before about 50%
bond loss but the bond strength is over-estimated after 50% bond loss. The reason is
that the cracked concrete is assumed to be an elastic material, but the concrete has
more plastic behaviour as cracking propagates so the concrete should deform more

than expected and release more corrosion pressure, leading to lower bond strength.

30
g (o

E 25
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: 20
t =T
= 15
E B Experimental Results
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-
=
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0% 2% 4% 6% B% 10% 12% 14%
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Fig. 4-11: Comparison with experimental results (10-mm bar) from Al-Sulaimani (1990)
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Fig. 4-12: Comparison of bond strength between analytical calculation and
experimental results (14-mm bar) from Al-Sulaimani (1990)
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4.5.2 Comparison with Zhao’s experiment

The bond model is used to calculate the results of pull-out tests conducted by Zhao and
Jin (2002). The pull-out test was conducted on 100-mm cubic concrete specimens with
12-mm-diameter rebar. The concrete has an average 28-day compressive strength of
22.13 MPa. The comparison of the calculated results using the developed model and

experimental test results are shown in Fig. 4-13. The calculated results correspond well

with the experimental results.

16
14 T
12 T O T
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| B T

Bond strength {MPa)

]
& B Experimental Results
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2 .
Q
0% 2% 4% 6% B 10%: 12%

Mass Loss

Fig. 4-13: Comparison of bond strength between analytical calculation and
experimental results from Zhao and Jin (2002)

4.5.3 Comparison with Smith’s experiment

The bond model is used to calculate the results of beam tests conducted by Smith
(2007). The beam tests were conducted on 12 beams with two No. 15 tension
reinforcing bars, two No. 10 top rebars and 6-mm stirrups at 40 mm in the shear zone.
The beams are 1000 mm in span, and have a cross section of 156 mm in width and 176
mm in depth. The ultimate loads were converted to bond strength. The converted bond

strength and the calculated results are shown in Fig. 4-14, in which t is the bond
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contribution from stirrups. It can be seen that the calculated results are close to the

experimental results. The main contribution to bond strength is from the confinement

of stirrups.
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Fig. 4-14: Comparison of bond strength between analytical calculation and
experimental results from Smith (2007)

4.5.4 Comparison with Joyce’s experiment

The bond model is used to calculate the results of beam tests conducted by Joyce (2008).
The beam tests were conducted on beams with two 15 M tension rebars, two 10 M top
rebars and 10M stirrups at 40 mm. The beams have an 1100-mm-long span and have a
cross section of 156 mm in width and 176 mm in depth. The 28-day compressive
strength of concrete is 35 MPa. Ultimate load is converted to bond strength. Fig. 4-12
shows the comparison of bond strength between analytical calculation and the
experimental results. The calculated results correspond well with the experimental

results. Similar like Smith’s results, the bond strength increases at the beginning and
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then decreases as corrosion level increases. The main contribution of the bond strength

after 5% is the confining pressure by stirrups.
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Fig. 4-15: Comparison of bond strength between analytical calculation and
experimental results from Joyce (2008)
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Chapter 5
RESIDUAL FLEXURAL CAPACITY OF CORRODED RC BEAMS

The flexural capacity of uncorroded RC beam can be calculated by traditional methods
provided by concrete design books, in which both the strain compatibility and
equilibrium must be satisfied. However, if reinforcement is corroded, bond degradation
occurs and the tensile force in concrete will not be well transferred to reinforcement.
The strain of steel may be less than the strain of concrete at the same level. In other
words, strain compatibility condition cannot be met anymore. A new strain
compatibility analysis must be developed to enable a realistic analysis of a corroded RC

beams.

5.1 Strain Compatibility Analysis of a Corroded RC beam

As stated by Wang and Liu (2010), due to the loss of bond strength over regions of
corroded bars, the compatibility condition of the perfectly bonded RC beam will shift to
a new compatibility condition. Wang and Liu (2010) introduced an “interpolation”
method to obtain the strain compatibility equation, which lies in between that of
perfectly bonded and that of unbonded beam. They analyzed a partially corroded
doubly reinforced RC beam. To illustrate the compatibility condition in a simpler way by
this method, this investigation considers a whole length corrosion of a singly reinforced

RC beam shown in Fig. 5-3.
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For an uncorroded perfectly bonded beam, the strain distribution is shown in Fig. 5-1.
To meet the geometric condition in Fig. 5-1 and assuming steel and concrete deform
compatibly at one cross section, the strain of the tension reinforcing bars &, and the

strain of compressive extreme fiber £, must satisfy the following equation:

£ d—c

E—: = (5-1)
where
d = effective depth of beam section;
C = depth of compression zone.

Fig. 5-1: Strains

For an unbonded beam with good anchorage at the end, the strain compatibility cannot
be obtained by a cross section, because the reinforcement and the surrounding
concrete at steel level on a cross section do not have the same amount of deformation.

However, the conditions of equilibrium of forces and compatibility of deformations
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must be satisfied, whether or not steel is bonded to the concrete (Cairns and Zhao,

1993). Wang and Liu (2010) gave the following deformation compatibility:

l l
Jes dl = J Eqq dl (5-2)
0 0

The above equation means the elongation of the steel is equal to the total deformation

of concrete at steel level. Thus, for an unbonded beam, the elongation of steel is:

!
f g dl=1-ekb (5-3)
0

where e¥?is the strain of the tensile steel over the unbonded RC beam.

To determine the right side of Eq. (5-2), i.e. the total deformation of concrete at steel

level, the concept of “equivalent plastic region length [,,” proposed by Pannell ( 1969)

was used by Wang and Liu (2010) to assume that the lengthening of the concrete at

steel level was mainly due to the plastic deformations occurring within leq" in the

vicinity of applied load.

The concept of equivalent plastic region length is illustrated in Fig. 5-2, in which the
length L, means the equivalent plastic length [, in the present investigation. Au and Du

(2004) carried out a detailed study and suggested the equivalent plastic length leq as:

log =9.3c (5-4)

where cis the depth of compression zone.
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Fig. 5-2: A simply supported prestressed concrete beam with unbonded tendons under
two symmetrically disposed point loads: (a) arrangement of loading; (b) actual and
idealised curvature distribution along the beam (Au and Du, 2004)

For unbonded RC beam, steel and concrete at a section don’t deform compatibly, but
concrete itself still satisfy the assumption that a plain section remains plain after loading.
Then according to the geometric condition in Fig. 5-1, the total deformation of concrete

at steel level is:

L d
f gcd dl = leqSCCT (5'5)
0

where ¢*Pis the depth of compressive zone for an unbonded beam.
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Eq. (5-5) is different from the original paper (Wang and Liu, 2010) in that the
compressive extreme fiber strain £, is used in this investigation instead of ultimate
compressive strain of concrete ¢, because the compressive extreme fiber doesn’t
necessarily reach its limit for unbonded beam and for corroded beam at failure. Besides,
the interpolation, which will be discussed later in this section, must be based on the
actual strain of compressive extreme fiber, not the ultimate compressive strain of

concrete.

The total deformation of concrete at steel level equating the elongation of steel, i.e.

equating Eq. (5-3) to Eq. (5-5), yields:

= =. (5-6)

The ratio of steel strain to the strain of concrete at compressive extreme fiber for
perfectly bonded and unbonded RC beam are expressed respectively in Eg. (5-1) and Eq.
(5-6). Noticing the form of the two equations, and assuming that the strain compatibility
of the corroded beam lies in between that of perfectly bonded and unbonded beam,
Wang and Liu (2010) proposed a factor g(x) to account for the corrosion and the

following relation was suggested:

for () L (57)
SCX X

where

Eox = strain of reinforcing bar at corrosion depth x;

Ecx = strain of compressive extreme fiber at corrosion depth x;
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X

be calculated using Eq. (5-23) in section 5.2;

g(x) = interpolating function of x.

c = depth of compression zone at corrosion depth x and the value of c, can

To solve g(x), Table 5-1 is developed by interpolating the function of x.

Table 5-1: Interpolation factor g(x)

Bond condition Average bond strength Interpolation factor
Perfectly bonded 7p,,,(0) 1
Corroded Tpy () g(x)
Loy
Unbonded 0 I
According to Table 5-1, linear interpolation yields the following equation:
1 Leg
gx)-1 11— (5-8)
Tpu () — 7,(0)  7,,(0) =0
The interpolation factor is solved as:
T, (%) l
(x)=1—<1—b” >-(1—ﬂ> (5-9)
8 75, (0) z
where
Ty (X) = bond strength at corrosion depth x;
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7,,,(0) = bond strength of perfectly bonded beam, or say at corrosion

depth 0.

Substituting Eq. (5-9) and (5-4) into Eq. (5-7) yields the compatibility equation for RC

beam at corrosion depth x:

Egx Tpy (%) ( 9.3Cx> C,
Sxoq (1) (11— : 5-10
€cx < Tbu(0)> l d— Cx ( )

5.2 Flexural Capacity of Corroded RC Beams at Anchorage Failure

Various RC mechanics books provided the explanation of the developmental length,
such as Macgregor and Wight (2009), which discusses the relationship between bond
and moment capacity of RC beam. To illustrate the influence of bond on flexural
capacity of a RC beam, a simply supported reinforced concrete beam is shown in Fig. 5-3.
The flexural compressive force Cis resisted by concrete and the flexural tensile force T is

provided by reinforcement as shown in Fig. 5-4, while the forces acting on the

reinforcement are shown in Fig. 5-5.
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Fig. 5-3: Simply supported beam under 4-point load
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Fig. 5-4: Internal forces in the beam (Macgregor and Wight, 2009)
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Fig. 5-5: Forces on reinforcement (Macgregor and Wight, 2009)
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At flexural failure, the bond force on the surface of rebar should be in equilibrium with

the ultimate tensile force of rebar:

l nd,?

Tang .ndb.zszfy.T

The average bond stress on the reinforcing bar at flexural failure is:

o =L
where

Tang = average bond stress;

fy = yielding strength of reinforcing bar;
d, = diameter of rebar;

l = total length of tensile rebar.

(5-11)

(5-12)

According to Fig. 5-6, the variation in steel stresses transferred from surrounding

concrete follow the shape the moment diagram, so the average bond strength 7, ;,,,

can be assumed to be:

Tbu,avg =Thu' l =Tpy 21
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Fig. 5-6: Moment and variation in steel stresses transferred from surrounding concrete
(Macgregor and Wight, 2009)
If the average bond strength at a certain corrosion level 7,, ;5 = T4y, , then

conventional method provided by design codes or design handbook, such as the Cement

Association of Canada (2006) should be used to calculate the flexural capacity.

While T, 419 < Tgyg, Which means the tensile force cannot be fully transferred to
reinforcement due to insufficient bond, then the tensile reinforcement can only provide

the following flexural tensile force:

l
T = Tbu,avg * ﬂdbx " E (5‘14)

where
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average bond strength at corrosion depth x;

dp, = diameter of rebar at corrosion depth x.

=}

Crozs section Strezs distribution Strezs hloclk

Fig. 5-7: Flexural analysis of a RC beam section

Consider a RC beam section in Fig. 5-7 to analyze the flexural capacity of the beam.

Because corrosion doesn’t affect the force equilibrium conditions and the concrete itself

still abide by the assumption that ”plain section remains plain after loading”, so a similar

flexural analysis can be done compared with that in the handbook (Cement Association

of Canada, 2006). Yet, the compression strain of extreme fiber is calculated using the

new compatibility condition illustrated in section 5.1.

The moment resistance is:

X )
where

d = effective depth of beam section;

a = depth of the equivalent rectangular compressive zone.

The depth a can be determined from the equilibrium of internal forces:
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C=T (5-16)

where
C = compressive force provided by concrete:

C =a,f.ab (5-17)
a, = the ratio of stress of compression stress block to the compressive

strength of concrete which is determined by Cement Association of Canada (2006):

a, = 0.85 —0.0015f, > 0.67 (5-18)
f. = compressive strength of concrete;
b = width of the beam cross section.

Solving Egs. (5-14), (5-16) and (5-17) simultaneously yields the depth of the compressive

stress block:

a= Tbu,avg ) 7Tdbx -l
2a,f.b

(5-19)

Substituting Eq. (5-14) and (5-19) into Eq. (5-15) yields the ultimate flexural capacity:

l T ‘mdy,, 1
M., = Tbu,avgndbx E(d _ bu,a;tix f'bbx > (5-20)
1/c

The value of steel strain and strain of compressive extreme fiber must be checked. Steel

strain can be calculated as:

£, === (5-21)

Using the ratio in Eq. (5-10), strain of compressive extreme fiber is expressed as:
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&
e = sx (5-22)

cxX
Thu,avg (X)) 93Cx Cy
1-— (1 _ —bwavg 22) . (g :
Thu,avg (0) ( l ) d—c,

and c, is calculated using the following equation:

a

=— 5-23
Cy B (5-23)

where [, is the ratio of depth of stress block and the actual depth of compression zone,

which is suggested in the design handbook (Cement Association of Canada, 2006) as:

B, =097 —0.0025f, (5-24)
It should be noted that if the strain of the principle reinforcing bar, &, > 0.002, the
tension rebar yields before anchorage failure occurs, then refer to section 5.3; and if
€. > 0.0035, which is the ultimate compressive strain of concrete, the compression
concrete crushes before the yielding of the steel or anchorage failure, then refer to

section 5.4.

5.3 Yielding Controlled Flexural Capacity of Corroded RC Beams

If &, > 0.002, which means that the steel yields before anchorage failure occurs,
because the cross-sectional area is seriously degraded by corrosion, or the bond
strength is adequate enough for the stress transfer between the steel and concrete then
the ultimate tensile force of the reinforcing bar is:

md?,
4

T=n-f,- (5-25)

where n is the number of tensile rebars and fyis the yielding strength of steel.
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The compressive force provided by concrete is given in Eqg. (5-17) and the equilibrium
condition of the compressive and tensile forces is given in Eqg. (5-16). Solving Egs (5-16),

(5-25) and (5-17) simultaneously yields the depth of stress block:

=f . 5-26
¢ fy daf'b ( )
The ultimate moment resistance is:
a
M, =T- (d - E) (5-27)

Substituting Eq. (5-25) and (5-26) into Eq. (5-27) yields the residual flexural capacity:

d? d?
er=n-fy'n4b"(d—fy' ﬂb") (5-28)

5.4 Compression Controlled Flexural Capacity of Corroded RC Beams

If £, as is calculated in section 5.2 is larger than the ultimate compressive strain of
concrete, €., the concrete crushing failure controls the ultimate moment capacity. In
this study, the value of ¢, is taken as 0.0035 (Cement Association of Canada, 2006). The
strain of steel is calculated using Eq. (5-10) by substituting ¢, for &., and is expressed

as:

B 1, _Tbu,m,g(x)_ _9.3cx _d—cx )
Eox = Eu ll (1 —Tbu(o) ) (1 i ) . (5-29)

The tensile force provided by steel is:
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2
ndp,

T=n-e,E- (5-30)
The compressive force by concrete is given by Eg. (5-17). The force equilibrium

condition is C=T as shown in Eq. (5-15). Solving Equations (5-16), (5-17), (5-23), (5-27)

and (5-28) simultaneously yields the depth a of stress block.

a

B mwd?
i 1 . Es . 4bx
B4

934

n ey 1—(1—%)- 1- 'lﬁ_l

(0.85— 0.0015£/) - f/ -b

d—

a =

(5-31)

The general solution of the above quadratic equation is not made here because of the
complexity of the expression. It's suggested to solve the equations with specific
corrosion depths. Given a corrosion depth x, the ultimate bond strength at corrosion
level x can be calculated using the proposed model in Chapter 4. Then the only
unknown variation in Eq. (5-31) is the stress block depth a. Once a is solved, ¢, and T
are obtained using Egs. (5-23), (5-29) and (5-30). The ultimate moment M, =

T(d — a/z) can then also be obtained.

5.5 Doubly Reinforced RC Beams

As stated in the concrete design handbook (Cement Association of Canada, 2006), the
compression reinforcement usually yields when the section reaches its capacity. Even if
it doesn’t yield, it's very close to yielding. With this assumption, the beam can be

divided into an imaginary beam and a coupling reinforcement shown in Fig. 5-8.

The ultimate moment capacity can be obtained by Cement Association of Canada (2006):
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M,=M,,+M, (5-32)
where M., and M,., is the moment resistance provided by the imaginary beam and the

coupling reinforcement shown in Fig. 5-8.
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Fig. 5-8: Imaginary Beam Section for Doubly Reinforced Beam
(Cement Association of Canada, 2006)

The calculation of M, is the same as is illustrated in section 5.2. M,., is taken as:

M,, = Aif,(d — d") (5-33)
However, if the reinforcement is highly corroded that the bond strength is not adequate
for the concrete and tension reinforcing bars to fully work together (z,,, 4,5 < Tgy4), the
compression reinforcing bars are not likely to yield. Then the contribution of
compression bar, which is actually decreasing a small amount of the value of the
compression depth, a, can be ignored. Treating the beam as a singly reinforced beam
will give a close and conservative value compared with assuming a doubly reinforced

beam.
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5.6 Flexural Capacity Calculation Steps
The following general steps are presented to illustrate how to calculate flexural carrying

capacity of a corroded RC beam using the above proposed method:

1. Assume a balanced failure in which C = T, and calculate the average bond stress
needed to prevent anchorage failure as in section 5.2. If the needed bond stress is
smaller than the bond strength, concrete works well with steel and traditional
methods in concrete design book can be used. If the needed bond stress is larger
than bond strength, then the following steps should be taken.

2. First assume the beam suffers anchorage failure and calculate the stain of steel and
concrete using the analysis in section 5.1 and 5.2. If the steel strain at extreme
tension fiber &, < 0.002, which is the strain when concrete reaches its tensile
strength, anchorage failure may occur. Calculate the flexural capacity by the
procedure in section 5.2.

3. If the steel strain at extreme tension fiber ¢, > 0.002, the surrounding concrete
reaches its tensile strength, and steel yields before anchorage failure, then refer to
section 5.3 for yielding controlled beam.

4. If the concrete strain at extreme compression fiber €, as is calculated in section 5.2

is larger than the ultimate compressive strain €., the beam is highly reinforced and

cu’

reinforced beams fail in crushing the compression concrete. Section 5.4 should be

referred to calculate the flexural capacity.
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5.7 Comparison with Experimental Results and Discussion

5.7.1 Comparison with Smith’s experiment

Beam tests were conducted on 12 beams with two No. 15 principle reinforcing bars, two
No. 10 top reinforcements and 6-mm stirrups at 40 mm spacing in shear zone by Smith
(2007). The beams are 1000 mm in span, and have a cross section of 156 mm in width
and 176 mm in depth. The calculation is done in excel, following steps proposed in

Section 5.6. The results are shown in Fig. 5-9.
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Fig. 5-9: Comparison of flexural strength between analytical calculation and
experimental results from Smith (2007)

As shown in Fig. 5-9, the experimental results correlate well with the calculated results
except the result of mass loss 1%. This may be due to the experimental error, because
no other researches showed such a large drop of flexural strength at corrosion level 1%.

The residual flexural strength is decreased as the corrosion propagates.
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5.7.2 Comparison with Joyce’s experiment

Beam test was conducted on beams with two 15 M principle rebars, two 10 M top
rebars and 10 M stirrups at 40 mm spacing (Joyce, 2008). The beams have an 1100-mm-
long span and have a cross section of 156 mm in width and 176 mm in depth. Following

the procedure in Section 5.6, calculation is made in excel and results are shown in

Fig. 5-9.
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Fig. 5-10: Comparison of flexural strength between analytical calculation and
experimental results from Joyce (2008)

As shown in Fig. 5-10, the experimental results compare well with the calculated ones.
The flexural strength doesn’t drop a lot after mass loss of 5%, because the bond

strength doesn’t drop significantly due to the good confinement of stirrups.
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5.7.3 Comparison with Jin and Zhao’s experiment

Beam tests were carried out on beams with two 12 M principle bars, 6 M top bars and 6
M stirrups at 100 mm by Jin and Zhao (2001). The beams were 1140 mm in length and
150 mm X 150 mm in cross section. The comparison between the experimental results

and that from calculationis shown in Fig. 5-11.

As shown in Fig. 5-11, the experimental results compare well with the calculated results
using the procedure developed in this research. The flexural strength before corrosion
level of 3% remained almost the same as the un-corroded beam, because although the
bond strength was reduced, it was not highly reduced to the critical bond strength,
which is required to ensure the perfect bond between the steel and concrete and

prevent the beam from anchorage failure.

12
s Calculated Results

10 [ | ' B Experimental Results

Flexural Capacity (kN-m)
()]

0% 1% 2% 3% 4% 5% 6% 7%

Mass Loss

Fig. 5-11: Comparison of flexural strength between analytical calculation and
experimental results from Jin and Zhao (2001)
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5.7.4 Comparison with Rodriguez’s experiment

Rodiguez (1997) carried out beams tests on several groups of beams. In this research,
the test results from beams with 10M principle bars and 6M stirrups are used for
comparison. The beams were 2300 in length, 150 mm in width and 200 mm in depth.

The experiment results and calculation results are shown in Fig. 5-12.

14
l s Calculated Results
12 .
B Experimental Results
E 10
=
=
= 8
[¥]
E
8 &
e
=
& 4
[T
2
0
0% 5% 10% 15% 205 25% 30%
Mass Loss

Fig. 5-12: Comparison of flexural strength between analytical calculation and
experiment results by Rodriguez (1997)

As shown in Fig. 5-12, the experimental results follow the trend of the calculated results.
The calculated result were plotted almost as a straight line because Rodriguez (1997)
used longer beams, which is 2 meters in length, while other researchers used around 1
meter-long beams. From the calculated results, the beam failed in yielding of tension
rebar rather than anchorage failure even at higher corrosion level. The main cause of

the flexural strength drop of such long beams is the decrease of the cross-sectional area.
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5.8 Summary of the results from the analytical calculation

To acquire an overall understanding of the effect of corrosion on bond strength and the
residual flexural strength of corroded reinforced concrete beams, the relative bond
strength and the relative flexural strength are obtained by considering that the
uncorroded specimen to be 100%. The relative percentages for the corroded specimens

were calculated and plotted versus the mass loss percentage as shown in Fig. 5-13 and

Fig. 5-14.

Relative Bond Strength

Relative Flexural Strength

16
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14 i Al-Sulaimani (1920) - 10 mm bar
*T =« =Al-Sulaimani (1990) - 14 mm bar
1 L Zhao (2002)
.|I \
"‘ . =« Smith (2007)
\ — —
05 L\ loyce (2008)
a
0% 5% 10% 15% 20% 25%
WL

Fig. 5-13: Relative bond strength of corroded RC members
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= == |gyce [200E8)
lin and Zhao (2001)
------ Rodriguez (1997)
0
0% 5% 10% 15% 20% 25% 30%

ML
Fig. 5-14: Relative flexural strength of corroded RC beams
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The relative bond strength is the ratio of the residual bond strength to the bond
strength of uncorroded RC members. The relative flexural strength is the ratio of
residual flexural strength of corroded RC beams to the flexural strength of uncorroded
RC beams. It can be noted from this qualitative plot, Figure 5-13, that the between the
concrete and the reinforcing steel increases initially with slight corrosion (basically, this
very slight corrosion enhances the adhesive and cohesive properties of the steel-
concrete interface). After which the bond strength deteriorates increasingly as the level
of corrosion increases. While, the flexural strength (Fig. 5-14) decreases increasingly as

the level of corrosion increases.

It should be noted that the relative bond strength is much less than that of the relative
flexural strength at the same corrosion level. For example, by observing Joyce’s results,
at the corrosion level of 5% mass loss, the relative bond strength is 0.45, but the relative
flexural strength is 0.8. Some amount of the bond strength loss is not reflected on the
flexural strength loss, because the beam still suffers yielding controlled flexural failure,
or the flexural strength is still based on the yielding strength of the steel rather than
bond strength between steel and concrete, until the bond strength is reduced to the

critical value to allow the anchorage failure occur.
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5.9 Limitations of the proposed model

Some limitations of the proposed model are listed as follows:

1. Stirrups reinforcement is considered free of corrosion (uncorroded). Actually, stirrups
are always corroded in field situations, so the effect of corrosion on stirrups should be

studied in the future.

2. The hoop stress-strain relationship of the cracked concrete is based on the properties
of unconfined concrete. Actually, the stirrups have certain confining effect on the
cracked concrete and the stirrups improve the tensile strength and stiffness of the
concrete, so the effect of stirrups confinement on concrete properties should be studied

to obtain more realistic results.

3. The reinforcement anchorage at the end of the beam is not studied in this research.
In field situations, the beams are usually continuous or well anchored at the end of the
beam. At high corrosion level, the beam will perform as a tied arch action mode

behavior, which should also be studied in the future.
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Chapter 6
CONCLUSIONS AND RECOMMENDATIONS

An analytical study was performed to investigate the influence of corrosion on the
flexural capacity of RC members. The results confirm that, the reinforcement corrosion
has a strong effect on the flexural strength of the concrete beams failing in bond as has
been notably observed by many other studies. Analytical models were proposed to
predict the residual bond and the residual flexural capacity of a RC member, establishing
practice-oriented design tools for concrete flexural elements under a given corroded
environment. The predicted results of these models correlated very well with the results
observed in the various experimental studies. The major conclusions from this study and

recommendation for future work are presented in the following sections.

6.1 Conclusions
The increase of corrosion level leads to a decrease of the load carrying capacity of the
RC beam. The reduction of the bond between steel and concrete is the main factor of

the mechanical degradation for flexural capacity.

1. An analytical model to estimate the bond strength between corroded steel and

concrete is developed:

Tpu = ,u(x) X [pc,c(x) + pc,st(x) + Pcorr (x)] (6'1)

The bond strength depends mainly on the confining forces including the confinement
by the cracked concrete, the confinement by stirrups and the corrosion pressure. The

friction coefficient is also a factor influencing the bond strength.
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In the proposed analytical model, it was observed that at low corrosion levels
(approximately ML < 1%), the bond strength increases as corrosion depth increases.
Beyond that, the bond strength gradually decreases because the corrosion pressure
cracks the concrete when the hoop stress exceeds the tensile strength of concrete,
decreasing the confinement of concrete around the reinforcing steel, and bond
becomes negligible at higher corrosion levels. The bond strength at higher corrosion
level (approximately ML > 8%) is mainly contributed by the confinement of stirrups.
Therefore, stirrups are very important in RC members to maintain the bond strength
especially when the corrosion level is high. These trends as observed in the various

experimental studies are well matched by the model predictions in the present study.

. The corrosion pressure is a very important parameter influencing the bond strength.
A thick-walled cylinder model is used and the cracked concrete is assumed to be an
inhomogeneous orthotropic linearly elastic material in this report. The stiffness of
cracked concrete is different in radial and hoop direction. However, the radial
displacement for cracked concrete is assumed to be linearly distributed, which makes
the material not continuous. It is recommended that a finite element method be
used to overcome the difficulty of solving the differential equation for radial
displacement. Eq. (4-45) is developed to calculate the corrosion pressure before
through cracking. Corrosion pressure after through cracking can be calculated using

Eq. (4-48).
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3. A model for the prediction of flexural capacity of reinforced concrete beams is
proposed. A new strain compatibility equation initially proposed by Wang and Liu
(2010) is used to calculate flexural capacity and determine the failure mode of
corroded RC beam. In the present flexure model, both force equilibrium and new
strain compatibility are satisfied. The relationship between average bond stress
needed and average bond strength determines the method that should be used to

calculate flexural capacity of corroded RC beam.

4. Different failure modes, which are determined by the strain of concrete at extreme

compression fiber €., and the strain of tensile steel €, are considered in this report

Sx’

with different solutions.

At anchorage controlled failure (7, 4,5 = Tgyg and &, < 0.002), the ultimate

avg

moment resistance is:

Tbu,avg ’ T[dbx ’ l)
M. =1 nd,. l|d— , (6-2)
X bu,avg bx < alfcb

At yielding controlled failure (&, > 0.002), the ultimate moment resistance is:

md}, d?,
M. =n- . d— . 6-3

At compression controlled failure(e,, > 0.0035), the ultimate moment resistance is:

M. =n- E.ndgx. d
rx = N7 Egy by 4 ( _a) (6'4)

where a is calculated by simultaneously solving Egs. (5-16), (5-17), (5-23), (5-29) and
(5-30).
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6.2 Recommendations for Future Research

The future research can focus on the followings:

1. More experimental work is necessary to monitor and assess the structural behavior
of corroded concrete beams. The influence of the different parameters, such as the
reinforcing bar diameter, type of loading, concrete cover thickness, concrete strength
and the steel yield strength on the behavior of reinforced concrete beams subjected
to corrosion need to be studied both in the laboratory and inthe field.

2. Along-term data collection and study of the deterioration of concrete structures due
to the ingress of various aggressive substances is needed.

3. The effect of corrosion on the shear capacity of corroded RC beams should be
studied in the future so that load carrying capacity considering both flexural and
shear failure can be achieved.

4. Furthermore, the effect of corrosion on the performance of reinforced concrete
structures should be studied theoretically, because the previous and current studies
are only within the local and member levels not the structure level.

5. More effort should also be done to analytically study the deflection of corroded
structures to meet the serviceability requirement.

6. Regarding the limitations of the proposed model, the effect of corrosion on stirrups
should be studied. The effect of stirrups on the properties of cracked concrete should
also be studied.

7. The reinforcement anchorage at the end of the beam should be studied in the future.
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APPENDIX A: NUMERICAL EXAMPLE

To demonstrate the calculation method of the residual bond strength and flexural
capacity of RC beams after suffering reinforcement corrosion, the beam configuration in
the experiment by Roger Smith (2007) was used as an example. The beams, having
dimensions 156 mm wide by 176 mm high by 1050 mm long, were reinforced with two
15M principle rebars at the bottom and two 10 M rebars at the top, and with 6 mm
stirrups at 40 mm spacing. The cover of the reinforcing steel was 30 mm. The

compressive strength of the concrete was 39 MPa.

=10mm
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Fig A-1: Geometry of a typical beam specimen used in Smith (2007)

To calculate the flexural strength of the beam at different corrosion level x or mass loss

ML, the bond strength should be calculated first.

The total bond strength proposed in this research is shown in Eq. (4-3):

= 'u(x) X [pc,c (X) + Pc st (X) + Peorr (X)]
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Corrosion pressure before through cracking:

The most important factor in the above equation is the contribution of corrosion
pressure pP,,, (x). Following the procedure in Chapter 4, the steps of calculating the

corrosion pressure before through cracking are as follows:

1. Find the cracking front R.. The initial radius of reinforcing steel, which is the inner
radius of the cylinder, is R; = 8 mm, the outer radius is R, =30 + 6 + 8 = 44 mm.
Values of R, used are between 8 mm to 44 mm to make sure the concrete is before
through cracking. To demonstrate the method in Chapter 4, the value of R, is taken as

27 mm as an example.

2. The exponent n for the hoop stiffeness is calculated using Eq. (4-39):

n = 0.081e%%/t = 0.081 x 2.71828095%43715 = 5153

while the tensile strength of concrete is calculated as:

f, =107 /fc’ = 0.7 X V39 = 4.3715 MPa

3. The corrosion pressure is calculated using Eq. (4-45):

RZ‘H_I _ Rl?l+1 R?_l _ Rin_1>

Ro
C RC
Pcorr R. ﬁ“ go 2 Ri ch (RO)Z +1< n+1 n—1
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43715 1 275.153+1 _ 85.153+1 275.153—1 _ 85.153—1
. i
+
275153 144N2 1( 5153 +1 5153 -1 )
(27) +

=99 MPa

4. Calculate the corresponding radial displacement using Eq. (4-32):

Up = ﬁ;l(1+v)§—$+(1 —v)Ril

AR

2

4.3715 1 44
= (1+O.2)?+ (1-0.2) x8[=0.012 mm

= 293515 (%)2 1

5. Calculate the corresponding corrosion depth:

=0.013 mm

(R, + R))up. 27 +8) x 0.012
x=R, — |[R? -+ Ri—g_ g2 _ 3) -
(vz—l) (3-1
S

6. Calculate the corresponding mass loss:

R? — (R;— x)* 82— (8-0.013)?

ML =
R? 8

= 0.0033 =0.33%

The calculation of the corrosion pressure before through cracking is shown in Table A-1.
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corrosion levels

Table A-1: Calculation of the corrosion pressure before through cracking at different

Crackin Corrosion Radial
Mass Loss Corrosion Depth g Displacement
Front pressure
ML X (mm) at Ri uRi
Rc (mm) Pcorr (Mpa) (mm)

0 0 8 0 0
0.000827008 0.003308716 13 7.414725963 0.00354894
0.001465427 0.005863856 19 9.431756071 0.006947208
0.002297495 0.009195264 23 9.958525663 0.00948643
0.003306378 0.013236461 27 9.901798691 0.012091896
0.004467799 0.017891201 31 9.329972177 0.014663545
0.005754852 0.023052622 35 8.320474963 0.017130722
0.007500722 0.030059361 40 6.562072512 0.020001925
0.008978989 0.035996944 a4 4.845788584 0.022102128

Corrosion pressure dfter through cracking:
The calculation steps are as follows:

1. Assume a penetration depth x =0.1 mm as an example, and calculate the

corresponding mass loss percentage:

R? — (R, — x)> 82 —(8—0.1)?
R? 82

ML = = 0.0248 = 2.48%

2. Calculate the hoop strain at the outer side of the cylinder (the concrete cover) using

Eq. (4-53):
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(‘” - 1) (2R; — x) (3-1)(2x 8 —0.1)
= 2%0.1x = 0.00049

s
(%}+1)(§—§+1) (‘g—4+1)<%‘;2+1)
l

3. Calculate the hoop strain at the rebar surface using Eq. (4-52):

14 (Ry/r)? L%‘L)Z
2

€9 = £go ' —— = 0.00049 X = 0.0076

4. Determine the cases by comparing the values of &y;, &40, €,, and &;. In this case,

u’
&1 < &go < &g; < &, and lies in the Case 2 (1). Using the integration Equation (21d) in
Wang and Liu (2006), the integration I can be calculated:

| _ 015f,

T &

€90 Ro — RY|
2 R;

l

. [eu(RO —R;) —

0.00049 44% — 8?]

0.15x 4.3714
= > X 3 =11.7 kN/mm

"~ 0.002 - 0.0003

I0.002(44 —8) —

5. The corrosion pressure is:

I 117

pcorr = R_ = T =14.6 MPa

i

The calculation of the corrosion pressure after through cracking is shown as in Table A-2.
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Table A-2: The corrosion pressure after through cracking at different corrosion levels

c . Cracki h H Corrosion
Mass Loss orrosion racking qop qop Integration | pressure
Depth Front strain at strain at
ML x (mm) R (mm) R | (N/mm) pcorr
c R, &9 i €oi (MPa)
0.0248437 0.1 44 0.0004892 | 0.0076442 | 11.700912 1.462614
0.049375 0.2 44 0.0009723 | 0.0151923 | 4.8239563 | 0.6029945
0.1210938 0.5 44 0.0023846 | 0.0372596 0 0

Concrete confining pressure:

Take R, = 44 mm as an example. The calculation steps are:

1. The total crack width is calculated using Eq. (4-21):

Jw = ZWRi =2X%X314x%x0.0221 = 0.1388 mm

The crack width is

w =

_Jw _ 0.1388
3 3

= 0.046 mm

2. The residual strength of cracked concrete is calculated using Eq. (4-6):

rc

fro 1346
o, w 0.046
ol A 167 X ———+1

= 0.7593 MPa

3. The confining pressure by cracked concrete is calculated using Eq. (4-5):

Pe,c

®,)Az

_ (b—np
4

_(88-8x2)x1

rc
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0.7593 = 3.417 MPa




The calculation of confinement by cracked concrete is shown in Table A-3.

Table A-3: The calculation of confinement by cracked concrete at different corrosion

levels
Mass Loss Corrosion | Cracking ;rack Stlt:rsmigc'lcﬁa:)f Confining Pressure
ML ;fnp]:) RFr(c::;cn) V\?:‘::)w Concrete o, by Concrete p, .
c (MPa) (MPa)

0 0 8 0 4.3714986 19.671744
0.0005822 | 0.0023293 13 0.0074291 4.137757 18.619907
0.0014654 | 0.0058639 19 0.0145428 3.7830778 17.02385
0.0022975 | 0.0091953 23 0.0207874 3.4487807 15.519513
0.0033064 | 0.0132365 27 0.0253124 3.0432584 13.694663
0.0044678 | 0.0178912 31 0.0306957 2.5761688 11.59276
0.0057549 | 0.0230526 35 0.0358603 2.0582353 9.2620591
0.0075007 | 0.0300594 40 0.0418707 1.3551295 6.098083

0.008979 | 0.0359969 44 0.0462671 0.7593105 3.4168971
0.0248437 0.1 44 0.1280154 0.4289552 1.9302983
0.049375 0.2 44 0.2544205 0.2564385 1.1539731
0.1210938 0.5 44 0.6239744 0.1178596 0.530368
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Stirrups confining pressure:

The steps to calculate the confining pressure by stirrups are as follows:

1. The stress in stirrups is calculated using Eq. (4-11):

0.013 /0.046\2 0.00009 0.046
= 200000 ( ) : — 6.75% 10~8 = 78.43 MPa
6\2\ 16 26 16
(215) 16

where a,, a,, a, canbe calculated using Eqgs. (4-12) to (4-14):

81y, 8x225
Y= T T 200000

N

= 0.00009

_ 41,0y 4x1500/14 X 6

- = 0013
=g, 200000
T
__ Tmy _ 000009x03 o
o (Ez_1) #x0013x(03-1)
2\Tyy

2. The confining pressure by stirrups is calculated using Eq. (4-10):

6
A, 314x )’

=—=0y = ——————X 7843 = 2.
De,st A;U“ 20 X 2 X 800 7843 =2.77 MPa

3. The friction coefficient is determined by Eq. (4-4):
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pu(x) =0.37 -0.26(x— x,,) = 0.37 — 0.26(0.036 — 0.036) = 0.37
4. The bond strength that stirrups contribute is:
te = Deg M(x) =2.77 x 0.37 = 1.025 MPa

5. The maximum value of the bond force contributed by stirrups is calculated using Eq.

(4-15):

10 X 3.14 X (g)2

T, = K,t, t, N:” £/P =31.14 x 0.952 x 0.711 x x 397
= 37241 N
where t,. and ¢, are calculated using Egs. (4-16) and (4-17):
t. =9.6R, +0.28 =9.6 X 0.07 + 0.28 = 0.952
t, = 0.78d, +0.22 = 0.78 x 16 X 0.039 + 0.22 = 0.711

The maximum bond contribution stirrups can provide is:

b, = 37241 = 1.48 MP
smax = 374 %16 x 1000/2 ¢

The calculation of the bond contribution by stirrups is shown in Table A-4.
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Table A-4: Calculation of bond contribution by stirrups at different corrosion levels

Mass Cracking Friction Stirrups Confinement | Bond Contribution by

Loss Front | Coefficient | Stress @, | byStirrups | Stirrupsp. g, - p(x)

ML | R, (mm) u(x) (mm) Pcse (mm) (MPa)
0.00229 23 0.3769684 | 25.116486 0.8872399 0.334461
0.00330 27 0.3759177 | 40.852455 1.443113 0.542491
0.00446 31 0.3747075 | 52.398717 1.8509847 0.693577
0.00575 35 0.3733655 | 61.864587 2.1853665 0.815940
0.00750 40 0.3715438 71.735081 2.5340417 0.941507
0.00897 44 0.37 78.430603 2.7705611 1.025107
0.02484 44 0.3533592 176.44941 6.2330756 1.482546
0.04937 44 0.3273592 305.38097 10.787583 1.482546
0.12109 44 0.2493592 662.21199 23.392639 1.482546

Bond strength at different corrosion levels:

Using Eqg. (4-3), the bond strength at different corrosion levels can be calculated as in

Table A-5. The bond strength is contributed by the confinement of concrete, stirrups

and corrosion pressure.
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Table A-5: Bond strength at different corrosion levels

Bond
Confinin Contribu-
. .. Corrosion & . Bond
Corrosion Friction Pressure tion by Strength
Mass Loss o pressure .
Depth Coefficient by Stirrups T
ML pCOTT . bu
x (mm) u(x) Concrete Pcst
(Mpa) (x) (Mpa)
p.. (MPa) ulx p
(MPa)

0 0 0.3793592 0 19.67174 0 7.4626
0.000582 | 0.002329 0.3787535 7.4147259 18.61990 0 9.8457
0.001465 | 0.005863 0.3778346 9.431756 17.02385 0 10.022
0.002297 | 0.009195 0.3769684 9.9585256 15.51951 0.334461 9.9546
0.003306 | 0.013236 0.3759177 9.9017986 13.69466 0.542491 9.6558
0.004467 | 0.017891 0.3747075 9.3299721 11.59276 0.693577 8.9127
0.005754 | 0.023052 0.3733655 8.3204749 9.262059 0.81594 7.8575

0.0075 0.030059 0.3715438 6.5620725 6.098083 0.941507 6.5575
0.008979 | 0.035996 0.37 4.8457885 3.416897 1.025107 5.45561
0.024847 0.1 0.3533592 1.462614 1.930298 1.482546 3.856075
0.049375 0.2 0.3273592 0.6029945 1.153973 1.482546 2.508147
0.121093 0.5 0.2493592 0 0.530368 1.482546 1.948862

After the bond strength is calculated, it can be used in the framework of flexural

capacity calculation.
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Flexural capacity of the corroded RC beams:

In this example, corrosion depth x = 0.2 mm is considered. Required average bond

strength to prevent anchorage failure is calculated using Eq. (5-12):

f,-d, 400X 16
Topg = =

= =32 MP
awg =T o T 2% 1000 @

The bond strength at corrosion depth 0.2 mm is 2.508147 MPa as calculated in Table A-
5. For design and conservative purpose, the average bond stre ngth should be calculated
using Eq. (5-13):
-1,
Iy + [+,
Thu,avg = Thu f =Tpy T
However, the average bond strength in this example is simply taken as 7,,to better
meet the experimental results, because at higher corrosion level, large slip between

concrete and steel occurs, the bond stress is more likely to be fully distributed toward to

end of the beam. Thus, 7, 4,y = Tpy, = 2.508147 MPa.

AS Ty avg < T anchorage failure occurs before the yielding of steel. The procedure

avg’

in Section 5.2 should be used to calculate the flexural capacity of the beam:
1. The flexural tensile force the steel can provide is calculated using Eq. (5-14):

T ~1dy, -l = 2.508 X 3.14 X 16 X 1000 = 122859 N

= Tbu,avg

2. The depth of the compressive stress block is calculated using Eq. (5-19):
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 Thuavg *Tdpe 1 195X 3.14 x (16 — 0.2) X 1000
a a,fib B 0.7915 x 39 x 156

a = 5233 mm

where a, can be calculate using Eq. (5-18):

a, = 0.85—0.0015f, = 0.85 — 0.0015 x 39 = 0.79

3. The flexural capacity is calculated using Eq. (5-15):

2
106

52.33
(133 _ —) =13.125kN-m

M,, = T-(d—g) = 122859 X

4. Check the strain of tensile steel and strain of compressive concrete:

The strain of tensile steel is calculated using Eq. (5-21):

£, T 122859
CALE. 3.14x(8—0.2)2x 200000

N

=0.0015 < ¢, = 0.002

SX

The strain of compressive concrete can be calculated using Eqg. (5-22):

S —_ SS.X'
cx —
Thu,av (x) 9.3C C
1— (1 _ #) (1= x . X
Tbu,avg (0) ( l ) d - Cx
B 0.0015
) 1.95 9.3 x 52.33 2233
_ (1195 (, __93X52 08725
1 (1 7.46) (1 1000 X 0.8725) 52.33
133 - 58725
= 0.0016 < ¢,, = 0.0035
where
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with

B, =097 —0.0025f, = 0.97 — 0.0025 x 39 = 0.8725

So the assumption that the beam suffers anchorage failure is satisfied.

The calculation of flexural capacity is shown in Table A-6.

Table A-6: Calculation of flexural capacity at different corrosion levels

Required
) Bond a Steel FIexuraI
Mass Corrosion Bond . Steel Concrete Capacity
Strength Tensile . :
Loss Depth c Strength Force T | Strain Strain M,,
ML X (mm) (Ml;:ua) Tavg (N) Esx Ecx
(MPa) (kN-m)
0.00000 0 7.463 3.2 134706 | 0.0020 0.00081 21.82
0.00058 0.00233 9.846 3.2 134577 | 0.0020 0.00081 21.81
0.00147 0.00586 9.958 3.2 134382 | 0.0020 0.00081 21.78
0.00331 0.01324 9.328 3.2 133975 | 0.0020 0.00081 21.74
0.00575 0.02305 7.234 3.2 133434 | 0.0020 0.00081 21.67
0.00898 0.03006 5.456 3.2 132721 | 0.0020 0.00081 21.59
0.02484 0.1 3.856 3.2 129214 | 0.0016 0.00169 18.14
0.04938 0.2 2.508 3.2 122859 | 0.0015 0.00165 13.13
0.12109 0.5 1.949 3.2 91791 | 0.0011 0.00122 10.34

As the limitation of the space, only a small amount of corrosion levels are considered

here. More calculations were done in excel and the plot of results corresponding to

more corrosion levels is shownin Chapter 4 and Chapter 5.
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